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Abstract

During the island divertor operation of W7-X, especially in standard magnetic configuration
(with 5/5 island chain in the scrape-off-layer (SOL)), quasi-periodic electromagnetic oscillation
is observed. It appears in the frequency range of 1 kHz-2 kHz, therefore it is called the low
frequency mode (LFM) within this paper. It is observed by multiple diagnostics, amongst them,
a poloidal correlation reflectometer allowing radial localization of the LFM. The LFM is
localized in the SOL and shows an obvious modulation effect on the plasma perpendicular
velocity (V). Furthermore, broadband turbulence is observed in the fluctuation spectra of the
electron density and the magnetic field and the perpendicular correlation length of turbulence
eddies are modulated. The calculation of the poloidal flow velocity and its oscillation allows us
to study the effect of the LFM on the flow. Cross correlation analysis shows that the
perpendicular flow oscillation and the turbulence modulation are closely correlated. The
application of external control coils to adjust the island size and position result in a strong
modification of the magnetic topology at the plasma edge which affects the appearance,
amplitude and frequency of the LFM. Bi-coherence analysis indicates that nonlinear interactions
among turbulence components is a possible mechanism for the generation of the LFM.

2 See Sunn Pedersen et al 2022 (https://doi.org/10.1088/1741-4326/ac2cf5) for the W7-X Team.
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the

5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

© 2023 The Author(s). Published by IOP Publishing Ltd
1741-4326/23/126050+13$33.00 Printed in the UK 1 on behalf of the IAEA. All rights reserved


https://doi.org/10.1088/1741-4326/ad0415
https://orcid.org/0000-0001-7799-6190
https://orcid.org/0000-0003-4146-5085
https://orcid.org/0000-0001-8498-6433
https://orcid.org/0000-0002-2370-409X
https://orcid.org/0000-0002-5550-1801
https://orcid.org/0000-0002-6363-6554
https://orcid.org/0000-0003-0083-7188
https://orcid.org/0000-0003-4596-1211
https://orcid.org/0000-0002-7324-2647
https://orcid.org/0000-0002-5800-4907
https://orcid.org/0000-0002-1555-6226
https://orcid.org/0000-0003-1885-2538
https://orcid.org/0000-0002-9483-6911
mailto:h.xiang@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ad0415&domain=pdf&date_stamp=2023-10-31
https://doi.org/10.1088/1741-4326/ac2cf5
https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 63 (2023) 126050

H.M. Xiang et al

Keywords: turbulence modulation, velocity oscillation, low frequency mode

(Some figures may appear in colour only in the online journal)

1. Introduction

To achieve high energy and particle confinement in magnet-
ically confined fusion plasmas, the role of plasma turbulence
and its impact on the radial transport has to be investigated.
The plasma turbulence with its intrinsic quality of complex
dynamics [1] has been recognized as a major player for the
underlying anomalous transport [2-9]. In this sense, a bet-
ter understanding of the turbulence and any mechanism influ-
encing and limiting its development is valuable and should
be thoroughly investigated. Past experiments have been per-
formed to measure the local plasma parameters (such as radial
electric field E,, electron temperature T, electron density
ne and pressure gradient) with high spatio-temporal resolu-
tion, trying to find the key element in determining the rela-
tion between turbulence and gradients. It has been found that
the turbulence amplitude and the spatial correlation proper-
ties, such as the radial correlation length of turbulence eddies,
could be affected by the presence of a strong velocity shear
layer, resulting in the reduction of transport [10] and even sup-
pression of turbulence related to the formation of transport
barriers [11, 12]. In addition to the effects of mean E;, two
well known oscillatory sheared flows are known as zonal flows
and geodesic acoustic modes (GAMs) [13—15]. They are radial
localized E x B plasma flows generated by non-linear interac-
tions with plasma turbulence and contribute to the regulation
of plasma turbulence via a shearing effect, reducing turbulent
cross-field transport.

Also, magneto-hydrodynamic (MHD) modes can strongly
influence the turbulence and plasma flow thereafter modu-
late its induced transport. Tearing modes modulate turbu-
lence and the plasma flow in the plasma core, as repor-
ted in tokamaks [16-21]. Furthermore, there are investig-
ations of turbulence coherent structures modulated by the
kink instability and micro-turbulence modulated by the low-
frequency mode (LFM) in the H-mode pedestal region [22,
23]. Turbulence and plasma flows are known to be modulated
by MHD modes in different confinement regimes and regions
indicating common features of cross-scale interaction, which
is of significant importance for further study in order to find
possibilities to control turbulence and induced transport.

The stellarator, with its intrinsic advantages of steady state
operation and absence of disruptions, has attracted attention in
magnetic confinement fusion research [24, 25]. W7-X [26-28]
is an advanced stellarator where the neoclassical transport is
optimized and the radial transport is mainly driven by plasma
turbulence. The intrinsic forming of an island divertor in the
scrape-off-layer (SOL) result in longer connection lengths (in
the order of a few hundred meters) and therefore a longer
power decay length, which is beneficial for particle and power
exhaust [29]. This is of importance, especially, when aim-
ing for long pulse operation. Various factors influence the

turbulence such as (i) the 3D structure of the SOL, (ii) the
gradients and (iii) the radial electric field shear, which all
together make the cross field transport more complicated. The
investigation [30] shows that the magnetic topology plays
an essential role for turbulent transport. Moreover, filament
structures which are known to influence SOL transport are
observed in W7-X [31] and show a difference in the intermit-
tency when compared with tokamaks (e.g. AUG [32]). Since
SOL dynamics and transport are fundamental for the assess-
ment of the divertor performance, the understanding of dif-
ferent turbulence components influencing the SOL properties
is of importance. During the experiments with island divertor
configurations, a coherent oscillation in the frequency range
of 1 kHz-2 kHz (LFM) is observed within a broad range of
plasma parameters [33], especially in the standard magnetic
configuration. The investigation [33] describes the mode struc-
tures and their correlations with different plasma paramet-
ers, e.g., heating power and density. However, further invest-
igations on the localization of the 1 kHz-2 kHz oscillation
and its influence on the key elements related to cross-field
transport and the possible mechanism for the generation of
LFM are still unknown. These issues will be investigated in
more detail in this paper. The paper is organized as follows.
The experimental set up and the diagnostics will be intro-
duced in section 2. The experimental observation of the LFM
will be presented in section 3, including its characterization.
Furthermore, the observed turbulence modulation and velocity
oscillations, as well as the relationship between these two phe-
nomena are presented in this section. Moreover, the dynamics
of LFM observed during the experiments with control coils is
investigated. As a last point, a possible mechanism for the gen-
eration of LFM is proposed. Finally, a summary will be given
in section 4.

2. Experimental set up on W7-X

W7-X is a stellarator with a five-fold toroidal symmetry and
with major radius R =5.5m and minor radius a =0.5m.
It is equipped with 50 non-planar and 20 planar supercon-
ducting coils offering a large variety of magnetic configur-
ations. The experimental results presented in this work are
performed for plasma in a standard magnetic configuration
(EJM), where the majority of the systematic investigations
of island divertor experiments are conduced in OP1.2b. It
is characterized by an edge rotational transform iota (n/m,
where n and m denote the toroidal and poloidal mode num-
bers, respectively) equal to one at the last closed flux surface
(LCFS) and a large 5/5 islands chain dominates the SOL.
The island chain intersects with divertor plates, resulting in
regions with open field lines and a remnant island varying in
shape and size. The divertor control coils with two coils per
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module, are available to adjust the divertor islands in position
and shape. Applying positive currents in both coils increases
the size of the island and negative currents will decrease its
size [34, 35]. In addition, the inverted currents are capable of
sweeping the island position, poloidally. Besides those effects,
the island size is subject to changes of the toroidal plasma
current [35].

A poloidal correlation reflectometer (PCR) [36-38] in W7-
X intends to measure the spatio-temporal evolution of dens-
ity fluctuations and the perpendicular velocity at the inter-
face between edge and core plasmas [39-43]. It is installed
slightly below the equatorial plane in a bean-shaped plasma
cross-section at a toroidal location of ¢ =71.1°, as seen in
figure 1. Figure 1(a) shows the Poincaré map at the cross-
section of PCR. It is seen that the line of sight (LoS) of all
antennae intersects the magnetic island. The Poincaré map is
obtained from the field line tracer [44], which calculates the
magnetic field using the Biot—Savart law with the input of
coil current. The calculation here considers the main coils for
vacuum magnetic field only. Figure 1(a) shows the arrange-
ment of antennae array. The antenna array consists of one
launcher (labeled A) surrounded by four receivers (B, C, D,
E), where the receivers B and C share the same poloidal cross-
section as A, and the receivers D and E are mounted pol-
oidally in the adjacent cross-section. The reflected wave of
each antenna is measured by a quadrature detector (I/Q sig-
nal) and sampled with a frequency of 4 MHz. The arrangement
of antenna array yields six different antennae combinations
clockwise, e.g. BD, EC, DE, BE, EC, BC. Except the different
poloidal localized measurements from each single antenna, the
cross correlation between antennae combinations offers more
information on the poloidal turbulence propagation. This ana-
lysis will be shown in section 3.

