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Abstract

Two density fluctuation imaging systems, phase contrast imaging (PCI) and gas puff imaging
(GPI) measure spatially resolved density fluctuations with high time resolution throughout the
core plasma (PCI) and in the scrape-off layer (GPI) of the Wendelstein 7-X (W7-X) stellarator.
Both systems combined give a comprehensive overview of overall fluctuation levels, spectral
properties such as their distribution in frequency and wavenumber space as well as their spatial
distribution. These tools are used to assess changes in density turbulence in three representative
discharges that transition into stable divertor detachment by different strategies (impurity
seeding, density ramping and power starvation). Several general trends are identified when the
radiated power fraction is systematically increased: In the plasma edge, the line emission
observed by GPI shifts radially inward with a drop in electron temperature, and normalized
intensity fluctuation profiles follow this inward shift. Skewness and kurtosis of these edge
fluctuations are reduced, indicating a reduction of large intermittent transport events, and
poloidal phase velocities decrease in magnitude. These observations are consistent with a
reduced power input into the plasma edge and a general reduction of turbulent activity. Core
density fluctuation levels remain nearly constant in the impurity seeding scenario, indicating
that detachment does not significantly impact turbulence there. However, a strong reduction in

a See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the W7-X Team.
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the dominant outboard fluctuation phase velocity is observed that deviates from the previous
interpretation of neoclassical radial electric field changes, showing that the core plasma is not
completely unaffected. In the density ramp and power starvation scenarios, undesirable and
irregular large-scale events arise clearly in both diagnostic systems as the radiative fraction is
increased. Impurity seeding therefore seems to be a promising strategy on W7-X to achieve
detachment without significantly altering core turbulence, especially when targeting a specific

operating point in core density and heating power.

Keywords: Wendelstein 7-X, magnetic confinement fusion, turbulence, detachment,

phase contrast imaging, gas puff imaging

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

1. Introduction

Recent and ongoing experiments in the Wendelstein 7-X (W7-
X) optimized stellarator indicate that turbulence plays a dom-
inant role in energy and particle transport [1]. Specifically,
successful neoclassical optimization has been demonstrated
experimentally [2], and anomalous transport has been shown
to be a dominant and performance-limiting transport chan-
nel in standard heating scenarios [3, 4]. Gyrokinetic simu-
lation efforts of varying fidelity and complexity are invest-
igating the underlying turbulence instabilites, their plasma
parameter and magnetic geometry dependencies, and satur-
ation mechanisms [5-9]. These are gradually establishing a
basis for the theoretical understanding of the relevant anom-
alous heat and particle transport mechanisms. Fully consist-
ent and quantitatively predictive modeling remains prohibit-
ively expensive, and reduced models require careful valida-
tion against experimental observations. Experimentally under-
standing and mitigating the mechanisms driving turbulence
is one of the primary goals of the W7-X research program,
which aims to optimize the stellarator magnetic confinement
concept leading to an economically attractive future steady-
state reactor. A major goal of ongoing experimental program
is the systematic study of turbulent microinstabilities in the
available operational parameter space, both in terms of mag-
netic configuration and profile dependencies [10]. Turbulent
transport can be characterized indirectly from equilibrium pro-
files by global power balance and transport studies, revealing
large and often dominant anomalous heat and particle trans-
port channels [4, 11]. More directly, turbulent fluctuations are
measured by several diagnostic systems that have been imple-
mented on W7-X with the goal of identifying and character-
izing transport-relevant microinstabilities such as ion temper-
ature gradient (ITG), trapped electron (TEM) and kinetic bal-
looning modes (KBMs) in the plasma core, as well as observe
the role of filamentary structures in the scrape-off layer (SOL).
In particular, two density fluctuation imaging systems, phase
contrast imaging (PCI) and gas puff imaging (GPI) measure
spatially resolved (and therefore wavenumber-resolved) dens-
ity fluctuations with high time resolution throughout the core
plasma (PCI) and in the SOL (GPI), respectively.

The paper focuses on results from the most recent
experimental campaign OP2.1 (2022-2023), the first in which
GPI was available. An attractive scenario to showcase the com-
plementary features of both systems is that of stable diver-
tor detachment, in which a steady-state plasma is modified by
external actuators to increase the radiation at the plasma edge
and reduce the heat load on the divertor target plates. For an
attractive reactor-relevant scenario, detachment should ideally
be a well-controlled plasma edge process compatible with sus-
tained good performance in the core [12], especially regard-
ing possible worsening of turbulence. Core and edge turbu-
lence are characterized throughout the transition into detach-
ment, providing a first indication that core density fluctuations
remain largely unaffected when detachment is approached
with care, while the radial localization of edge fluctuations
shifts substantially with the moving radiation front.

In the following, the paper first introduces three represent-
ative W7-X discharges from a global perspective which trans-
ition into detachment via different routes in section 2, then
describes the density turbulence imaging diagnostics used for
detailed analysis in section 3, and presents observations from
these in the three detachment scenarios in section 4 before
summarizing their commonalities and differences in section 5.

2. Representative detachment discharges

In the OP2.1 campaign of W7-X, stable and controlled divertor
detachment was achieved by three strategies: power starvation
by reduction of heating power at constant density (stabilized
by feedback-controlled gas puffing), a feedback-controlled
density ramp by hydrogen puffing (the main gas used in W7-
X) at constant heating power, or injection of strongly radiative
impurities such as nitrogen, neon or argon into otherwise
constant discharge parameters. In all three scenarios, the radi-
ative fraction f,,g = Praq/Prch, defined as the ratio of total
radiated to heating power (in the presented cases only by elec-
tron cyclotron resonance heating, ECRH) increases nonlin-
early with the external actuator. The transition into detach-
ment is gradual, and characterized by a complex and fully
three-dimensional interplay of edge ionization, plasma surface
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Figure 1. Summary time traces of plasma parameters during three discharges going into detachment. Left: Neon impurity seeding into a
steady-state plasma at constant heating power and density into complete detachment around 6 s. Center: Feedback-controlled density ramp
(hydrogen puffing) reaching detachment (f,,s ~ 0.8). Right: Power step-down at constant density into complete detachment at 16 s.

interaction processes and impurity radiation with a high value
of f,aa ~ 1, as described in [12—-14]. In summary, an externally
forced change in the SOL power balance may reduce its tem-
perature, and the intrinsic impurity line radiation zone (mainly
from carbon) shifts radially inward, lifting off from the target
into the SOL. As f,,s approaches 1, the radiation (and even-
tually ionization) front moves towards the closed flux surface
region and may affect the core plasma. Further increasing radi-
ation forces the discharge into either an operationally undesir-
able but stable ‘small plasma’ which extends to around half of
the minor radius, or a full radiative collapse (the latter being
the more common case for power starvation).

For the selection of representative discharges with stable
detachment, organizational and operational constraints limit
the number of experiments available for useful analysis, espe-
cially with respect to the availability of GPI data. The GPI
hydrogen puff initially had to be proven to cause minimal
edge perturbations, and was not established as a routine dia-
gnostic until later in the campaign. The majority of experi-
ments exhibiting detachment with GPI participation are heat-
ing power step-down experiments at high line-integrated dens-
ity which end up in detachment incidentally. This results in a
database of 45 discharges, although varying magnetic config-
urations with different detachment behavior and GPI field of
view (FOV) reduce the statistics of what may be considered
a typical detachment scenario. Ultimately, 11 successful pro-
grams with good GPI coverage of different ;4 levels and high
signal quality are considered for this analysis, three of which
are presented in detail.

The three routes to detachment are shown in summary plots
with time traces of key plasma parameters in figure 1. At the
top, the ECRH power (blue) is shown together with the total
radiated power in red (of which most is emitted at the plasma
edge) as measured by a bolometry camera system [15]. For
the first discharge, the valve opening times for neon seeding
are shown in green. The time points at which GPI is active
are marked with black vertical black bars. In the middle pan-
els, the line-integrated density f ndl and diamagnetic energy
Waia are shown, followed by the (central) electron and ion

temperatures, 7, and 7;, measured by an x-ray imaging spec-
trometer (XICS) [16].

Discharge 20230214.055 (figure 1 left) uses neon seeding
to reach detachment by puffing a larger amount every full
second and smaller ones with higher frequency to maintain
its concentration. The larger puffs are clearly visible as step-
wise increases in P4, while the heating power and density is
held constant. Full detachment is reached around 5-6 s and is
maintained until the programmed end of the discharge at 8 s.
The central temperatures remain entirely unaffected, while the
diamagnetic energy decreases slightly with each puff by a total
of around 6%.

The kinetic core plasma profiles, measured by the XICS
[16] and Thomson scattering [17] diagnostic systems, are
virtually unchanged throughout this discharge, as shown in
figure 2 left for two time points with an attached (blue, f;,q =~
0.4) and detached (red, f;.s ~ 1) plasma. T, (points, fits with
solid lines) is peaked due to the central ECH deposition, and
T; < T, since the ions are collisionally heated by the electrons.
The electron density n, (points, fits with solid lines) is mostly
flat in the core, and falls off to around half its central value at
the last closed flux surface (LCFS). While the T, and n, points
measured by Thomson scattering have a large scatter, the indi-
vidual scattering volumes show little temporal variation, and
the fits are very similar. The 7; profiles (dashed), inverted from
line-integrated XICS signals, also show no variation within the
systematic error. In addition, profiles of the effective charge
Z, inferred from Bremsstrahlung [18] (not pictured) increase
moderately but measurably by about 0.1 with every impurity
gas puff from 1.5 to 2.2 close to the axis, and 1.1 to 1.6 at
refr/a =0.75, saturating in time together with f,,, after 6 s.
In the SOL, T, and n, are measured by reciprocating probes
[19], shown in figure 2 right for a different discharge in the
‘standard’ configuration due to limited probe data availability
in more comparable situations. The probe paths through the
SOL geometry is shown in more detail in figure 4. In general,
it is observed that there is a complex three-dimensional vari-
ation of plasma parameters in and around the magnetic islands,
and their detailed structure can thus be difficult to interpret
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Figure 2. Left: Core kinetic plasma profiles for two time points in discharge 20230214.055, with 7, and n. as measured by Thomson
scattering (points), corresponding fits (solid lines) and 7; (dashed lines) as inverted from XICS data. Error bars are shown for selected
representative points. Right: SOL profiles of T, and n, measured by reciprocating probes in discharge 20230323.054 at two time points and

two vertical positions (solid and dashed lines) described in section 3.

from single traces. During detachment, it is however generally
observed that cooling of the magnetic island (the area closest
to the LCFS in the data shown) takes place during transition
from an attached (blue) to a detached plasma (red) for both
probe paths (solid and dashed), while the situation is less clear
for the far SOL. Additionally, there is a large and consistent
reduction of the SOL density throughout the entire measured
area.

Discharge 20230214.046 (figure 1 center) reaches a detach-
ment regime with f,,; =~ 0.8 by increasing the density in two
feedback-controlled ramps (gas puffs) at constant heating
power. f,,q increases more strongly than the density rises,
along with a decrease in the core T, while 7; remains nearly
constant. The increase in density outpaces the loss in 7, such
that Wy, increases slightly throughout the discharge. Starting
from 7 s, a large scale edge instability appears, which is visible
even in the line-integrated density trace as irregular spikes, but
does not seem to affect core parameters significantly. Other
discharges with more aggressive density ramps into complete
detachment show this instability much more strongly, clearly
visible in all core plasma parameters.

Discharge 20230117.074 (figure 1 right) reaches detach-
ment by power starvation. At a high constant (feedback-
controlled) density, f,,s increases towards 1 with every step
down in Pgcy at nearly constant P,,y. Note that P,,, tends to
rapidly increase by small amounts after power steps due to fast
increases in edge fueling by the density feedback controller,
which compensates a reduction in recycling fluxes at lower
power input to the divertor (and is not visible in cases without
feedback control). The power steps at 12.5 s and 15.5 s lead
to detachment with f,,; = 0.8 and 1.0, respectively, and are
accompanied by drops of W, mainly due to reduced elec-
tron heating while the core 7; remains constant. In the last
power step into complete detachment (f,,; ~ 1), the low ECH

power results in a decrease of T, below the previous 7; value.
Both temperatures drop together, since 7; < T, for ECH plas-
mas. There is therefore only a small heating power window (in
this case between 1.6 and 2.0 MW) in which complete detach-
ment with intrinsic impurities is achieved without significantly
impacting core T; and 7, at lower heating power. This specific
discharge quickly ends in a radiative collapse during a final
attempted drop in heating power below 1 MW.

We note that these discharges are chosen for their data
availability and quality, and span two magnetic configurations,
‘standard’ and ‘high mirror’, as indicated in the figure. While
the phenomena associated with detachment presented here are
qualitatively independent of configuration, geometry differ-
ences exist especially in the edge islands, affecting flux surface
positions and the diagnostic systems’ FOV. This is indicated in
the text where relevant.

3. Diagnostic systems

3.1 Phase contrast imaging (PCl)

PCI systems in fusion experiments measure line-integrated
density fluctuations (of wavelength Ap~0.4—4 cm)
by small-angle scattering of an infrared laser beam (of
wavelength A\, = 10.6 um) with a scattering angle away from
the beam of a o Ar/Ap [20]. On a phase plate located at
a focal plane of the optical collection system, the scattered
component is phase-shifted with respect to the unscattered
component so that the signal intensity in a subsequent image
plane is directly proportional to the line-integrated fluctuation
amplitude 1 f ndl. The W7-X PCI system [21] is shown
schematically in figure 3(left) together with the flux surfaces
at the toroidal position (® =4.55rad) of the diagnostic. It
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Figure 3. Left: Schematic of the PCI diagnostic including flux surface shapes at its toroidal location. Positive wavenumbers are defined as
shown by the k > 0 arrow perpendicular to the line of sight. Right: Radial localization by the spatial selection mask of the PCI system for the
angle setting and ‘high mirror’ magnetic configuration used in section 4.1.

fires a CO, laser through the core plasma onto two separ-
ate 32-channel detector arrays, allowing for (approximately)
poloidally resolved measurements of [ 71(f)d! and thereby kg
across the laser beam diameter. As visible in figure 3, there is a
small finite angle between the flux surfaces and the beam nor-
mal (measurement) direction, discussed in detail in [21, 22].
For the present work, we use the poloidal wave number ky and
measurement direction k interchangeably. k is defined as pos-
itive when pointing upwards, such that on the outboard side
(where r > r,y), k is negative when E, < 0 and v ~ vgxp. A
new feature in the most recent campaign is a (freely rotatable)
masking plate with a wedge-shaped cutout in a further focal
plane which exploits the fact that the scattering angle around
the beam depends on the local magnetic pitch angle, thus
allowing the physical masking of the line-integrated signal
components from certain radial ranges. Figure 3 right shows
the effect of a 10° opening angle filtering mask for a given
angle setting (—2°) in the ‘high mirror’ magnetic configuration
for the detectable wavenumbers. Good localization with max-
imum signal throughput is achieved between 0 < regr/a < 0.5
for large k, while lower wavenumber fluctuations are detec-
ted from an increasing radial range with lower amplitude,
especially on the inboard side. In the experiments reported on
here, one detector has the filtering mask installed, while the
other is unmasked and measures the full line-integrated signal.
Further details of the radial mask selection feature are reported
in [23, 24].

3.2. Gas puffimaging (GPI)

GPI is a mature diagnostic that has been used on a number of
tokamaks [25] to study the dynamics of fluctuations in the edge
and SOL plasma. It utilizes a small controlled puff of H, or He
gas to supply a localized source of atoms that are subsequently
excited by local plasma electrons. Line radiation from the
neutrals is collected along sight lines that pass through the col-
limated gas cloud and are close to parallel with the field lines
there. As realized on W7-X [26], the toroidal collimation of
the gas cloud is crucial for achieving good spatial resolution
(~5-7 mm) in the 2D images captured by a fast-framing (2

Mips) camera with 8 x 16 pixels, capturing a total FOV of
42 x 78 mm. The fluctuations in the H,, line emission are due
to fluctuations in both the local electron density and temper-
ature, and the images serve as proxies for visualizing their 2D
dynamics. Both the nozzle and FOV position are marked in
figure 4 left for the case of the ‘standard’ magnetic config-
uration, together with the flux surfaces of the core plasma and
the magnetic islands, and the color-coded magnetic connection
length. The GPI FOV is fixed in space, though changes in the
variable magnetic configurations of W7-X, as well as changes
in the equilibrium, plasma and control coil currents modify
which part of the SOL is observed by GPI, as shown in figure 4
right for two configurations (‘high mirror’, HM and ‘stand-
ard’, ST) discussed below. The black box is the GPI FOV and
the black line is the coordinate aligned with the detector, xgp;.
Additionally, the paths of the reciprocating probes attached to
the multi-purpose manipulator are shown in green, as mapped
to the equivalent toroidal position of GPI for the HM config-
uration. The rightmost plot shows the connection length L¢
along this coordinate, offset by the LCFS intersection, as well
as the O-point distance (dashed lines, almost equal for both
configurations) and the detector column positions (dots). Due
to the way segmented divertor targets in W7-X intersect the
field lines, magnetic islands do not necessarily have regions
of private flux with infinite Lc but may be intersected after a
short toroidal distance. For the cases shown (which take into
account the coil and instantaneous plasma currents), the ST
configuration has such a region around the O-point which is
fully covered by the GPI FOV, whereas the HM configuration
does not.

In addition to the two fluctuation imaging diagnostic sys-
tems showcased in this work, additional systems based on
a variety of measurement principles are installed on W7-X
which will however not be considered in the scope of this
work. These include multiple Doppler backscattering sys-
tems (e.g. [27]) and a poloidal correlation reflectometer ([28])
for the core and edge plasma, radial and poloidal correla-
tion electron cyclotron emission systems, and for the edge
and SOL an alkaline beam [29] as well as reciprocating
probes ([30]).
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Figure 4. Left: Flux surfaces of the core plasma and magnetic islands at the toroidal angle of GPI over the color-coded magnetic connection
length, together with the nozzle position and FOV for the ‘standard’ magnetic configuration. Right: Zoomed GPI FOV together with the last
closed flux surface and island position (x) in the ‘standard’ (ST, red) and ‘high mirror’ (HM, blue) magnetic configurations with the
reciprocating probe paths for the ST configuration (green). Connection length profiles along the image coordinate xgps, O-point position

(dashed) and GPI detector column positions (dots).

4. Results

4.1. Impurity seeding scenario

The impurity seeding scenario in discharge 20230214.055
exhibits comparatively benign impact on both core and edge
turbulence and will be discussed first. Figure 5 shows density
fluctuation properties as measured by PCI, beginning with the
single channel spectrograms of the most illuminated (central)
channel from both detectors. The line-integrated (unmasked)
measurement shows a clear impact of the neon injections on
the spectrogram at higher frequencies at every full second,
while at lower frequencies (f < 200kHz) the spectrum remains
unchanged throughout the discharge. The core (masked) meas-
urement sees comparatively less fluctuation power in general
and, more importantly, does not react to the injections, indic-
ating that the reduction in high-frequency fluctuations occurs
outside of the wavenumbers and radial positions transmitted
by the radial selection mask shown in figure 3.

This is shown more quantitatively in the central panel of
figure 5, which shows the total fluctuation amplitude from
both detectors over the entire reliable and calibrated frequency
range (20-1000 kHz) as solid lines, as well as the high-
frequency part (f > 600kHz) only. The line-integrated meas-
urement is absolutely calibrated, while the calibration with a
spatial mask inserted is not reliable due to unknown masking
of the calibration signal itself. Although the overall ratio of
line-integrated fluctuation amplitude to line-integrated back-
ground density is only 0.3%, depending on the assumed radial
location (typically around r/a ~0.6-0.8) and spatial extent of
the fluctuations (Ar/a ~0.2), the local fluctuation amplitudes
have been shown to reach several percent locally (following
[31]). Note that the total fluctuation amplitude is constant
throughout the discharge for both detectors, indicating that
the fraction responding to changes in f,,; is comparatively
small. The high-frequency component of the line-integrated
measurement scales fairly accurately with 1 /f,,4 over its entire

range of variation, while the core measurement stays entirely
constant. At these frequencies, the power spectra S(k,f >
600kHz) peak at wavenumbers of |k| > 10cm ™! where the
mask provides good radial localization (see figure 3).

In the right panel of figure 5, the dominant phase velocit-
ies from the line-integrated measurement, determined from
frequency-wavenumber spectra (see figure 6), are shown as
they evolve over time. The two velocities correspond to
upward and downward propagation in the reference frame of
the probing laser beam, and have been shown [22] to likely
correspond to the same local E, x B velocity of radially loc-
alized (p~0.75), comparatively (to vgxp) slow, ITG-driven
fluctuations on the outboard (negative k) and inboard (posit-
ive k) sides for the regular toroidal field direction of W7-X.
Remarkably, the outboard branch seems to evolve substan-
tially throughout the discharge, decreasing rapidly from its ini-
tial value of about 3.6km s~! by 1.5km s~! until about 4.5 s
when f,,; approaches 1, while the inboard branch varies very
little around 2.8km s~ . This is different from the situation far
from detachment [22] in which the velocities originate from
fluctuations on the same flux surface and thus vary symmetric-
ally, following changes in equilibrium profiles and thereby E,
as set by neoclassical transport. This result is therefore unin-
tuitive for two reasons: First, the basic assumption that fluc-
tuations drift poloidally with v,;, =~ E, x B and stem from the
same flux surface on the in- and outboard sides must be invalid
in this case. