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Abstract
In order to understand the mechanism by which resonant magnetic perturbations (RMPs) mitigate or suppress edge-localized
modes, it is necessary to understand the plasma response to the application of RMPs. TEXTOR’s fast movable Mirnov probe can
provide direct measurements of the plasma response to RMPs applied using the dynamic ergodic divertor. The effect of toroidal
plasma rotation is investigated, and a change in the phase of the plasma response at certain values of rotation is found. Jumps in
the phase of the magnetic field are found to occur on resonant surfaces, indicating the formation of screening currents on these
surfaces. The first observations of screening currents on multiple surfaces are presented, and the transition from screening to
field penetration with increasing strength of the applied RMP field is observed.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In order to avoid damage to plasma-facing components on
ITER, type-I edge-localized modes (ELMs) must be either
mitigated or suppressed [1]. The application of resonant
magnetic perturbations (RMPs) to the plasma provides a
promising method of ELM mitigation or suppression that
has been successfully implemented to achieve complete
suppression of type-I ELMs on DIII-D [2, 3] and mitigation
of type-I ELMs on JET [4, 5], ASDEX Upgrade [6] and
MAST [7, 8].

In the vacuum approximation, these RMPs cause the
formation of magnetic islands and stochastic regions in the
plasma edge. This introduces a radial component to parallel
transport and therefore enhances radial transport, which
leads to a reduction in the pedestal pressure gradient below
the threshold value required to trigger ELMs. However,
this description is incomplete since it does not include
the effect of the plasma response to applied RMPs. For
example, current sheets can form on rational surfaces and
produce a magnetic field that locally cancels out the external
perturbation, thus screening the RMPs. In addition, this

vacuum description cannot explain ELM mitigation, whereby
ELMs are destabilized and therefore occur more frequently
(but are correspondingly smaller). Therefore, in order
to understand the mechanism by which RMPs mitigate or
suppress ELMs, it is necessary to understand the plasma
response to the application of RMPs.

RMPs can be applied to TEXTOR plasmas using the
dynamic ergodic divertor (DED) [9]. TEXTOR is also
equipped with a fast movable Mirnov probe (FMMP) capable
of measuring the magnetic field structure in the edge of
TEXTOR plasmas with applied RMPs. By subtracting the
vacuum magnetic field, direct measurements of the plasma
response to RMPs can be obtained. The dependence of the
plasma response on various parameters such as edge safety
factor qa , DED frequency fDED and coil current IDED has
previously been reported in [10].

This paper presents an analysis of the direct measurements
of the plasma response to applied RMPs on TEXTOR. An
overview of the DED and FMMP systems used for the
experiments is presented in section 2. This is followed
by a presentation of the experimental results, which can be
separated into two thrusts: the effect of toroidal plasma rotation
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Figure 1. Perturbation spectrum for the n = 1 DED configuration (a) as a function of radius and (b) at a radius of �
1/2
N = 0.93 in the plasma

edge. The red bar indicates the resonant Fourier harmonic at this radius.

on the plasma response in section 3, and measurements of
the magnetic field structure in the plasma edge in section 4.
Section 5 provides a comparison of these results with previous
work. Finally, a summary is given in section 6.

2. Experimental setup

TEXTOR is a medium-sized limiter tokamak with a circular
cross-section. It has major radius R0 = 1.75 m and minor
radius a = 47 cm [11]. TEXTOR’s DED consists of 16 helical
coils on the high-field side (HFS) of TEXTOR capable of
producing both ac and dc fields. Ac fields have the advantage
that the induced plasma response has a known frequency—that
of the DED field—and can therefore be distinguished from
other modes in the plasma by means of a Fourier transform.

A unique feature of the TEXTOR DED is the ability to
rotate the RMP field at frequencies comparable to that of the
plasma rotation or MHD modes. The screening of RMPs
as a result of plasma rotation is of particular interest. This
rotational screening can arise from the motion of the electron
fluid perpendicular to the field lines on a resonant surface.
If the RMP field is rotating together with the electrons, then
the RMP field is static in the reference frame of the electron
fluid and screening is therefore not expected to occur [12]. The
perpendicular electron velocity is the vector sum of the electron
diamagnetic and E × B drift velocities. TEXTOR’s rotating
DED field makes it possible to investigate how effects of the
applied RMPs vary with the difference between the rotation of
the DED field and the rotation of the electron fluid.

