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Resonant magnetic perturbations (RMPs) are discussed in ELM mitigation scenarios at different

devices and envisaged for future devices as ITER. In parallel extensive efforts have been performed to
measure and understand the interaction between turbulence and RMPs.
At TEXTOR poloidal cross correlation reflectometry, Mirnov coils and Langmuir probes are available
to observe turbulent aspects during RMP operation. This paper will present an overview on different
aspects of turbulence during application of RMPs. The presented investigations concentrate on (i) the
reduction of the poloiodal connection length due to formation of ergodic layers by the RMP on the
geodesic acoustic mode at the plasma edge; (ii) the description of structures in RMP generated island
chains and especially on the observation of flow patterns inside the island; (iii) the enhanced turbulent
transport in the pump out scenario at TEXTOR and (iv) the effect of the RMP on the blobby transport
at the plasma edge.
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1. Introduction

During the last years extensive efforts have been
performed to measure the turbulence characteristics
and understand the interaction with resonant mag-
netic perturbations (RMPs). Turbulence and turbu-
lent structures are the key for a better understanding
of transport properties and a starting point for bet-
ter control of particle- and energy transport with the
aim to improve the plasma scenarios for future de-
vices as ITER. As it was recently demonstrated at
JET, the ELM activity can be mitigated by applica-
tion of RMPs [1]. However, a deeper understanding of
the interaction of RMPs with the plasma turbulence
is needed.
At TEXTOR the tools to investigate the plasma —
RMP interaction are available. To generate RMPs
the dynamic ergodic divertor (DED) [2] is used. The
large variety of different operation (3/1, 6/2 and 12/4)
configurations allows to modify the magnetic topology
at the plasma edge by varying the current in the per-
turbation coils, its frequency and the pulse shape. On
the other hand TEXTOR is equipped with a set of
different fast sampled and high resolution diagnostics,
as poloidal correlation reflectometry (CR), reciprocat-
ing Langmuir probes and Mirnov coils. Those diag-
nostics have been successfully used in the study of

author’s e-mail: a.kraemer-flecken@Qfz-juelich.de

44

a

R =177[m], |

bep = 3 AL B, = 0.25

00 110 120
poloidal angle 6 [deg]

80 90

Fig. 1 Poincaré plot obtained for a vacuum calculation
and a superimposed ohmic plasma with ¢, = 4.5.
The island chains of m/n = 5/2 and m/n = 6/2
are clearly visible.

zonal flows and GAMs [3], turbulence transport and
blobby transport [4]. Since different plasma quanti-
ties are measured by these diagnostics, the correlation
between them can yield additional information on the
origin of turbulence itself.

In section 2 the DED and the different diagnostic tools
are described. After a short overview on macroscopic
effects and supposed structure formation at the edge
in section 3, the influence of the RMP on the geodesic
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acoustic mode (GAM) is presented in section 4. Sec-
tion 5 presents aspects of the structure in a RMP gen-
erated island chain. In section 6 the enhanced turbu-
lent transport in the pump out scenario is discussed
followed by section 7 on the blobby transport. Sec-
tion 8 summarizes the observations and discusses the
consequences for future applications of RMPs.

2. Diagnostic Tools at TEXTOR

TEXTOR (R, = 1.75 m, a = 0.46 m) a lim-
iter tokamak with circular poloidal cross section is
equipped with a dynamic ergodic divertor[2] to gen-
erate RMPs. It consists of a set of 16 coils wrapped
helically around the high field side of the vessel. The
main resonances of the generated RMP can be set to
m/n = 3/1,6/2 and 12/4. All here reported exper-
iments are performed in the 6/2 configuration with
dc DED operation and varying DED current. Due to
the RMP the plasma at the edge is not longer sym-
metrical in ¢— and 6—direction, where ¢ and 6 denote
the toroidal and poloidal angle, respectively. Due to
the applied RMP the nested flux surfaces at the edge
become disturbed. Two different regions can be iden-
tified using the Kolmogorov length L in braided mag-
netic fields [5] as a measure. As long as the poloidal
connection length (L.) is less than the Kolmogorov
length, the region is called laminar. If L. > Lj the re-
gion is called ergodic. The transition between laminar
zone and ergodic layer takes place for n. ~ 3—4, where
n. denotes the number of poloidal turns. In practice
the laminar zone has a slab size of A r ~ 2 cm depend-
ing on the plasma parameters and the DED current.
A 4-channel correlation CR system [6] is available
which measures density fluctuations and the perpen-
dicular plasma rotation at two poloidal positions (6 =
0°,90°) with an array of 5 antennae at each position.
It is further used to determine the turbulence decor-
relation time and mean turbulence wavelength from
poloidal distribution of the cross correlation coeffi-
cient. A set of Mirnov coils, A¢ = 135° toroidally
apart from the CR system, measures magnetic fluctu-
ations at § = 0°,30°,45°,60°,75°,90°,270° and 330°.
For the observation of the plasma potential and the
ion saturation current at the plasma boundary multi—
array Langmuir probes are installed on a fast recipro-
cating manipulator [7]. It allows the measurement of
local electron temperature (T%) and density (n.) and
the determination of the radial electric field (E,.) from
the floating potential (¢y).

