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A B S T R A C T   

A 1–2 kHz electromagnetic mode is present in a large fraction of W7-X discharges in the standard magnetic field configurations with 5/5 edge island structure. The 
power in the mode is significantly reduced in other magnetic configurations. The mode can appear spontaneously and persist for the full duration of a discharge. Its 
full width at half maximum is typically 100–300 Hz. 

The 1–2 kHz mode was first observed in visible light emissions from the divertor [1]. Matching spectral peaks were found in measurements of both global and edge 
plasma parameters, including line-integrated density, diamagnetic energy, and edge floating potential and ion saturation current [2]. An infrared camera recording 
shows a temperature modulation of ~ 2.5 K due to this mode on a divertor tile where the average temperature was 600 ◦C. Separate correlation analyses of the high- 
speed camera recordings, Langmuir probe signals, and Mirnov coil signals all indicate a poloidal velocity of 0.5–10 km/s and m = 2 as a likely poloidal mode number. 
Langmuir probes mounted on the Multi-Purpose Manipulator show that the fluctuation is present in one of the magnetic islands over a radial distance of at least 5 
mm. 

A database of various diagnostic measurements and dB/dt signals from a Mirnov coil was created using a majority of the discharges from the 2018 campaign on 
W7-X, in order to shed light on the plasma parameters that are correlated with the existence of the 1–2 kHz mode. The power in the mode is positively correlated to 
the toroidal current, total external heating power, and core electron temperature. It is negatively correlated with plasma density.   

Introduction 

The W7-X stellarator was designed to approach reactor-relevant 
values of collisionality and plasma beta. It features a non-continuous 
divertor which intersects magnetic islands in the plasma edge, 
providing improved confinement over the limiter configuration used in 
the initial operation of W7-X [3,4]. W7-X was optimized to reduce 
neoclassical transport, while the level of anomalous transport due to 
turbulence and instabilities continues to be investigated. One instability 
commonly seen in W7-X that is not yet fully understood is a 1–2 kHz 
electromagnetic mode. It has a typical frequency width of 100–300 Hz at 
half maximum, and the peak frequency can remain steady over the 
course of a discharge or change by a few hundred Hz over a few seconds. 
It can therefore be described as quasi-coherent. The mode was first noted 
using a high-speed camera measuring visible light emitted near the 

plasma edge [1], predominantly in experiments with the “standard” and 
“high mirror” magnetic field configurations, which have 2.5 Tesla on 
axis, a 5/5 island chain, and a rotational transform of ɩedge = 1 (other 
common magnetic configurations used in W7-X are the “high iota” with 
ɩedge = 5/4 and the “low iota” with ɩedge = 5/6). The 1–2 kHz mode has 
also been observed in fast camera recordings filtered for D-α light alone, 
plasma line-integrated density, diamagnetic energy, magnetic flux, SOL 
floating potential and ion saturation current, divertor surface tempera-
ture near the strike-line, and soft X-ray emissions. 

Other modes that have been identified on W7-X include a 10–25 kHz 
quasi-coherent mode appearing inside the last closed flux surface (LCFS) 
in a subset of discharges with the standard and high mirror magnetic 
configurations [5], 150–1200 Hz “island localized modes” which cause 
significant losses in plasma stored energy [6], and a 1–10 kHz quasi- 
coherent mode in the SOL related to filament propagation [7]. The 
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CAS3D code has been used to predict the stability of MHD modes in W7- 
X [8], and it is thought that the SOL is dominated by resistive ballooning 
modes [9] and interchange modes [10]. At this time, it is not clear if 
there is a relationship between the 1–2 kHz mode described in this paper 
and the other quasi-coherent modes that have been studied. 

Experimental setup and methods 

Several camera diagnostics were used to study the 1–2 kHz mode, 
including two high-speed visible light cameras and one infrared camera. 
The high-speed camera with a tangential view of the plasma from port 
AEQ30 (the “AEQ30 camera”, Fig. 1) is a model Phantom v710 usually 
recording between 10 and 30 kfps at a resolution of 256x128 pixels. It 
has been used to record total visible light as well as D-α filtered light. It 
records a view of the full plasma cross section which is coupled to the 
camera via a fiber optic image guide. Its spatial resolution is reduced due 
to a poorly focused image on the (inaccessible) input-end of the image 
guide. A second high-speed camera, a Photron SX-2 viewing the poloidal 
cross-section tangentially from port AEQ21 (Fig. 1) with significantly 
higher spatial resolution, was used to record unfiltered visible light at 20 
kfps and 512x488 pixels [11]. Finally, an infrared camera observing the 
divertor plates [12] was used to assess whether the 1–2 kHz mode 
manifested in the divertor surface temperature. The infrared camera 
recorded at a rate of 2958 fps and a resolution of 64x16 pixels for the 
discharge analyzed here. Other diagnostics used in this study include the 
multi-purpose manipulator (MPM) with IPP-FLUC1 probe head [2,13], 
the interferometer [14], the diamagnetic loop [15], and the soft X-ray 
tomography system [16]. 

Many of the diagnostics used to determine the characteristics of the 
1–2 kHz mode were not active for all discharges or underwent changes 
in settings over the course of the campaign. A consistent diagnostic 
signal with high time resolution was desired in order to create a large 
database with which to study the plasma parameters that are correlated 
to the mode power. A coil in the Mirnov array (named 11CE430 and 
shown in Fig. 1) [17,18] was used to create a database of 0.25-second 
averaged samples across 1035 discharges out of a total of 1538 dis-
charges in the 2018 campaign (the total includes discharges which failed 
to produce a plasma). The coil was chosen by looking at a discharge with 
a strong 1–2 kHz mode and finding the coil in the Mirnov array showing 
the highest power in the mode. Samples were excluded based on 

conditions that would indicate a failed plasma or bad data, such as low 
density or external heating power, or if there was no valid signal from 
the Mirnov coil. The cutoff values were an interferometer line-integrated 
density of 1018 m− 2 and 100 kW of total electron-cyclotron resonance 
heating (ECRH) and neutral beam injection (NBI) power. Additional 
quantities used to populate the database include the toroidal current 
measured by the continuous Rogowski coil [15,17] and the core electron 
temperature measured by Thomson scattering [19]. The measured 
toroidal current is the sum of the bootstrap current, the current due to 
electron-cyclotron current drive (ECCD), and the plasma shielding cur-
rents [20]. 

Results and discussion 

Characteristics of the 1–2 kHz mode 

A typical discharge (XP_20181010.008, in the standard magnetic 
configuration) with a 1–2 kHz mode is shown in Fig. 2. An infrared 
camera observed a 1.2 kHz fluctuation in the divertor tile temperature 
near the strike-line on one of the horizontal divertor targets. The same 
peak frequency was observed by the AEQ30 camera and a coil in the 
Mirnov array. The amplitude of the temperature fluctuation was 2.5 K 
out of an average temperature of 600 ◦C. The results from the infrared 
camera show that the oscillations of the 1–2 kHz mode reach all the way 
to the divertor targets. 

The 1–2 kHz mode appears to exhibit poloidal rotation in camera 
recordings, but the details of this motion and the total radial extent of 
the fluctuation are difficult to determine due to complex geometry and 
line-integration effects. In this rough analysis, these issues are mitigated 
by using only the signals of pixels in the strike-line regions near the 
edges of the toroidally discrete divertor modules, which are significantly 
brighter than the line-integrated edge emissions farther away from the 
strike-lines. 

The time period examined with the cameras is 4.25 s after the start of 
discharge XP_20180918.027, with the standard magnetic configuration, 
~1.7 MW of ECRH heating, a density of ∼ 2 × 1019 m− 3 of hydrogen, 
and ~8 kA of toroidal current including ECCD. The discharge termi-
nated after a total of 6.5 s, after reaching 10 kA of toroidal current. 