The DED can be configured to produce fields with toroidal
mode number n = 1 or n = 2. These configurations are
conventionally referred to as m/n = 3/1 and 6/2 respectively,
although the DED coils do not produce fields with only
one poloidal harmonic m. The perturbation spectrum for
the n = 1 configuration is shown in figure 1. It can be
seen that the dominant poloidal mode numbers are m = 1,
m = 2 and m = 3. The results presented here were obtained
with the DED in 3/1 configuration. The DED frequencies
that are available in this configuration are ±1 and ±5 kHz,
where positive frequencies represent a rotation of the field in

the counter-current (electron diamagnetic drift) direction and
negative frequencies correspond to the co-current direction.
The results for the ±1 kHz case were obtained with DED coil
currents up to IDED = 2.0 kA, whereas the current is limited
to IDED = 0.8 kA for the ±5 kHz case.

The FMMP is located at the midplane on the low-field side
(LFS) of TEXTOR and can be plunged into the plasma edge
in order to obtain radial profiles of the magnetic field. In the
results presented here, the probe was plunged up to a maximum
depth of r = 40 cm, i.e. 7 cm inside the plasma boundary. The
probe can also be held at r = 53 cm, i.e. 6 cm outside of the
plasma boundary, for the duration of a TEXTOR discharge.
For hotter plasmas with NBI heating, this greatly reduces the
risk of damage to the probe. The probe contains three groups
of three Mirnov coils. Within every group, one coil is oriented
in each of the radial, toroidal and poloidal directions so that
every component of the magnetic field can be measured at three
locations simultaneously. The three groups of coils have a
separation of 0.5 cm in the radial direction (figure 2). During a
plunge, only data recorded while the probe is being inserted are
used, not while the probe is being withdrawn. This is because
by the time the probe is withdrawn, it may have significantly
perturbed the plasma.

An example of the measurements taken by the FMMP in
a TEXTOR discharge can be seen in figure 3. This example
is for a beam-heated plasma with NBI power PNBI = 1.2 MW,
DED current IDED = 0.8 kA at a frequency of fDED = +5 kHz,
toroidal field BT = 1.6 T, plasma current IP = 250 kA and
line-averaged electron density ne = 1019 m−3. The data in this
example is taken from the coil in the group closest to the plasma
that measures the poloidal component of the magnetic field,
Bθ . The measured field is correlated with the DED signal, and
the Fourier component corresponding to the DED frequency
is selected in order to distinguish the effect of the DED field
from the background equilibrium plasma. The same is done
for the magnetic field measured in a vacuum shot. This vacuum
field is then subtracted from the data, so the effects of both the
equilibrium plasma and the vacuum perturbation are removed
from the measurements, and the remaining field is considered
to be generated by the plasma as a response to the applied
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(a) (b)

Figure 2. Photographs of (a) the DED coils and (b) the FMMP with its casing removed in order to show the three groups of coils inside. A
e 1 coin is included for scale and the arrows show the directions in which each coil in a given group measures the local magnetic field.

1 2 3 4
0

0.5

1

1.5

|δ
B
θ|(

G
)

δB
θ total

δB
θ vacuum

δB
θ plasma

1 2 3 4
0

0.5

1

I D
E

D
(k

A
)

Shot no. 118410

1 2 3 4
−200

0

200

t (s)

ar
g
δB

θ
(°

)

Figure 3. Measurements of the amplitude (middle) and phase
(bottom) of δBθ plasma, δBθ vacuum and δBθ total as the DED current
(top) is ramped up, maintained at a constant value and then ramped
down during a TEXTOR discharge. In this example, the position of
the FMMP remains constant throughout the discharge at r = 53 cm.

RMPs. The middle and lower panels of the figure show the
amplitude and phase of the fluctuating part of the poloidal field,
|δBθ | and arg δBθ respectively. The phase is defined relative
to the DED field. In this example, the magnitude of δBθ total,
i.e. the sum of the vacuum field and the plasma response, is
less than the magnitude of δBθ plasma on its own. This may
seem counter-intuitive at first but can be understood by the
fact that δBθ plasma has nearly the opposite phase to δBθ vacuum.
In this example, the probe remains outside of the plasma for
the duration of the discharge.