3. General aspects of RMPs at TEX-
TOR
Effects of the DED on the plasma are recently

presented in [8, 9]. For the knowledge of the position
of island chains in 3-dim geometry and the relative
position of the diagnostic with respect to the island
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chains, Poincaré plots are of help. In Fig. 1 the mag-
netic structure at the position of the CR system for a
plasma with fixed 3,, and Ipgp is shown. The open
circles indicate the positions of the CR cutoff layer for
different probing frequencies, which are close to the
RMP generated m/n = 5/2 island. Furthermore the
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Fig. 2 Comparison of radial profiles from Langmuir probes
for plasmas with RMP (Ipgp = 6 kA) and without
RMP: (a) T.; (b) ne; (c) pe and (d) E,.

5/2 island marks the region between open flux surfaces
(ergodic layer) outside the island and intact surfaces
more deep in the plasma.

Due to the short connection length to the target in
the laminar region (r > 0.44 m) the turbulent spec-
trum changes. Coherent structures are reduced due to
open field lines. The electron temperature (7, ) shows
a significant reduction by a factor 2 (see Fig. 2a). In
the ergodic region the decrease in T, is much less pro-
nounced compared to the laminar zone. The gradients
in electron density (n.) and plasma pressure (p.) be-
come more steep in the laminar zone (see Fig. 2c,d).
The higher mobility of the electrons compared to the
ions in this region of open field lines causes a faster
loss of electrons and increases the floating potential
¢, measured by probes. From two radial different
measurements of ¢ the radial electric field E, is cal-
culated. In Fig. 2d the comparison of E, with and
without RMP is shown. Note that the maximum in
E,. is shifted from the position of the last closed flux
surface in a discharge without RMP to the position
where the transition from the laminar to ergodic zone
takes place. More deep in the plasma FE, decreases
again. The change E, is also obtained from the mea-
surements of the perpendicular plasma velocity (v, )
by the CR system

E’I" - _(UJ_ - Udia) . Bt (1)
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Fig. 3 Profiles of v, for ohmic plasma at different Ipgp
generating the RMP.

where v4;, is the diamagnetic drift velocity. Further-
more the RMP has a large impact on the plasma rota-
tion. The braking of the plasma by the RMP is seen
in Fig. 3, where radial profiles of v; are shown for
different Ipgp. A reduction of a factor 2, compared
to the non DED case is observed in the ergodic zone
for the highest Ipgp current. Comparing the data for
Ipep = 3 kA with the Poincaré plot in Fig. 1, a clear
correlation between the hump in v, at r = 0.375 m
and the position of the m/n = 5/2 island is seen for
2 < Ipgp < 4 kA. The 5/2 island width obtained
from the calculations is indicated in Fig. 3 by a dou-
ble arrow. The observed hump in v; can be related to
the outer separatrix of the 5/2 island. Poincaré plots
at Ipgp4 kA show a stronger ergodization which leads
to the disappearance of the hump.

