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Recent DIII-D �J. L. Luxon et al., Nucl. Fusion 43, 1813 �2003�� experiments show a correlation

between the extent of overlap of magnetic islands induced in the edge plasma by perturbation coils

and complete suppression of Type-I edge localized modes �ELMs� in plasmas with ITER-like

electron pedestal collisionality �
e
*�0.1, flux surface shape and low edge safety factor �q95�3.6�.

With fixed amplitude n=3 resonant magnetic perturbation �RMP�, ELM suppression is obtained

only in a finite window in the edge safety factor �q95� consistent with maximizing the resonant

component of the applied helical field. ELM suppression is obtained over an increasing range of q95

by either increasing the n=3 RMP strength, or by adding n=1 perturbations to “fill in” gaps between

islands across the edge plasma. The suppression of Type-I ELMs correlates with a minimum width

of the edge region having magnetic islands with Chirikov parameter �1.0, based on vacuum

calculations of RMP mode components excluding the plasma response or rotational shielding. The

fraction of vacuum magnetic field lines that are lost from the plasma, with connection length to the

divertor targets comparable to an electron-ion collisional mean free path, increases throughout the

island overlap region in the ELM suppressed case compared with the ELMing case. © 2008

American Institute of Physics. �DOI: 10.1063/1.2901064�

I. INTRODUCTION

In the high confinement mode �H-mode� tokamak plas-

mas needed for sufficient energy gain to extrapolate to attrac-

tive reactor scenarios, the plasma edge produces bursts of

particles and energy, due to MHD instabilities driven by the

steep H-mode edge pressure and current gradients, that are

large enough to produce significant erosion of plasma mate-

rial interaction surfaces.
1

These edge localized modes

�ELMs� are nonlinear explosive instabilities
2

that can carry

on the order of 20% of the edge pedestal stored energy from

the closed, well confined flux surfaces onto open field lines

that intersect material surfaces.
3

Extrapolations of ELMs to

the International Thermonuclear Experimental Reactor

�ITER� �Ref. 4� indicate that the fractional energy loss that

can be tolerated without excessive erosion of the target sur-

faces must be reduced from 20% to the order of 1%–5% of

the pedestal plasma stored energy.
5

The viability of future

tokamak reactors operating in H-mode requires development

of techniques to reliably produce this reduction in the ELM

heat and particle fluxes while retaining the high-energy con-

finement of the H-mode core plasma.

This paper presents analysis of plasmas in which reso-

nant magnetic perturbations �RMPs� in the plasma edge in

DIII-D not only reduce the size of, but can completely sup-

press the largest Type-I ELMs,
6,7

exceeding reduction re-

quirements for future devices. The RMPs are generated by

currents in external perturbation coils. To enable straightfor-

ward extrapolation to ITER, discharges in this study have a

lower single-null �LSN� ITER similar shape �ISS� and ped-

estal electron collisionality
8

similar to ITER, �
e
*�0.1.

The recent DIII-D experiments achieved complete sup-

pression of Type-I ELMs at low collisionality in the ISS

configuration for a range of plasma conditions.
9,10

ELM sup-

pression was also seen previously in low collisionality plas-

mas with a lower triangularity shape
11–14

and in higher col-

lisionality plasmas with a more nearly double-null

shape.
15–19

The present experiments extend the range of pa-

rameter scans of the previous work, in particular to combi-

nations of n=3 RMPs with applied n=1 fields, in an attempt

to test a simple picture of the dependence of ELM suppres-

sion on the degree of magnetic island overlap in the plasma

edge.

Application of RMPs is just one of many techniques

under investigation for ELM control. Other techniques in-

clude pellet ELM pacing by the ASDEX-U group,
20

ELM

pacing using temporal magnetic triggering by the TCV �Ref.

21� and ASDEX-U �Ref. 22� groups, various small ELM

regimes at JT-60U,
23,24

ASDEX-U,
25

NSTX,
26,27

JET,
28

C-Mod,
29

JFT-2M,
30,31

Compass-D �Ref. 32� and DIII-D,
33

and ELM-free operation in the QH-mode.
34–39

Pioneering

work on the effect of edge stochastic fields in circular limited

plasmas was done by the TEXT group,
40–43

by the Tore-

a�
Paper BI1 2, Bull. Am. Phys. Soc. 52, 21 �2007�.

b�
Invited speaker.
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Supra group �Refs. 44 and 45, and references therein�, and

by the TEXTOR group.
46–48

Summaries of work on stochas-

tic magnetic fields in fusion devices can be found in Refs. 49

and 50. There is also recent work with n=1 RMP fields at

JET.
51

This paper is organized as follows. A description of the

experimental conditions and parameter scans is given in

Sec. II. The experimental results are given in Sec. III in the

context of both the peeling-ballooning stability analysis of

the ELMs �Ref. 52� and a simple picture in which the width

of the region with good overlap of magnetic islands in the

edge plasma, produced by the RMP coil currents, correlates

with the achievement of the necessary reduction in ELM

magnitude. In these experiments, the region of island overlap

was changed by varying a number of different factors includ-

ing the strength of the applied perturbation fields and the

magnetic geometry in the edge plasma. A discussion of the

experimental results including a comparison with theoretical

expectations is given in Sec. IV. Conclusions and plans for

future studies are presented in Sec. V.

II. DESCRIPTION OF EXPERIMENTS

For the experiments reported in this paper the plasmas

had an ISS and divertor pumping to control the plasma den-

sity so that the pedestal electron collisionality was close to

the value expected in ITER, �
e
*�0.1. Since the edge stability

has a strong dependence on both shape and collisionality

�through the bootstrap current� the interpretation of the ap-

plicability of the RMP ELM suppression technique to ITER

is more straightforward with these two parameters matched

to the ITER values. The 2D equilibrium reconstruction of an

ISS plasma �Fig. 1�a�� shows that the outer strike-point is in

the optimal pumping position for good density control using

the DIII-D lower outer cryopump, with lower triangularity

�lower=0.67, upper triangularity �upper=0.33, and elonga-

tion �=1.8. For reference, the ITER scenario 2 shape param-

eters are �lower=0.60, �upper=0.43, and �=1.8.
4

The ISS

plasmas were typically run with plasma current

Ip=1.65 MA, toroidal field BT=1.9 T �with scans in the

range Ip=1.4–1.7 MA and BT=1.75–2.10 T� and injected

neutral beam power Pinj=7–10 MW, giving normalized beta

�N=� / �Ip /aBT�=1.7–2.4, where a is the minor radius of the

plasma and � is the ratio of plasma pressure to magnetic field

pressure. Time histories of a typical discharge �Fig. 2� show

the suppression of the Type-I ELMs within 600 ms after the

n=3 RMP from the I-coil is turned on, similar to results

obtained with a lower triangularity shape.
11–14

The spectrum of helical magnetic field perturbations

used in these experiments included n=3 components from

the DIII-D internal coil �I-coil�, n=1 components from the

DIII-D external error field correction coil �C-coil� and re-

sidual n=1, 2, and 3 field errors from the DIII-D equilibrium

field coils. The configuration of the coils �Fig. 1�b�� includes

six toroidal C-coils outside the toroidal field �TF� and equi-

librium field �EF� coils, and two rows of six I-coils mounted

on the inside of the vacuum vessel inside both the TF and EF

coils. The I-coils for these experiments were configured for

n=3 and the C-coils were configured for n=1 helicity. The

I-coils can be configured for up/down even parity �upper and

lower coil pairs having current in the same direction� or odd

parity �currents in the opposite direction�.

Gas Puff

Cryopump

Lower

I-coil

C-coil

Upper

I-coil

126438 2800

Vacuum Vessel
(Cutaway View)

(a)

(b)

External Coils
(C–coils)

Internal Coils
(I–coils)

FIG. 1. �Color online� Plasma and coil geometry including �a� high trian-

gularity ISS plasma showing the optimal position of the outer strike point

for pumping, the location of the gas injection used in the pedestal density

scan, the location of the D� line integrated measurement used to estimate the

ELM size, and the locations of the I- and C-coils, and �b� 3D rendering of

the I-coil and C-coil geometry.
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The data will show that the effectiveness of the helical

field perturbations for ELM suppression appears to be corre-

lated with the radial extent of the region in which the mag-

netic islands produced by the field perturbations overlap. The

calculation of the extent of the island overlap region is done

with the SURFMN code.
53

This vacuum-fields calculation does

not include the plasma response such as rotational shielding

effects or resonant field amplification. For n=3 even parity,

Fig. 3 shows a typical poloidal mode spectrum calculated by

SURFMN for a typical discharge used in these experiments.

The best ELM suppression is typically obtained when

the peak in the mode spectrum is pitch aligned with the

safety factor in the edge plasma, as in the example of Fig. 3

where m=−nq��� is aligned with the local maximum in the

mode spectrum from the q=2 surface out to the separatrix.

Calculations of the location and widths of the resulting is-

lands �Fig. 4� during the ELM suppressed phase of the dis-

charge in Fig. 2 show that the islands are well overlapped in

the plasma edge region. The overlap region is significantly

wider than the edge pressure pedestal region.

The Chirikov parameter
54

provides a useful measure to

assess the degree of island overlap and field-line stochastic-

ity for this discussion. For any adjacent pair of magnetic

islands, it is defined as the average island width normalized

to the inter-island radial spacing. Significant field stochastic-

ity is indicated by the Chirikov parameter �1.0, although

nonlinear effects cause a small level of stochasticity for val-

ues down to 0.7. In the discussion below, the width of the

region where the Chirikov parameter is �1.0 is calculated by

fitting the discrete set of Chirikov parameter values for each

pair of adjacent islands in the edge to a smooth function of

normalized magnetic flux. This width in �N, denoted by

�chir�1, will be used as representative of the width of the

island overlap region. In the example of Fig. 4

�chir�1 /�ptot
ped =2.9 during the ELM suppressed phase of the

discharge, where �ptot
ped is the width in �N of the total pressure

pedestal.

The experiments reported here used five techniques to

vary the overlap of the perturbed magnetic islands in the

edge plasma, viz. by varying: 1� The I-coil current, i.e., the

strength of the applied n=3 RMP, 2� the toroidal field at

fixed q95 �i.e. Ip�BT� and RMP perturbation, 3� gas puffing

to raise the edge plasma density, ne
ped, thereby changing the
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FIG. 2. �Color online� Time histories of plasma parameters for a typical

ELM suppression discharge showing �a� outer divertor D� intensity

�1017 phot /m2
/s /str�, �b� I-coil current �kA�, �c� pedestal electron collision-

ality, �
e
*, from Ref. 8, �d� confinement factor H�98,y2� from Ref. 4, �e�

pedestal electron density �1019 m−3�, �f� pedestal electron temperature �keV�,

and �g� toroidal rotation near the top of the pedestal �km/s�.
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FIG. 3. �Color� Contours of poloidal mode spectrum of n=3 perturbation

from the I-coils configured with even parity as a function of poloidal mode

number and normalized poloidal flux in the plasma. For oppositely directed

BT and Ip in DIII-D, resonant modes from the I-coil have negative poloidal

mode number. Pitch resonant modes with m=−nq��N� are shown by the

blue dashed line.
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FIG. 4. �Color� Radial profiles of magnetic and plasma parameters at

2500 ms in the plasma of Fig. 2 including the structure of the magnetic

islands from the I-coil �n=3, red�, C-coil �n=1, black� and intrinsic error

fields �n=2, green and contributions to n=1,3� aligned in pitch resonance

with the experimental q-profile. Also shown are the profile of the calculated

Chirikov parameter and the fit �dashed curve� used to determine the width of

the region with the Chirikov parameter �1.0. Vertical dashed lines indicate

separatrix of axisymmetric equilibrium ��N=1� and location of the Chirikov

parameter	1.0 from the fit ��N=0.83�. Scaled profiles of the total plasma

pressure �kPa�, the gradient of total plasma pressure �kPa /
N�, and the cor-

responding edge parallel current including the bootstrap current contribution

�MA /m2� are shown for comparison. The edge pressure pedestal is shown

by the yellow shaded region.
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edge bootstrap current and magnetic shear, 4� the range of

q95 values in combination with the up-down parity of the

applied n=3 RMP, and 5� the combination of n=3 and

n=1 perturbations in q95 scans through variation in Ip at

fixed BT. In all cases, the basic C-coil current was set by a

control algorithm that calculates the experimentally deter-

mined optimum n=1 error field correction current.
55

The al-

gorithm used a linear combination of two actuators, Ip and

the toroidal field coil current, to adjust the C-coil current and

phase for empirical correction of field errors due to the tor-

oidal and poloidal equilibrium coils. To vary the mixture of

n=3 and n=1 fields, the leading coefficient in the algorithm

�the C-coil multiplier� was increased to add additional n=1

field to the perturbation spectrum. This was done in an at-

tempt to “fill-in” regions of the island profile and achieve

island overlap deeper into the edge plasma. Parameters from

the various scans are compiled in Table I.

III. EXPERIMENTAL RESULTS

Linear peeling-ballooning �P-B� stability analysis with

the ELITE code
56–58

indicates that in the ISS plasmas, sup-

pression of Type-I ELMs occurs because application of

n=3 RMPs moves the pedestal plasma operating point from

the unstable region to the stable region,
10,59

as was observed

in lower triangularity plasmas with the ITER pedestal colli-

sionality. The linear P-B calculations indicate that the ELM

stabilization by the RMPs is due to reductions of both the

pedestal pressure gradient and the calculated edge bootstrap

current. This comes primarily from a reduction of the density

and density gradient in the pedestal. Although the location of

the stable region in the P-B space, parameterized by the pres-

sure gradient and edge current, is somewhat different for the

ISS plasmas versus lower triangularity discharges �as dis-

cussed in Ref. 59� the interpretation of the stabilization

mechanism is consistent in the different shapes.