When the probe is plunged into the plasma, radial profiles
of the amplitude and phase of the plasma response such as
those shown in figure 4 are obtained. The example shown
is for an ohmic plasma with DED current IDED = 1.3 kA at
a frequency of fDED = −1 kHz, toroidal field BT = 1.6 T,
plasma current IP = 180 kA and line-averaged electron density
ne = 1019 m−3. Two jumps are visible in the profile of the
phase of δBθ . The duration of the probe plunge is much longer
than the DED time period, so many DED cycles occur during
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Figure 4. Radial profiles of the amplitude and phase of δBθ

recorded during a plunge of the FMMP. The vertical dashed lines
show the location of the q = 4 and q = 5 surfaces from an
equilibrium reconstruction calculated using the DIVA code.

a single plunge. If probe measurements taken at different
radial locations but at the same point in the DED cycle are
compared, then any difference in the amplitude or phase of
these measurements is most likely due to radial variation in
δB. Therefore, if δB is plotted as a function of radius and time
point in the DED cycle, radial variations in the amplitude or
phase of δB should become apparent.

Figure 5 shows three examples of such plots. An example
for a vacuum shot is shown in figure 5(a). In this case, there
is no radial variation in the phase of the DED field, and since
the FMMP on the LFS is located far from the DED coils on
the HFS, the radial variation in the amplitude of the DED
field is too small to be observed. Figures 5(b) and (c) show
similar plots but with the addition of a TEXTOR plasma. In
figure 5(b), there is a clear ∼180◦ jump in the phase of δBθ

at r ≈ 45 cm. This is interpreted as being caused by the
presence of a screening current at this radial location, which
should correspond to a resonant surface. Figure 5(c) shows no
such phase jump, but a resonant surface is expected to exist
within the range of r covered by the probe. This is interpreted
as penetration of the RMP field and destruction of the screening
current on this resonant surface.
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Figure 5. Example contour plots for (a) a vacuum shot, (b) screening and (c) penetration of the RMP field.

Given a radial profile of the amplitude and phase of δBθ

such as the one shown in figure 4, Ampère’s law can be
used to calculate the fluctuating part of the toroidal current
density, δJφ , which in toroidal geometry is given by

δJφ = 1

µ0r

(
∂

∂r
(rδBθ ) − ∂

∂θ
δBr

)
(1)

if the displacement current is neglected.
Although δBr and δBθ are similar in magnitude, it can be

seen from figures 4 and 6(a) that radial changes in δB occur
over distances of the order of a few centimetres. On the other
hand, poloidal changes in δB should match the poloidal mode
number m of the locally resonant harmonic of the perturbation
field and therefore occur over distances of the order of 2πr/m.
For the n = 1 perturbations used in the work presented
here, this corresponds to distances greater than 50 cm in the
plasma edge, i.e. around an order of magnitude greater than
the distances over which δB varies radially. Therefore, the
poloidal derivative is neglected and (1) becomes

δJφ ≈ 1

µ0r

∂

∂r
(rδBθ ) . (2)

In theory, δJθ could also be calculated from δBφ using a similar
equation. However, the magnitude of δBφ is smaller than that
of δBθ , and the lower signal-to-noise ratio makes it difficult
to fit a curve to the radial profile accurately enough to obtain
meaningful values for δJθ . In any case, TEXTOR has a large
aspect ratio R0/a ≈ 3.7, so δJθ is small in comparison to
δJφ , assuming the screening current flows along magnetic field
lines.

The amplitude and phase of δBθ can equivalently be
expressed as real and imaginary parts. Curves can be fitted to
Re(δBθ ) and Im(δBθ ), from which radial profiles of Re(δJφ)

and Im(δJφ) can be calculated using (1). In a similar way,
the real and imaginary parts of δJφ can then be converted to
amplitude and phase. This conversion adds no new information
but helps with the intuitive understanding of the radial profile of
δJφ . This whole process is outlined in figure 6. In figure 6(c),
two clear peaks are visible in the radial profile of the amplitude
of δJφ . This is evidence for the formation of current sheets on
rational surfaces.

