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ABSTRACT

Reduced particle losses have been observed during the operation of an m/n¼ 6/2 resonant magnetic perturbation in the TEXTOR tokamak. The
influence of the perturbation field on multi-scale turbulence and turbulent transport has been surveyed in detail across the perturbation-induced
reduction of edge transport. The results indicate that with magnetic perturbation (MP), both the large-scale zonal flows and small-scale drift-wave
turbulence are significantly reduced. At high MP currents, a reduction of edge transport can be realized due to primarily the decline of small-scale
ambient turbulence and turbulent transport in the ergodic zone, where the turbulence eddy size is largely decreased. Investigation on the dynamic
process of fluctuation quantities during the perturbation current ramp-up phase further shows that geodesic acoustic mode zonal flows and their
nonlinear interaction with background turbulence decrease incessantly with increasing perturbation current. The transport reduction takes place
only after small-scale turbulence starts to be strongly reduced by the MP when the MP strength reaches a certain threshold value.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002022

I. INTRODUCTION

In recent years, the application of resonant magnetic perturbation
in magnetically confined plasmas has been demonstrated to be a prom-
ising way for suppression or mitigation of the edge localized mode1–4

and control of MHD activities.5–7 As the magnetic perturbation (MP)
strongly modifies the magnetic topology at the plasma boundary, the
influence of the perturbation field on the edge radial electric field,
plasma rotations, turbulence, and turbulent transport, as well as zonal
flows, has also been observed in many fusion devices.8–21 For most
RMP experiments performed in the H-mode regime, where the plasma
stability and confinement depend crucially on the properties of the
plasma pedestal, which is characterized by steep pressure and current
gradients, the effects of the magnetic perturbation are commonly cor-
roborated to be associated with the changes in edge magnetic topology
and potential responses of instabilities in a specific phase-space

operating window of the 3D field. In contrast, the present study is based
on Ohmic experiments, for which the influence of the magnetic pertur-
bation on plasma properties reflects more on the change in fundamental
features of edge turbulence and associated transport in the stochastic
region induced by the MP. In an earlier paper, an improved confine-
ment scenario during a static m/n¼ 6/2 MP operation at TEXTOR has
been reported.22 The substantial particle confinement is thought to be
related to a particular condition in which edge magnetic flux tubes are
connected to the wall, and the density built up is tentatively attributed
to the modification of the electric potential induced by the open field
lines with the MP. Nevertheless, a detailed investigation on the underly-
ing physical mechanisms responsible for the confinement improvement
or transport reduction, especially the influence of the MP on turbulence
and associated transport, has not yet been carried out due to the lack of
related diagnostics in the experimental campaign.
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In this study, we have revisited the experimental scenario per-
formed several years ago at the TEXTOR tokamak where a peculiar
improved Ohmic confinement regime with reduced particle losses was
reached in the static m/n¼ 6/2 DED experiment. The main purpose
of this work is to investigate the impact of the edge magnetic perturba-
tion on multi-scale turbulence, including micro-scale turbulence and
meso-scale zonal flows, as well as turbulence-driven transport in such
a scenario, in order to gain insight into multi-scale turbulence dynam-
ics in the case of perturbed edge magnetic topology. The results pro-
vide new experimental evidence for the impact of the MP to induce a
reduced edge turbulent transport in the stochastic region of ohmically
heated plasmas and also the dynamic interaction between the zonal
flows and microturbulence along with the threshold MP current to
affect the particle confinement during the ramp-up of the MP current.
The rest of this paper is organized as follows: In Sec. II, the experimen-
tal setup and diagnostics are described. Section III presents experimen-
tal results and discussions, and conclusions are formulated in Sec. IV.

II. EXPERIMENTAL SETUP

The experiments were carried out in Ohmic deuterium dis-
charges at TEXTOR with a limiter configuration. The major and
minor radii are R¼ 175 cm and a � 48 cm, respectively. The plasma
current was Ip¼ (200–250) kA, the toroidal magnetic field was
BT¼ (1.9–2.25) T, and the central chord-averaged density was
�ne¼ (2.0–3.0)�1019 m�3. The edge resonant magnetic perturbation
was generated by 16 coils, helically wound around the inner side of the
torus with a pitch angle parallel to field lines on the rational magnetic
surface with a safety factor q � 3.23 In the present experiment, the
base poloidal/toroidal modes were operated as m/n¼ 6/2 with a dc
current in the MP coils, which were applied during the stationary
phase of the Ohmic discharge. The magnitude of the MP current, IMP,
was scanned in a range of IMP¼ (3–7.5) kA. The main diagnostics
used in this study were two sets of movable Langmuir probe systems
installed on the outer midplane (low-field side) at two toroidally oppo-
site locations of the torus. In each shot, one probe system is stationary,
while the other is fast reciprocating. From shot to shot, the radial posi-
tion of the stationary probe can be altered from the scrape-off layer
(SOL) to the plasma edge. For the fast probe system, its head consists
of two probe arrays separated by 4mm in the radial direction.24 The
cylindrical molybdenum tips in both arrays of the fast probe are 3mm
long with a diameter of 1–2mm. One probe array was connected as a
“triple probe”25 to measure the local electron temperature Te, density
ne, floating potential /f , and plasma potential /p ¼ /f þ 2:8Te in
deuterium plasmas,26 as well as fluctuation-induced particle flux Cr

computed from the fluctuating density (~n) and poloidal electric field
(~Eh) by Cr ¼ h~n~Ehi=B/, where the brackets denote an ensemble
average. ~n here was estimated in a usual way from ion saturation cur-
rent fluctuations and ~Eh from the potential fluctuation difference mea-
sured by two poloidally spaced pins of the triple probe. Another probe
array with 4mm radial extension was equipped to detect the floating
potential or ion saturation currents Is. The local radial electric field Er
can therefore be estimated from the potential difference measured by
two radially separated pins of the fast probe. For the stationary probe
system, the probe tips were all arranged to measure either /f or Is.
This setup enables the simultaneous investigation of small-scale (on
the order of 1 cm) turbulence properties and large-scale (on the order
of 10 m) zonal flows in the plasma boundary of TEXTOR. The probe

data were digitized at a rate of 500 kHz to provide simultaneous mea-
surements of the edge equilibrium and fluctuation quantities.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 plots discharge waveforms in a magnetic perturbation
experiment. In Figs. 1(a)–1(c), one can see that a dcMP current (IMP),
ramping from 0 to 7.5 kA and then held constant for about 1 s, was
applied in the stationary stage of the discharge. As illustrated in the
shaded zones in Figs. 1(b)–1(d), with magnetic perturbation, the edge
Da emission strongly reduces, while the line-averaged density is almost
unchanged, implying an improvement of particle confinement. Here,
we infer the confinement improvement by evaluating the global parti-
cle confinement time sp from the time derivative of the total electron
density dNe

dt , which is determined by the ionization rate of neutral

FIG. 1. Time evolution of plasma parameters during an m=n ¼ 6=2 MP experiment
at TEXTOR. (a) Plasma current; (b) dc-MP current; (c) central line-averaged den-
sity and Da emission in front of the ALT limiter at the low-field side along with the
horizontal plasma position; (d) raw signal of floating potential measured by the sta-
tionary probe at the plasma edge (r � 46 cm); (e) radial position of fast reciprocat-
ing Langmuir probe arrays; and (f) raw signal of floating potential measured by the
fast probe.
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particles (nen0S0V) and total loss rate (
Ð

Closs � S ¼ Ne
sp
), where ne and

n0 are the electron density and the neutral density, respectively, S0 is
the ionization rate, and V ðSÞ denotes the total plasma volume (surface
area), i.e., dNe

dt ¼ nen0S0V � Ne
sp
. On the other hand, the Da emission

intensity IDa / nen0XB, where X is the excitation rate and B is the
branching ratio of de-excitation. For the same density and tempera-
ture, S0

XB is nearly constant and nen0S0V / IDa. In our experiment, the

total density is almost unchanged (dNe
dt ¼ 0), and we get sp ¼ Ne

nen0S0V

/ Ne
IDa
.27 Therefore, a reduced IDa value indicates an enhanced particle

confinement time. The question is “what induces a reduction of edge
particle transport losses during the magnetic perturbation?” Fig. 1(d)
plots the /f signal measured by the stationary probe at the plasma
edge (r � 46 cm). It shows a reduction in the fluctuation level during
the MP phase. Thus, we have to link the reduced edge transport to the
change in turbulence properties. Figure 1(e) draws the time trace of
the radial position of the fast reciprocating probe, which moves from
the SOL into the plasma edge. In each shot, two plunges were executed
for a comparison between the periods before and during the MP. With
MP, the mean value of the floating potential is strongly modified, as
displayed in the /f signals in Figs. 1(d) and 1(f) measured by both the
stationary and fast probes. This modification is considered to be
caused by the ambipolarity constraint along the MP-induced open
field lines via which the electrons move faster than massive ions, and
hence, the local /f increases, as observed earlier on Tore Supra,8

TEXTOR,24 and MAST.16 Figure 2 depicts the radial profiles of the

edge equilibrium density and electron temperature averaged in several
analogous discharges measured by the fast probe before (black) and dur-
ing (red) the MP. It is shown that with MP, both the edge ne and Te val-
ues are slightly enhanced in the plasma edge. As the line-averaged
density is almost unchanged, the increase in ne is not pronounced.

A. Impact of magnetic perturbation on turbulent
transport in different perturbation zones at the plasma
boundary

For studying the influence of the magnetic perturbation on
plasma parameters, it is important to know the magnetic penetration
depth and the local modification of the magnetic topology by the MP
so that one can explore how turbulence and turbulent transport are
affected in different penetration zones. During the MP operation, the
magnetic perturbation leads to a chaotic behavior of the field lines in
the plasma boundary. In general, the stochastic field lines can be sorted
into two distinct regions, i.e., the “ergodic zone” (EZ) with a longer
field line connection length (Lc > the Kolmogorov decay length, a sta-
tistical measure of the e-folding length for the exponential separation
of neighboring field lines) and the “laminar zone” (LZ) with shorter
Lc. In practice, the EZ and LZ are distinguished by Lc � 3–4 poloidal
turns of the torus, as predicted by calculations.28 In this investigation,
we have calculated the connection lengths of field lines using the
ATLAS code29 at the location where the probe measurements were
executed during the MP. The radial variation of Lc is plotted in
Fig. 3(a) together with the radial profiles of Er shear (E0r), fluctuation-
induced particle flux Cr , and the poloidal turbulence correlation length
(lh) measured in the EZ, LZ, and SOL regions before (black) and dur-
ing (red) the MP. Here, lh is computed by the inverse of the kh spec-
trum width of potential fluctuations detected by two poloidally spaced
probes.30 Figure 3(b) shows that with MP, the absolute value of E0r is
reduced in all three regions. In the SOL (48 cm <r < 50 cm) where
the stochastization is weak, Cr slightly increases, and it appears to react
to locally decreased E0r . In the EZ, Cr is strongly reduced, in line with
the reduction of the edge transport and improved particle confine-
ment. The drop of Cr in the ergodic zone cannot be attributed to the
locally reduced E0r . As the local lh in the EZ and LZ decreases during
the MP phase [see Fig. 3(d)], it turns to be the destructive role by the
MP itself on turbulence eddies, which leads to a drop of turbulent flux
in the stochastic region. Similar results for the MP suppression on
large turbulence structures have also been observed elsewhere,8,9,16,24

in agreement with theoretical simulations.31 It is, however, noticed
that in the simulation of microturbulence in the DIII-D H-mode ped-
estal region, the resonant magnetic perturbation does not significantly
affect the electrostatic mode structure.32

B. Impact of magnetic perturbation on multi-scale
turbulence and turbulent flux in the ergodic zone

In order to explore the impact of the magnetic perturbation on
multi-scale turbulence components and on turbulence-driven trans-
port, we have computed the frequency spectra of various fluctuation
quantities and their contributions to the fluctuation-induced particle
flux in the EZ area before and during the MP. Figure 4 depicts the

spectral components of the turbulent particle flux Crðf Þ ¼ h~nðf Þ
~Ehðf Þi
B/

¼ khðf ÞjPn/ðf Þj�sin½an/ðf Þ�
B/

¼ khðf Þ~nrmsðf Þ~/ rmsðf Þcn/ðf Þ�sin½an/ðf Þ�
B/

, where ~nrms and

FIG. 2. Radial dependence of (a) edge plasma density and (b) electron temperature
before (black curves) and during (red curves) the MP measured by the fast probe.
The error bars indicate the standard deviation about the mean estimated in similar
discharges. The vertical solid line denotes the limiter location.
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~/
rms

denote the root mean square (rms) level of density and potential
fluctuations, cn/ is the coherence between ~n and ~/, and an/ is the
phase difference between ~n and ~/. In the Ohmic phase before the MP
(black curves), the turbulence spectra roughly contain two major parts.

In the low-frequency range (f < 15 kHz), ~/
rmsðf Þ exhibits a promi-

nent peak around f � 10 kHz, as shown in Fig. 4(a). It has been found
that this peaked component is attributed to the large-scale geodesic
acoustic mode (GAM) zonal flows, which has a narrow radial extent
and the poloidal/toroidal mode number m/n¼ 0/0 in potential fluctu-
ations. The detailed properties of this GAM have been investigated
and documented in Refs. 33 and 34. In the higher frequency range
(f > 15 kHz), the small-scale drift-wave turbulence contributes to the
potential and density fluctuation power. As shown in Fig. 4(f), before
MP, the turbulent particle flux Cr is mainly driven by small-scale

FIG. 3. Radial profiles of (a) the calculated field line connection length (normalized
by the poloidal turn flux tube), (b) Er shear, (c) fluctuation-driven particle flux, and
(d) the poloidal correlation length detected by the fast probe before (black curves/
symbols) and during (red curves/symbols) the MP. The vertical solid line denotes
the limiter position. The vertical dashed line roughly separates the ergodic zone
(EZ, left side) and the laminar zone (LZ, right side).

FIG. 4. Comparison of turbulent particle flux and its spectral components measured
by the fast probe at r � 45:8 cm before (black curves, without MP) and during (red
curves, with MP) the edge transport reduction (# 111625). (a) The root mean
square (rms) level of potential fluctuations, (b) the rms level of density fluctuations,
(c) the poloidal wavenumber, (d) the coherence between density and potential fluc-
tuations, (e) the phase difference between density and potential fluctuations, and (f)
turbulent particle flux as a function of frequency.
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ambient turbulence, while the GAM zonal flow makes little contribu-
tion to Cr since the poloidal wavenumber khðf Þ of the GAM is close to
zero in the low frequency range. In the period of confinement
improved with the MP, all the spectral components of Crðf Þ are
changed significantly. First, the magnetic perturbation induces an
overall reduction in potential and density fluctuation amplitudes,
~nrmsðf Þ and ~/

rmsðf Þ, implying suppression by MP on both GAM
zonal flows and ambient turbulence. The destructive role by the MP
on the large-scale GAMs has been observed earlier in TEXTOR13 and
in other tokamaks as well.18,19 The absence of GAM during the MP
leads to development of nonzero kh in the low frequency fluctuations
[see the red curve in Fig. 4(c)], and meanwhile, we observed an
increase in Cr in the low frequency range. It is interesting to note that
in the present discharge, the MP induces simultaneous changes in the
sign of an/ðf Þ (jan/j < 90�) and khðf Þ so that Cr remains in the radi-
ally outward direction. During MP, the coherence cn/ of ambient tur-
bulence decreases, indicating the reduction of cross-power between
density and potential fluctuations in terms of the rms value of the fluc-
tuations. The above results reveal that for the present experiments, (i)
the application of magnetic perturbation, in general, imposes a sup-
pression role on multi-scale fluctuation components, including large-
scale GAM zonal flows and small-scale drift-wave turbulence; and (ii)
with MP, the edge transport reduction (or confinement improvement)
arises primarily from strong reduction of small-scale ambient turbu-
lence, whereas in the low frequency range, the application of MP stirs
a small enhancement to turbulent transport owing to suppression of
GAMs.

C. Dynamics of nonlinear interaction and energy
transfer between GAM zonal flows and ambient
turbulence (AT) across transport reduction induced by
the MP

In the physics of zonal flows, it is well known that GAM zonal
flows usually coexist with drift-wave ambient edge turbulence (AT)
and their dynamic interaction can be characterized from two different
manifestations, which are not mutually exclusive.35 One is that the
GAM extracts energy from AT via nonlinear coupling, while the other
is the reduction of AT by the time-varying E�B shear decorrelation.36

For the second effects, we have estimated the E�B shear rate by
GAM zonal flows and found that it is nearly one order lower than the
decorrelation rate of AT. Thus, in our case, the shearing effects by
GAM on AT are not significant enough to cause the L–H transition.
Therefore, in this study, we focus on the first aspect of interaction
dynamics between GAM and AT, i.e., the nonlinear energy transfer
between GAM and AT. In our experiment, the MP suppresses both
GAM zonal flows and AT and eventually triggers a reduction of edge
transport (or improved confinement). Therefore, it is essential to sur-
vey the dynamics of the nonlinear coupling between GAM and AT
during the process that both are gradually reduced with increasing MP
magnitude. To this end, we first investigate the self-regulation process
of the GAM for the drift-wave turbulence in the Ohmic discharge
phase without employing the MP. The results are illustrated in Fig. 5,
in which the time traces of ~/ f ; ~Er , and ~I s were detected by the fast
probe array in the ergodic zone (r � 46 cm). Whereas both ~/ f and ~Er

signals are oscillating at the GAM frequency (see red curves filtered in
7–12 kHz), ~I s exhibits broad-band features. Here, ~I s can be treated as a
proxy of ambient density fluctuations. In Fig. 5(c), the envelope of ~I s

(~I s;env) is calculated via the Hilbert transform and depicted by green
curves. It can be clearly seen that the AT (~I s) is modulated by the fre-
quency of GAM zonal flows. Similar phenomena have been observed
in JFT-2M tokamak.37 Figure 5(d) compares the temporal evolutions
of ~Er (filtered around the GAM frequency) and ~I s;env . ~Er oscillation
lags the ~I s;env variation by about p=2, consistent with the predator-
prey dynamics, i.e., the GAM zonal flows act as a predator and AT is a
prey. Such kinds of predator-prey interaction between another type
low-frequency ~Er � B zonal flow and the ambient turbulence leading
to the L–H transition have been described in Ref. 38 and experimen-
tally identified during the period of the limit cycle oscillation prior to
the L–H transition.39,40 To verify the above results, we have calculated

FIG. 5. Time traces of fluctuation signals measured at r � 46 cm by the fast probe
before MP. (a) Floating potential ~/ f , (b) radial electric field ~E r , and (c) ion situation
current~I s and its envelope~I s;env depicted by the green curve. The red curves in (a)
and (b) indicate the GAM oscillation filtered from the raw signals. The lower
zoomed panel compares the temporal evolution of ~E r (red curve) and the envelope
of~I s (green curve).
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the cross correlation function (CCF) from the ~Er ; ~/f , and~I s;env signals
and averaged the CCF values over a number of ensembles. The results
are depicted in Fig. 6. In Fig. 6(a), the CCF between ~Er and ~I s;env and
the CCF between ~/f and ~I s;env signals computed from the fast probe
data in the EZ region are shown by the black and blue curves, respec-
tively. The CCF ð~Er-~I s;envÞ¼ 0 at the zero time lag affirms the p=2
phase difference between the predator (~Er) and prey (~I s;env) oscilla-
tions. Because ~Er ¼�ikr ~/f , the variation of ~/ f lags ~Er by p=2. Thus,
the phase delay between CCF ð~/ f -~I s;envÞ and CCF ð~Er-~I s;envÞ is nearly
a quarter of the period (T/4). Similarly, the local CCF ð~/f -~I s;envÞ mea-
sured by the stationary probe pins at approximately the same radial
position but a distant toroidal location of the torus has been calculated
and is plotted in Fig. 6(b). It shows analogous variations to the CCF
ð~/ f -~I s;envÞ detected by the fast probes. As the value of CCF ð~/ f -~I s;envÞ
depends on the strength of the GAM zonal flows and its nonlinear
coupling with the AT, we may use its peak-peak value (magnitude) as
a rough measure to quantify the degree of the nonlinear interaction
between the GAM and the AT.

The influence of the MP on the dynamics of the nonlinear cou-
pling and energy transfer between the GAM zonal flows and AT is fur-
ther inspected in the ramp-up phase of the perturbation current (IMP),
during which a reduced edge transport (or improved confinement) is
excited. Figure 7 plots time histories of IMP (increasing from 0 to
7.5 kA) and related fluctuation quantities measured by the stationary
probe located at a fixed radial position in the EZ area across a transi-
tion to an improved confinement. To obtain better statistics, the

results in Fig. 7 have been averaged over several similar discharges. In
Fig. 7(a), we added the time trace of the ratio �ne=IDa as an indication
of the change in the particle confinement time {sp / �ne=IDa, while the
density is stable [see Fig. 1(c)]}. One can see that the increase in sp
occurs when the MP current rises to �2 kA. Figure 7(b) displays the
contour-plot of the potential fluctuation ~/ f spectra. For separating the
GAM and AT components, Fig. 7(c) plots their rms levels estimated

FIG. 6. (a) Cross-correlation function (CCF) between fluctuating ~E r and the ~I s
envelope (black curve) and ~/ f and the~I s envelope (blue curve) at r � 46 cm mea-
sured by the fast probe before MP. (b) CCF between fluctuating ~/ f and the ~I s
envelope measured by the stationary probe (r � 46 cm) before MP.

FIG. 7. Time evolutions of (a) MP current and the ratio of �ne=IDað/ spÞ; (b)
contour-plot of spectra of ~/ f fluctuations; (c) rms level of GAM zonal flows
(~/

rms
f ;GAM ) and ambient turbulence (~/

rms
f ;AT ) in potential fluctuations; (d) rms level of

density fluctuations (~I
rms
s ); (e) poloidal correlation length; and (f) magnitude of the

cross correlation between fluctuating ~/ f and ~I s;env measured by the stationary
probe (r � 46 cm). The results were averaged over a few similar discharges. The
error bars indicate the standard deviation about the mean estimated in these shots.
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from the raw ~/f signal filtered in the frequency range of (1–20) kHz
and (20–100) kHz, respectively. As background turbulence, the rms
level of ~I s is drawn in Fig. 7(d). The spatial structure of the turbulence
eddies is evaluated by calculating the poloidal correlation length (lh) of
~/f measured by two poloidally spaced pins at the stationary probe. It
should be pointed out that the contribution from the GAM zonal flows
to the measured lh has been excluded since the GAM has a poloidal
homogeneous structure (m¼ 0) in potential fluctuations. Hence, the
time evolution of lh in Fig. 7(e) only reflects variations of small-scale
AT structures affected by the magnetic perturbation. In Fig. 7(f), the
magnitude of the CCF(~/ f -~I s;env) detected by the stationary probe sys-
tem is depicted, which is used to assess the nonlinear coupling degree
between GAM and AT. It is found that across the whole MP ramp-up
period, the dynamic processes of GAM and AT variations and their
nonlinear interplay can be generally divided into three stages, as
marked in the figure. In phase-I, at small MP currents (IMP < 2 kA),
~/
rms
f ;AT ; ~I