With fixed plasma shape and safety factor q�BT / Ip, dis-

charges with RMP show an initial rapid change of the ped-

estal density and ELM character at I-coil turn-on, with full

ELM suppression occurring later in the discharges. This be-

havior holds for scans over a range in �1� the n=3 RMP from

the I-coil, �2� the n=3 perturbation normalized to the toroidal

field, �br /BT, at fixed I-coil current, and �3� pedestal plasma

parameters using gas puffing at fixed I-coil current. Here �br

is the radial perturbation field.

Time histories from the I-coil current scan �Fig. 5� at

fixed BT and Ip show that when the I-coil is first turned on,

there is a reduction of the pedestal density and a change in

the ELM character �amplitude and frequency�, but full sup-

pression does not occur immediately. ELM suppression does

occur progressively earlier in the discharge as I-coil current

increases. After the initial rapid decrease at the I-coil turn-on,

the pedestal density decreases very slowly during the ELM

suppression phase. The scans of �br /BT at constant I-coil

current and constant edge safety factor q95 were done by

lowering the toroidal field and plasma current together on a

shot-to-shot basis. Time histories �Fig. 6� again show an im-

mediate change in ELM character at I-coil turn-on with full

suppression occurring later in the discharge. Finally, the

scans of pedestal plasma parameters at fixed I-coil current

TABLE I. Systems parameters for the five parametric scans considered in this paper.

Scan Parity

II-coil

�kA�

C-coil

Multiplier

Ip

�MA�

BT

�T� q95

Gas

�Tl/s�

I-coil current Even 0–6.3 1.0 1.68 2.14 3.60 0

�br /BT Even 5.8 1.0 1.4–1.68 1.77–2.14 3.60 0

ne
ped Even 4.0 1.0 1.55 1.93 3.53 0.85,

2.20

High q95 Odd 0, 5.5, 6.3 1.0 0.81–0.93 1.93 6.30, 7.50 0

n=3+n=1

in q-scan

Even 3.0, 4.0 1.0, 1.2,

2.0

1.34–1.70 1.93 3.25–4.18 0
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FIG. 5. �Color� Time histories of multiple discharges in the scan of I-coil

current, showing ��a�–�f�� D� intensity �1017 photons /m2
/s /str� for each dis-

charge, and �g� pedestal electron density �1019 m−3�. I-coil current and

�br
11/3

/BT are �a� 0 kAt, 0, �b� 4.0 kAt, 3.0�10−4, �c� 4.8 kAt, 3.7�10−4,

�d� 5.3 kAt, 4.0�10−4, �e� 5.7 kAt, 4.4�10−4, and �f� 6.3 kAt, 4.9�10−4.

I-coil turn-on indicated by green dashed line.
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were done by adding a supplemental gas puff from the lower

outer scrape-off layer �SOL� region �Fig. 1�a��. Time histo-

ries �Fig. 7� show that this achieved a modest variation in

pedestal electron density, temperature and pressure. Data

from this scan provided the only variation of the island over-

lap in the database caused by changes in the edge q-profile

without any change to the applied magnetic fields �equilib-

rium or RMP�. For this scan, the variation of the gradient of

total pedestal pressure �20%–25%� and other factors in the

calculation of the edge bootstrap current produced the

change of 30%–35% in the peak bootstrap current that af-

fected the edge q-profile.

A database of the ELM events from the I-coil current,

�br /BT, and ne
ped scans described above was constructed to

examine whether the width of the edge region with Chirikov

parameter greater than 1.0 was a good ordering parameter of

the maximum ELM size. This is one of many possible order-

ing parameters for maximum ELM size. To populate the da-

tabase, multiple time slices at 50 ms intervals were selected

from each discharge both before and during the I-coil-on

phase. For each time slice a comprehensive analysis of the

pedestal density and temperature profiles
59,60

was done, in-

cluding the effects of the pedestal impurity profile and fast

ion pressure contributions from the beams. The profile analy-

sis for time slices during an ELMing phase used edge Thom-

son scattering �ne and Te� and charge exchange recombina-

tion �CER� spectroscopy �Ti, impurity density� data from the

period at the end �80%–99%� of the ELM cycles. For each

time slice during the ELMing phase, the profiles were ob-

tained by fitting all the data collected from the end of the

ELM cycles for all ELMs in a window �typically 300 ms�

centered on the timeslice. Profiles during the ELM sup-

pressed phases were formed from all the data within a

200 ms window centered on the timeslice. The axisymmetric

equilibrium separatrix was placed at one fourth of the ped-

estal width outside the point of maximum gradient in the

electron temperature profile to align the various data profiles

with respect to the axisymmetric equilibrium separatrix at

the outer midplane.
61

Hyperbolic tangent fits to the pedestal

density and temperature profiles were then used in the edge

pedestal stability calculations.