3. Effect of rotation on the plasma response

TEXTOR is equipped with one co-current and one counter-
current neutral beam. By varying the relative power of
the two beams while keeping the total NBI power constant,
the toroidal plasma rotation can be varied with minimal
changes to other plasma parameters, thus enabling the effect
of the rotation on the plasma response to be investigated.
No toroidal rotation measurements were available for the
experiments presented here, but the NBI fraction fNBI, which
is a measure of the momentum input to the plasma, can be
used as a proxy for toroidal rotation. The NBI fraction is
defined in [13] as fNBI = (Pco − Pcounter)/(Pco + Pcounter).
Although no rotation measurements were available for these
experiments, to give an idea of how values of the NBI fraction
correspond to rotation values, in an earlier experiment for
which rotation measurements were taken, albeit with different
plasma parameters, as the NBI fraction was varied from
fNBI = −0.3 to fNBI = 1, the plasma rotation varied
approximately linearly from ω ≈ −5 × 104 rad s−1 to ω ≈
8 × 104 rad s−1, with balanced beams producing a rotation of
ω ≈ −2 × 104 rad s−1, where positive values of ω correspond
to rotation in the co-current direction. The rotation could not
be measured for fNBI < −0.3 since a minimum value of Pco

was required for the rotation measurements.
Figure 7 shows the amplitude and phase of the radial

and poloidal components of the plasma response to the RMP
field as the NBI fraction is varied. This rotation scan was
carried out with DED current IDED = 0.8 kA at a frequency
of fDED = ±5 kHz, toroidal field BT = 1.6 T, plasma
current IP = 250 kA and line-averaged electron density ne =
1019 m−3. The FMMP was held at r = 53 cm. As mentioned in
section 2, the electron diamagnetic drift occurs in the counter-
current direction, which corresponds to the direction of rotation
of the +5 kHz DED fields. For most of these plasmas, the phase
of δBθ is close to the phase of the vacuum field. However,
when the +5 kHz DED field is applied to plasmas rotating in
the co-current direction, there is a sharp change of phase, with
the phase being nearly opposite for the fNBI = 1 case. As
elaborated in section 4, this ∼180◦ change of phase suggests
a transition between screening and field penetration. For
fNBI = 1, a DED field rotating in the counter-current direction
is applied to a plasma rotating in the co-current direction,
and this large difference in rotation is likely to lead to strong
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Figure 6. (a) Curves are fitted to radial profiles of δBθ . These curves are then used to calculate δJφ in terms of (b) real and imaginary parts,
and (c) amplitude and phase. In this example, two peaks in the amplitude of δJφ can be seen, corresponding to screening currents on two
resonant surfaces. The location of the q = 4 and q = 5 surfaces from an equilibrium reconstruction calculated using the DIVA code are
indicated by the vertical dashed lines.
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screening of the external field. However, no such phase change
is observed when the −5 kHz DED field is applied to plasmas
rotating in the counter-current direction.

The plots in figure 7 have a blank section, which
corresponds to values of the NBI fraction for which the
application of the DED leads to a disruption. An analysis
of the data from an array of in-vessel Mirnov coils shows that
for fNBI = − 1

3 , as soon as the DED current starts to ramp
up, a 2/1 mode is triggered. This mode locks within ∼0.25 s
for DED frequencies of both +5 and −5 kHz, and causes a
disruption. For balanced beams, there is also a 2/1 mode.
For fDED = −5 kHz, this mode does not lock, whereas for
fDED = +5 kHz, it starts to lock ∼0.6 s after the DED current
starts to ramp up. Once it starts to lock, the rotation braking is
just as rapid as for fNBI = − 1

3 and again causes a disruption.

4. Observation of screening currents

The first observations of multiple jumps in the phase of δBθ in
the same probe plunge are reported, which are interpreted as

screening currents on multiple resonant surfaces. An example
of this can be seen in figure 8(a), while figure 8(b) shows
that these phase jumps are not observed in δBr . This is
consistent with the phase jumps being caused by screening
currents flowing along field lines since phase jumps would
only be expected in poloidal profiles of δBr . Such poloidal
profiles cannot be measured by the FMMP because it can only
be plunged radially. The remainder of this article focuses on
measurements of δBθ .

