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Abstract

Large 70 Hz Type-I edge localized modes (ELMs) are converted into small 130 Hz oscillations using edge resonant
magnetic perturbations (RMPs) from a coil with currents <0.4% I,, in double null DIII-D plasmas. When the RMP is
properly phased with respect to the background field errors, all but a few isolated ELM-like events are suppressed. The
impulsive pedestal energy loss AEgm/Af? to the scrape-of layer is reduced a factor of =20 relative to the Type-I
ELMs and the core confinement is unaffected by the perturbation field. Significant changes in the properties of the
ELMs are also observed when edge RMPs are applied to lower single null plasmas but the nature of these changes
are much more complex. Both lower single null and double null plasmas are being studied to determine how ELM con-
trol techniques based on the application of edge RMPs can be expected to scale to future devices such as ITER.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Efficient fusion power production with a tokamak
confinement system relies on maintaining good core
confinement, low impurity concentrations and good
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gradients are needed across the pedestal region to obtain
pedestal heights sufficient for achieving burning plasmas
in the International Thermonuclear Experimental Reac-
tor (ITER) [1]. Predictions for ITER suggest that a tem-
perature pedestal of approximately 4-5keV is needed to
achieve a fusion power gain Q > 10. However, the asso-
ciated large pedestal gradients are known to drive insta-
bilities such as edge localized modes (ELMs). Scaling the
energy dump due to these ELMs from current tokamaks
like DIII-D to ITER [1-4] implies that carbon divertor
tiles will significantly exceed their 45MJm2s~ "2 [5]
ablation threshold limit during each Type-I ELM
impulse.

Because of their potential for damaging divertor tar-
get plates in high confinement discharges, ELMs must
be controlled in future burning plasma devices such as
ITER. The control method used must be capable of
reducing the amplitude of ELM energy impulses without
significantly altering the height of the pedestal. It must
also be capable of replacing the impulsive particle trans-
port (thermal electrons and deuterium as well as impu-
rity ions) driven by the ELMs with a more benign
transport mechanism (i.e., a lower amplitude, longer
duration transport process) in order to avoid an uncon-
trolled increase in the core density or a detrimental accu-
mulation of the impurity ions in the core plasma. Several
types of steady-state relevant control techniques have
been explored with varying degrees of success. These in-
clude pedestal impurity seeding [6], the injection of small
pellets to trigger ELM-like events [7] and the use of res-
onant magnetic perturbations (RMPs) [8-10]. In this
paper we focus on recent results using RMPs in DIII-D.

2. Experimental background and results

A variety of small, 107> < 6B/B,, < 1073, but signifi-
cant non-axisymmetric magnetic perturbation sources
are common to all tokamaks. These include: fields from
MHD control coils such as the DIII-D I-coil [11] and
from locked mode corrections coils such as the DIII-D
C-coil [12], so-called field errors caused by multi-milli-
meter shifts or distortions in several of the poloidal,
shaping, ohmic or diveror field coils [13], stray fields
due to currents in radial feeders or bus bars and millime-
ter scale ensemble randomness built-in to the toroidal
and poloidal field coil sets due to unbalanced opera-
tional forces and the buildup of engineering tolerances
known as intrinsic topological noise [14].

Studies of the effects of these perturbations in circular
limited and poloidally diverted plasma with field line
integration and mapping codes show that they create
field line resonances which result in complex topological
structures such as helical islands surrounded by separa-
trices that split into pairs of intersecting invariant man-
ifolds. These intersecting invariant manifolds form

elaborate webs, known in non-linear dynamical systems
theory as homoclinic tangles [15], that are responsible
for stochastic mixing of the field lines. An interesting
variety of homoclinic tangles has recently been shown
to exist in the primary separatrix of a poloidally diverted
tokamak and is believed to be the mechanism by which
field lines are transported from inside the separatrix into
the scrape-off layer (SOL) [16]. In addition, detailed field
line integration studies of the magnetic topology in the
DIII-D pedestal, with various shapes and ¢ (safety fac-
tor) profiles, show that poloidally diverted tokamaks
are much more sensitive to the onset of global stochas-
ticity and the loss of magnetic flux than circular limited
plasmas due to the high edge magnetic shear [17].

