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Experiments in the DIII-D tokamak show that the plasma responds to resonant magnetic perturba-

tions (RMPs) with toroidal mode numbers of n¼ 2 and n¼ 3 without field line reconnection, con-

sistent with resistive magnetohydrodynamic predictions, while a strong nonlinear bifurcation is

apparent when edge localized modes (ELMs) are suppressed. The magnetic response associated

with this bifurcation is localized to the high field side of the machine and exhibits a dominant n¼ 1

component despite the application of a constant amplitude, slowly toroidally rotating, n¼ 2 applied

field. The n¼ 1 mode is born locked to the vacuum vessel wall, while the n¼ 2 mode is entrained

to the rotating field. Based on these magnetic response measurements and Thomson scattering

measurements of flattening of the electron temperature profile, it is likely that these modes are mag-

netic island chains near the H-mode pedestal. The reduction in rTe occurs near the q¼ 4 and 5

rational surfaces, suggesting five unique islands are possible (m¼ 8, 9, or 10 for n¼ 2) and (m¼ 4

or 5 for n¼ 1). In all cases, the island width is estimated to be 2–3 cm. The Chang-Callen calcu-

lated confinement degradation due to the presence of an individual island of this size is 8%–12%,

which is close to the 13%–14% measured between the ELMs and suppressed states. This suggests

that edge tearing modes may alter the pedestal causing peeling-ballooning stability during RMP

induced ELM suppression. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935486]

I. INTRODUCTION

Some years after the discovery of a high confinement re-

gime known as H-mode in the ASDEX tokamak1 in 1982,

there has been a pressing need to understand and ameliorate

peeling-ballooning instabilities known as the type-I edge local-

ized modes2 (ELMs). ELM growth originates near the H-mode

pedestal. The mode has a helical filamentary structure that

erupts from the low field side (LFS) of tokamak devices.3

ELMs transport energy and particles radially across the last

closed flux surface and into the plasma scrape off layer,4 where

field lines intersect the plasma facing components (PFC). For

reactor relevant plasmas, ELMs are expected to cause exces-

sive material erosion and unacceptably short lifetimes for

PFCs5 due to their large transient heat and particle loads.6

These periodic expulsions are not only deleterious to solid

surfaces but also impact core magnetohydrodynamic (MHD)

stability.7–10 Fortunately, ELMs can be suppressed through the

application of toroidally non-axisymmetric fields known as

resonant magnetic perturbations11 (RMPs). The RMP is a static

externally applied field that resonates with the plasma at spe-

cific edge field helicities, preventing ELM events.

The transport mechanism responsible for modifying the

pedestal and causing peeling-ballooning stability is a key to

understanding RMP ELM suppression. A variety of theories

have been proposed to explain this ELM stable pedestal,

such as edge field line stochasticity,12 magnetic flutter,13 and

magnetic island chain formation.14 In the case of stochastic

transport, overlapping islands are believed to be the cause,

and correlations have been found between the width of the

q95 ELM suppression window (q95 is the safety factor at

which 95% of the normalized poloidal flux is enclosed,

which is typically located near the top of the pedestal) and

the degree of predicted stochasticity.15 However, this model

ignores the plasma response to the RMP. It has been shown

in DIII-D that the theory of magnetic flutter13 may be con-

sistent with the electron thermal diffusivity of nested flux

surface regions located between small, non-overlapping

magnetic islands near the plasma edge. When compared with

inferred edge electron temperature gradient measurements,

magnetic flutter diffusivity appears to provide better agree-

ment than that predicted by the presence of small magnetic

islands alone.16 Furthermore, the magnetic flutter model pro-

vides an explanation of edge transport in the absence of mag-

netic islands. This is important, as some evidence has shown

that ELM suppression is correlated with an ideal MHDa)Email: kingjd@fusion.gat.com
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plasma response, which is devoid of islands.17 A final theory

is that non-overlapping magnetic islands of appreciable

width are causing significant transport around the H-mode

pedestal. Until recently,18,19 this theory has lacked compel-

ling experimental evidence.

Diagnostic complications associated with measurements

in the H-mode pedestal have made testing the validity of

each of these theories difficult, and has motivated the pursuit

of simpler techniques for resolving this critical physics.

While major advances in electron cyclotron emission diag-

nostics have made it possible to resolve two-dimensional

images of Alfv�en eigenmodes20 and other MHD,21 measure-

ments in the pedestal are limited due to optical thinness and

coarse spatial resolution.22 Also, the size of many predicted

islands is smaller than the radial resolution of most imaging

techniques. In an effort to further elucidate these edge dy-

namics, a millimeter wave imaging reflectometer (MIR) has

been installed on DIII-D.23 While this MIR diagnostic holds

great promise, presently an upgraded 3D magnetic diagnostic

on DIII-D24 is providing significant insights into RMP ELM

suppression. Most important are sensors located along the

high field side (HFS) of the tokamak. For reasons that are

continuing to be evaluated, the HFS of the machine exhibits

a signature bifurcation in the plasma response at the point of

density pumpout18 and ELM suppression,19 which is not

observed along the LFS. These simple magnetic measure-

ments, along with improved resolution in Thomson scatter-

ing edge electron temperature measurements,25 provide

strong evidence that the formation of island structures coin-

cides with the onset of RMP ELM suppression.

The mere presence of a magnetic island chain(s) does

not confirm any of the previously mentioned theories con-

cerning the cause of RMP ELM suppression. To do this, the

island confinement degradation must explain the requisite

transport mechanism responsible for maintaining ELM sta-

bility during the application of an RMP. This understanding

is critical if we are to extrapolate present RMP ELM sup-

pression techniques to burning plasma devices. In this paper,

we find that largely a laminar kink like structure dominates

the HFS plasma response for both n¼ 2 and n¼ 3 RMP’s in

the absence of ELM suppression. Here, we use the word

“laminar” to mean a 3D equilibrium with intact flux surfaces,

containing no magnetic islands. Following ELM suppres-

sion, the bifurcation in the magnetic response gives rise to

the formation of magnetic islands, which individually are

estimated to provide a sufficient transport mechanism to

cause the observed degradation in energy confinement asso-

ciated with the application of RMPs.

This paper is organized as follows. The types of DIII-D

discharges considered and the method of measuring the

perturbed RMP plasma response is described in Sec. II. In

Sec. III, a comparison of the linear predicted and measured

structure of 3D equilibria due to n¼ 2 and n¼ 3 applied

magnetic perturbations for a range of values of q95 and beta

are presented that show largely laminar characteristics.

Island width estimations and HFS pedestal bifurcation

response measurements are shown in Section IV. Section V

compares the confinement degradation expected for the

measured magnetic island sizes with what is observed based

on pressure measurements. Finally, a brief discussion and

summary is presented in Sec. VI.

II. EXPERIMENTAL METHOD

The H-mode plasmas studied here had normalized pa-

rameters comparable to those expected in the first large vol-

ume burning plasma experiments. A diverted lower single

null poloidal shape was maintained, with strike point located

near the DIII-D lower cryopump. This strong pumping, along

with gas injection feedback control, produced constant low

density and collisionality. Discharge to discharge, the pedes-

tal electron collisionality, normalized to the trapped thermal

bounce frequency, is varied from �*
e,ped� 0.18–0.5. These

variations in �*
e,ped were due to differences in toroidal field,

which ranged from BT0¼�1.7 T to �2.0 T. As with nearly

all DIII-D discharges, the plasma shape is significantly elon-

gated j� 1.8. The upper and lower triangularity was main-

tained at dupper� 0.3 and dlower� 0.7, respectively. The

plasma response measurements span a range of q95 values

that include the RMP ELM suppression window. The ELM

suppression case presented is achieved through a sufficiently

slow variation of the n¼ 2 field to allow density pumpout to

take place, while maintaining the low edge collisionality.

For discharges without ELM suppression, the plasma current

was varied between 1.1 MA and 1.95 MA, varying the edge

safety factor from q95¼ 3.0 to 4.0.

We study the stable plasma response to externally

applied non-axisymmetric (n> 1) fields using detailed mag-

netic measurements of the 3D tokamak state.24 These fields

were applied using two active sets of 6 “picture-frame” coils

located inside the DIII-D tokamak26 vacuum vessel above

and below the outboard midplane of the device (shown in

Fig. 1). These coils are referred to as I-coils. An additional

external set of 6 coils surrounding the tokamak outboard

midplane, known as C-coils, (not shown), were simultane-

ously energized to correct known n¼ 1 field errors27 allow-

ing the plasmas response due to applied n¼ 2 and n¼ 3 to be

isolated and studied. The poloidal mode content of each to-

roidal mode is altered by changing the pitch of the applied

field between the upper and lower set of I-coils (D/UL). The

FIG. 1. Illustration of a full 3D n¼ 2 normal field displacement dBn for a

three-dimensional tokamak equilibria perturbation (contours), DIII-D I-coils

(green), HFS magnetic sensor locations (blue), and an example 60� phase

difference between the upper and lower coil sets D/UL (white þ indicates

identical coil currents). For rotating the entire perturbation the coils with

the þ symbol apply identical sinusoidal oscillating waveforms. For rotating

D/UL, only the upper or lower row of coil currents are oscillated.
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orientation of D/UL relative to the current profile is known

to significantly impact the 3D state.28 It is also known to

impact the n¼ 0 properties associated with ELM suppres-

sion. Two techniques were used for assessing the plasma

response.