Observations of screening currents on multiple resonant
surfaces have been repeated for DED frequencies of ±1
and ±5 kHz. The observation of multiple resonant surfaces
raises the possibility of observing overlapping surfaces or the
formation of a stochastic region between surfaces. This would
be more likely with the DED in 6/2 configuration since there
would be more resonant surfaces and they would be closer
together. Experiments in 6/2 configuration are included in
future plans.

Figure 9 shows how the topology of the edge poloidal
magnetic field changes as the DED current is increased with
a frequency of fDED = −1 kHz. This DED current scan was
carried out in ohmic plasmas with toroidal field BT = 1.6 T,
plasma current IP = 180 kA and line-averaged electron density
ne = 1019 m−3. At IDED = 1.3 kA, two∼180◦ phase jumps are
clearly visible, indicating the presence of screening currents.

An equilibrium reconstruction was carried out using
the DIVA code in order to compare the radial location
of these screening currents with the location of resonant
surfaces in the equilibrium reconstruction. This equilibrium
was found by solving the Grad–Shafranov equation using
the core and edge plasma pressure, the toroidal field, the
plasma current and the plasma geometry as input. Internal
magnetic field measurements were not used for the equilibrium
reconstruction, and there is some uncertainty in the location of
the rational surfaces. However, TEXTOR equilibria produced
using this method have previously been used in calculations
of footprint patterns, which are highly sensitive to the location
of rational surfaces in the plasma edge, and good agreement
between modelling and experiment has been found [14, 15],
suggesting that the error in the location of rational surfaces is
less than 2–3 cm. Based on this equilibrium reconstruction, the
two outermost surfaces are identified as the q = 4 and q = 5
surfaces (figure 10). In figures 4 and 6(c), it can be seen that the
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Figure 8. Contour plot of (a) δBθ , showing an example of phase jumps across multiple resonant surfaces, and (b) δBr for the same plasma,
showing only a small, gradual phase change.
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Figure 9. Topology of the edge poloidal magnetic field with a DED frequency of −1 kHz and current of (a) 1.3 kA, (b) 1.4 kA, (c) 1.5 kA,
(d) 1.6 kA, (e) 1.7 kA and (f ) 1.8 kA. δB

1/2
θ is plotted instead of δBθ so that the same colour scale can be used for all of the plots without

losing all of the detail for the plots with lower DED current and therefore lower values of δBθ .

location of these surfaces does not exactly match the location
of the maximum current density or the maximum gradient of
the phase of δBθ . However, the difference is not more than a
centimetre, which is within the expected uncertainty.

As the DED current is increased, there is a gradual shift
in the phase of δBθ outside of the q = 5 surface such that
the phase jump across the surface is reduced to ∼90◦ at
IDED = 1.6 kA. At this value of DED current, the amplitude
of δBθ begins to increase sharply inside the q = 4 surface. At

IDED = 1.8 kA, the screening currents suddenly disappear and
the amplitude of δBθ suddenly increases throughout the plasma
edge. An analysis of the data from an array of in-vessel Mirnov
coils reveals that an m/n = 2/1 mode appears shortly after
the DED current reaches its flat-top value of IDED = 1.8 kA.
This 2/1 mode becomes locked to the DED frequency. It is
possible that the DED current threshold for the penetration of
the 2/1 mode is around 1.8 kA for fDED = −1 kHz. Another
possibility is that penetration of the RMP field on the q = 5

6
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Figure 10. The q-profile for the plasma used in the DED current scan based on an equilibrium reconstruction using the DIVA code, plotted
against (a) �

1/2
N and (b) minor radius r along the LFS midplane. The magnetic island widths as calculated using vacuum modelling are

shown for the IDED = 1.3 kA case. They clearly show the location of the resonant surfaces according to the equilibrium reconstruction.
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Figure 11. Topology of the edge poloidal magnetic field with a DED frequency of +1 kHz and current of (a) 0.4 kA, (b) 0.8 kA and
(c) 1.2 kA.

surface, and perhaps also on the q = 4 surface, occurs first and
leads to rotation braking, which then lowers the penetration
threshold for the 2/1 mode. It could be the 2/1 mode that is
responsible for the sudden increase in the amplitude of δBθ at
IDED = 1.8 kA.