A significant requirement for interpreting the results
of any magnetic perturbation experiment on a particular
tokamak is first to develop a good understanding of all
the intrinsic perturbation sources on that machine. Elab-
orate, one-of-a-kind measurements of the non-axisym-
metric field errors in DIII-D indicate that although
these sources are relatively small, averaging to ~1G
for the n = 1 component on a circle near the major axis,
they have a substantial impact on the performance of the
machine [13]. This fact has been well established by re-
sults from a variety of MHD stability and locked mode
experiments [12,18].

The resistive wall mode (RWM) control coil mounted
inside the DIII-D vacuum vessel, referred to as the I-coil
[11], is used as a controlled perturbation field source for
the ELM suppression experiments discussed in this
paper. The 3D geometry of the I-coil is shown in Fig.
1. Since the C-coil, used to correct measured field errors
on the m,n = 2,1 surface, is known to perturb both the
core and pedestal plasma [19] it was turned off for the
double-null (DN) discharges discussed in this paper
but was required during the lower single-null (LSN) dis-
charges to avoid locked modes.

In order to minimize core RMPs due to the I-coil,
toroidally adjacent segments are driven with opposite

| Upper ¢ =302
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Bp Lower ¢ =150°
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Fig. 1. The DIII-D I-coil is comprised of six segments above
the equatorial plane (upper) and six segments below the
equatorial plane (lower) centered at 60° toroidal angle (¢)
increments (starting at 30°) inside the DIII-D vacuum vessel.
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polarities producing an n =3 toroidal mode structure.
The geometry of the I-coil produces m =12 + 3 modes
that are compatible with edge resonant studies. Positive
current is defined to be in the counter-clockwise direc-
tion as viewed inward toward the toroidal axis and the
corresponding perturbation field (6B) points in the
direction of positive major radius R (see the upper seg-
ment at ¢ =210° in Fig. 1). The up/down parity of
the coil is referred to as ‘even’ when the upper and lower
coil segments have the same polarity at each toroidal
angle ¢ and ‘odd’ when these polarities are opposite.
The toroidal phase angle of the I-coil perturbation ¢y coi
is two-fold symmetric where ¢ = 0° is defined as the
configuration where the current in the upper ¢ = 30°
segment is positive and ¢y = 60° has negative current
in the upper ¢ = 30° segment. Each segment is limited to
a maximum current of 5kA.

Both DN and LSN discharges were used during the
experiments discussed in this paper. Fig. 2(a) shows
the DN flux surface shape and Fig. 2(b) shows the
LSN shape while Fig. 2(c) shows the ITER scenario
two shape (scaled down by a factor of 3.7 to fit in the
DIII-D vacuum vessel) for comparison. We see from
Fig. 2 that the ITER shape lies roughly between the
two DIII-D shapes. The DN discharge has an elonga-
tion (x) of 1.8 with upper (é,,) and lower (Jov) triangu-
larities of 0.35 and 0.73 respectively, a toroidal magnetic
field By = 1.6 T, a plasma current I, = 1.1 MA, a neutral
beam heating power Pnp;=S5.1MW and is biased
downward by 2cm. In this discharge, the line averaged
electron density (n.) is 7.2x10”m™> with fn =2.2,
Higo=2.1 and a safety factor at the 95% flux surface
(gos) of 3.7. The time evolution of I,, Pgr, e, the D5
gas fueling and the I-coil pulse (I.o; = 4.4kA) for DN
discharge 115467 is shown in Fig. 3 along with a repre-
sentative lower divertor D, signal. The LSN discharge
(117823) had the following parameters: Br=19T,

ITER scn.2
(a) (b) (c)

115467

Fig. 2. Comparison between DIII-D shapes for discharges: (a)
115467:DN and (b) 117823:LSN that were used for ELM
suppression studies. A scaled down view of the ITER scenario 2
shape (c) is also shown.
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Fig. 3. Temporal evolution of: (a) I, P, the I1co; current, (b)
the D, gas fueling, n. and (c) a lower divertor D, signal in DN
discharge 115467.

I,=1.1-1.4MA, n.=4.048x10"m ™, k = 1.8, djon =
038, PNBI =13.1 MW, ﬁN = 24, Hng = 18, 33K
@95 < 3.9 and its time evolution is shown in Fig. 4.
First we describe the DN plasma response to the odd
parity, ¢r.coi = 0°, I-coil pulse shown in Fig. 3(a). In this
case, the dynamical state of the pedestal plasma changes
significantly and large Type-I1 ELMs are almost entirely
eliminated except for a few randomly interspersed ELM-
like spikes. This suppression takes place within a single
ELM cycle (~12ms) and is seen globally on all of the
ELM diagnostics toroidally and poloidally distributed
around the machine as shown in Fig. 5(a)—(i). The nat-
ure of the changes seen in the pedestal dynamics is best
displayed by focusing on narrower time windows before
and during the I-coil pulse. Fig. 6 shows two 11 ms win-
dows, one without the I-coil pulse, Fig. 6(a), showing the
evolution of a single 70 Hz Type-I ELM and one during
the I-coil pulse, Fig. 6(b), showing a 2ms quiet phase fol-
lowed by a 6ms active phase that characterize the small
130 Hz oscillations induced by the I-coil RMP. These
oscillations correspond to a small, ~1-2mm, global
expansion of the outer flux surfaces during the quiet
phase and an equivalent contraction during the active
phase. This behavior is similar to a ~3mm contrac-
tion seen during a Type-I crash which is followed an
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Fig. 4. Temporal evolution of: (a) I, Piy;, the I1co; current, (b)
the D, gas fueling, 1. and (c) a lower divertor D, signal in LSN
discharge 117823.
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Fig. 5. Type-1 ELM suppression in DN discharge 115467
during the: (a) 1o current pulse (in the upper and lower 30°
segments) on the, (b) midplane D, at ¢ = 45°, (c) lower divertor
D, at ¢ = 150°, (d) upper divertor D, at ¢ = 150°, (e) inner wall
D, at ¢ =135° (f) lower divertor ion saturation current at ¢
=180°, (g) IRTV surface temperature at ¢ = 165°, (h) core Bgot
at the outer midplane ¢ = 322° probe, and (c) edge Bgyo at
divertor ¢ = 322° probe.
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Fig. 6. An enlargement of a Type-I ELM (a) using the D, signal
shown in Fig. 5(c), and (b) one cycle of a D, oscillation during
the I-coil phase. The inset shows the detailed features of these
oscillations on an expanded scale (x5.8).

expansion as the profile recovers. The energy lost from
the pedestal during a typical Type-1 ELM contraction
in this discharge is approximately 25 £ 10kJ as shown
by the solid line in Fig. 7(a). This energy is lost within
the first 200 s of the crash resulting in an impulse source
of 1.1 x 10°J/s"2. During the I-coil pulse, it is difficult to
resolve the small changes that take place in the pedestal
energy content. The drops observed are typically about
5-15kJ or less. These drops also evolve slowly during
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Fig. 7. (a) The stored energy (WMHD) computed from a fast
(500 ps resolution) equilibrium reconstruction showing a change
associated with an ELM (solid line) and no significant change
during the isolated ELM-like event at 3243ms in Fig. 5. The
lower divertor D, (100us resolution) behavior for an ELM
(solid line) and the isolated event (dashed line) are shown in (b)
relative to the onset time of the two events.

the active phase of the oscillation cycle resulting in a
maximum impulse source of no more than 4.5 x 10*
J/s'2 or a factor of 24 reduction compared to the
Type-I ELM impulses. A significant reduction in the
ELM induced divertor heat flux as measure by a fast
infrared camera (IR) is also seen during the ELM sup-
pression phase with the I-coil energized. Fig. 8(a) shows
a radial profile of the heat flux across the lower divertor
surface averaged over five Type-I ELMs just before the
I-coil pulse. These profiles are taken at times corre-
sponding to the peak heat flux loading due to each
ELM. Fig. 8(b) shows a radial profile of the heat flux
distribution across the lower divertor surface averaged
over four time slices during the active phase of the oscil-
lations shown in Fig. 6(b) with the I-coil is energized.
We see that the heat flux due to the ELMs is reduced
to the noise level of the fast IR camera during the I-coil
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Fig. 8. Fast infrared camera data showing a radial profile
(At =101ps per profile) of the lower divertor heat flux: (a)
averaged over five Type-I ELM peaks just prior to the I-coil
pulse and (b) averaged over four of the small oscillations peaks
seen during the I-coil pulse.
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pulse (i.e., at least a factor of five reduction in the largest
peaks during the suppression phase compared to the
ELMing phase just prior to the I-coil pulse).

As seen in Fig. 3, some large spikes do remain in the
D, signals that resemble ELMs. These events increase
the surface temperature of the divertor target plates
[Fig. 5(g)] and the incident particle flux [Fig. 5(f)] but
they do not appear to be connected with a loss of stored
energy from the core or pedestal plasma usually seen
during Type-I ELMs as shown in Fig. 7(a). In addition,
radially resolved soft X-ray data shows that the event at
3243 ms in Fig. 5 starts near the ¢ = 3/2 surface and is
not correlated with a sawtooth crash. Based on the lim-
ited data available at this time we can not be certain if
these events are intermittent Type-I ELMs or some
instability located deeper inside the core plasma (e.g.
an internal magnetic reconnection process) that drive
energetic particles into the scrape-off layer.

Large Type-I ELMs are also significantly modified in
pumped LSN discharges at lower densities than in the
DN discharge discussed above. In this case, the pedestal
response to an n =3, odd parity, I-coil pulse with
¢1.con = 0° toroidal phasing is rather different than in
the DN discharge. Although the effect of the I-coil on
the ELMs is seen on all the D, recycling signals, it is
most pronounced in the lower divertor private flux re-
gion. For example, Fig. 9 shows how the ELMs change
near the center of the private flux region in discharge
117823 (see Figs. 2(b) and 4 for a summary of the dis-
charge parameters). Here, the I-coil pulse is switched
on at about the same time as the L-H transition and
switched off at 7 =2415ms. The small 130Hz features
seen during the I-coil pulse in Fig. 9(b) have a com-
pound structure compared to the large Type-I ELMs
that appear following the I-coil pulse but are approxi-
mately an order of magnitude lower in amplitude and
a factor of two higher in frequency. Although they ap-
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Fig. 9. Anenlargement of a Type-I ELM (a) using the D, signal
shown in Fig. 4(c) and (b) an equivalent time window showing
the D, behavior during the I-coil pulse. The inset shows how the
structure of the ELMs are changed on an expanded scale (x10).

pear to be similar in some respects to Type-II ELMs a
more detailed analysis in needed to confirm this possibil-
ity. Note that the D, gas fueling valve was commanded
to come on during the I-coil pulse, as shown in Fig. 4(b),
which was not the case during the DN ELM suppression
discharges [Fig. 3(b)]. This increases the recycling in the
SOL and affects the behavior of the ELMs near the
strike points differently than those in the private flux re-
gion. Also note that the continuous #. rise during the
discharge is typical of plasmas with increasing 7, and
is relatively unaffected by the additional D, gas fueling
or the I-coil pulse.

