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Multiple resonances in the edge-localized mode (ELM) frequency (fELM) as a function of the edge

safety factor q95 have been observed for the first time with an applied low n (¼1; 2) field on the JET

tokamak. Without an n ¼ 1 field applied, fELM increases slightly from 20 to 30 Hz by varying the q95
from 4 to 5 in a type-I ELMy H-mode plasma. However, with an n ¼ 1 field applied, a strong increase in

fELM by a factor of 4–5 has been observed with resonant q95 values, while the fELM increased only by a

factor of 2 for nonresonant values. A model, which assumes that the ELM width is determined by a

localized relaxation triggered by an unstable ideal external peeling mode, can qualitatively predict the

observed resonances when low n fields are applied.
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Introduction.—The periodic and transient power load
onto the plasma-facing components caused by type-I
edge-localized modes (ELMs) in high performance
H-mode plasmas [1] is a critical issue for the integrity
and lifetime of these components in future high power
H-mode devices, such as the International Tokamak
Experimental Reactor [2]. Accordingly, significant effort
on both experimental investigations [3,4] and the de-
velopment of theoretical models [5,6] has been spent on
a better understanding of ELM physics and the mecha-
nism of ELM control. To date, ELMs are understood
as a class of ideal magnetohydrodynamic modes excited
in a high-pressure-gradient region at the plasma edge
(known as the pedestal) where pressure gradient driven
ballooning modes can couple to current density driven
peeling modes. When the pressure gradient in the edge
pedestal reaches a critical limit, the type-I ELM is
destabilized.

Recently, active control of ELMs using resonant mag-
netic perturbation (RMP) fields has become an attractive
method for application on the International Tokamak
Experimental Reactor. DIII-D has shown that type-I
ELMs are completely suppressed in a single narrow range
of the edge safety factor (q95 ¼ 3:5–3:9) when n ¼ 3 fields
induced by a set of in-vessel coils are applied [7]. A
reduction in pedestal pressure with the n ¼ 3 field has
been observed, and it can be attributed mainly due to a
reduction in pedestal density (the so-called density pump-
out effect) rather than to an increase in the pedestal thermal
diffusivity. Based on the successful ELM suppression ex-
periments on DIII-D, the main criterion for ELM control
with RMPs has been defined to require the Chirikov pa-

rameter within the plasma edge layer (
ffiffiffiffiffi

�
p � 0:925) to be

larger than 1 [8]. Here, the Chirikov parameter (�), which
is a measure of magnetic island overlap, is used to define

the stochastic layer as the region for which � is greater
than 1.
On JET, recent experimental results have shown that

both the frequency and the size of type-I ELMs can be
actively controlled by application of a static low n ¼ 1 or 2
field produced by four external error field correction coils
(EFCCs) mounted far away from the plasma between the
transformer limbs [9,10]. When an n ¼ 1 field with an
amplitude of a few milli-Tesla at the plasma edge is applied
during the stationary phase of a type-I ELMy H-mode
plasma, the ELM frequency fELM rises from �30 Hz up
to�120 Hz, while the energy loss per ELM normalized to
the total stored energy, �WELM=W, decreases from 7% to
values below the resolution limit of the diamagnetic mea-
surement (<2%). Although there are common observations
like plasma density pump-out effect and magnetic rotation
braking in RMP ELM suppression or control experiments
on DIII-D and JET, no complete ELM suppression was
observed to date with either the n ¼ 1 or n ¼ 2 fields on
JET, even with a Chirikov parameter above 1 in the edge

layer
ffiffiffiffiffi

�
p � 0:925 [11]. The major difference in the RMP

ELM suppression experiments on JET and DIII-D is the
magnetic perturbation spectrum (not only the spatial dis-
tribution of Fourier components but also the ratio of reso-
nant to nonresonant components). This raises the question
of the role of the perturbation spectrum in ELM control
using resonant magnetic perturbations.
In this Letter, the first results on a multiresonance effect

in fELM vs q95 observed on JETwith the application of low
n fields are presented. A possible explanation of this ob-
servation in terms of the ideal peeling or relaxation model
of ELMs is given [12].
Experimental results.—On JET, the EFCC system was

originally designed for compensation of the n ¼ 1 har-
monic of the intrinsic error field arising from imperfections
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in the construction or alignment of the magnetic field coils.
Depending on the wiring of the EFCCs, either n ¼ 1 or
n ¼ 2 fields can be created. In the n ¼ 1 EFCC configu-
ration, the amplitude of the n ¼ 1 harmonic is 1–2 orders
of magnitude larger than other components (n ¼ 2; 3).
Comparison of the effective radial resonant magnetic per-

turbation amplitudes jbr;effres j ¼ jBr;eff
res =B0j calculated for

n ¼ 1 and n ¼ 2 configurations shows that the amplitude

of jbr;effn¼2j in the n ¼ 2 configuration is a factor of �3

smaller than jbr;effn¼1j in the n ¼ 1 configuration for all radii

[11]. Here, Br;eff
res and B0 are the radial resonant magnetic

perturbation field (calculated with a vacuum approxima-
tion) and the on-axis toroidal magnetic field, respectively.

A comparison of two JET ELM control pulses using the
same n ¼ 1 field but different q95 is shown in Fig. 1. Both
target plasmas had a low triangularity shape (�lower � 0:2),
a toroidal field (Bt) of 1.84 T, a stationary type-I ELM H-
mode phase sustained by the neutral beam injection with a
total power of 11.5 MW, a low electron collisionality at the
edge pedestal (�� � 0:1), and a similar fELM of �20 Hz
before the n ¼ 1 field was applied. The plasma currents
(Ip) in the two discharges were 1.4 and 1.32 MA, which

correspond to edge safety factors q95 of 4.5 and 4.8, re-
spectively. In this experiment, no additional gas fuelling
was applied during the H-mode phase. The n ¼ 1 field
created by the EFCCs had a ramp-up phase of the coil
currents (IEFCC) for 300 ms and a flattop with IEFCC ¼
32 kAt for 2.5 s, which is about 10 energy confinement
times. Here, total current is given in terms of the current in

one coil winding times the number of turns. jbr;effn¼1j calcu-
lated in the vacuum approximation is �2:5� 10�4 at the

position of the edge pedestal. The Chirikov parameter
calculated by using the experimental parameters and ne-

glecting screening of the n ¼ 1 field is �0:8 at
ffiffiffiffiffi

�
p ¼

0:925, which indicates a weak ergodization level at the
plasma edge.
When the n ¼ 1 field was applied, fELM increased

strongly by a factor of �4:5 in the plasma with q95 of
4.8, while fELM increased only by a factor of �2 in the
plasma with a safety factor q95 of 4.5. Furthermore, an
additional drop in the plasma stored energy by 7%, which
is mainly due to an enhancement of the density pump-out
effect (seen as an additional drop of the central line-
integrated density by �15%) rather than a change of the
electron temperature (Te), was observed when the q95 was
changed from 4.5 to 4.8. No clear difference in the toroidal
rotation braking induced by the n ¼ 1 field between either
discharge can be seen. This result indicates a strong reso-
nant effect in q95 of the RMP on both the ELM frequency
and the density pump-out.
Figure 2(a) shows fELM as a function of q95 for plasmas

with (closed circles) and without (crosses) the n ¼ 1 fields.
A q95 scan from 4 to 5 was carried out by varying Ip only,

keeping all other parameters of both discharges identical to
the ones shown in Fig. 1. Without an n ¼ 1 field, fELM
changed slightly from 20 to 30 Hz, and there was no visible
large increase of fELM at any specific q95. However, mul-
tiple peaks appeared in the q95 dependence of fELM when
the n ¼ 1 fields were applied. We term the multiple strong
increase of fELM at different values of q95 the ‘‘multi-
resonance’’ effect. The q95 values corresponding to each
of those peaks are called resonant q95, and the nonresonant
q95 are the values at the gaps between resonances where
there is a weak influence of the perturbation field on fELM.
The resonant peaks of fELM are not equally distributed in
the range of q95 from 4 to 5, and the difference in q95
between two neighboring resonance peaks is in the range
of �q95 from 0.2 to 0.3.
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FIG. 1 (color online). Comparison of two ELM control dis-
charges using the n ¼ 1 field with different values of q95 of 4.5
and 4.8. The traces from top to bottom are the neutral beam
injection input power, the edge safety factor q95, the EFCC coil
current, the stored energy, the central line-integrated electron
densities, the plasma central toroidal rotation measured at R ¼
3:05 m, and the D� signals measured at the inner divertor.
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FIG. 2 (color online). Frequency of ELMs as a function of q95
for the H-mode plasma (a) with (closed circles) the n ¼ 1 field
and (b) with (closed circles) the n ¼ 2 field and without
(crosses) perturbation fields. The amplitude of the periodic drops
of the edge pedestal temperature due to ELMs�Te (open circles)
dependence on q95 for an identical plasma with the n ¼ 2 field
has been plotted in (b).
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In this experiment, the q95 scan has been carried out in
two ways, both slow ramp-up and slow ramp-down of Ip,

during the application of the n ¼ 1 fields. The ramp rate of
q95 is 0.2 in 2 seconds, which is �8 energy confinement
times. There is good agreement in the values of those
resonant q95 values observed in the different q95 scans.
In addition, with a constant q95 at either resonant or non-
resonant q95, a stationary influence on fELM has been
observed as shown in Fig. 1, and the results also agree
well with the pulses where q95 has been varied even more
slowly.

This result suggests that there are two effects of the RMP
on the ELM frequency, one which has no q95 dependence,
resulting in a relatively weak increase of fELM, and a
second which depends strongly on q95 and causes a
stronger increase of fELM. We may call the first one a
global effect, and the second one is the so-called multi-
resonance effect described in this Letter. These two effects
are most likely due to different physics mechanisms.

The multiresonance effect in fELM vs q95 has also been
observed with n ¼ 2 fields as shown in Fig. 2(b). In this
experiment, a q95 scan from 4 to 4.6 was performed with
target plasmas similar to those used in the n ¼ 1 field case.
However, the EFCC current was limited to 24 kAt due to

technical reasons. jbr;effn¼2j calculated with a vacuum as-

sumption is �0:7� 10�4 at the plasma edge pedestal. A
weaker global effect of the n ¼ 2 fields on fELM is seen
compared to the n ¼ 1 fields; nevertheless, the multireso-
nance effect is still clearly observed. The size of ELMs,
which is indicated by a drop of pedestal Te due to the ELM
crash (�Te), follows the change of fELM, and it is strongly
reduced at resonant q95 values as shown in Fig. 2(b).
Comparison of the multiresonance effect observed with
n ¼ 1 and n ¼ 2 fields in a q95 window of 4 to 4.6 shows
that the values of q95 at the resonances are similar.
However, it should be emphasized that the q profiles are
rather steep at the plasma edge, and the q goes to infinity at
the plasma separatrix from a finite value q95 at � ¼ 95%.
So, a small difference of q95 could result in very different q
values at given radii near the plasma boundary.

Discussion.—To date, many attempts to model ELM
suppression or control have focused on the idea that a
nonaxisymmetric perturbation field penetrating into the
edge plasma region would interact with the plasma equi-
librium field to produce an outer ‘‘ergodic’’ magnetic field
structure. This would enhance edge thermal and particle
losses, weaken the edge transport barrier and its gradients,
and thus reduce the peeling or ballooning instabilities
thought to underlie ELM formation [13]. An objection to
this interpretation is that either bulk plasma or diamagnetic
rotation [14,15] can screen the RMP fields from the plasma
whenever they encounter a resonant surface. Furthermore,
it is important to note that many calculations of the
Chirikov parameter [16] model the plasma as producing
a vacuum response to the RMP, and the resulting total field
will not be in magnetostatic equilibrium.

On the other hand, the Chirikov parameter calculated by
using the experimental parameters and the vacuum ap-
proximation of the perturbation field indicates that the
ergodization zone may appear only at the far plasma

boundary (
ffiffiffiffiffi

�
p

> 0:95). The mechanism of edge ergodiza-
tion, which is used to explain the results of the ELM
suppression with the n ¼ 3 field on DIII-D, may explain
the global effect of the n ¼ 1 field on fELM on JET, but it
cannot explain the multiresonance effect observed with the
low n fields.
On DIII-D, strong dependence of the edge pedestal

electron pressure on the edge safety factor q95 has been
observed in high confinement, high rotation plasmas dur-
ing application of an n ¼ 3 field [17]. Reference [17]
concluded that the resonances in the edge pressure were
consistent with achieving good alignment of the magnetic
field with the perturbation, suggesting the resonant forma-
tion of a stochastic layer. However, the results from JET
presented in this Letter are not consistent with this inter-
pretation, as demonstrated in Fig. 3. The width of the edge

