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ABSTRACT

Modifications of edge localized modes (ELMs) with resonant magnetic perturbations
(RMPs) in H-mode plasmas have been achieved in DIII-D, JET, JFT-2M MAST, NSTX and
TEXTOR including (i) suppression of ELM energy losses with internal coils in DIII-D, (i1)
mitigation of ELM size with external coils in JET and with internal coils in DIII-D, MAST
and TEXTOR, and (iii) pacing of ELMs with modulated RMP pulses in NSTX and DIII-D.
The experiments in DIII-D, JET, MAST and NSTX confirm that the island overlap width
condition, correlated with ELM suppression in DIII-D and used to guide the design
requirements of ITER RMP coils, is not sufficient to assure ELM suppression in multiple
devices. They also indicate that the L-H threshold power increases when RMP fields of
sufficient amplitude are applied during the L-mode phase of the discharges. For 2011 and
beyond, upgrades of the internal RMP coil systems are underway at AUG, DIII-D, and
MAST, and upgrades are under consideration at JET and NSTX, that will permit greater
variation of RMP mode spectrum to test ELM control physics models. These systems will
greatly increase the capability to test theoretical models of RMP ELM control and the
probability of achieving ELM suppression on multiple tokamaks.
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1. INTRODUCTION

This paper presents a multi-tokamak overview of experimental results and planned
hardware upgrades that should ultimately provide the essential physics understanding needed
to project results from present and future resonant magnetic perturbation (RMP) edge
localized mode (ELM) control experiments in DIII-D [1-17], JET [18-25], MAST [26-28],
NSTX [29-30], TEXTOR [31-33], JFT-2M [34], AUG [35], and COMPASS [36] to ITER
[37]. Reduction of ELM size by at least a factor of 20 is critical to achieve acceptably low
erosion of ITER material surfaces [38] for the baseline 15 MA scenario. The joint work
reported here is part of the plan formulated by the ITPA Pedestal and Edge Physics (PEP)
group and the ITER IO to provide the physics basis supporting the proposed use of internal
RMP coils for ITER ELM control. In this plan, issues that need to be addressed for all ELM
control schemes in ITER include: 1) control of the first ELM including during /, ramp-up, 2)
compatibility with high core and separatrix densities, low heat flux to the first wall, and high
pedestal pressure at low collisionality, 3) minimal effect on the L-H threshold power, toroidal
rotation, core MHD and locked mode thresholds, and 4) for controlled ELMs, no detrimental
effects on the balance of conductive vs. convective power, average ELM power, spatial heat
flux deposition profiles and time scales. Issues for RMP ELM control in particular include:
1) whether a minimum edge island overlap width is sufficient to assure ELM suppression, 2)
whether >20x reduction of target impulsive energy with controlled ELMs can be
demonstrated, 3) the effect of plasma rotation on self-consistent fields within the plasmas
(shielding or amplification of vacuum fields), 4) the level of target heat flux asymmetries
introduced and the implied RMP toroidal rotation frequency needed to meet maximum steady
heat flux limits, and 5) whether the RMP changes the between-ELM heat flux level or spatial
structure. Joint work on these issues is formulated by the ITPA PEP group in terms of three
multi-machine experiments: PEP-19 Basic Mechanisms of Edge Transport with RMPs in
Toroidal Plasma Devices, PEP-23 Quantification of the Requirements for ELM Suppression
by Magnetic Perturbations from Internal Off-Midplane Coils and PEP-25 Inter-machine
Comparison of ELM Control by Magnetic Field Perturbations from Midplane RMP Coils.
Experimental progress made on some of these issues will be presented below.

ELM characteristics have been modified by RMPs on many devices (Figs. 1 and 4).
ELM mitigation, defined here as reduction of ELM size and increase of ELM frequency, has
been demonstrated using static RMP fields of various toroidal mode numbers in JET [18-25],
and in DII-D [7,8,14,17], MAST [26-28], and TEXTOR [33]. ELM suppression, i.e.
complete elimination of ELM heat flux transients in a plasma with good H-mode
confinement, has been seen robustly on DIII-D using static n=3 fields in both high [1-4] and
low collisionality [5-17] plasmas, but not yet on any other device. Finally, ELMs have been
synchronized with modulated RMP pulses to frequencies higher than, and amplitudes lower
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than, the natural Type-I ELM characteristics (ELM pacing) on both NSTX [29-30] and
DIII-D [39]. In the discussion below, results obtained with static RMP fields will be grouped
together separately from results with modulated fields, since the engineering requirements for
systems to produce the required fields could be significantly different.
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2. EFFECTS OF DC RESONANT MAGNETIC PERTURBATION
FIELDS FOR ELM CONTROL

Static RMP fields affect both the ELM characteristics and other performance properties
of H-mode plasmas. Although the state of the plasma prior to, and its response to the
application of, the RMP fields varies between the devices, some common observations are
emerging regarding the change in ELM characteristics, the effects on pedestal density and the
L-H threshold power, and the criteria used to guide the design of the ITER RMP coils, as
discussed below.

2.1. ELM CHARACTERISTICS MODIFIED BY RMPS

The response of ELMs, in single and double-null ELMing H-mode plasmas, to
application of static RMP fields ranges from little observed change to significant mitigation
and ELM suppression [1-28,31-34]. There are also cases of ELMs induced by application of
RMP fields in otherwise transient ELM-free H-mode plasmas in NSTX [29-30], MAST
[26-28] and JFT-2M [34]. Examples of key results showing modification of ELM
characteristics in ELMing H-mode plasmas are given in Fig. 1. In the DIII-D case [Fig. 1(a)],
ELM suppression is obtained in lower single-null (LSN) plasmas at low collisionality (low
v*) using even parity (up/down symmetric) n=3 fields from internal, off-midplane coils for a
particular value of g,~3.6 that aligns a peak in the n=3 vacuum RMP spectrum with the
equilibrium field profile [6-8,12]. ELM suppression has also been obtained in similar
plasmas with gys~7.2 with up/down asymmetric RMP fields [8] that were pitch aligned with
the equilibrium field at the higher g-value, supporting the hypothesis that RMP pitch
resonance is important for ELM suppression. In the JET example [Fig. 1(b)], Type-I ELMs
are mitigated in LSN, low v* plasmas by n=1 fields from external, on-midplane coils
[18-23]. This result is obtained over a large range of g, suggesting that the ELM mitigation
is not a narrowly defined resonant phenomenon. Type-I ELM mitigation has also been seen
using n=2 fields from the external coils in JET [23-25] and with n=2 and n=3 fields from the
internal, off-midplane coils in DIII-D when ¢4 is outside the resonant window for
suppression [7,8]. In the JET case with both n=1 and n=2 fields, the ELM frequency data
suggests multiple narrow resonances during g,s sweeps [25]. The maximum reduction factors
of the size of the largest Type-I ELMs normalized to the plasma stored energy in the
mitigation cases are at least 3.5x with n=1 fields in JET, ~2.5x with n=2 fields in JET, and
~2.3x with n=3 fields in DIII-D. Application of n=3 fields from internal off-midplane coils in
double-null MAST plasmas at moderate collisionality [Fig. 1(c)] eventually, although not
immediately at RMP turn-on, changes the ELMs from Type-I to small Type-1V [28]. Finally,
ELM mitigation has been seen also in circular, limited TEXTOR H-mode plasmas [33] at
high collisionality [Fig. 1(d)] using m/n=6/2 RMP fields from the centerpost helical Dynamic
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Ergodic Divertor (DED) coil. Note that each of these examples shows evidence of some
reduction of plasma density (pumpout) when the ELMs are mitigated or suppressed. This is a
common feature of ELM control by static RMP fields in H-mode plasmas [10,23,26,30,40].
Density pumpout is also seen when RMP fields are applied in some L-mode plasmas
[26,31,40].
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FIG. 1. Evolution of line averaged density (black), RMP
coil current (red) and edge D, emission (blue) during
ELM control discharges using dc static RMP fields in (a)
DIII-D, (b) JET, (c) MAST and (d) TEXTOR.

2.2. EFFECT OF RMP ON L-H POWER THRESHOLD

The threshold power to achieve the L-H transition is observed to be higher in DIII-D,
MAST and NSTX plasmas with RMPs having strong resonant components in the spectrum,
but less effect on P, ; was seen in DIII-D and MAST using RMPs with only weak resonant
components. The L-H threshold power normalized to its value without RMP fields is shown
as a function of the RMP perturbation strength in Fig. 2. Here RMP perturbation strength is
parameterized by the width, in normalized poloidal flux, of the island overlap region where
the Chirikov parameter (sum of island half widths normalized by island spacing) [41]
exceeds 1.0 using the vacuum fields. This parameter was chosen in an attempt to allow
comparison of results from experiments with significantly different operational parameters.

4 General Atomics Report GA—-A26859



M.E. Fenstermacher et al. ELM Control by Resonant Magnetic Perturbations: Overview of Research
by the ITPA Pedestal and Edge Physics Group

The island overlap widths for all the devices were calculated using the same Fourier
harmonics representation of the vacuum magnetic fields in the SURFMN code as used to
guide the ITER RMP coils design [8,42]. The L-H threshold power is obtained in the
experiments by applying the RMP fields during the L-mode phase of the discharge and then
increasing the input beam power (by slow ramps in MAST and NSTX or by a series of steps
in DIII-D) until the L-H transition is observed. For DIII-D cases with strong resonant
components in the RMP spectrum (g,s within the resonant window for ELM suppression), the
L-H power threshold shows little increase for small RMP fields, but significant increases for
perturbations beyond a threshold amplitude [for details see Ref. 43]. Similar increases in P,
are observed with strong resonant fields in MAST for perturbations larger than a threshold
value. Strong perturbation fields that are off resonance (g,s outside the resonant window for
ELM suppression) show little effect on P, ; in DIII-D, but some effect in MAST for large
overlap region width. These results suggest that P, ; may only be affected when sufficient
resonant perturbation (possibly more than needed for ELM suppression [8,11]) is applied.
Further experiments are planned to solidify this result, and theoretical work is planned to
give the physics understanding needed to extrapolate it with confidence to future devices
including ITER.

3-0 T T T T T T
M DIii-D
25 A MAST
= @ NSTX
=
oc
& 20
£
T
& 15t
o
= .
= 10F + A-%—
D._I h
0.5 1 1 1 1 1 1
0.0 0.1 0.2 0.3
Island Overlap Width yy

FIG. 2. Normalized L-H threshold power as a function of
island overlap width using the vacuum fields showing
data from DIII-D (black), MAST (red) and NSTX (blue).
The applied RMP spectrum has strong resonant compo-
nents for data points in the grey shaded region. The reso-
nant components are much weaker than the non-resonant
components in the RMP spectrum for points in the green
shaded region.
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2.3. THRESHOLD ISLAND OVERLAP WIDTH NOT SUFFICIENT FOR ELM
SUPPRESSION

Recent multi-machine experimental comparisons [26] show that one of the criteria
guiding the design of the ITER RMP coils [42], i.e. that the RMP vacuum magnetic island
overlap width Ag,., in the edge plasma be = the threshold width correlated with ELM
suppression in DIII-D [8, 11], may be necessary to achieve ELM suppression in ITER but it
is not sufficient to assure ELM suppression. The database for this comparison has been
expanded as part of the ITPA PEP RMP working group studies. Profiles of the Chirikov
parameter as a function of normalized poloidal flux in the pedestal region calculated by the
SURFMN code [42] are shown in Fig.3 for H-mode discharges in DIII-D [8,11], JET
[18-23], MAST [26-28] and NSTX [29-30]. The DII-D cases (discharges #126440 and
#131518) are examples of time slices during ELM suppression in which the island overlap
region widths are equal to the threshold values (Ag,;.;=0.165 and A,;.,=0.132 respectively)
determined from the databases reported in Refs. 8 and 11, respectively. Although several of
the examples from discharges in other devices met or exceeded the guidance overlap width,
none of the other cases in Fig. 3 obtained ELM suppression. Both of the cases with RMP
from external, midplane coils in JET (pulses #69557 with n=1 RMP and #75793 with n=2
RMP) showed significant ELM mitigation [20,23]. In the MAST case, the n=3 RMP from
internal off-midplane coils produced the transition from large, infrequent Type-I ELMs to
smaller, rapid Type-IV ELMs [as shown in Fig. 1(c)] [28]. Finally, in the NSTX case,
application of the n=3 RMP from external, midplane coils triggered ELMs in an otherwise
transient ELM-free H-mode plasma [29,30]. Clearly large island overlap width calculated
from vacuum fields is not sufficient to assure ELM suppression across multiple devices.
Further discussion is given in Sec. 4.

69557
126440
75793
24544

FIG. 3. Profiles of the Chirikov parameter as functions
of normalized poloidal flux for H-mode discharges in
1T — DIII-D (red & magenta), JET (black & blue), MAST
(green) and NSTX (orange). In the DIII-D cases

Chirikov Value (fit)
N

, JET ELM Mitigation
— = External n=1 %MP Type-I ELMs are suppressed, in the JET cases the
JET ELM Mitigation Type-1 ELMs are mitigated, in the MAST case the
0 LExterpal n=2RWP, , 1 1 1 L RMP triggers a Type-I to Type-IV ELM transition,
0.6 0.7 0.8 0.9 1.0 and in the NSTX case the RMP triggers ELMs in an
wNﬁt evolving ELM-free plasma.

6 General Atomics Report GA—-A26859



M.E. Fenstermacher et al. ELM Control by Resonant Magnetic Perturbations: Overview of Research
by the ITPA Pedestal and Edge Physics Group

3. ELM PACING USING TIME VARYING RMP FIELDS

Modulation of RMP amplitude has been used to control ELM frequency (pacing) and
reduce ELM size at high paced ELM frequency in NSTX [29-30] and DIII-D [39] (Fig. 4). In
NSTX, short (11 ms) square wave pulses of n=3 RMP from external midplane coils (vacuum
vessel penetration e-folding time ~4 ms) are applied to otherwise transient ELM-free H-mode
plasmas [Fig. 4(a)]. The normalized ELM energy loss as a function of the applied RMP pulse
frequency (Fig. 5) shows a reduction of the mean size of the largest 20% of the ELMs by a
factor of 2 when the pacing frequency is increased

by a factor of 6. In DIILD, sinusoidal n=3 RMP ofisdezs’ " [ [l
amplitude from the internal off-midplane coils was ,[ Me (1019m3 \
applied to otherwise steady ELMing H-mode 2:_ D, (au) { ig;c (kA1)
plasmas [Fig. 4(b)]. At high collisionality the 0 sEiial
00 02 04 06 08 10 12 14

natural ELM frequency was low (~10 Hz) because

the input power was near P, . As the RMP 65 (AN
frequency increased, the density decreased 4 D, ne (1019 m-3) ]
(evidence of pump-out) and the natural ELM 2_|n=3l|(1b|i!|At)|m”|'|||‘||| |H |||| il“l"“
frequency increased, consistent with typical 0 g~
behavior of Tyle- ELMs when P, — Py is 20 30 Ti 40 5.0

ime (s)

increased [Fig. 4(b)]. However, with the RMP, the FIG. 4. Evolution of line averaged density
higher frequency ELMs were synchronized to (black), RMP coil current (red) and edge D,
twice the applied RMP frequency. At low %Iﬁisdssiogac(:éu% f;ﬁlsgg éﬁgﬁigﬁrﬁ dw(ig;
collisionality in DIII-D, the natural ELM DII-D plasma with ELMs paced by oscillatory
frequency ~ was  high  (~100 Hz).  Full RMP fields.

synchronization of the largest ELMs with twice the applied RMP frequency was obtained for
frequencies near the natural ELM frequency, but for higher RMP frequency the
synchronization fraction decreased. Although the experimental conditions were qualitatively
different between DIII-D and NSTX, some common observations are obtained. In both cases
the ELMs are 100% synchronized to the modulated fields for low modulation frequency but
as the perturbation frequency increased the synchronization fraction decreased. For the range
of frequencies with full synchronization, the reduction of ELM size was less than
proportional to the increase in ELM frequency, suggesting that there may be a limit to the
maximum ELM reduction even if full synchronization could be maintained. After periods in
which the ELMs were not synchronized with the modulated fields, the next ELM was
frequently larger than the previously synchronized ELMs.
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FIG. 5. Mean normalized energy loss of the largest 20%

of ELMs as a function of ELM pacing frequency using

square wave RMP pulses for NSTX H-mode plasmas at
1.0 MA (black squares) and 0.8 MA (red triangles).
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4. DISCUSSION

This paper presents some common observations from the current collection of
qualitatively different RMP ELM control experiments in tokamaks. Some of the aspects of
present experiments that must be investigated further in joint ITPA experiments include
differences in: 1) plasma shape (SND vs DND, low vs high triangularity) and its effect on
ELM instability during RMP, 2) plasma collisionality and its effect especially on the
bootstrap current drive for ELM instability during RMP, 3) mix of resonant and non-resonant
components in the RMP spectrum and 4) spatial profiles of the RMP fields within the plasma
including the plasma response. Physics understanding of the effect of these parameters on
RMP ELM control is needed for confident extrapolation of present results to ITER.

Although significant island overlap in the pedestal may be necessary to achieve ELM
suppression, other aspects of RMP application could play important roles in assuring ELM
suppression in multiple devices; quantification of overall design guidance criteria is still in
progress. Empirically there are indications that the degree of pitch alignment of the RMP
fields with the equilibrium confinement field and the plasma collisionality could be
important. Also, the radial localization of the RMP fields in the pedestal region may be
important, but detailed physics understanding of the radial profile of possible screening of the
applied vacuum RMP fields by the plasma is also still under development [44 and references
therein]. Formulating design guidance criteria for these and other aspects of RMP ELM
control will continue to be a significant part of the ITPA PEP RMP group work.

General Atomics Report GA-A26859 9



M.E. Fenstermacher et al. ELM Control by Resonant Magnetic Perturbations: Overview of Research
by the ITPA Pedestal and Edge Physics Group

5. PLANS FOR FUTURE RMP ELLM CONTROL
HARDWARE AND EXPERIMENTS

The planned upgrades of the coil systems internal to the vacuum vessel on several
devices (Fig. 6) will permit significantly greater variation of RMP mode spectrum to test
physics models of RMP ELM control for experiments in 2011 and beyond. A new set of
three rows of internal coils is proposed for the centerpost of DIII-D [Fig. 6(a)]. When used in
combination with the present two rows of coils above and below the outer midplane, the
centerpost coils would ultimately allow variation of the RMP radial and poloidal localization
plus the capability to separately rotate either n=3 or n=4 RMPs toroidally for tests of field
penetration and heat flux spreading models. Work has been done to design and test prototype
centerpost coils, but the time scale for the ultimate installation of the set of 36 coils is still
under review. MAST will install 6 additional internal coils below the outer midplane
[Fig. 6(b)], for a total of 12 in the lower row and 6 in the upper row, to increase the RMP
spectral flexibility. These coils should be ready for experiments in 2011. In this same time
frame experiments will begin at AUG with a new set of 4 internal coils above and 4 below
the outer midplane [35], and at COMPASS with the existing n=2 coil set and a planned
extension to n=4. Within a year the plan at AUG is to upgrade to 8 internal coils above, 8
below and 8 on the outer midplane [Fig. 6(c)] in a configuration similar to the ITER design.
JET [45], NSTX [46], TCV [47] and JT60-SA [48] are currently engaged in studies of the
feasibility of installing internal coils. The internal coils in KSTAR [49] can be used to
produce RMPs. Taken together, these systems will greatly increase both the capability to test
theoretical models of ELM control by RMP fields and the probability of achieving ELM
suppression on multiple tokamaks worldwide.

(a) (b)
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6. SUMMARY AND CONCLUSIONS

Recent experiments using RMPs in multiple tokamaks show modification of ELM
characteristics for a variety of RMP spectral components and plasma conditions. Suppression
of ELMs is seen robustly in DIII-D for a range of plasma conditions but only for a finite
window of resonant values of the equilibrium field pitch angle in the pedestal region.
Suppression of Type-I ELMs in an H-mode plasma has not been obtained on any other
tokamak to date. Mitigation of ELM size by significant factors has been obtained in multiple
tokamaks with a variety of RMP spectra in a wide range of plasma equilibria, but reduction
of Type-1 ELM size by a factor of 20 during RMP ELM mitigation without degradation of
the H-mode confinement, as required for full power ITER operations, has not yet been
obtained. Multi-machine data suggests that the threshold power for the L-H transition
increases significantly when RMP fields of sufficient amplitude are applied in the L-mode
phase of the discharge. The multi-machine results also confirm that a broad region in the
edge pedestal with overlap of the vacuum magnetic islands from the RMP is not, by itself,
sufficient to assure suppression of Type-1 ELMs in H-mode plasmas. Using upgrades to the
internal coil systems under construction or planned in several devices, future experiments,
including joint experiments under the auspices of the ITPA, are expected to provide the
essential physics understanding needed to project RMP results with confidence to ITER.
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