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The application of nonaxisymmetric magnetic fields is shown to destabilize edge-localized modes
(ELMs) during otherwise ELM-free periods of discharges in the National Spherical Torus Experiment
(NSTX). Profile analysis shows the applied fields increased the temperature and pressure gradients,
decreasing edge stability. This robust effect was exploited for a new form of ELM control: the triggering
of ELMs at will in high performance H mode plasmas enabled by lithium conditioning, yielding high
time-averaged energy confinement with reduced core impurity density and radiated power.
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The most promising operational scenario for producing
fusion energy using the tokamak plasma confinement con-
cept is the high confinement (H) mode. The H mode is
characterized by steep pressure gradients at the plasma
periphery, which lead to strong self-driven plasma currents
and an instability known as the edge-localized mode
(ELM) [1]. ELMs produce periodic expulsions of energy
and particles, posing a serious threat to the lifetimes of
plasma facing components (PFCs) from melting and sub-
limation. The size of ELMs must therefore be tightly
controlled in future large devices such as the
International Thermonuclear Experimental Reactor
(ITER), and several candidate methods for achieving this
control are being explored in the fusion community.
However, the presence of ELMs has the significant benefit
of increasing the effective particle and impurity transport,
allowing quasistationary plasma conditions to be achieved
[2]. In the absence of ELMs, impurity and radiation
buildup is often observed, making the ELM-free H mode
a transient state unless a mechanism can be found for
increasing particle transport (as seen, e.g., in the QH [3],
EDA [4], and RMP [5] H modes). For this reason, optimal
control of ELMs can be achieved through suppression of
naturally occurring ELMs and reintroduction at will as
needed for impurity control.

One demonstrated method for ELM control is by the
intentional application of nonaxisymmetric magnetic per-
turbations with control coils. In general, these perturba-
tions consist of a combination of resonant components,
with local alignment to the equilibrium magnetic field
causing formation of magnetic islands [6] and nonresonant
components that can still have large effects on the plasma,
e.g., by the braking of toroidal rotation [7]. The use of 3D
fields with a strong resonant component [resonant mag-
netic perturbations (RMPs)] has been shown to mitigate or
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suppress ELMs by increasing transport and thereby reduc-
ing the pedestal pressure gradient in the DIII-D [5] and JET
[8] tokamaks, and a flexible coil design has commenced to
implement this technique on ITER. The extrapolability of
this technique to ITER is uncertain, however, as ELM
suppression in DIII-D has not been reproduced as of yet
in other fusion devices. Here we demonstrate robust ELM
control in a new manner: using lithium coatings to suppress
ELMs and then using 3D fields to intentionally trigger
ELMs on demand. We note that while the triggered
ELMs are still larger than desirable, the observed trends
indicate concrete ways to substantially reduce the triggered
ELM size.

In the remainder of this Letter, we (1) document the
existence of a field amplitude threshold for ELM destabi-
lization, (2) show the increase in edge Te (Pe) and its
gradient due to the 3D fields, and discuss the reduced
stability to edge peeling-ballooning stability, and (3) de-
scribe the controllable introduction of ELMs into lithium-
enhanced ELM-free H modes in the National Spherical
Torus Experiment (NSTX [9]) to reduce impurity accumu-
lation. While ELM destabilization was previously seen in
the COMPASS-D [10] and JFT-2M [11] tokamaks, the
NSTX experiments have demonstrated unprecedented
ELM control: one short 3D field pulse triggers one ELM.
The achievable ELLM frequency appears to be limited only
by the field penetration time, raising the prospect for higher
frequency, smaller amplitude triggered ELMs with internal
control coils. More generally, this technique may be appli-
cable for introduction of controlled ELMs into ELM-free
H modes and perhaps even VH mode [12] in higher aspect
ratio tokamaks.

The destabilization of ELMs using nonaxisym-
metric perturbations was first observed in NSTX during
experiments designed to test ELM suppression using
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intermediate-n RMPs, as was achieved in DIII-D [5]. In
our experiments, the toroidal magnetic field (B;) and
plasma current (/,) were fixed at 045 T and 300 kA,
respectively, and the plasma was heated with up to
6 MW of neutral beam injection (Pngy). The 3D perturba-
tion fields were generated by a set of six midplane coils
typically used for error field correction and resistive wall
mode (RWM) feedback control [13]. These “RWM coils”
are external but close fitting to the vacuum vessel. In the
ELM-destabilization experiments, they were configured to
apply an n = 3 field. The poloidal spectrum of the mag-
netic perturbation is broad at the plasma edge, extending to
mode numbers resonant with the high values of edge safety
factor (g¢5 ~ 10) used throughout these experiments. The
magnitude of the resonant components can be quantified
using the Chirikov parameter [14] o,, which is a measure
of island overlap (o, > 1 indicates a high degree of island
overlap and stochasticity). Experiments in DII-D [15]
have shown that ELM suppression is observed when the
highly stochastic region with o, > 1 extends in to nor-
malized poloidal flux ¢, = 0.85. From vacuum field cal-
culations for our experiments, the Chirikov parameter is
above unity outside of ¢y ~ 0.6 with 1.1 kA in the mid-
plane coils [16]. However, calculations with the IPEC code
[17], which include plasma response to the 3D perturba-
tion, predict some field attenuation, with o, > 1 only
outside of ¢y ~ 0.9 (note that the Chirikov parameter
here is only a measure of the resonant field strength; in
the ideal model, field lines form closed surfaces, with a
nonaxisymmetric spatial shift). Thus, the resonant part of
the perturbation spectrum may only be significant at the
very edge of the plasma, whereas the nonresonant compo-
nents are large throughout. In our experiments, the relative
importance of the resonant and nonresonant fields is
inseparable.

The destabilization of ELMs using magnetic perturba-
tions was first studied in discharges without lithium wall
coatings. Those plasmas had double null divertor boundary
shapes with 6,5P ~ 0 (6, is the radial distance between
the upper and lower divertor separatrices, measured at the
outboard midplane), moderate elongation of k = 2.0 and
high average triangularity 6 = 0.7, and Py = 6 MW.
Under these conditions, the discharges exhibited a rela-
tively long period free of large ELMs (very small Type V
ELMs [18] are prevalent in discharges without lithium
conditioning), lasting until from just after the L-H transi-
tion at t = 0.15 s to t ~ 0.5 s, as shown in Fig. 1(a). The
other panels in Fig. 1 demonstrate that, for these plasma
conditions, ELMs were triggered within 50 ms of 3D field
application, largely independent of the 3D field timing
relative to the L-H transition. In addition to triggering
ELMs, the application of these large 3D fields tended to
strongly brake the plasma toroidal rotation and degrade
magnetohyrodynamic (MHD) stability [13], so that global
instabilities arose shortly after the 3D field was applied,
e.g., the long-lived bursts of D, light after the first few
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FIG. 1 (color online). D, emission (solid line) and current in
the RWM coils (dashed line) from discharges with (a) no n = 3
field and (b)—(d) varying time of n = 3 field application.

ELMs in Figs. 1(b) and 1(c). These global instabilities
were avoided in other discharges by restricting the pertur-
bation duration, as in Fig. 1(d). When the n = 3 field was
turned off, the large ELMs ceased [Fig. 1(d)], indicating a
direct correlation between ELM stability and the presence
of the field.

The ELM-destabilization threshold field strength was
identified to be AB/B, ~6 X 1073 for these discharge
conditions, where AB is the total strength of the perturba-
tion at the top of the pedestal (950 A RWM coil current).
The 3D fields did not affect ELM stability at AB/B ~
55X 1073 (900 A in coil), while at AB/B ~ 6.1 and
6.4 X 1073 (0.95 and 1.0 kA, respectively), just above
the destabilization threshold, ELMs were intermittently
triggered. At the highest field strength of AB/B ~ 8.3 X
1073 (1.3 kA), a series of regular ELMs was triggered. The
data indicate that the triggered ELM frequency increased
with the field strength above the destabilization threshold.
We note that larger fields led to global instabilities.

The effect of the n = 3 field on the plasma profiles was
strongest in the toroidal rotation, which showed a global
decrease with the applied perturbation that is qualitatively
consistent with increased neoclassical toroidal viscosity
[19]. While the core electron density and temperature
were unaffected by the 3D field, the pedestal electron
temperature showed a modest increase with the applied
perturbation (Fig. 2). These profiles were constructed with
multiple Thomson scattering time slices mapped from lab
space to iy from a reference discharge with no n =3
application (time slices combined over 100 ms from a
single discharge) and from discharges after the perturba-
tion was applied but before ELMs had begun (time slices
~20 ms after the 3D field application combined from three
discharges). These profiles were fitted with “‘standard”
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pressure gradients were ~30% higher with the n = 3 field
applied. Stability calculations using the PEST ideal MHD
code [21] with equilibria based on the experimental pres-
sure profiles indicate the plasmas were unstable to low-n
(n =2, 3) peeling-ballooning modes when n =3 was
applied, with growth rates of ~1% of the Alfvén fre-
quency. Without the n = 3 field, the plasma was calculated
to be stable. Although these relatively low growth rate
modes may be stabilized by diamagnetic effects [22], the
calculations indicate an evolution towards instability after
the perturbation is applied. Kinetic profiles nearer to the
time of the first ELM will be obtained in upcoming experi-
ments to determine if the edge stability calculations repro-
duce the instability following the application of the n = 3
field.

These results are in apparent contrast to certain experi-
ments at DIII-D where RMPs are used to suppress ELMs in
plasmas with ITER-similar shape and collisionality (v* =
gosRe™3/2/A, = 0.2, where qqs is the safety factor at the
¥y = 0.95 surface, R is the major radius, € = a/R is the
inverse aspect ratio, and A, is the electron mean free path)
[23]. The dominant effect of the RMP on the plasma
profiles in this case is a significant reduction in density
(““density pumpout’), which reduces the peak pedestal
pressure gradient sufficiently to stabilize ELLMs, consistent
with stability calculations with the ELITE code [24]. Neither
density pumpout nor ELM suppression has been observed
in NSTX. However, at high pedestal-top collisionality
(v* ~ 1), the impact of the RMP on the plasma profiles
in DIII-D is very similar to those seen in NSTX (where
v* ~2): the density is essentially unchanged, toroidal
rotation slows, and the electron pedestal pressure is mod-
estly increased [25]. Additionally, experiments at DIII-D
using a single row of midplane coils (as opposed to the off-
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FIG. 3 (color online). Comparison of discharges with lithium
conditioning only (black line) and with combined lithium and
3D field-induced ELMs (red and blue or gray lines): (a) stored
energy Wymp, (b) line-averaged density from Thomson scatter-
ing n,*¢, (c) total radiated power P4, and (d)—(f) RWM coil
current Igwy—s and D, emission.

midplane coils typically used for RMP ELM suppression
[23]), which produce large nonresonant spectral terms
similar to the NSTX coils, have not suppressed ELMs or
produced density pumpout [26]. Thus, the NSTX results
are reasonably consistent with DIII-D data when the colli-
sionality and perturbation spectra are taken into account.
While the observed triggering of ELMs in NSTX remains a
clear difference between the machines, the ELM behavior
in both devices confirms expectations from peeling-
ballooning calculations, i.e., increased (reduced) pressure
gradients lead to degraded (improved) edge stability. The
remaining mystery is why pedestal transport is affected so
differently by the 3D fields in the two machines, with
decreased (increased) transport in NSTX (DIII-D).
Recently, it was demonstrated on NSTX that lithium
conditioning of the PFCs improves plasma performance,
increasing energy confinement [27], and completely sup-
pressing ELMs [28,29], e.g., as shown by the black curves
in Fig. 3. This discharge had 7, = 800 kA, B, = 0.45 T,
PNBI =4 MW, K = 24, and 5rsep ~ 0. Note that the PNBI
was reduced compared to the prelithium discharges to
avoid reaching the global beta limit. These plasmas also
exhibited the nonstationary nature typical of the ELM-free
H mode: the particle transport was in effect too low, so that
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the density and impurity content increased throughout the
discharge, eventually leading to a radiative collapse
(Fig. 3).

To reduce the density and impurity accumulation, ELM
triggering with 3D fields was added into ELM-free dis-
charges with lithium wall conditioning. Figure 3 shows the
time traces from two discharges in which the 3D field was
applied in the form of a pulse train, where each pulse has an
amplitude of 2.7 kA coil current and a duration of 4 ms.
This waveform was chosen to minimize the “on” duty
cycle of the 3D applied field to reduce the time-averaged
impact on plasma rotation and global stability. Two fre-
quencies of the perturbation pulses are shown: 10 and
30 Hz. As shown in the D, traces in Figs. 3(e) and 3(f),
these discharges exhibit ELMs that track the timing and
frequency of the 3D field pulses. The density and radiated
power evolution were similar between these three dis-
charges before the 3D fields were applied. Once the
ELMs began, however, the density and radiated power
ramp rates were reduced [Figs. 3(b) and 3(c)]. Near the
end of the discharge at t = 1.3 s, the density was reduced
by 20% and the radiated power by nearly a factor of 3 with
30 Hz ELM triggering relative to the control discharge.
The stored energy, on the other hand, was not strongly
affected in a time-averaged sense (the ELMs did lead to a
transient energy loss) and in fact was sustained for a longer
period in the discharge with 3D field pulses. These results
demonstrate the deliberate control of the ELM frequency,
improving all aspects of the discharge.

These experiments demonstrate the proof of principle of
a new high performance discharge scenario: (1) lithium
wall coatings to improve particle and energy confinement,
and (2) 3D fields to trigger ELMSs and reduce particle and
impurity confinement. Optimization of the technique is
needed to fully arrest the temporal increase of density
and radiation, and also to reduce the ELM size; the
ELMs that are destabilized by the 3D field with lithium
conditioned PFCs tend to be large, with per ELM energy
losses of up to 25% of the total stored plasma energy.
Fortunately, a dependence on the triggered ELM size on
elongation has been observed, which may provide a path
for this optimization. Further optimization may also be
possible by improving the efficiency with which the 3D
fields trigger ELMs. It was observed that the triggered
ELM size increased with the period between triggered
ELMs, and the likelihood of very large ELMs (>10%)
increased substantially for inter-ELM periods >50 ms.
These long inter-ELM periods were often due to the failure
of a 3D field pulse to trigger an ELM, illustrating the
importance in increasing not only the ELM frequency but
also the triggering reliability to minimize ELM size. The
ELM-triggering frequency is presently limited by the
~4 ms field penetration time through the vessel.

In summary, the application of 3D magnetic fields has
been observed to destabilize ELMs during periods other-
wise free of large ELMs, with a minimum A B/B threshold

for destabilization. The triggering effect of the 3D fields
has been used to controllably reintroduce ELMs into
lithium-enhanced ELM-free H modes; this first proof-of-
principle demonstration has been successful in reducing
the secular increase of both the plasma density and radiated
power. Moreover, high time-averaged energy confinement
was maintained while reducing particle confinement.
Although further optimization is needed to reduce the
triggered ELM size and achieve fully stationary conditions,
these results demonstrate the feasibility of an operational
scenario wherein lithium wall conditioning is used to
improve energy confinement, and ELM pacemaking with
nonaxisymmetric magnetic fields is employed for density
and impurity control.
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