4. GAMs and RMP

Geodesic acoustic modes modulate or even sup-
press the ambient turbulence by means of zonal flows.
The additional shearing of the rotation velocity [10]
can act as a trigger mechanism to improved confine-
ment. GAMs are predominately visible at the plasma
edge where the effect of RMP is large. They show up
in frequency spectra of different diagnostics as a sin-
gle sharp line in the frequency range 10 < foay <
25 kHz. The frequency is a function of the local elec-
tron (7,) and ion temperature (7;). A further signa-
ture of GAMs is the long distance correlation e.g. for
measurements with A6 > 90 °.
In several experiments the influence of RMPs on
GAMs is studied.
of the GAM frequency with local temperature, the

In these experiments the scaling

poloidal distribution, the density fluctuations and the
velocity oscillations are investigated. Therefore the
DED current is increased on a shot to shot basis by
AlIpgp =1 kA. For each pulse the CR system scans
a radial range of 0.34 < r < 0.41 m using the top
antennae array. With increasing Ipgp, the effect of
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Fig. 4 Development of the relative phase fluctuations
0PcaM [0Pior for two frequencies with increasing
RMP. Each frequency belongs to a different radius:
(i) f = 19.8 kHz; 0.345 < r < 0.350 m and (ii)
f =15.5 kHz; 0.380 < r < 0.385 m.

the RMP on the plasma increases and the GAM dis-
appears at the plasma edge, however, at r = 0.34m a
peak at f = 19.8 kHz is still visible for Ipgp = 6 kKA.
The measured frequency agrees with the expected
GAM frequency. The phase fluctuations measured by
the CR system are proportional to the density fluc-
tuations [13]. Fig. 4 shows the relative GAM induced
phase fluctuation (6®gans/dPor) for two different fre-
quencies. The frequencies belong to different radial
positions. For f = 15.5 kHz, 6®gan/0Pror decreases
with Ipgp. However, for f = 19.8 kHz which cor-
responds to 0.345 < r < 0.350 m an increase in the
amplitude is observed. This is the radial region where
the m/n = 5/2 is assumed (see Fig. 1). A further
test of the long distance correlation by measuring si-
multaneously with top and midplane antennae shows
no correlation at the frequency at the innermost ra-
dius. This is an indication that the observed peak
is not a GAM. A critical test for the GAM is the
simultaneous measurement of GAM induced density
fluctuations and the related velocity oscillations. It
stems from the fact that an increase in the density
fluctuation is related to an increase in the potential
fluctuations [11, 12]:

dngam  €0¢GAm
Ne T,

(2)

Here dngan/n. denote the GAM induced relative
density fluctuations, ¢gans the potential fluctuations,
T, the electron temperature and e the electron charge.
Since T, does not change, an increase of d ngan/ne
is related to an increase in ¢gaps which implies an
increase in the E x B velocity oscillations. Since the
reflection layer is fixed, any oscillation in vy p will
show up in the measured fluctuation of the propaga-
tion time (d¢) measured between two antennae. In
Fig. 5 the phase fluctuation (a) and the related oscil-
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lations in the §¢ (b) are shown for » = 0.347 m for
a case without RMP and a case with Ipgp = 4 kA.
For the phase fluctuations a clear increase with DED
is seen but no increase in the velocity oscillations is
visible. The phase fluctuations are not driven by the
E\; as it could be expected from the influence of the
RMP on E,.. This indicates that the observed line at
the GAM frequency is not a GAM.

In the stochastic region the decrease of the GAMs can
be understood from the comparison of the poloidal
connection length to the target and the distance trav-
eled by particles within the time of a GAM oscilla-
tion. The GAM period at TEXTOR is in the order
of 50 < Tgapm < 70 ps. For thermal electrons at a
local temperature of 100 < T, < 300 eV the propa-
gation distance I, = vy - Tgan within Tgans yields
420 m to 500 m, where v;;, denotes the thermal veloc-
ity. This has to be compared with the L, = n.q27 Ry,
where n. is shown color coded in Fig. 6 and ¢ denotes
the local safety factor. With 330 < L, < 400m for
12 < n. < 14, L. < I, and therefore GAM oscilla-
tions are not possible.

The disappearance of the GAMs is also seen in the
frequency spectrum of probe measurements [7], where
an exponential decrease in the frequency range f <
50 kHz is observed for Ipgp = 6 kA.