In addition to the steps described above, several other

calculations were required to generate data for the database.

The axisymmetric equilibrium reconstruction, a so-called

“kinetic EFIT” analysis,
62

was completed for each timeslice

to calculate the q profile consistent with the measured pres-

sure profile and the effects of the edge bootstrap current. This

was important to do because the island overlap width is sen-

sitive to the q-shear in the plasma edge. The current density

in the H-mode pedestal region was not measured in these

experiments. Instead, the flux surface averaged current den-

sity used in the equilibrium calculations was set to the sum
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FIG. 6. �Color online� Time histories of multiple discharges in the scan

of �br /BT at constant Br / Ip, showing ��a�–�c�� D� intensity �1017

photons /m2
/s /str� for each discharge, �d� Ip �MA�, and �e� pedestal electron

density �1019 m−3�. I-coil current	5.7 kAt. BT and �br
11/3

/BT are �a� 2.14 T
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of the neoclassical bootstrap current, given by the Sauter

expression,
8

and the fully relaxed Ohmic current using neo-

classical resistivity. Finally, a complete RMP mode spectrum

analysis using the SURFMN code,
53

including calculation of

the Chirikov parameter profile in the edge, was done on each

kinetic EFIT including the I-coil n=3 perturbation, the

n=1 perturbation from the C-coil, and the measured n=1, 2,

and 3 error fields.
63

This calculation used only the vacuum

fields without any correction for the plasma response, so any

effects of screening or amplification of the perturbation fields

due to the plasma response are not included here. The profile

of the Chirikov parameter values was fit with a spline to

evaluate the width of the region with Chirikov parameter

greater than 1.0.

The database shows that the maximum ELM size is well

ordered by this width parameter and that a correlation exists

between a threshold minimum width of the island overlap

region and achieving complete ELM suppression. The scatter

plot of ELM amplitude �from a D� chord viewing the outer

divertor leg� as a function of the width in normalized poloi-

dal flux of the edge region with the Chirikov parameter �1

is shown in Fig. 8. All ELMs within a given kinetic EFIT

50 ms time window are plotted with the island overlap width

for that window. Although a distribution of ELM amplitudes

is observed at all values of the overlap region width, as

would be expected given the normal variability of the non-

linear ELM instability, the data shows that the maximum

ELM size is well ordered by this width parameter. Data for

widths less than 0.07 �Fig. 8�a�� are from the phase before

I-coil turn-on in which islands in the edge are due only to the

applied n=1 error correction fields from the C-coil and the

intrinsic error fields. An expansion of the plot for the range

0.1��chir�1�0.25 is given in Fig. 8�b�. The data with

widths 0.1��chir�1�0.165 are from phases with the I-coil

on, including the transient phase immediately after I-coil

turn-on, in which ELMs remain. When the vacuum island

overlap width �chir�1 exceeds 0.165, large Type-I ELMs are

suppressed. This is shown by the reduction in the maximum

D� intensity by at least a factor of 10. The data during the

ELMing phase with the I-coil on also suggest that the maxi-

mum ELM D� amplitude decreases with increasing width of

the vacuum overlap region.

Scans of the edge safety factor �q95	safety factor at

95% poloidal flux� by variation of the plasma current, show

that complete suppression of ELMs by application of RMPs

is a resonant phenomenon that depends sensitively on the

q-profile. All of the experiments to date have used upward Ip

ramps �dIp /dt=0.18 MA /s� at fixed BT to produce down-

ward ramps of the edge safety factor q95. The possible effect

of the current ramp on the edge current density was not taken

into account at this stage. As an example, the discharge in

Fig. 9 has 3.0 kA in the I-coil and the nominal error field

correction current in the C-coil. It shows a window in q95 for

ELM suppression during the Ip ramp with extended periods

of ELM suppression observed for 3.32�q95�3.67, i.e.,

�q95=0.35.

The statement that ELM suppression using RMPs is a

resonance phenomenon is further supported by observations

of extremely large reduction in Type-I ELM size and in-

crease in ELM frequency in low collisionality plasmas at

q95�7.5 using pitch resonant n=3 RMPs with the odd parity

connection of the upper and lower rows of the I-coils. The

poloidal mode spectrum plot �Fig. 10� for this case shows

good alignment of pitch resonant modes �m=−nq���� with a

local peak in the spectrum in the edge plasma. These plasmas

extend the results of previous experiments
10,15–19

in high col-

lisionality plasmas using odd parity n=3 RMPs from the

I-coil, to the low ITER-like collisionality regime. The previ-

ous �
e
*�1.0 discharges using odd parity n=3 RMPs were

run at q95=3.7 and therefore had very little resonant field

component in the perturbation spectrum. In those discharges

the perturbation spectrum was dominated by nonresonant

field components and Type-I ELMs were replaced by very
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small, very high frequency Type-II ELMs without substantial

change in the pedestal parameters.
10

At low collisionality in

the recent experiments �Fig. 11�, the Type-I ELM size was

substantially reduced �factor of 18� and the frequency sub-

stantially increased �factor of 4�.
59

Initial analysis of the

plasma profiles showed that the pressure and pressure gradi-

ent were reduced, primarily due to reductions in the density,

as in the low q95 even parity I-coil plasmas at low collision-

ality. However, the ELMs that remained at high q95 with

odd parity RMP had lower normalized energy loss

��WELM /WPED� than the ELMs before the coil turn-on
59

in

addition to the large reduction in absolute energy loss.

The range of q-profiles for which complete ELM sup-

pression is obtained can be expanded by increasing the

n=3 perturbation strength or by increasing the contributions

of n=1 perturbations to “fill-in” the overlap of the edge is-

lands �Fig. 12�. On a shot-by-shot basis either the current in

the I-coil or the current in the C-coil was increased to in-

crease the n=3 or n=1 perturbation fields, respectively. As Ip

was ramped up slowly a resonance window was found in

which ELMs were suppressed. The range of q95 over which

ELMs were suppressed increased when either the current in

the C-coil was increased �Figs. 12�b� and 12�c�� or when the

I-coil current was increased �Figs. 12�a� and 12�b��. Detailed

analysis of the pedestal profiles from these discharges

showed that for comparable q-profiles, suppressing ELMs by

adding additional n=1 perturbation reduced the pedestal

pressure and peak pressure gradient more than achieving

suppression by increasing the strength of the n=3 perturba-

tion. So these discharges provide the existence proof that the

resonance window for suppression can be increased by using

combinations of perturbation spectra with different toroidal

mode number, but they also show that the degradation of the

pedestal performance may be greater when low-n perturba-

tions are used.

The response of the pedestal density to the RMP sug-

gests that the underlying physics determining the pedestal
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particle balance during the RMP �transport and sources� may

be different than the physics setting the resonance window

for suppression of the ELM instability. The density reduction

that is typically seen when the RMP fields are turned on in

low collisionality plasmas is not as sensitive to the safety

factor as is the complete suppression of the Type-I ELMs.

The reduction of the line averaged density and of the pedes-

tal density �Figs. 5�g�, 6�e�, 7�f�, and 12�e�� is similar in

discharges for which the I-coil �and C-coil� perturbations are

turned on at high q95 prior to a q95 down ramp �Fig. 12�e��

and for plasmas with lower q95 at the turn-on time �Figs.

5�g�, 6�e�, and 7�f��. In addition, the pedestal density can be

essentially insensitive to the value of q95 during the Ip ramps

despite the sharp sensitivity of complete suppression of the

ELMs to the safety factor. However, the edge stability de-

pends on the details of the edge pressure �density and tem-

perature� profiles and the edge current profile which are

evolving during the q95 ramps. Detailed time dependent sta-

bility calculations for the q95 ramp discharges must also take

into account currents induced in the edge by the Ip ramps.

These must be evaluated with a time-dependent current dif-

fusion calculation. Finally, these observations also suggest

that there may be factors due to the RMP such as direct

effects on the edge current etc., in addition to the change in

the pressure profile due to the changes in density profiles,

determining the sharp resonance window in the q-profile

for satisfying P-B stability and achieving complete ELM

suppression.

IV. DISCUSSION OF THEORY: EXPERIMENT
COMPARISON

The correlation of ELM suppression with a minimum

width of the vacuum island overlap region provides a clue to

the physics driving the suppression. Another clue is that

frequently the largest change in the pressure gradient, be-

tween plasmas at low RMP strength that still have ELMs and

ELM suppressed plasmas with stronger RMP, occurs in

approximately the same edge plasma location as the inner

edge of the island overlap region. This threshold region,

0.85��N�0.9, is significantly inboard of the steep gradient

region in the pedestal. Peeling-ballooning �P-B� stability

analysis has shown that when ELMs are suppressed by

RMPs the operating point in edge pressure gradient versus

edge current density ��−J� space is within the stable region.