The system operates in O-mode polarization in a frequency
hopping mode from 22 GHz to 40 GHz, corresponding to
a cutoff n, of 0.6 x 10m=3-2 x 10"°m~3. Usually, the fre-
quency follows a staircase-like shape with frequency steps of
0.5 GHz and step duration of 20 ms. The availability of dens-
ity profiles is an important factor for the radial localization
of PCR measurements. Inside the LCFS Thomson scattering
provides density profiles which can be mapped with the help
of the 3D-MHD-equilibrium code VMEC [45] to the position
of the PCR. In addition, the Alkaline Beam diagnostic (ABES)
[46] can measure density profiles as well. It is located at the
equatorial plane of the same port as PCR, at a toroidal angle of
¢ = 72°. The achieved density profiles can be mapped to the
position of the PCR. For plasmas with higher electron density,
the measurement of PCR is mainly located in the SOL while
at moderate electron density, plasma edge and gradient region
are accessible.

In general, the turbulence structures are strongly elong-
ated along the magnetic field lines [47]. On a magnetic sur-
face, turbulent eddies have two velocity components, one par-
allel to the magnetic field V|, and the other perpendicular to
the magnetic field V. The elliptical model [48, 49] which
takes into account the decay of turbulence eddies, is applied to

W7-X EIM 6=71.1"

| (a)

- === Receiver B

"""" Poincare
Receiver D - - - = Launcher A
==== Receiver E ==== Receiver C

52 54 5.6 58 6 6.2 6.4 6.6 6.8
R (m)

Figure 1. PCR’s antenna arrangement and their LoS in standard
magnetic configuration in W7-X. (a) The Poincaré map and the LoS
of PCR antennae, (b) the antennae arrangement.

calculate the perpendicular velocity measured by PCR in W7-
X [35, 50]. According to the elliptic model V is expressed as:

Vi =AsAt/ (13 + A7), 1)

where (Af) is the delay time calculated via the cross correla-
tion function (CCF), it stands for the time delay of a turbulent
structure propagating between antenna combinations with the
separation of (As). 7 is the time corresponding to the intersec-
tion point where the auto correlation function (ACF) is equal
to the maximum amplitude of CCF. And it represents the time
when the turbulence pattern decays when propagating between
space-arranged detectors. It is generally known that the per-
pendicular velocity measured by PCR is the composition of
both the plasma E x B velocity and the phase velocity of the
density fluctuations: V| = vgxp + Vphase. Under the assump-
tion that Vg, g >> Vphase, the perpendicular velocity is thought
to be Vigxp. The vppase of turbulence [42] on W7-X was estim-
ated by comparing the measurements from a triple Langmuir
probe and PCR. A small vphse (<0.4 kms™!) was obtained
compared with the V| (>6 kms™!). Therefore, the assump-
tion of Vigyxp > Vphase 18 justified.

The coherence analysis is used to identify the similarity
between two time series signals x(¢), y(¢). The coefficient
is defined as

P
BN RGITRGIE
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where Py, (f) and P.(f) or Py, (f) denote the cross-power
spectral density (CPSD) and auto-power spectral density
(APSD), respectively. Moreover, the integrated power spectra
density ((IPSD) power is integrated over the frequency range
of interest ([23], figure 10)) is usually used to calculate the
amplitude of the turbulence.

3. Experimental results

In section 3.1, the LFM is characterized in the EJM config-
uration by PCR and Mirnov Coils [51] and in section 3.2 the
turbulence modulation and velocity oscillation caused by LFM
are investigated. Furthermore, the influence of the control coil
current on the LFM is studied in detail in section 3.3.