(i) Toroidally rotate the applied field while retaining con-

stant phasing. This is illustrated in Fig. 1 when both

of the upper and lower I-coils apply a rotating pertur-

bation at constant frequency and phase difference

D/UL.

(ii) Maintain the applied field from a single row of coils

static while the other row is rotated in the toroidal

direction. This technique both rotates the toroidal

phase of the 3D state and continuously varies the

D/UL, and thus the applied field structure.

Both of these applied perturbations allow for synchro-

nous Fourier detection of the external response,29 after which

additional spatial decomposition is possible. In all cases, a

maximum amplitude of I-coil current of 4 kA was used to

drive the response. The detailed structural measurements are

made along the HFS of the machine since toroidal effects

lead to a strong asymmetry between large and small major

radius sides of the torus, resulting in a shorter poloidal wave-

length and hence more detailed eigenstructure along the

HFS.

The structural dependence of 3D equilibria on plasma

pressure is beginning to become better understood for n¼ 1

fields.30–33 However for n> 1 perturbations, this dependence

has largely been relegated to theoretical model predic-

tions.34–36 To examine possible pressure effects, normalized

beta was ramped over a significant range of values [beta is

the ratio of plasma pressure to magnetic field pressure and

normalized beta is bN¼b(aB/I), where a is the plasma minor

radius, B is the toroidal field, and I is the plasma current]

using feedback controlled neutral beam injection (NBI).

To determine if the plasma responds to n> 1 applied

magnetic perturbations in a manner consistent with retaining

intact flux surfaces, the plasma current was ramped and 3D

magnetic response was measured. Three dimensional states,

resulting from driving a stable pressure driven kink mode(s)

with diverted poloidal shape, have an infinite number of

rationale surfaces and should exhibit a continuous variation

in the kink mode response as the edge helicity evolves.

III. LAMINAR n 5 2 AND n 5 3 RESPONSE

Calculations of the magnetic field poloidal harmonic

spectrum in the absence of a plasma have shown that higher

n non-axisymmetric applied fields are radially localized to

the edge,37 and the inclusion of the plasma causes a similar

edge localized response.38 The n¼ 2 and n¼ 3 even parity

(D/UL¼ 0�) fields considered in this section have been used

for RMP ELM suppression within a q95 resonant window.39

Here, we show that in the absence of ELM suppression, the

plasma response trends are consistent with a laminar,

“smoothly varying,” kink response.40

The n¼ 3 plasma response amplitude is largely invariant

with respect to changes in q95 and linearly dependent on bN.

This is shown in Fig. 2 and is qualitatively identical to the

n¼ 2 non-resonant (kink) response trends modeled in Fig. 11

of Ref. 40. In this discharge, the plasma current and neutral

beam heating were simultaneously increased to survey the

3D response evolution over a trajectory of bN – q95 parame-

ter space, which includes the ELM suppression resonant win-

dow (q95� 11/3). The variation of these key discharge

parameters is shown in Fig. 3. Global kink stability limits are

known to depend on the plasma internal inductance li,
41 and

in Fig. 2(a), a clear monotonically increasing linear trend in

the plasma response amplitude as a function of bN/li is seen.

Normalizing the response amplitude by this linear bN/li de-

pendence, it appears that the plasma does not vary signifi-

cantly with respect to q95 [Fig. 2(b)]. The plasma response

amplitude only shows a weak decreasing trend along the

HFS, and along the LFS the response is invariant with

respect to q95. This independence of the plasma response

with respect to q95 is opposite to modeling of resonant field

amplification due to “edge” peeling modes,42 providing fur-

ther evidence that the structure of these 3D equilibria is due

to a “global” kink mode.

However, this lack of response variation in q95 is some-

what counter-intuitive, partly because applied n¼ 3 fields

are known to resonate with q95 during ELM suppression

(pumpout) giving rise to macroscopic changes in axisymmet-

ric edge pressure and current profiles. This discharge has

FIG. 2. The measured LFS and HFS midplane dBp plasma response amplitude for n¼ 3 even parity applied field (a) normalized to the applied perturbing cur-

rent for a range of bN/li and (b) normalized to bN/li and the applied current, showing no variation in q95 when pressure and stability effects are factored out.