In a previous study, the reduced MHD code 4FC was
used to model the plasma response to RMPs. A qualitative
agreement with experimental measurements of the radial
electric field on TEXTOR was found, but only when both
the m/n = 2/1 and 3/1 harmonics of the perturbation field
were included—when only the 2/1 harmonic was included, the
results were qualitatively different from those obtained in the
experiments. The 3/1 mode was found to be excited for any
finite strength of the perturbation field, and the width of the
3/1 island was found to increase gradually with increasing
perturbation amplitude. On the other hand, there was a
threshold for the penetration of the 2/1 mode, but once this
threshold was exceeded, the 2/1 island was found to grow
very rapidly with increasing perturbation amplitude. At the
same time, the MHD frequency for the 2/1 mode rapidly
approached that of the DED frequency [16]. This is consistent
with the gradual penetration of higher harmonics followed by
the sudden penetration, growth and locking of a 2/1 mode.

Figure 11 shows a DED current scan carried out in ohmic
plasmas with the same plasma parameters as above but with
DED frequency fDED = +1 kHz. The +1 kHz DED current
scan was restricted to just three discharges because of the
limited availability of experimental time. At IDED = 0.4 and
0.8 kA, two resonant surfaces are observed. The contour plot
for IDED = 1.2 kA looks very similar to the 1.8 kA case for
−1 kHz, i.e. the screening currents have disappeared and the
amplitude of δBθ is significantly increased. The data from the
array of in-vessel Mirnov coils also reveal a similar 2/1 mode
to that in the −1 kHz DED current scan. Therefore, it appears
that the effect is similar but is obtained at lower values of DED
current. This is expected since there is less difference between
the rotation of the DED field and the rotation of the electron
fluid. As in section 3, no rotation measurements were available
for these plasmas. However, based on the earlier experiments
with rotation measurements mentioned in section 3, it can be
assumed that the intrinsic rotation in these ohmic plasmas is
roughly similar to value of ω ≈ 2 × 104 rad s−1 in the counter-
current direction that was observed for balanced beams. The
gradual shift in the phase of δBθ outside the q = 5 surface
has not been observed for fDED = +1 kHz. However, this shift
may occur at 0.8 kA < IDED < 1.2 kA.
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Figure 12. Vacuum reference shots for (a) −1 kHz and (b) +1 kHz DED current scans.

Since the perturbation field produced by the DED is
applied on the HFS while the measurements are taken on the
LFS, the phase of the measured δBθ at a given location in the
plasma may be expected either to match that of the DED field
or to be inverted, depending on whether the poloidal mode
number at this location is even or odd. In a previous study, this
was indeed found to be the case when screening effects were
dominant [10]. Figure 12 shows the vacuum reference shots for
the DED current scans. By comparison with figures 9(a) and
11(a), where screening of the perturbation field is strongest, it
can be seen that the phase of δBθ outside of the surface with
an even poloidal mode number, i.e. the m/n = 4/1 surface,
is close to the phase of the vacuum field, whereas the phase
outside of the surfaces with odd poloidal mode numbers, i.e.
the m/n = 3/1 and 5/1 surfaces, is nearly opposite to that
of the vacuum field. It can also be seen that not only is the
amplitude of the penetrated RMP field in figures 9(f ) and
11 (c) significantly greater than the amplitude of the vacuum
field but also that the phase differs by ∼180◦. The presence
of the 2/1 mode in these field penetration cases suggests that
the perturbation field has penetrated at least up to the q = 2
surface. It is possible that the ∼180◦ phase shift relative to
the vacuum field is a result of the outermost surface on which
there is screening being the m/n = 1/1 surface, which has an
odd poloidal mode number. However, since the FMMP cannot
even come close to the q = 1 surface, the presence or absence
of screening on this surface cannot be established with any
certainty.

5. Comparison with previous work

In [17], fluctuations in the electron density ne and
temperatureTe were measured in the edge of TEXTOR plasmas
with applied RMPs from the DED. A modulation of both
ne and Te coherent to the DED frequency was observed but
with a phase delay between ne and Te. This phase delay
was interpreted as evidence of screening of the RMP field
and was found to increase with increasing difference between
the plasma rotation and the rotation of the DED field. This
is consistent with the result in section 3 that the phase of

δB relative to the vacuum field, which is also interpreted as
evidence of screening of the RMP field, is large when the
plasma is rotating in the co-current direction and the DED
field is rotating in the counter-current direction.