3.1. Characteristics of LFM

Figure 2 shows the time evolution of the program of
#180919034, where the stored energy of plasma is around
the value of 500 kJ. The plasma is sustained by electron
cyclotron resonance heating (ECRH) with a power of about
4 MW and a radiated power of 0.8 MW and both are con-
stant during the whole discharge, as can be seen in figure 2(a).
Figure 2(b) shows the time traces of the line-integrated dens-
ity which is kept at n, ~ 6 x 10"”m—2, figure 2(c) shows the
toroidal plasma current which is ramping up to 5 kA till the
end of the program. Figure 2(d) shows that the time evolu-
tion of H,. H, is usually sensitive to MHD events and the
modulation on it is evidenced by the 1.2 kHz mode in spec-
trograms of figure 2(e). It is noted that H, is mainly emit-
ted by neutrals recycled from the wall when particle fluxes
reach the plasma facing components, and a modulation in
H,, is also a hint that the LFM modulates the radial particle
transport. Moreover, the LFM can be seen in the spectro-
gram of all antenna receivers of PCR till the end of the
discharge at a constant frequency. Shown in figure 2(f) is
the low frequency part of the cross-power spectrum from
antenna combination BD and the sweeping frequency scans
of PCR. As introduced in section 2, the sweeping of the fre-
quency for each scan corresponds to different radial positions.
The LFM is observed for the whole scan, which means the
LFM covers the full radial range which is accessible for the
PCR.

A coherence analysis is carried out between PCR and
Mirnov coils in order to confirm the electromagnetic features
of the LFM. Figures 3(a)—(c) show the APSD of antenna
C from PCR, the APSD of one Mirnov coil and the coher-
ence between the two signals. It is seen in figure 3(b) that
the LFM is observed as a magnetic fluctuation at constant
frequency and amplitude throughout the discharge. A clear
coherence between PCR and the Mirnov coils is observed
in figure 3(c), indicating the electromagnetic nature of the
LFM.

By mapping the measurement of PCR from time domain to
major radius R, the radial localization of LFM can be obtained.
Figure 4 shows the results from the scan of 3.7s—4.4s.
In figure 4(a) the Poincaré map of flux surfaces and the

W7X#180919034, EJM+252,WthSOUkJ
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Figure 2. Plasma in EJM configuration for #180919034 showing
the time evolution of (a) the ECRH power (Pgcru) and the radiation
power (Praq), (b) the line-integrated density n. ~ 6 X 10°m™2, (¢)
the plasma current (1), (d)—(e) the H,, emission signal and its
spectrum, (f) the low frequency part of the cross-power spectrum of
combination BD and the sweeping frequency of PCR.
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Figure 3. Coherence analysis between PCR and Mirnov coils. (a)
and (b) are APSD of antenna C and the sweeping frequency of PCR
and APSD of magnetic fluctuation from Mirnov coils, (c) coherence
between those two quantities.

color coded connection are shown. For the calculation of the
Poincaré map and the connection length, not only the main
coils which generate the vacuum field but also the iota correc-
ted coil are taken into consideration. Furthermore, the effect of
plasma current (/) is taken into account by adding the mean
plasma current obtained in the scan interval as an additional
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Figure 4. The radial distribution of LEM. (@) The Poincaré map indi
of PCR antennae is shown as straight dashed lines in different color,
the amplitude of LFM for the four antennae.

current at the magnetic axis. The divertor plates are not shown
here and are also not taken into account when calculating the
Poincaré map. Ideally, the whole island structure will be kept
when there is no intersection with the divertor plates. As soon
as the magnetic island intersects with the divertor, the field
lines close to the separatrix of the island are cut open and the
connection length is no longer infinite. Only at the core of
the magnetic island, it is still not perturbed by the divertor,
and the connection length of field lines is infinite. This region
is called remnant island. Figure 4(a) shows that the remnant
island exists at 6.22 m < R < 6.23 m, the region R > 6.23 m
is far-SOL, and outside the LCFS, the region R < 6.22 m is
the near-SOL. Considering the poloidal extension of the rem-
nant island, it is noted that the LoS of antenna B is in the
SOL and 1 cm-2 cm below the X-point of remnant island.

cated by the grey dots, the connection length is shown in color, the LoS
(b) the density profile, (¢) CPSD of antennae combination BD and (d)