Results from the AEQ30 camera are shown in Fig. 3 for a time in-
terval with a strong 1.8 kHz fluctuation in the standard magnetic 

Fig. 1. Overview of the main W7-X diagnostics used in this work, magnetic islands in the standard magnetic configuration, and divertor surfaces. The approximate 
viewing areas of the AEQ30 and Photron SX-2 cameras are shown by solid and dashed lines respectively. 
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configuration. The brightest regions are at the edges of the horizontal 
and vertical divertor illustrated in Fig. 3d. The magnetic islands in the 
edge are obtained from fitting alpha shapes to Poincaré plots computed 
in the standard magnetic configuration ignoring plasma pressure and 
toroidal current effects. The last closed flux surface can be imagined just 

inside the islands. A correlation analysis using a pixel with high 
brightness near the edge of the horizontal divertor plate finds no lag for 
pixels that appear to be part of the same strike-line as it recedes into the 
distance. There is a lag of − 0.2 ms for pixels in the bright spot on the 
vertical divertor plate, indicating that the horizontal divertor pixel sig-
nals lead the vertical divertor pixel signals. This corresponds to clock-
wise poloidal motion in the divertor area. At the frame rate of 10 kfps 
used in this experiment, the lag measurement has a resolution of 0.1 ms. 
It is difficult to know the precise location of the star and triangle 
reference points because of the low spatial resolution and the large size 
of the bright strike-line regions. Due to these limitations in spatial and 
temporal resolution, we will attempt to calculate a propagation velocity 
only using the faster-framing and better focused Photron SX-2 camera. 

A recording by the Photron SX-2 camera (Fig. 4) was analyzed during 
the same time interval as the AEQ30 camera. Points P1, P2, and P3 were 
chosen to analyze toroidal and poloidal motion of the 1.8 kHz mode. P1 
and P2 are situated on approximately the same field line (in the red is-
land), and P2 and P3 are situated in approximately the same poloidal 
plane at the edge of the horizontal and vertical divertor plates (Fig. 4d). 
Line-integration of light in the SOL is not considered in this analysis, and 
the resolution of the lag measurement is 0.05 ms due to the camera 
frame rate of 20 kfps. No lag was found between P1 and P2, although 
separated by ~3 m, and Fig. 4b shows that this result is not sensitive to 
the location of P1 along the field line. This could indicate a toroidal 
number of n = 0, but it is also possible that the time resolution is 
insufficient to characterize fast toroidal motion. The maximum speed 
discernible by the camera is 60 km/s, while an ion thermal velocity of 
180 km/s at temperatures of ~100 eV is typical for the SOL [7]. For 
poloidal motion, a correlation analysis of P2 and P3 indicates counter-
clockwise motion, which is consistent with the AEQ30 camera that looks 
in the opposite toroidal direction (Fig. 1). P2 and P3 were calculated to 
have a separation of roughly 0.8 m in the poloidal direction along the 
LCFS for a case with the standard magnetic configuration. A lag of 
− 0.25 ms indicates a propagation speed around 3 km/s, corresponding 
to a mode number of m = 2. The direction of rotation, assuming it is due 
to E × B drift, indicates a positive radial electric field of around 10 kV/ 
m, which is typical for the W7-X SOL [9], although the sign can flip 
inside the magnetic islands [21,22]. This means that E × B propagation 
in the SOL is a plausible explanation for the 1–2 kHz mode, ignoring the 
effect of the islands. It is also possible that the 1–2 kHz mode fluctuates 
with highest power inside the LCFS, and its effects are felt further out in 

Fig. 2. ECRH heating power, line-integrated density, toroidal current, and 
diamagnetic energy for a discharge exhibiting the 1–2 kHz mode in spectro-
grams of the signal from Mirnov coil 11CE430, the signal of a pixel near the 
strike-line viewed by the AEQ30 camera, and the signal of a pixel near the 
strike-line viewed by the infrared camera. 

Fig. 3. a) Sample image from the AEQ30 Phantom camera with D-α filter. The correlation reference pixel, indicated by a star, is a pixel in the bright region at the 
edge of the horizontal divertor. The bright region at the edge of the vertical divertor is indicated by a triangle. b) Time lag resulting in the maximum correlation 
between each pixel and the reference signal. c) Correlation with zero time lag of each pixel signal to the reference signal. d) Hand-aligned CAD image of the AEQ30 
camera’s view with magnetic islands in the standard magnetic configuration colored to match those in Fig. 1. The darker-blue island (lower left corner) has been 
clipped in the near field as it passes right in front of the camera port and would cover most of the image. 
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the SOL. A third possibility is that toroidal motion is the true cause of the 
observed poloidal motion, as field-aligned density perturbations have 
been observed in the standard magnetic configuration to stay coherent 
over 4 toroidal transits, with each toroidal transit resulting in 25–30 cm 
of poloidal separation and less than 22 microseconds lag (compared to 
the ion toroidal transit time of 200 microseconds at 100 eV) [7]. For the 
Photron camera calculation of propagation velocity, toroidal propaga-
tion with 22 microseconds lag between turns would imply 70 micro-
seconds lag between P1 and P2, which is smaller than the observed 250 
microseconds. Toroidal propagation therefore does not explain the 
observed poloidal motion particularly well, though additional analysis 
may be required to rule it out. 