Discharge 153585.
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identical plasma conditions, and applied RMP amplitude, as

previous ELM suppressed cases, with the exception of

slightly higher edge collisionality. Since these observations

(Fig. 2) are consistent with a kink mode response, and no

appreciable impact to the ELM activity is observed, it may

be reasonable to surmise that a purely laminar kink distortion

(no reconnected flux surfaces) does not fully describe RMP

ELM suppression dynamics.

For this laminar kink, we find the response along the

HFS exhibits a smooth dependence on the edge helicity of the

plasma, which is mostly captured using a resistive MHD

code. Toroidal effects lead to a strong asymmetry between

LFS and HFS of the torus, and previous modeling of

displacements43,44 has found that the eigenmodes generally

have shorter poloidal wavelength along the HFS. Considering

detailed measurements of 3D equilibria using the full poloidal

spatial resolution of the HFS 3D magnetics, it is seen in

Fig. 4 that the plasma response is strongly dependent on q95

for both n¼ 2 and n¼ 3 applied perturbations, unlike the

midplane measurements of Fig. 2. In Fig. 4, the measured q95

evolution of the response at a single toroidal phase is com-

pared with single-fluid MHD model predictions, which

includes Spitzer resistivity, using the MARS-F code.38,45

While resistivity is included, calculations with resistivity set

to zero showed no appreciable difference in the modeled

response for these cases, suggesting ideal MHD can capture

the observed trends. To approximate the evolution of the q-
profile during experimental IP ramps, the equilibrium inputs

for each case are generated by the Grad-Shafranov solver of

the CORSICA code46 with the total plasma current scaled

from a single starting axisymmetric kinetic EFIT47 equilib-

rium reconstruction. To avoid core instability in these calcu-

lations, the minimum q on-axis is maintained greater than

1.05 during these equilibria rescalings. Both model and mea-

surement show that the detailed structure moves up the wall

as q95 increases. These variations are consistent with increas-

ing edge helicity. Resistive MHD largely captures the mode

structure within this (bN, q95) parameter space. There is quan-

titative agreement in amplitude throughout the n¼ 3 case.

However, quantized shifts are predicted as the truncated edge

safety factor (qa) approaches rational surfaces (m/3 and m/2).

This is likely a truncation artifact and is not observed in

experiment. The actual experimental axisymmetric equilib-

rium is diverted, and has an infinite number of rational surfa-

ces. This is because qa approaches infinity at the separatrix.

While caution is needed in equilibrium truncation near

rational surfaces, resistive MHD is accurately describing the

measured plasma response to edge localized higher n pertur-

bations. This agreement, along with other recent stud-

ies,30,31,48 provides mounting evidence that laminarly

displaced nested flux surfaces are sufficient to describe the

general plasma response to applied magnetic perturbations

for a large portion of tokamak operating space.

The data and modeling span the q95 resonance for n¼ 3

RMP ELM suppression (q95� 11/3), although no ELM sup-

pression is achieved in this discharge. In this case, ELM sup-

pression is avoided by maintaining edge collisionality

slightly higher than is typically required. Interestingly, no

strong resonance in the magnetic response is predicted or

measured. This stands in stark contrast to recent observations

during n¼ 2 RMP experiments on DIII-D, which show a dis-

tinct modification of the plasma response along the HFS at

the onset of suppression.18,19 The details of this finding will

be discussed in Section VI.

Modeling a larger range of q95 plasma response along

the HFS of the machine demonstrates changes in eigenmode

wavelength that are characteristic of a laminar kink mode

response. Specifically the poloidal wavelength decreases as

q95 increases, which is consistent with decreased edge field

pitch. In Fig. 5, the average poloidal wavelength of the

eigenstructure is shown. The average is taken over the entire

height of the inner wall. The decrease in the predicted poloi-

dal wavelength is essentially continuous, which is expected

for a purely laminar response. This shows that the helicity of

FIG. 3. For discharge 153585 (a) the blue trace is plasma current (MA), red

bN, (b) the total neutral beam injected power (MW), (c) the safety factor at

the flux surface enclosing 95% of the poloidal flux, (d) the D-alpha emis-

sions correlated with wall recycling caused by ELMs (e) the measured

response of a single LFS midplane magnetic sensor pair (G), and (f) the

plasma internal inductance evolution.
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the dominant kink mode is decreasing as q95 increases for

both n¼ 2 and n¼ 3. Note that the q95 invariance of the

response amplitude along the LFS (Fig. 2) is largely a conse-

quence of a large poloidal wavelength at the outer midplane.