Therefore the key to understanding why increased island

overlap is correlated with suppression is to understand how

overlapping islands in the threshold region help to move the

edge pressure and the corresponding edge bootstrap current

from the unstable region �consistent with ELMing� toward

the P-B stability boundary. One step toward this understand-

ing is to look for differences in the number of magnetic field

lines that are lost from the confined plasma, i.e., connected

from the threshold region to material surfaces, between cases

at low RMP strength that are ELMing and ELM suppressed

cases at higher RMP strength.

There is a clear increase in the number of field lines lost

from the confined plasma in cases with ELM suppression

compared with similar plasmas at lower RMP strength that

do not achieve suppression. Detailed field line tracing calcu-

lations were done with the TRIP3D code.
64,65

A total of 1800

field lines were traced in 10 groups of 180 lines each. The

launch locations of the lines in each group were uniformly

distributed spatially on a poloidal flux surface from the axi-

symmetric kinetic equilibrium reconstruction. The 10 groups

covered the flux surfaces from 0.75
�N
0.95 in steps of

��N=0.02. The field lines were traced in the forward direc-

tion, toward the outer divertor target, until they either hit the

target or they completed 200 toroidal revolutions. The full

3D geometry of all the vacuum magnetic fields in the experi-

ment, including those due to the I-coil, the C-coil, and the

intrinsic error fields was included.

A comparison of the field line loss fraction �i.e., the frac-

tion that hit the target in less than 200 revolutions� as a

function of the flux surface where the field lines were ini-

tially launched shows increased field line loss over a substan-

tial region of the plasma edge in ELM suppressed cases.

For three of the cases from the I-coil current scan �Fig. 5�,

this analysis �Fig. 13� shows increases of between 30%

and 40% in the fractional field line loss over the region

0.83��N�0.89 for the two ELM suppressed cases at

higher I-coil current �RMP strength� compared with the

ELMing case at lower I-coil current. Smaller increases in the

fractional field line loss are observed even further into the

plasma, although the statistical significance of the difference

is marginal due to low sampling rates. The vacuum fields

analysis indicates that the region 0.89��N�0.95 is highly

stochastic in both the ELMing and ELM suppressed dis-
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charges, so the direct connection of the increased field

line loss in this region with completely suppressing ELMs

is not immediately clear. However, there is a qualitative

difference in the degree of stochasticity in the region

0.83��N�0.89 between the cases with full ELM suppres-

sion and the case that has ELMs at lower I-coil current. This

suggests that the increased field line loss in this region may

play an important role in achieving complete suppression of

ELMs.

The fraction of the field lines that were lost with

forward connection length to the outer divertor target

less than two electron-ion collisional mean-free-paths

�mfps� �Fig. 14� also shows an increase across the region

of 0.83��N�0.89. Here the local collisional mfp

�mfp=45.7�Te
ped�2

/ �Zeffne
ped log �� at the origin of the field

line in the pedestal is used for the normalization, where Te
ped

and ne
ped are the pedestal electron temperature and density,

respectively, and log �=15.2−0.5 log�ne�+log�Te� with Te
ped

in keV and ne
ped in 1020 m−3. The largest relative increase in

the fractional loss of these short field lines is in the region

0.86��N�0.89. The change in the fractional loss of field

lines with connection length less than 3 or 5 collisional mfps

is even more pronounced in the region 0.85��N�0.90 �not

shown�.

These results suggest that changes in the plasma poten-

tial in the region 0.83��N�0.9 could play an important

role in the physics processes that move the pedestal operat-

ing point inside the stable region of the P-B stability bound-

ary in the ELM suppressed cases. The plasma in this region

that is connected to the divertor targets on the short field

lines will be at a very different potential than the well con-

fined plasma on nearby field lines that have long �or infinite�

connection length. It has been suggested
12,41–43,66

that the

electric fields generated by such variations in plasma poten-

tial could produce E�B convection cells that might increase

the particle transport within the edge plasma. This is at least

qualitatively consistent with the observations of reduced

plasma pressure gradients, due primarily to reduced density

gradients, seen in this region in the ELM suppressed cases.

However, work remains to be done to verify that this model

is consistent with the observations of pedestal density reduc-

tions when the RMP is turned on in plasmas with the

q-profile outside the resonance window for ELM suppres-

sion. Connecting both the insensitivity of the initial pedestal

density reduction to the q-profile at RMP turn-on and the

subsequent insensitivity of the pedestal density to variations

in the q-profile during safety factor ramps, with a model

asserting that E�B convective cells contribute to increased

particle transport from inside the top of the pedestal remains

a topic for future analysis.