During the same discharge when the cameras were active 
(XP_20180918.027), the poloidal Mirnov coil array also observed the 
1.8 kHz mode, identifying strong m = -3 and m = 2 mode activity at 1.8 
kHz (Fig. 5) using the method of stochastic subspace identification [23]. 
While the m = 2 mode matches camera observations, the m = -3 
component is unexpected. It may be that the m = -3 behavior occurs 
closer to the core of the plasma while the m = 2 component is more 
visible in the edge, but no radial localization is currently available. The 
soft X-ray tomography diagnostic saw the 1.8 kHz mode in individual 
channels during this discharge and may be able to answer this question 
after further analysis. The poloidal mode spectrum from the Mirnov 
array does not take into account the changing shape of flux surfaces as a 
function of minor radius and is most accurate for edge modes where the 

triangular shape of the Mirnov array is similar to that of the outermost 
flux surfaces [18]. The full Mirnov array also includes coils at other 
toroidal locations to identify toroidal mode numbers, but this informa-
tion is as yet unavailable. 

The 1–2 kHz mode was also analyzed using a Langmuir probe array 
mounted on the reciprocating MPM in discharge XP_20171121.035 from 
the 2017 run campaign. The main difference between the 2017 and 
2018 campaigns was the use of boronization in 2018 [24]. 

Fig. 4. a) Sample image from the unfiltered Photron SX-2 camera, with points P1, P2, and P3 indicated by green stars. b) Time lag resulting in the maximum 
correlation between each pixel and P2. c) Correlation with zero time lag of each pixel signal to that of P2. d) Hand-aligned CAD image of the Photron SX-2 camera’s 
view with magnetic islands in the standard magnetic configuration colored to match those in Fig. 1. The green island has been clipped in the near field as it passes 
right in front of the camera port and would cover most of the image. 

Fig. 5. Amplitude of poloidal mode numbers identified by the Mirnov coil 
array during discharge XP_20180918.027. 

S.B. Ballinger et al.                                                                                                                                                                                                                             



Nuclear Materials and Energy 27 (2021) 100967

5

XP_20171121.035 is in the standard magnetic configuration with 2 MW 
of ECRH power, a density of 1.5 × 1019 m− 3 of helium, and toroidal 
current starting at 0 kA that reaches 4 kA after 5 s into the discharge. 
Also after 5 s into the discharge, the ECRH power starts to be modulated 
(Fig. 6a). A 1.4 kHz mode appears around 2 s into the discharge, visible 
in the power spectrum of the diamagnetic loop energy, and the MPM 
plunges into the plasma around 4 s in, pausing during the time periods 
labeled T1, T2, and T3 on its way progressively deeper into the plasma 
near the O-point of one of the magnetic islands (Fig. 6a,b). Langmuir 
probes on the MPM see the 1.4 kHz mode during all time periods, but T3 
differs from T1 and T2 presumably because of the modulation in ECRH 
power: the Langmuir probes see additional fluctuations below 1 kHz, 
and the 1.4 kHz mode becomes weaker in the power spectrum of the 
diamagnetic energy. The positions at which the MPM remained sta-
tionary during T1, T2, and T3 are shown relative to magnetic flux sur-
faces and the connection length along the magnetic field, calculated in 
the standard magnetic configuration ignoring toroidal current and 
plasma pressure effects. These effects could shift the flux surfaces, 
making it hard to be sure that the significant change in connection 
length occurs between the positions at T2 and T3 rather than between 
the positions at T1 and T2, for example. 