The n¼ 2 perturbation gives rise to a kink with �1.65

times larger poloidal wavelength than the n¼ 3. In a circular

large aspect ratio, tokamak kink modes have external struc-

ture consisting of only a single dominant poloidal and toroi-

dal harmonic, m and n, respectively.49 The structure for this

simple kink is defined by the finite qa, where m/n� qa. In

diverted plasmas, qa is infinite and q95 serves as a proxy to

the wall-limited qa in describing the edge helicity of the field

pitch. A wavelength ratio of 3/2 is expected between the

n¼ 2 and n¼ 3 kink modes, assuming a circular cross-

section cylindrical approximation with constant edge helicity

and a single poloidal harmonic. This ratio is consistent with

the model result (Fig. 5) that includes toroidal and poloidal

shaping effects.

Taken together these figures show that for n> 1, the

plasma is responding as expected for a stable pressure driven

kink mode. A kink structure smoothly varies with the pitch

of the field. Although resonant screening currents, localized

at rational surfaces, can impact the amplitude of the meas-

ured response at the wall, the pitch of the kink should exhibit

a continuous change.

In this section, we have mapped the plasma response de-

pendence of H-mode discharges on q95 for fixed external

applied field (even parity phasing), in much the same way as

has recently been modeled using MARS-F code,40 except

now we are able to compare with detailed measurements.10

In Sec. IV, we examine the nonlinear phasing dependence of

the plasma response during n¼ 2 RMP ELM suppression

with fixed q95.

IV. ISLAND FORMATION DURING ONSET OF n 5 2 ELM
SUPPRESSION

The observations in Sec. III stand in stark contrast to the

nonlinear bifurcation observed during n¼ 2 RMP ELM sup-

pression. Rather than smooth trends as q95 is changed, a rapid

transition is seen in the response amplitude, and toroidal

mode content, as a small change in the poloidal spectrum

(phasing) is applied. This bifurcation in the magnetic

response near the HFS midplane is shown in Fig. 6(a). In this

figure, we present a toroidal fit to 8 magnetic sensor pair

measurements of the vertical component of the non-

axisymmetric plasma response. The time spans an ELM sup-

pression period, which is only observed for 0� �D/UL� 45�.
The contour shows the combined plasma response due to

both n¼ 1 and n¼ 2 components of the field. The n¼ 1 com-

ponent of the field dominates the response, despite the appli-

cation of an n¼ 2 RMP. The fact that ELM suppression

correlates with the presence of this additional n¼ 1 response

provides a potential connection to previous observations dur-

ing the application of n¼ 3 RMP fields. Those previous n¼ 3

experiments showed that the addition of an n¼ 1 field

FIG. 4. HFS poloidal field measured

magnetic response eigenstructure at a

fixed toroidal phase for (a) n¼ 3

applied perturbations for discharge

153585, (b) n¼ 2 applied perturbations

for discharge 158089, and modeled

response using the resistive MHD code

MARS-F for (c) n¼ 3 applied pertur-

bations (d) n¼ 2 applied perturbations.

FIG. 5. The average poloidal wavelength (m) of the kink eigenmode along

the HFS of DIII-D, modeled using the resistive MHD code MARS-F, for

both even parity n¼ 2 (solid blue diamonds) and n¼ 3 (open black dia-

monds) externally applied perturbations.
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expands the resonant q95 window over which ELMs are

suppressed.6

For fixed q95, altering the phasing between the upper

and lower set of I-coils varies the poloidal mode content of

the applied field, providing an alternative path for under-

standing the resonant nature of RMP ELM suppression. In

this experiment, the lower I-coils are energized with phase

fixed to the lab frame, while the upper coil phase is rotated

toroidally at 1 Hz. This variation in the phasing means that

the applied field orientation at the q¼ 4, 4.5, and 5.0 flux

surfaces range from being orthogonal to aligned with the

pitch of this surface.40 When the perturbation is roughly

aligned with the pitch of the rational surface it is producing

the strongest drive toward opening up a magnetic island.

However, recent ideal and resistive MHD modeling of these

cases has shown that pumpout18 and corresponding ELM

suppression19 do not correspond exactly to the peak in edge

resonant field D/UL � 0�. Furthermore, careful examination

of spontaneous transitions out of ELM suppression previ-

ously showed the unlocking of an n¼ 1 tearing-like struc-

ture.19 In the event that this magnetic bifurcation in the

response is due to n¼ 1 and n¼ 2 locked tearing modes, it is

then possible to estimate their island sizes. Also, based on

the island width and poloidal mode number, it is possible to

determine if the resulting confinement degradation is suffi-

cient to return the edge to peeling-ballooning stability.

The observation of n¼ 1 and n¼ 2 modes during ELM

suppression (Fig. 6), with amplitude beyond that expected

and measured for pure kink response, suggest that magnetic

islands have formed. After the onset of ELM suppression

(t� 4705 ms) a non-rotating n¼ 1 mode grows to �3.5 G

(not shown). At the same time, an n¼ 2 mode of �1.8 G (not

shown) is observed to be entrained with the rotating field of

the I-coils. Both the locked nature of the n¼ 1 and entrained

nature of the n¼ 2 are evidenced by the phase traces of Fig.

6(c), where the n¼ 1 shows essentially no variation in phase

over the ELM suppression window, consistent with locking

to the vacuum vessel wall, while the n¼ 2 phase changes by

�40�, which is consistent with the 45� variation applied dur-

ing this time interval. The modeling and measurement of the

kink mode response along the HFS in Figs. 4(b) and 4(d) is

about 33% less than is observed n¼ 2 mode amplitude. It

should also be noted that the amplitude of the response

increases rapidly despite a subtle change in the applied

phasing. This transition is inconsistent with a simple kink

mode picture, where variations in the response trend like

jcos(D/UL / 2)j.18,48

The island size can be estimated using an approximation

assuming ellipsoidal elongated plasma cross-section and

large aspect ratio. Since the DIII-D tokamak has a modest as-

pect ratio of 2.7, it is necessary to apply an empirical correc-

tion factor, which is determined from direct internal island

width measurement using ECE radiometry.50 Using this cor-

rection, the island width can be determined from dB=dt
measured mode amplitudes along the HFS. Here, we are

measuring the integrated amplitude ~Bh of the vertical compo-

nent of the mode. Since the toroidal rotation of the modes is

between 0 and 1 Hz, we can neglect resistive wall eddy cur-

rents and convert this wall measured poloidal field ~Bh into a

radial field amplitude at each rational surfaces minor radius r
using

j ~Brj ¼
b

r

� �mþ1

j ~Bhjwall; (1)

where the inboard probe minor radius is b. The island width

is then approximated to be

w � 0:68
16rR0j ~Brj

msB/0

 !1=2

; (2)

where s ¼ rðdq=drÞ=q2, R0 is the major radius of the rational

surface, and the factor of 0.68 is the empirical correction

determined from previous experiments.50,51 The radii of the

4/1, 9/2, and 5/1 rational surfaces are determined from equi-

librium calculations using the EFIT code.47 The poloidal

mode numbers m¼ 8, 9, and 10, for n¼ 2, and m¼ 4 and 5,

for n¼ 1, are considered since Thomson electron pressure

measurements exhibit a strong change in gradient near

4.0< q< 5.0 rational surfaces. It should be emphasized that

we do not propose two island chains exist simultaneously on

the same rational surface. Instead, we are simply examining

the energy transport associated with either possible island

being present at each surface.

Instead of the two separate decoupled modes, it is possi-

ble that a single island chain contains both n¼ 1 and n¼ 2

FIG. 6. An n¼ 2 RMP ELM suppressed magnetic response bifurcation

along the HFS of DIII-D showing (a) the combined n¼ 1 and n¼ 2 plasma

response (Gauss), (b) the estimated widths of 8/2, 9/2, 10/2, 4/1 and 5/1

magnetic island chains (cm), (c) the phase (degrees) of the n¼ 2 and n¼ 1

modes, in which the n¼ 1 mode does not vary during ELM suppression

while the n¼ 2 mode is entrained with the applied rotation of the applied

field, and (d) the filterscope measured (Da) divertor recycling light for dis-

charge 158115.
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components. If the islands within either a single 8/2, or 10/2

chain are asymmetric, then a 4/1 or 5/1 additional component

may be detected, respectively. While plausible, we only wish

to note this possibility here without further discussion.

Future analysis, as well as additional internal diagnostic cov-

erage, should enable this idea to be tested.

In the case of two separate islands, we deduce that the

n¼ 1 island exists on either the q¼ 4 or 5 surface and

hypothesize that the n¼ 2 rational surfaces are near the ped-

estal. A benign 2/1 neoclassical tearing mode (NTM) that is

rapidly rotating at �19 kHz, occupies the q¼ 2 rational sur-

face, eliminating it as a candidate. Also, the minimum safety

factor is maintained greater than 1 throughout the discharge,

such that a 1/1 could not be stimulated. For the n¼ 1 mode,

this leaves the 5/1, 4/1, and 3/1 rational surfaces as possible

island chain locations. Since no strong rotation shear is

observed near the q¼ 3 surface, which would be expected if

a wall locked island were present there, it appears that the

q¼ 4 or 5 surfaces are the most plausible radial locations for

the observed n¼ 1 mode. These surfaces correspond to the

top and foot of the pedestal. Assuming the n¼ 2 island is

originating near this same location, there exist 3 rational

surfaces possible, q¼ 8/2, 9/2, and 10/2. It should also be

noted that it is possible two n¼ 1 islands (or two n¼ 2

islands) are locked together.

Unfortunately, distinguishing the detailed poloidal struc-

ture of both stationary modes is not currently possible on

DIII-D using the upgraded magnetic diagnostic. The high

spatial resolution 3D sensor array along the HFS wall meas-

ures a single component of the field at only two toroidal

locations, which prohibits multiple toroidal modes from

being resolved simultaneously.24 Note, resolving the m for

multiple rotating modes requires one spatial dimension fewer

sensors and is well within the previous diagnostic capabil-

ities of the DIII-D magnetic system.52 Future work will focus

on further elucidating the poloidal structure of these modes.

Despite appreciably larger mode amplitude (G), the 4/1

or 5/1 island width (cm) is comparable to the potential 8/2,

9/2 or 10/2 islands. Figure 6(b) shows that the peak island

widths are approximately 2.8–2.2 cm for the n¼ 1 and n¼ 2

modes, respectively. For islands of the same n, the high m’s

and nearly identical (b/r) values of Eqs. (1) and (2) lead to

only a small (�5%) difference in the estimated widths.

These estimated widths are consistent with Thomson scatter-

ing Te measurements along the LFS plasma edge (Fig. 7).

During ELM suppression [Fig. 7(a), 4700–4850 ms] the

overall temperature near the edge decreases by �15% in the

vicinity of the q¼ 4/1, 9/2, and 5/1 rational surfaces. Also,

the gradient on either side of the 9/2 surface is flattened [Fig.

7(b)]. Within the experimental uncertainty of the measure-

ment, this flat region, which is correlated to ELM suppres-

sion [Fig. 7(b)—blue], extends �1.7 cm beyond that

observed in the absence of ELM suppression [Fig. 7(b)—

red]. The flattening of the temperature profile near a rational

surface is consistent with very large energy transport across

magnetic islands.

To be clear, the Thomson scattering measurements

shown in Fig. 7 exhibit only temperature changes that are

consistent with the presence of magnetic islands. A definitive

experimental signature of the presence of these magnetic

islands is still necessary. Specifically, the internal observa-

tion of phase inversions about the rational surfaces is needed.

It is planned in future work to entrain the islands with both

applied n¼ 2 and n¼ 1 fields, and rotate the islands past the

chords of the toroidally fixed profile diagnostics. This would

enable the characteristic oscillations, as the X and O points

traverse the chords, to be observed.

V. ISLAND CONFINEMENT DEGRADATION

RMP ELM suppression reduces the H-mode pedestal

height causing some degradation to global energy confine-

ment. This confinement degradation is quantifiable as the dif-

ference in plasma stored energy. Also, an estimate of the

confinement degradation associated with an island is possible

assuming that the island results in short circuited energy con-

finement, which causes a local flattening of the axisymmetric

pressure profile at the mode rational surface. We find that the

estimated confinement degradation associated with either the

n¼ 1 or n¼ 2 pedestal island is sufficient to explain the drop

in stored energy that occurs during ELM suppression.

We turn to a simple energy confinement degradation

estimation of the Chang–Callen island model53 that assumes

constant density n, energy diffusivity v, and heat sources

throughout the plasma volume, except at the location of the

magnetic island where infinite v is assumed giving rise to a

flat spot in the temperature profiles. The assumption of con-

stant v provides an upper bound to the estimated degrada-

tion. Realistic v profiles increase toward the plasma edge

such that the additional loss in confinement due to an island

has a smaller overall impact. However, by considering only

FIG. 7. (a) Contour of Te (keV) vs

major radius (m) and time (ms) show-

ing a Te decrease near the 4/1, 9/2 and

5/1 rational surfaces during a period of

n¼ 2 RMP ELM suppression in dis-

charge 158115. (b) The gradient of Te

(keV/m) showing a flat spot near the

9/2 and 5/1 rational surfaces that is not

present prior to ELM suppression.
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the rational surface inside of the pedestal (q¼ 4), where the