3. Discussion

The affects of field errors on poloidal and toroidal en-
ergy loading asymmetries were first studied in ASDEX
[20] where it was suggested that external perturbation
coils could be used to control asymmetries in the diver-
tors and to modify boundary layer processes such as
ELMs and L-H transition dynamics. Subsequently,
experiments were carried out on JFT-2M [8] and Com-
pass [9], with n = 1 RMP coils, showing that ELM-free
H-modes could be converted into ELMing H-modes
with small, high frequency, Type-III ELMs. Although
the confinement associated with Type-III ELMing re-
gimes is typically inferior to that in Type-I ELMing re-
gimes, these initial experiments confirmed the idea that
small RMPs have a significant impact on the dynamic
of the pedestal. The experiments discussed in this paper
show that it is possible, with the proper external coil de-
sign and discharge shape, to suppress large Type-I
ELMs without degrading (or overly enhancing) the
quality of the confinement. The demonstration of a
broad operating window for ELM suppression using
RMPs would be of considerable importance for burning
plasma devices such as ITER.

The best ELM suppression found to date (Fig. 5)
using the n = 3 I-coil configurations is obtained in DN
discharges biased downward by about 2cm. In this case,
the effectiveness of the perturbation is particularly sensi-
tive to changes in the plasma shape and ¢¢s5 with the
strongest ELM suppression found between 3.5 <
¢o5s < 4.0. The parity and toroidal phase of the I-coil
pulse also have significant effects on the pedestal re-
sponse. Odd parity pulses with ¢y_.; = 0° toroidal phas-
ing has the largest effect while odd parity, ¢r.coi = 60°,
pulses produce smaller changes in the ELMs and higher
midplane recycling with flatter 7. profile in the outer
pedestal region. The ¢y = 60° odd parity response
looks remarkably similar to that seen during stochastic
magnetic boundary experiments in low power circular
tokamaks [21] and indicates the presence of a back-
ground non-axisymmetric perturbation source (such as
field errors) that mix differently with the applied RMP
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in the two toroidal phases used [10]. Even parity
Pr-coit = 0° I-coil pulses are less effective for suppressing
ELMs and produce 190 Hz oscillations in all D, signals
that are typically larger than Type-I ELMs in the mid-
plane D, signals.

It is interesting to note that in DN discharges a
reduction in the odd parity ¢r.coiy =0° I-coil current
from 4.4 to 2.2kA reduces the frequency of the Type-I
ELMS from 70Hz to 45Hz for the first 300ms with
no change in the amplitude followed by period of rela-
tively good ELM suppression (the ELMs are almost en-
tirely eliminated except for a few isolated ELM-like
events) for the remainder of the pulse. Additionally,
the average peak heat flux to the lower divertor
target, integrated over 16.6ms, drops by 21% with
I.coi = 2.2kA and 47% with [y = 4.4kA compared
to a case without the I-coil while spreading out radially
from 0.04m FWHM to 0.12m with the 4.4kA RMP. It
is also noted that in DN discharges, identical to those
discussed above which remain in an L-mode at lower
NBI power levels, no measurable change is observed
during I-coil pulses implying that the plasma response
to the RMP is amplified in high confinement regimes.

In LSN discharges ¢y.coi = 0° odd parity I-coil pulses
reduce the amplitude of D, bursts from Type-I ELMs in
the private flux region by an order of magnitude and in-
crease their frequency by a factor of two. Although the
modifications seen in the ELMs are global, significant
poloidal variations in the characteristics of the remain-
ing ELMs are also observed during the I-coil pulse in
this case.

4. Conclusions

Large Type-1 ELMs have been suppressed, except for
a few isolated events, with » = 3 edge resonant magnetic
perturbations in DN discharges and significantly modi-
fied in LSN discharges without altering the core confine-
ment. The effectiveness of the suppression depends on
the plasma shape, g9s and the way the coils are config-
ured (i.e., the up-down parity or poloidal mode spec-
trum and the toroidal phase of the perturbation
relative to existing field errors). Both the impulsive and
peak steady state heat flux to the divertor target plates
are substantially reduced during the I-coil pulse.

These results suggest that relatively simple perturba-
tion coils may be useful for controlling ELMs in next-
step burning plasmas devices such as ITER.
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