Modelling of RMP fields using a drift-fluid model was
presented in [18]. It was found that plasma response currents
could form on resonant surfaces and screen the RMP fields.
Screening currents in phase with the resonant component of
the perturbation field on a rational surface were shown to be
accompanied by currents that were 90◦ out of phase. These
out-of-phase currents were found to be capable of having a
strong impact on the magnetic field structure such that the
phase of the resulting magnetic field could differ from that of
the vacuum field. This is consistent with the results shown
in section 4, where the magnetic field is also found to have a
different phase from that of the vacuum field.

This modelling was extended in [19] using an analytical
free energy minimization approach, and the effect of the
strength of the RMP field on the screening was investigated.
In section 4, at least for the −1 kHz case, the RMP field
penetration is shown to occur very suddenly with a small
increase in DED current. This very sudden field penetration
may seem like a bifurcation. In fact, a bifurcation in
RMP screening is predicted in [19] but only for low plasma
resistivity, whereas the edge of a TEXTOR plasma is highly
resistive. However, the prediction for high plasma resistivity
is for an initial gradual reduction in screening with increasing
RMP strength followed by a sudden drop, which is also
consistent with the results presented here.

6. Summary and conclusions

This paper aims to investigate the plasma response to RMPs
by directly measuring changes in the edge magnetic field that
occur when RMPs are applied. A better understanding of the
plasma response to RMPs is necessary in order to understand
the mechanism behind ELM mitigation or suppression.

The effect of toroidal plasma rotation on the plasma
response to RMPs has been investigated by varying the relative
power of co- and counter-current NBI. A sharp change in the
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phase of the plasma response is observed when co-current NBI
is dominant and the DED field is rotating in the counter-current
direction, which corresponds to a large difference between the
rotation of the DED field and the rotation of the electron fluid.
This phase change may be an indication of a transition between
screening and field penetration.

The first observations of screening currents on multiple
resonant surfaces have been made, and the transition from
screening to field penetration with increasing DED current
has been measured. As the DED current is increased, a
gradual reduction in the phase jump across the outermost
resonant surface occurs. As IDED is increased further, there
is an increase in the amplitude of the plasma response deeper
inside the plasma followed by complete penetration of the
RMP field. This initially gradual change followed by a very
sudden field penetration is consistent with predictions from
modelling [19]. After RMP field penetration, the fluctuating
part of the magnetic field has a significantly greater amplitude
and a ∼180◦ phase difference compared to the vacuum case.
This is possibly a result of the penetration of a 2/1 mode. The
threshold for RMP field penetration is found to be higher when
the DED field rotates in the co-current direction, since in the
absence of NBI heating, the electron fluid rotates in the counter-
current direction and the difference in rotation frequency is
therefore greater.

RMP modelling in the vacuum approximation does not
include plasma parameters such as rotation or plasma response
effects such as the formation of screening currents. These
results highlight the importance of including such plasma
parameters and plasma response effects when calculating the
effect of RMPs.

It is only possible to insert the FMMP into relatively
low-temperature L-mode plasmas, whereas ELM mitigation
or suppression can only occur in ELMy H-mode plasmas.
However, measurements could still be taken outside of an H-
mode plasma. Therefore, in order to extend the relevance of
this work to ELMy H-mode plasmas, a comparison between
internal and external L-mode measurements is planned, which
may be able to provide predictions of the internal magnetic
field based on external measurements.

Further plans include the numerical implementation of
screening currents as surface current sheets on resonant
surfaces with amplitude and phase determined from
experimental measurements as in figure 6. These current
sheets can then be treated in the same way as RMP coils:
the magnetic perturbation field that they produce can be
calculated and superposed on the equilibrium field, hence
island widths can be calculated and Poincaré plots can be

produced in order to visualize the magnetic topology. This can
then be used as an indication of whether overlapping islands or
stochastic regions are formed. Further experiments are planned
to be carried out with the DED in m/n = 6/2 configuration.
This should provide a greater chance of observing overlapping
islands or the formation of a stochastic region since there
will be double the number of resonant surfaces with half the
separation compared to the 3/1 configuration. In addition,
the possibility of carrying out a quantitative comparison with
numerical simulation using existing two-fluid MHD models is
currently under consideration.
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