rms
s , and lh are nearly unchanged, while ~/

rms
f ;GAM decreases rap-

idly with increasing IMP. This means that the large-scale GAM is more
sensitive than the micro-scale AT in response to a small magnetic per-
turbation. As a consequence, the nonlinear energy transfer between
the GAM and AT also reduces gradually with increasing IMP, as shown
in Fig. 7(f). In this phase, the plasma confinement is slightly deterio-
rated due to the reduction of the GAM [see sp / �ne=IDa in Fig. 7(a)].
In the second phase (2 kA< IMP < 4.5 kA), all ~/

rms
f ;AT ;

~/
rms
f ;GAM ;

~I
rms
s ; lh, and CCF(~/f -~I s;env) quantities decrease gradually with

increasing perturbation current, indicating that both large-scale GAM
and small-scale AT are strongly reduced by the MP, and meanwhile,
their nonlinear interaction and energy transfer drop further. Note that
sp starts to increase at the beginning of this phase, which suggests that
(i) the edge transport reduction is induced primarily due to repression
of small-scale ambient turbulence and (ii) for triggering an edge
transport reduction (or confinement improvement), a threshold MP
strength is needed for suppressing the AT. In phase-III
(IMP > 4.5 kA), with a further increase in IMP, both GAM and AT are
strongly suppressed, and the GAM zonal flows vanish eventually.
Therefore, sp increases continuously in this phase. The above results
show that during the entire MP ramp-up period, the GAM zonal flows
and their nonlinear interaction with background turbulence decrease
incessantly. The decrease in edge transport does not occur until the
micro-scale turbulence starts to be suppressed by the MP when the
perturbation current reaches a certain threshold value.

It should be noted that in the MP experiments, the magnetic per-
turbation at the plasma boundary may alter the magnetic topology
and even generate magnetic islands, depending on the penetration
strength.21,23 In the present m/n¼ 6/2 MP operation, small island
chains have been observed although large islands were not yet excited.
The local change of the sheared flows around the island boundary
may also be one possible mechanism to cause particle confinement
changes. The role of magnetic islands along with other mechanisms in
affecting plasma transport and confinement properties will be investi-
gated in the future.

IV. CONCLUSION

In conclusion, the impact of edge magnetic perturbation on
multi-scale turbulence and turbulent transport has been studied in
detail in a peculiar improved Ohmic confinement regime at the
TEXTOR tokamak. The results show that the magnetic perturbation

generally imposes a suppression effect on both the large-scale GAM
zonal flows and micro-scale drift-wave turbulence. At small MP cur-
rents, the repression of GAM zonal flows is more sensitive than small-
scale ambient turbulence. With increasing MP strength, an edge trans-
port reduction (or confinement improvement) can be triggered due to
mainly the destructive role of the MP on small-scale turbulence eddies,
although the suppression of GAMs induces a small enhancement in
turbulent transport in the low frequency range. During the entire MP
ramp-up phase, the GAM zonal flows and their nonlinear interaction
with ambient turbulence decrease incessantly with increasing MP cur-
rent. The edge transport reduction (or confinement improvement)
occurs only after micro-scale turbulence starts to be suppressed by the
MP when the MP magnitude reaches a certain threshold value. The
results may provide additional implication for the influence of the
edge magnetic perturbation on multi-scale turbulence dynamics and
turbulent transport at the boundary of fusion devices.
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