A poloidal velocity was calculated from spectrally integrated Isat 
measurements. In all cases, the velocity was consistent with a positive 
radial electric field, assuming E × B flow (Er was found to range from 
zero to positive in this part of the island in another discharge with the 
standard magnetic configuration [21]). Fig. 6c,d shows a simple corre-
lation analysis using the Isat current probes which indicates a poloidal 
velocity of 2.9 km/s during time period T2. A more sophisticated elliptic 

model [25], appropriate due to the rapid decrease in cross-correlation 
between pins, puts the poloidal velocity at 300 m/s. For the Vf pins, 
the simple analysis calculates 9 km/s, and the elliptic model calculates 
500 m/s. These results are essentially unchanged when the full spectrum 
of fluctuations is used as opposed to signals filtered to include only the 
1–2 kHz range, indicating that the measured poloidal velocity is not 
directly caused by the 1.4 kHz mode. 

These ambiguous results make sense when we uncover the compli-
cated dynamics in the spectrally resolved correlations between pins. 
There are significant differences between the time periods T1, T2, and 
T3, Isat and Vf pin arrays, and low- and high-frequency parts of the 
spectrum. During T1, the Isat pins show the 1.4 kHz mode propagating in 
the opposite direction as the E × B drift while modes with frequency 
greater than 2 kHz propagate in the E × B direction. The Vf pins tell a 
different story, with pins closer to the reference pin showing propaga-
tion in the E × B direction at 1.4 kHz while faraway pins show the 
opposite. During T2, the Isat pins show no clear propagation at 1.4 kHz 
and E × B propagation for frequencies greater than 2 kHz. The Vf pins 
show similar behavior as during T1. During T3, both Isat pins and Vf pins 
show no clear propagation for the 1.4 kHz mode. Focusing on T2, these 
complicated results may explain why the spectrally integrated methods 
give such different propagation velocities and that the obtained veloc-
ities are only for frequencies greater than 2 kHz. The very different re-
sults at T1, T2, and T3 could be due to the large change in connection 
length between T1 and T2 and/or the onset of ECRH modulation just 
before T3. 

In summary, the Langmuir probes clearly see the 1–2 kHz mode over 
a radial extent of ~ 5 mm in one of the edge magnetic islands but do not 

Fig. 6. a) Time traces of the ECRH power and MPM position relative to its starting point and spectrograms of the diamagnetic loop energy and Isat. The probe array 
remained stationary during the time periods labeled T1, T2, and T3. b) Positions of the Isat probes during T1, T2, and T3 are shown in red, green, and blue (the Vf pins 
are in roughly the same configuration, see Fig. 3 in [21]). The magnetic flux surfaces are shown by a Poincaré plot, and the color scale shows the connection length 
along the magnetic field (white indicates closed field lines). The inset figure shows the wider context of the view. c) Cross-correlation of the Isat signals as a function of 
the delay, during time period T2. d) The relationship between pin distance and delay of correlation maximum during time period T2. 
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identify one single clear propagation speed or direction. The cameras, 
however, see a definite speed and direction of propagation based on 
emissions from the strike-line regions, which are squarely in the islands, 
so this discrepancy between diagnostic results stands out as unresolved. 
One possible explanation is that the cameras see emissions from the 
outer part of the islands, closer to the separatrix, and the 1–2 kHz mode 
does not have as coherent of a structure near the center of the island 
where the Langmuir probes measured. 

Dependencies of the 1–2 kHz mode 

In order to better understand the causes and impact of the 1–2 kHz 
mode, a database was populated with diagnostic measurements and 
Mirnov coil power-spectral densities (PSDs) of the dB/dt signal from a 
specific coil. Samples of these quantities averaged over 0.25 s were 
collected from all well-diagnosed discharges in the 2018 campaign of 
W7-X. The peak in each PSD was defined as the maximum power in the 
range of 0.5–2.5 kHz. The pre-discharge power spectrum (between 0.5 
and 0.25 s before the discharge) was subtracted from each Mirnov PSD 
before finding the peak, reducing the error from certain frequency bands 
with higher power than the rest of the spectrum in the pre-discharge 
phase. These background powers are typically on the order of 0.1 in 
the Mirnov PSD power scale. 