Finally, although work continues on the basic physics

driving the suppression of ELMs by RMPs, the simple pic-

ture described here can provide guidance to initial studies of

candidate coil designs for future tokamaks such as ITER.

Recent work surveyed a range of possible RMP coil designs

for ELM control in ITER.
53

In this kind of survey the first

specification that must be made is the current required in the

coils to satisfy a criterion for ELM suppression. From the

results reported here, an initial estimate of the required coil

currents for the different candidate designs was made based

on a criterion that the coils must produce a Chirikov param-

eter greater than 1.0 from the plasma edge to �N=0.85. The

calculations for ITER were done with vacuum perturbation

fields consistent with the data analysis above. Although there

is significant uncertainty in the predictions of the ITER ped-

estal width, and therefore the expected bootstrap current and

q-profile in the ITER pedestal region, the effect of this un-

certainty on the required coil currents was not studied. This
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initial work allowed estimates of the mode spectra of the

different designs to be examined and initial estimates of the

space necessary for the conductors to carry the estimated

currents to be made and discussed.
53,67

Work to refine these

estimates will certainly continue in this area.

V. CONCLUSIONS

ELM suppression was achieved in plasmas with an ISS

and pedestal electron collisionality similar to that expected

for ITER, �
e
*=0.1, for a wide range of n=3 RMP field

strength, for a range of combinations of n=3 and n=1 per-

turbation fields, and for a range of safety factor profiles. The

data indicates that full suppression of Type-I ELMs is a reso-

nant phenomenon that depends sensitively on the safety fac-

tor profile. The range of q-profiles that achieved full suppres-

sion was increased either by increasing the strength of the

n=3 RMP fields, or by increasing the strength of n=1 fields

only in combination with sufficiently strong n=3 fields.

A simple model that proposes that the maximum ELM

size observed would be related to the width of the region in

the edge plasma with good overlap of the vacuum magnetic

islands, is qualitatively consistent with the data from I-coil

current, BT, and gas puffing scans in plasmas with the ISS

and fixed q95 in the resonance window for full ELM suppres-

sion. Reduction of the ELM size, measured by D� signals in

the divertor, to less than 5% of the ELM size without RMPs

is correlated with vacuum island overlap width in the edge

greater than a threshold value. Initial field line tracing calcu-

lations using the vacuum fields showed an increase in the

number of field lines lost, with short connection length to the

divertor targets, from the same region as the increase in is-

land overlap in an ELM suppressed case compared with an

ELMing case. This may suggest a role for E�B convection

in changing the pedestal profiles in such a way as to satisfy

P-B stability and suppress ELMs.

The ordering of maximum ELM size with island overlap

region width holds for datasets from plasmas with fixed

shape and q95 in which the applied RMP fields from the coils

or the pedestal density are varied, but not in comparisons

between plasmas with significantly different q95. In the scans

of Ip, at fixed BT and shape, the island overlap region width

at higher q95 during the ELMing phase is larger than the

overlap width during phases with lower q95 in the resonance

window for complete ELM suppression. The ELM suppres-

sion sensitivity to the q-profile is more complicated than sim-

ply achieving sufficient width of the island overlap region.

The detailed physics understanding of why the maxi-

mum ELM size correlates, for fixed q95, with the width of the

island overlap region or the fractional loss of short field lines

from a vacuum fields analysis remains for future work. In

addition, other experimental ordering parameters such as

�ped do a good job of separating the experimental data, but

the physical implications of the other parameters have not

yet been explored. Finally, the vacuum island overlap width

does not take into account the response of the plasma to the

applied fields, including the possible screening or amplifica-

tion of the vacuum fields
68,69

by the plasma response. With-

out knowledge of the screening or amplification response

profile, the present data analysis cannot conclusively reject

the possibility that the changes in particle transport leading

to ELM suppression occur farther out in the plasma nearer to

the pedestal than indicated by this vacuum fields analysis.

The physics underlying the difference between ELM mitiga-

tion �moderate size reduction and frequency increase� due to

RMPs and full ELM suppression must also be determined by

including the self-consistent fields within the plasma, but this

analysis is beyond the scope of this paper. The fully self-

consistent simulations will likely identify other parameters

that order the maximum ELM size data at least as well as the

vacuum island overlap width, and will also show the physics

mechanisms leading to that ordering. However, until those

fully self-consistent simulations are available, the model of a

minimum vacuum island overlap width required to achieve

full ELM suppression provides an initial criterion by which

to estimate the required currents in candidate coil designs for

future tokamaks including ITER. This then allows the evalu-

ation of the additional consequences of applying perturba-

tions of the estimated required size on other aspects of

plasma operation to begin.
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