radial gradient of v is much less steep, the degradation esti-

mate should be reasonable. Based on a 2–3 cm wide island

we would expect a corresponding global confinement

decrease of 8%–12%. This is consistent with the experimen-

tally observed confinement degradation of 13%–14% during

ELM suppression. This experimental confinement degrada-

tion can be seen in Fig. 8, for EFIT equilibrium reconstruc-

tions before (4700 ms) and after (4780 ms) ELM

suppression. The dotted line corresponds to the degraded

pressure once RMP ELM suppression has taken place while

the pressure profile just before suppression is shown as a

solid line. Note that the injected power is constant for both

of these cases, such that the only thing changing is the trans-

port associated with the applied RMP.

The transport associated with the presence of individual

islands is sufficient to account for the entire change in energy

confinement. That said the bifurcation in both n¼ 1 and

n¼ 2 magnetic responses suggests that more than one island

may be present at the same time. We speculate that the n¼ 2

island may be located at nearby rationale surfaces inside or

outside q¼ 4. In either case, it is clear that the estimated

island transport alone can provide the dominant contribution

to the observed edge transport.

VI. DISCUSSION AND CONCLUSIONS

In conclusion, we have shown that in the absence of

ELM suppression, the plasma responds in a purely linear

laminar manner to the application of RMPs. This is true for

both n¼ 2 and n¼ 3 perturbations. The response bifurcates

nonlinearly at the onset of n¼ 2 RMP ELM suppression,

providing a signature magnetic plasma response along the

HFS of DIII-D with dominant n¼ 1 and smaller n¼ 2 that

suggests multiple magnetic islands emerge. The island

chains are estimated to be approximately 2� 3 cm wide and

are born locked. The n¼ 1 is locked to the wall, where as the

n¼ 2 appears to be entrained by the rotating RMP.

Individually, the presence of these magnetic islands may be

sufficient to explain the resulting increased edge energy

transport responsible for maintaining ELM stability.

The individual island transport associated with the

Chang–Callen island model53 closely predicts the observed

pedestal confinement degradation. The bifurcation to a state

with islands at the time of ELM suppression, and the agree-

ment with the Chang-Callen model, are evidence that island

transport plays a key role. It is conceivable that any deficit in

the predicted energy confinement degradation could be due

to magnetic flutter, which is not accounted for in this simple

approximation. However, it is also possible that non-

overlapping n¼ 1 and n¼ 2 islands co-exist on different

rational surfaces at the top and foot of the H-mode pedestal,

in which case additional transport may be accounted for

without requiring magnetic flutter theory. The present static

non-axisymmetric magnetic measurement capabilities of

DIII-D are insufficient to resolve the poloidal mode number

associated with each toroidal mode and future work will be

dedicated to further elucidating these mode structures.

The evidence concerning these island estimations repre-

sent a coarse effort to determine the transport mechanisms

associated with RMP ELM suppression and much additional

work is required to confirm these suspicions. While these

estimates prove useful in approximating the transport53 asso-

ciated with a variety of macroscopic MHD, the details of

how the RMP allows a magnetic island to open must be

understood on a first principles level. This is the subject of

future work in which detailed nonlinear 3D resistive models

like the M3D-C1 code54 are used to resolve the onset of this

critical transport mechanism in detail and validate its onset.

This detailed determination of island opening and transport

is also needed to effectively extrapolate to next step burning

plasma tokamak devices.

In addition to this transport mechanism, it is impor-

tant that the underlying dynamics leading to the ELM sta-

ble state be understood, and that these n¼ 2 dynamics be

the same for all higher n ELM suppression. The interplay

between the n¼ 2 and n¼ 1 response is still unknown.

We hypothesize that the edge localized n¼ 2 kink

response initiates edge density pumpout, however, the

mechanism for this transient is not known. We speculate

that the reduced edge collisionality, caused by pumpout,

enables field penetration of a residual n¼ 1 error field

that leads to island locking. This locked island provides

the transport mechanism for maintaining stable pedestal

current and pressure profiles.

A further question that requires additional analysis is,

why these magnetic islands are not observed on the LFS of

the machine? At this point, we speculate that the LFS

response due to the island is masked by the kink mode

response due to ballooning unfavorable curvature. Such

response should be predominantly n¼ 2 and not exhibit a

large n¼ 1 amplitude. If true, this provides a possible reason

why DIII-D, with its 3D magnetic diagnostic along the HFS,

is the first to observe this island effect.
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