The database analysis shows a relationship between the strength of 
the 1–2 kHz mode and the magnetic configuration (Fig. 7a). There are 
many more samples in the standard magnetic configuration than in the 
others, but the histograms are normalized by the integral. The distri-
butions of peak power for the high and low iota configurations have 
similar mode and variance, with relatively few high-power samples 
(Log10(Ppeak) > 1). The mode of the standard configuration’s distribution 
is similar to those of the high and low iota distributions, but the distri-
bution is wider and has a longer tail of high-power samples. The high 
mirror distribution is notable for its significantly shifted mode, with a 
relatively large number of high-power samples. Samples in the standard 
and high mirror configurations together constitute 99% of samples with 
Log10(Ppeak) > 1. This criterion is satisfied by 9% of the total standard 
population and 19% of the total high mirror population. The few sam-
ples with Log10(Ppeak) > 1.7 are almost entirely in the standard config-
uration, but the high mirror configuration is nevertheless notable for its 
skew toward high-power modes. The standard and high mirror config-
urations have the same rotational transform of ɩedge = 1, and the fact that 
more high-power samples appear in these configurations than in the 
high and low iota configurations could mean that the rotational trans-
form is an important factor in the strength of the fluctuation. The skew of 
the high mirror distribution toward high-power modes may indicate that 
the mirror ratio also has an impact. 

While the low and high iota configurations have fewer high-power 
samples, this is not to say that the 1–2 kHz mode is entirely absent 
from them. Fig. 7b shows a significant concentration of the peak-power 

frequency around 1.3–1.6 kHz for all magnetic configurations. A large 
number of low iota cases appear to have a peak-power frequency just 
under 2.5 kHz, but this was verified to be due to broadband fluctuations 
rather than discrete peaks. It appears that the 1–2 kHz mode exists to 
some extent in all configurations but can have significantly greater 
power in the standard and high mirror configurations. 

Fig. 8 shows the relationship between the power of the 1–2 kHz mode 
and various plasma parameters. The different magnetic configurations 
cover similar ranges of densities and heating powers, giving additional 
confidence in the conclusions from Fig. 7. Differences between the 
magnetic configurations are most apparent in the toroidal current: 
samples in the high mirror and high iota configurations have lower 
average toroidal current than others. The high mirror configuration, 
however, has many samples with high mode strength despite its lower 
average toroidal current. The low mirror samples also appear to have an 
opposite trend in mode strength with toroidal current. In the standard 
configuration, the positive correlation of mode power with toroidal 
current is interesting in the context of other studies which identify 
progressive changes in the SOL geometry as a function of toroidal cur-
rent, leading to a threshold around Itor = 6 kA above which the inter-
action of the edge magnetic islands with the divertor changes 
significantly [26]. In Fig. 8, there appears to be a tighter correlation 
between mode power and toroidal current for values above 6 kA. This 
could indicate that the power in the mode depends on the SOL geometry, 
or it could be due to other correlations—high-current samples tend to 
have low density and high temperature. Because the mode strength and 
temperature are positively correlated but the mode strength and density 
are negatively correlated, it appears unlikely that this is a pressure- 
driven mode. The mode is strongest at high heating power and low 
density, indicating a possible dependence on the edge temperature 
gradient assuming the 1–2 kHz mode is an edge mode. This dependence 
is investigated using the core temperature as a proxy for the edge 
gradient due to the difficulty of fitting a large number of profiles. The 
expected correlation between mode strength and core temperature is 
found but is inferior in spread to the scaling with heating power divided 
by density. The edge temperature gradient hypothesis remains plausible 
but will require more detailed data analysis to verify. Finally, it must be 
noted that significant covariances exist between some variables (posi-
tive for temperature vs. heating power and temperature vs. current, 
negative for density vs. current and density vs. temperature), making it 
difficult to conclude which one best explains the strength of the 1–2 kHz 
mode. 

The database was also used to answer the question of whether the 
1–2 kHz mode causes the plasma diamagnetic energy to decrease faster 
than it normally would (Fig. 9). Samples with the standard magnetic 
configuration were divided into strongly fluctuating and weakly fluc-
tuating categories based on whether the peak power was above or below 
the median peak power. The percent change in diamagnetic energy for a 
sample was defined using the energy of the sample and of the next 