5. Structures in RMP generated Islands

As mention in section 4 the observed peak at a
frequency close to the GAM frequency shows not the
GAM properties. For several discharges with g, = 3.7
and Ipgp = 6 kA this line is investigated in detail.
From a Poincaré plot (see Fig. 7), where the radial po-
sitions of the reflection layer for the probing frequency
of the CR system are included, it can be seen that
the estimation of v, is close to the separatrix of the

r=0.347m

5 1‘0 1‘5 26 2‘5 30
Frequency / kHz

Fig. 5 Phase (®) and 4 ¢ spectrum for Ipgp = 4 kA. The
increase in the ® spectrum is seen clearly whereas
no effect in the §¢ spectrum is seen. The black
dashed lines indicate the background level for the
reference case
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Fig. 6 The color coded poloidal turns n. to reach the tar-

get. Black circles denote the poloidal position of
the cutoff layer of the CR-system.

5/2 island. The CR-system covers the transition from
the ergodic zone to the inner plasma where L, — co.
At the outer separatrix a frequency of 19.8 kHz is ob-
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Fig. 7 Poincaré Plot with reflection layer of the CR system
for Ippp = 6 kA. The red arrow indicates the ra-
dial elongation of the reflection layer. Black arrows
indicate the rotation direction in the island.

served. Increasing the probing frequency a further line
at 23.2 kHz shows up. At the innermost position the
measurement is already outside the island and both
lines have disappeared. However, the ion temperature
gradient driven quasi coherent mode is observed in the
coherence spectrum which is a further indication that
the measurement is already outside the 5/2 island. In
the island itself a constant density is assumed, so that
the measurement showing both lines is representative
for the whole island width (indicated by the double ar-
row across the island), due to the reduction in radial
resolution of the CR-system. The observations are in
agreement with a poloidal flow inside the island [14].
From the observed frequency gap detected by the CR
system and the assumption of a closed flow in the is-
land, it will be once in the direction of the plasma
perpendicular rotation (2,) and once antiparallel.
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From the CR-system €2, is deduced for the ambi-
ent plasma (without the 19.8 kHz line) and yields
Q) = 10.1 krad/s. This corresponds to a measured
frequency difference of 10.1/7 = 3.2 kHz, which is ex-
actly the difference between the two frequency bands.
Since the 23.2 kHz line is observed more deep in the
plasma the flow inside the island and the plasma ro-
tation must be parallel. For the the 19.8 kHz line
plasma rotation and flow in the island are antiparallel
(see also the arrows in Fig. 7).

Rotating magnetic fluctuations, connected with the
island structure, are detectable by Mirnov coils. The

Specgram of Coil Pi030 #105760
60 T i
i T o

Frequency / kHz

Time /s

Fig. 8 Spectogram of a Mirnov coil at 30°. Overlaid is the
DED current. For Ipgp > 5 kA (denoted at the
right axis) two frequency bands are observed.

different toroidal position (A¢ = 135°) with respect
to the CR-system gives further insight in the magnetic
structure generated by he RMP. Looking at a Mirnov
coil signal during ramp up of Ipgp (Fig. 8) shows
broad band fluctuations centered at f ~ 25 kHz. At
a threshold of Ipgpp = 5 kA two sharp bands are ob-
served with the above mentioned frequencies. This
threshold can be related to the formation of a 5/2
island with a certain width. This can be verified ex-
perimentally by decreasing either the DED current or
increasing g, which will decrease the influence of the
RMP on the island. In both cases the observed fre-
quency bands should disappear, which indeed is the
case.

Upper and lower frequency are a measurement of a
secondary structure in the 5/2 island [15]. Further
evidence for this assumptions is found from the esti-
mation of the cross correlation between a top anten-
nae of the CR system and different poloidal Mirnov
coils. They show a strong correlation at 19.8 kHz and
23.2 kHz (see Fig. 9). Note that for ¢ &~ 2.1 s a step of
A f =1 GHz in the CR system moves 7. more inward,
thus covering the whole island, and detects beside the
19.8 kHz line also a line at 23.2 kHz. Knowing the ro-
tation direction of the background plasma, which is in
electron diamagnetic drift (edd) direction the rotation
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Fig. 9 Cross correlation between antennae B on top and

Mirnov coil at 30°. Note that the 23.2 kHz line is
more inside located than the 19.8 kHz line.

of the flow inside the island is ion diamagnetic drift
(idd) direction. The different poloidal rotation direc-
tions are also seen in Fig. 9, where the color coded
coherence for -19.8 kHz line is dominating (edd direc-
tion) compared to the 19.8 kHz line. The 23.2 kHz line
(idd direction) is more pronounced than the -23.2 kHz
line. Furthermore looking at the cross phase between
two antennae at the 19.8 kHz line a strong deviation
from the ambient rotation is found which indicates no
or only small perpendicular rotation. This is in agree-
ment with a set of closed surfaces in the island, as
expected in a developed island.