ergodization zone �
ffiffiffiffiffi

�
p j�>1 (with a Chirikov parameter �

larger than 1) increases slightly from 0.038 to 0.048 when
q95 increases from 4.1 to 4.8 and then saturates as q95 is
further increased from 4.8 to 5.0. There are no multireso-
nance features in the graph that can explain the JET results.
Reduction of the pedestal pressure and pressure gradient

up to 20% has been observed in ELM H-mode plasmas
with the application of a low n field on JET. Previous
modeling results from the ELITE code show that the ELM
triggering instability moves from the peeling-ballooning
corner of the stability diagram towards the low n peeling
mode region, which is driven only by the current density
[18]. Therefore, the dependence of the current driven
peeling modes on the edge safety factor is important for
an understanding of the experimental observations.
A possible explanation of the multiresonance effect has

been investigated by using the ideal external peeling mode
or relaxation model [12]. In this model it is assumed that an
unstable ideal external peeling mode triggers a turbulent
relaxation process which produces a post-ELM relaxed
force-free configuration [19] that is stable to all possible
external peeling modes. The flattening of the current pro-
file by the relaxation process generally produces an in-
crease in the edge current density which in itself further
destabilizes the peeling mode; however, this is countered
by the formation of a stabilizing negative edge current
sheet, and it is the balance of these two effects that deter-
mines the predicted width of the relaxed region. Unlike the
ballooning mode, the peeling mode does not depend on
toroidicity to be unstable and is driven by edge current
density. In a simple cylindrical model, the plasma is peel-
ing unstable whenever [20]

�0ð1=qa � n=mÞ þ Ja > 0; (1)

where m is the poloidal mode number, �0 is the familiar
jump in ðr=brÞdbr=dr across the plasma-vacuum interface
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(br is the perturbed radial field) which encapsulates infor-
mation about the equilibrium current profile (�0 ¼ �2m
for a vacuum response [20]), and Ja is the driving edge
current density (normalized to the on-axis value). A similar
criterion can be obtained for an arbitrarily shaped toroidal
plasma [21].

In the peeling or relaxation model [12,20], the ELM
width (the extent of the relaxed region dE) is determined
by requiring that external peeling modes are stabilized for
all modes (m, n). Hence, for a given current profile, the
mode (m, n) requiring the largest dE determines the width.
A key quantity in the calculation of dE is the � ¼ ð1=qa �
n=mÞ of Eq. (1), and, as m and n must be integers, �
exhibits detailed structure. It is indeed this fact that gives
rise to the ‘‘resonances’’ in the model predictions. The
dominant unstable peeling mode also depends on the nor-
malized edge current Ja. Multiresonance naturally exists at
small edge current density [20], while for larger Ja the low
n modes given by Eq. (1) dominate over extended regions
of qa and multiresonance disappears. By taking the ELM
repetition time to be the time taken for the relaxed state to
diffuse in a classical manner back to the initial state, a
simple qualitative measure of the ELM frequency is given
by f� 1=d2E, and this is plotted for low edge current
density in Fig. 4.

This simple model reproduces many qualitative aspects
of the multiresonance effect. A full quantitative explana-
tion would require a toroidal model which includes sepa-
ratrix geometry and mode coupling between the peeling
mode and the EFCC field. In principle, any current driven
peeling modes model that predicts resonances due to the
factor � could lead to structures like those observed here.
Conclusion.—The multiresonance effect in fELM vs q95

has been observed for the first time with either an n ¼ 1 or
an n ¼ 2 magnetic perturbation field on JET. At the reso-
nant q95 a strong increase in fELM and an enhancement of
the density pump-out effect has been observed. The differ-
ence in q95 between two neighboring resonant peaks is in a
range of �q95 ¼ 0:2–0:3. A model in which the ELM
width is determined by a localized relaxation to a profile
which is stable to peeling modes can qualitatively predict
this multiresonance effect with a low n field.
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FIG. 4 (color online). Model predictions of ELM frequency
and trigger n number against edge qa. The equilibrium chosen
has low edge current density (Ja ¼ 0:1).
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