Figure 4(b) shows the mapped density profile obtained from
ABES, and the LCFS estimated for the LoS of PCR launcher
(indicated by vertical dashed line, obtained from the field line
tracer) at 6.188 m. The radial localization of PCR measure-
ment is obtained according to this density profile, as seen in
figures 4(c) and (d). It is found that all the measurements of
the PCR are outside the LCFS, as seen in figure 4(c). Even
in this case (as seen in figures 10 and 11) the measurement
of PCR passes across the LCFS, and the LFM is seen in
the SOL, only. Therefore, LFM is a mode localized in SOL.
Furthermore, the LFM shows nearly constant frequency within
the radial region of measurement. A closer look at the amp-
litude distribution of the LFM can be seen in figure 4(d).
The amplitude of the LFM is extracted from its peak above
the background in APSD, that is Prode — Ppackeround- It 1 seen
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Figure 5. The CPSD for antennae combinations BD (a) and BC (b) for three different radial positions (blue curve is R =~ 6.241 m, black
curve is R ~ 6.225 m, orange curve is R =~ 6.217 m). The shaded areas of grey denotes the LFM, the blue one the low frequency turbulence
(LF, 10 kHz—80 kHz ) and the red one the broadband turbulence (BB, 100 kHz—500 kHz), respectively.

that the amplitude of the LFM is almost constant outside the
LCFS.

3.2. Modulation of turbulence by LFM

Turbulence properties are of large interest because they play
a key role in the cross-field transport in the SOL, especially
in the island divertor at W7-X. A closer look at the differ-
ent turbulence components is shown in figure 5. Figures 5(a)
and (b) show the CPSD analysis of antennae combinations BD
(shortest poloidal separation) and BC (largest poloidal sep-
aration) at three different radial positions, e.g. R ~ 6.217 m,
R~ 6.225 m and R =~ 6.241 m, respectively. Both spectra are
calculated for a time interval of 20 ms. It is seen that the
antennae combinations BD and BC show similar spectral fea-
tures. The LFM at a frequency of 1.2 kHz is clearly seen in
all spectra for both combinations. Comparing the spectra at
three different radial positions shows that the turbulence in
the frequency range of 10 kHz—500 kHz is enhanced strongly
for R~ 6.225 m and R = 6.217 m. The power of the turbu-
lence component at 100 kHz-500 kHz decays faster than that
one of 10 kHz—-80 kHz, which is seen from different slopes in
the spectra. In order to verify whether the LFM has a modu-
lation effect on the ambient turbulence, the turbulence spec-
trum (f > 10 kHz) is divided into different parts according to
the power decay, (i) low frequency component (LF, 10 kHz—
80 kHz, shaded in blue) and (ii) the broadband turbulence
(BB, 100 kHz-500 kHz, shaded in red) for R =~ 6.225 m and
R~ 6.217 m. For R = 6.241 m, there is no change in the power
decay, therefore, a component of 10 kHz—500 kHz is taken.

Shown in figure 6 are the spectra of the IPSD within the fre-
quency limits distinguished above for the three different radial
regions for the combinations BD and BC. The time trace of
turbulence amplitude for a specific component is obtained by
calculating the IPSD. The modulation effect of LFM on dif-
ferent turbulence components is distinguishable from the ana-
lysis of the time trace of IPSD. The solid line presents the
spectra of the IPSD LF and the dashed line presents the BB
part. It is noted that in all spectra in figure 6, a clear peak at
the frequency of the LFM is observed, indicating that both the
BB-turbulence and LF turbulence are modulated by the LFM.
It is interesting to note that the peak-power of LFM in the LF
turbulence is much more pronounced than the LFM frequency
in BB turbulence, revealing that the LFM imposes a more sig-
nificant modulation effect on LF turbulence than on the BB
turbulence.

In addition, evidence for the modulation effect of the LFM
on turbulence can be found in the analysis of the Mirnov
coils. In order to extract the fluctuation amplitude, the power
of the turbulence component of 10 kHz-500 kHz is integ-
rated. Figure 7(a) shows the time trace of the IPSD cal-
culation, and a pronounced oscillation in the IPSD is vis-
ible around 1.2 kHz. In order to illustrate the 1.2 kHz
is LFM, the cross-correlation is carried out between the
IPSD from PCR of antenna B and IPSD of Mirnov coils
in the frequency range of 10 kHz—500 kHz, as shown in
figures 7(b) and (c), the CPSD and the squared coherence. A
peak at an LFM frequency dominates both spectra, indicating
that the modulation of density fluctuations and magnetic
fluctuations are strongly correlated, both caused by the
LFM.
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3.3. Modulation of perpendicular velocity by LFM