Fig. 7. a) Distribution of the peak magnitude of the Mirnov coil frequencies in the range of 0.5–2.5 kHz for each 0.25-second sample, colored by magnetic 
configuration. b) Distribution of the Mirnov coil frequency with peak power in the range of 0.5–2.5 kHz for each sample, colored by magnetic configuration. 
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sample in time (0.25 s later). The confinement time in W7-X is on the 
order of 100 ms [27], so with measurements separated by 250 ms, we 
expect to see noticeable changes in the diamagnetic energy. If the 
fluctuation drains energy, the distribution of the highly fluctuating 
population should be shifted in the direction of negative ΔWdia 
compared to the weakly fluctuating population. The distributions, 
however, look very similar in the portion with greater than 100 samples 
per bin. The mean change in energy is − 0.8%±0.1% for the strongly 
fluctuating population and − 2%±0.2% for the weakly fluctuating pop-
ulation, implying if anything that the fluctuation does not tend to cause 
a decrease in diamagnetic energy. This matches our experience that the 
mode has more of a stable oscillatory character rather than causing or 
coinciding with rapid changes in plasma parameters. As shown in the 
figure, changes in diamagnetic energy greater than ± 10% are rare and 

are likely due to events like pellet injection or radiative collapse. 

Conclusions 

The 1–2 kHz mode appears in measurements of visible light, plasma 
density, edge potential, magnetic flux, diamagnetic energy, soft X-ray 
emissions, and divertor tile temperature. The high-speed cameras see 
poloidal rotation around 3 km/s in the E × B direction, assuming a 
positive radial electric field, corresponding to a mode number of m = 2. 
During the same discharge, the Mirnov coil array identified dominant 
mode numbers of m = -3 and m = 2 at the frequency of the 1–2 kHz 
mode. The spatial extent the mode was established by Langmuir probes 
over a distance of 5 mm inside one of the magnetic islands, but the 
probes observed complicated dynamics and could not identify a singular 
poloidal propagation velocity. 

In addition to characterizing the dynamics of the 1–2 kHz mode, a 
database was created to study the relationship of the power in the mode 
to other plasma and machine quantities. The mode appears to depend on 
the magnetic configuration, having the highest power in the standard 
and high mirror configurations, though it appears to be present at low 
power in other configurations. The mode power is positively correlated 
with total input power, toroidal current relative to the toroidal magnetic 
field direction, and core electron temperature. A negative correlation 
was found with the line-integrated density. The mode therefore appears 
to be most likely driven by temperature gradients. Finally, the mode 
does not appear to cause or be correlated with a decrease in diamagnetic 
energy, differentiating it from some of the previously identified modes 
on W7-X which are found to strongly affect the plasma stored energy. 
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N. Wang, Z. Wang, F. Warmer, T. Wauters, L. Wegener, J. Weggen, Y. Wei, G. Weir, 
J. Wendorf, U. Wenzel, A. Werner, A. White, B. Wiegel, F. Wilde, T. Windisch, 
M. Winkler, A. Winter, V. Winters, S. Wolf, R.C. Wolf, A. Wright, G. Wurden, 
P. Xanthopoulos, H. Yamada, I. Yamada, R. Yasuhara, M. Yokoyama, M. Zanini, 
M. Zarnstorff, A. Zeitler, D. Zhang, H. Zhang, J. Zhu, M. Zilker, A. Zocco, 
S. Zoletnik, M. Zuin, Overview of first Wendelstein 7-X high-performance 
operation, Nucl. Fusion. 59 (2019), https://doi.org/10.1088/1741-4326/ab03a7. 

[4] T. Sunn Pedersen, R. König, M. Jakubowski, Y. Feng, A. Ali, G. Anda, J. Baldzuhn, 
T. Barbui, First divertor studies in Wendelstein 7-X, IAEA Fusion Energy Conf. 
(2019, 2018,) 1–8. 

[5] X. Han, A. Kramer-Flecken, T. Windisch, M. Hirsch, G. Fuchert, J. Geiger, 
O. Grulke, S. Liu, K. Rahbarnia, Experimental characterization of a quasi-coherent 
turbulent structure in the edge plasma in Wendelstein 7-X, Nucl. Fusion 60 (2020), 
https://doi.org/10.1088/1741-4326/ab4e75. 

[6] G.A. Wurden, T. Andreeva, S. Ballinger, S. Bozhenkov, C. Brandt, B. Buttenschoen, 
H. Damm, M. Endler, S. Freundt, J. Geiger, K. Hammond, M. Hirsch, U. Höfel, C. 
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