6. Turbulent Transport in Pump Out
Scenario
A special case of the RMP application at TEX-

TOR is the pump out scenario, where the RMP yields
a 10-20% reduction in the line averaged density. Also
a reduction in the effective particle confinement time
(7,) is found. To find the region of enhanced trans-
port, the turbulence properties in this scenario are
analyzed. Therefore the decorrelation time 7po =
Orwrn - 7/vy and the mean perpendicular wave-
length <)\L> = 27 - Tc/CFWHM, where QFWHM and
Crw g denote the full width at half maximum of the
poloidal distribution of the cross and auto correlation
function, respectively, as obtained from different an-
tenna combinations of the CR-system [3]. Whereas
(A1) does not change with the RMP a strong de-
crease in Tpc is observed during RMP operation. This
decrease is observed more less for the complete ra-
dial range under investigation. A significant reduction
from 12 ps without DED to 7 us is observed during
DED operation. Assuming a turbulent transport co-
efficient based on a simple random walk approach:

DRW ~ <)\J->2
turb Do

3)

an increase by &~ 50% is obtained (see Fig. 10).
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Fig. 10Increase of D%, during RMP operation in the
pump out scenario for different values of Ipgp

7. Blobby Transport

The transport in the scrape of layer (SOL), mea-
sured with a reciprocating probe, exhibits intermit-
tency behaviour caused by the abrupt transition from
closed to open flux surfaces. Due to the E' x B trans-
port, blobs, generated at the last close flux surface
(LCFS), move into the SOL by 1-2 cm. With the ap-
plication of RMPs the blob transport is reduced [16].
Fig. 11 a,e shows a reduction in the ion saturation
current I, o< 1m./T, during RMP application. From
Fig. 11 b.f it can be seen that v, is not much changed
during RMP operation. Comparing the radial parti-
cle flux T, = (7.0,) in Fig. 11 ¢,g a reduction in T,
by the blobs is observed, when a RMP is applied and
which agrees with simulations [17], where it is shown
that the radial £ x B transport is reduced outside
the last closed flux surface and the mean propagation

length is reduced, thus the blob cannot move into the
SOL.

Before DED
[(a) Is [mA]

During DED
[(e) 1 [mA]

(b> Ve [km/s] (f) Ve [km/s]
[(c) T [x10'9 m-25-1] i (9 T [x1019 m=25-1]

(d) <T'> [x10'9 m-25-1] (h) <T'> [x1019 m=2s-1]

Sw o to(Dooo(I)o(ﬂ
T

1.07 1.03 1.0 1.1 1.07 1.03 1.0
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Fig. 11Comparison of I, v, and I';. in the SOL before and

during RMP application.

8. Discussion and Conclusion
The paper gives an overview on different aspects
of resonant magnetic perturbations, applied at TEX-
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TOR plasmas. Due to laminar and ergodic zones with
open stochastic field lines electron losses become dom-
inant and generate a positive F, at the plasma edge.
Also the plasma rotation is effectively reduced over a
large radial range.

The open and stochastic field lines forestall the gener-
ation of geodesic acoustic modes at the plasma bound-
ary. The measured propagation length for the GAMs
is larger than the connection length to the target.
Since GAMs and zonal flows are discussed as a trigger
for a transition to improved confinement, in that sense
RMPs are not favorable.

A flow in the 5/2 island chain is observed. The ob-
tained frequency gap is explained by the superposi-
tion of the flow inside the island with the flow in the
surrounding plasma. In addition indications for sec-
ondary structures in the island are found.

The turbulence in the ergodic region is investigated
in the density pump out scenario. A significant de-
crease in the decorrelation time of the turbulence is
found. The estimated turbulence wavelength is not
changed. The random walk turbulent diffusion coeffi-
cient is therefore enhanced by ~ 50 % in the ergodic
region. This may be the explanation for the decrease
n 7.

In the SOL a reduction of blob transport with the
application of the RMP is found based on reduced ra-
dial £ x B transport outside the LCFS. This could
be beneficial for the plasma wall interaction.
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