As seen from equation 1, the perpendicular velocity is cal-
culated according to two determined delays. One is 7¢ from
the elliptical model and the other is Ar. It is of interest to
study the possible oscillation of these delays, and thus the
modulation of V. The study is carried out on the ACF
and the CCF as mentioned in section 2. In order to exclude
the influence of the LFM, a band-pass filter of 10 kHz—
500 kHz is applied to the raw signal. Then, due to the high
sampling rate of PCR (4 MHz), the time window for the time
delay calculation is carried out on 250 us, result in a 4 kHz
sampling rate. Since the mean period of the LFM is around
the 1.2 kHz, it is possible to resolve the possible oscillations
at the LFM frequency. Figure 8 shows the results of calcu-
lations for different quantities averaged over antennae com-
binations except for BD in the time window of 4.28 s—4.36 s.

Figure 8(a) shows the time trace of the width of ACF (cacF),
which indicates the averaged turbulence auto-correlation time
and figure 8(b) is the time trace of the averaged time-delay
(At). Figure 8(c) is the time trace of the averaged time of 7o,
and figures 8(d) and (e) show the time trace of the averaged
perpendicular velocity and perpendicular correlation length.
Figures 8(f)—(j) show the spectra obtained from the signal in
each panel, respectively. It is seen that the oscillation in Tacp
is more pronounced than the one in At, thus a pronounced
peak in the spectra of figure 8(f) than that in figure 8(g). A
similar observation is seen between 75 and At as well. The
oscillation is more pronounced in 7y (figure 8(/4)) than that in
At (figure 8(g)). Furthermore, a clear oscillation on the V| is
seen in figure 8(d), according to the results shown here, and
equation 1, the main contributor, is the oscillation of 7¢. The
oscillation of perpendicular velocity is around 1.09 kms™!,
corresponding to a ratio of normalized standard deviation
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! and the blue dashed dotted line in (e) presents the mean

value of perpendicular correlation length of 2.3 cm. (h)—(j) are the spectra obtained from the signal shown in each panel, respectively.

divided by the mean value of ~87%. Taking into account
the ion sound speed(Cs = ((T. + T;)/m;)* and assuming T, ~
T; ~ 30eV, the oscillation amounts to ~3.3%. The oscillation
in velocity is further seen by a single peak of 1.2 kHz in the
spectra of figure 8(i). The perpendicular correlation length of
the turbulence eddy is described as L | =~ V| X gacp. Without
the oscillation, the mean value of L | is 2.3 cm, and +1.3 cm
is induced by the LFM. This is seen also in the spectra of the
correlation length (see figure 8(j)), meaning that the turbulence
eddy size is modulated periodically.

3.4. Cross correlation between perpendicular velocity
oscillation and turbulence modulation

As presented above, the perpendicular flow and characteristics
of turbulence, e.g. ACF, IPSD and perpendicular correlation
lengths are all modulated by the LFM. It is of interest to

study the correlations between the turbulence modulation and
velocity oscillations. Figure 9 shows the coherence analysis
between them within the time window of 4.3 s—4.4 s. For
the IPSD shown here, the integration range covers the fre-
quency range of 10 kHz—500 kHz. Figures 9(a) and (c) show
the CPSD, coherence and cross phase between perpendicular
velocity and the IPSD for antennae combinations EC and BE.
There is a pronounced peak in the CPSD and coherence indic-
ating that the velocity oscillations and turbulence modula-
tion are strongly correlated with each other. A very prelim-
inary analysis of the cross phase, shown in figure 9(c), shows
nearly no phase difference. This sheds some light on the fact
that the LFM is not a zonal flow observed broadly in other
devices since a phase difference [52, 53] is expected between
E; oscillation and turbulence amplitude modulation. However,
the interpretation of this measurement is out of the scope of
the paper.
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3.5. Evolution of LFM during the control coils currents scan

As introduced in 2, the divertor control coils (/) are capable
of modifying the shape and position of the divertor islands,
which causes a significant modification of the magnetic
topology at the plasma edge and the SOL. Previous studies
have shown that the behavior of (I..) could influence the
heat load on the divertor targets [54], the turbulent structures,
like Quasi Coherent Mode (QCM) [41] and the edge plasma
rotation [35]. Here, the influence of different /.. on LFM is
presented.

The effect of control coils on the LFM is studied by
a comparison of three programs of #180816011/#012/#013,
with similar plasma parameters but different I.. as shown in
figure 10. The plasma is sustained by ECRH with a power
of 3.3 MW, as seen in figure 10(a). The diamagnetic energy
of the plasma is =300 kJ and the plasma current ramps up
similarly and saturate at ~8 kA till the end of the program.
Figure 10(b) shows the time trace of the control coil current,
which is applied after 6 s with the absolute current ramp
rate of (|dl../d?| = 150As™"). In the program #180816011
the control coil current is positive /.., while for the program
#180816012, the control coil current is negative. For the pro-
gram #180816013, alternating control coil current has been

set. It is noted that the line integrated density of these three
programs is at a medium level of 3.5 x 10"°m~2, therefore a
part of PCR measurements for each scan is localized inside the
LCFS. The time delay at the plasma edge is always negative,
wherein the SOL the time delay is positive [35], as indicated in
figure 10(c). Furthermore, the evolution of the time delay for
those scans, where the control coil currents are ramped shows
a different behavior. Those differences are mainly due to the
magnetic topology modification at the plasma edge and SOL.
Figures 10(d)—(g) show the Poincaré maps and connection
length in the poloidal cross section of the PCR for two different
time slices, e.g. t = 3.61s without the control coils shown in
figure 10(d), and t = 10.27s, with the absolute value of con-
trol coil current of 0.615 kA, for figures 10(e)—(g), respect-
ively. As introduced in section 2, the increase in plasma cur-
rent will change the edge iota therefore the position of the
island varies. A consequence of this shift is a change in the
size of the remnant island as well as a change in the inter-
section with the divertor plates. In general, an increase in
the remnant island size goes along with an increase in the
plasma current. The application of a positive control coil cur-
rent will increase the size of the remnant island further. And
application of negative control coils current the island size
shrinks compared to the case without control coil current.
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Moreover, the application of the alternating powering of con-
trol coil currents will shift the island position poloidally. In
figure 10(f), an increase in island size (island size influenced
by both the plasma current and control coils) is observed when
compared with that in figure 10(d). Comparing figure 10(e)
with figure 10(d), it can be clearly seen that in figure 10(e)
the LoS intersects the remnant island, and the radial dis-
tance of SOL along the LoS of PCR decreases. Furthermore,
the connection length in SOL increases, too. Comparing
figures 10(d) and (g), both the connection length and remnant
island size are increased. Moreover, the LoS of PCR is close
to the X-point of remnant island. Given these strong topology
changes in the SOL, it is of interest to study their impact on the
LFM.

The behavior of the LFM for different /.. can be clearly
seen in figures 11(a)—(c). Before the onset of the I at 6 s, all
the three programs showed no LEM activity. For the program
#011, shown in figure 11(a) with positive I.. ramp up, no LFM
is observed for the whole discharge. Furthermore, other edge
diagnostics of the LoS going across the SOL are also not seen
in the LFM, which is consistent with the PCR observations.
While for program #012, shown in figure 11(b) where a neg-
ative I.. ramp is applied, the LFM appears at t = 7.04s with
the frequency of 1.25 kHz which increases to 1.75 kHz (points

marked in diamond) until ¢ = 8.26s. Afterward the frequency
decreases again to 1.25 kHz and at # =~ 13.2s, it disappears.
For the program #013 with the £/, the LFM starts to appear
at t~7.8s with a frequency of 1.75 kHz which is constant
till the end of the program. Figure 11(d) shows the frequency
scans of PCR after applying the I... A staircase of frequen-
cies with a duration of 20 ms for each step is denoted by the
grey dots. The measurements in the time interval of 200 ms
is marked by a black line, corresponding to a positive time
delay for each sweep as shown in figure 10(c). During this time
interval the LFM is observed and it is used for the calculation
of the amplitude. The LFM amplitude evolution is shown in
figure 11(e). The LFM amplitude is extracted according to the
method introduced in 3.1. Figure 11(e) shows the time traces
of LFM amplitude, it is seen that for program #011, no LFM
is observed and therefore the LFM amplitude is close to noise
level. For program #012, the LFM appears around ¢ ~ 7's and
increasing the amplitude, sooner after # ~ 9s the amplitude
decreases gradually and finally disappear after # ~ 13s. And
for program #013, the LFM continuously increases the amp-
litude after it appears till around ¢ ~ 14s, and finally saturated.
From the analysis above, it is found that LFM is observed in
the cases when the LoS of PCR is close to the X-point of rem-
nant island.
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To investigate a possible non-linear interaction and
energy transfer among various turbulence components, a bi-
coherence analysis is applied [55]. The bi-coherence is defined
as:

| <X()X(H)X*(f3)>]

3
KOXH < XxBPEs P

b2 (flvfz) =

where X(f) denotes the Fourier transform of the signal X,
with X*(f) being the complex conjugate of X(f). And the
angular brackets refer to the ensemble average. The value of
b*(f,.f2) is bounded between 0 and 1, which describes the
strength of nonlinear coupling between three phase coherency
waves satisfied with f3 = f; + f>. The corresponding summed
bi-coherence, defined as b2, = ﬁ D ffith b*(f1,f2) and

sum

1

N(f) is the number of Fourier components for each f in the
summation. Contour plots of the bi-coherence spectrum and
its summed spectra, calculated from the magnetic signal in
two different time windows, are compared in figure 12. Before
application of control coils (no LFM is observed), the bi-
coherence spectrum of figure 12(a) shows nearly no coupling
among different components. After the presence of the control
coils (LFM appears), significant of bi-coherence is observed
at LFM frequency (fi +/> =firm,/f> = fLrm) in figure 12(b)
and in the summed bi-coherence (figure 12(c)). The strongly
coupling around fipv suggests a non-linear interaction or
energy transfer between LFM and background turbulence.
Therefore, a possible mechanism is that the nonlinear coup-
ling of turbulence components is responsible for the LFM
generation.
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Figure 12. Bi-coherence analysis of magnetic fluctuation before (a) and after (b) applying the control coil for #180816013, and (c) the

corresponding summed bi-coherence.

4. Discussion and summary

This work presents the study of a low frequency mode (LFM)
in the standard magnetic configuration. The LFM appears in
a large fraction of island divertor experiments in W7-X for
the campaign of OP1.2b. From the measurements of a PCR,
for the first time, the radial localization of LFM and its influ-
ence on the plasma turbulence and plasma flow are studied.
The LFM is a coherent oscillation with a peak frequency vary-
ing in the range of 1 — 2 kHz, Af~ 200 Hz. It is localized in
the SOL region and its frequency is constant and its amplitude
shows small variations radially. The electromagnetic charac-
teristics have been realized by a cross correlation analysis with
the Mirnov coils. Furthermore, the magnetic fluctuations and
density fluctuations in the frequency range of f> fipy are
modulated by this LFM. The perpendicular flow calculated
by the elliptical model shows a clear oscillation at the LFM
frequency. According to this elliptical model, 7 is the main
contributor to the plasma flow(V ) oscillation. Moreover, the
perpendicular correlation length of the turbulence eddy is also
modulated by the LFM. A strong coherence between the tur-
bulence modulation and velocity oscillations is observed. And
a close to zero cross phase is obtained. The measured phase
difference is different from the expected phase difference in
the case of a zonal flow shown in other devices. The modi-
fication of the magnetic topology at the plasma edge by the
application of external control coils allows to adjust the island
size and position. It is observed that the appearance, frequency
and amplitude of this low frequency mode is affected by the
application of different control coil currents. During the exper-
iments with control coils, the LFM is observed in the cases
when the LoS of PCR is close to the X-point of the remnant
island. Bi-coherence analysis shows that a nonlinear coupling
of background turbulence is responsible for the generation of
LFM.

However, some open questions still remain which are bey-
ond the scope of the paper. The control coils in W7-X play a
key role in adjusting the island divertor, which is of import-
ance to exhaust the particles and heat flux. The influence of
the LFM on the particle flux is confirmed by the modula-
tion of the H, signal, as shown in figure 2. The observed
behavior of LFM during the application of control coils is
of large interest and more important since SOL transport is
not only influenced by the LFM but also overlapped with the
effects imposed by the control coils on the magnetic topo-
logy. Further investigation of the dynamics of the LFM and
its influence on the SOL transport, heat and particle flux dis-
tributions in the divertor are necessary. Due to the lack of
edge profile measurements in OP1.2b, the investigation of the
aforementioned issues is impossible. Another important factor
is that a better mapping method is required between differ-
ent diagnostics because of the intrinsic 3D structure of SOL
in W7-X.
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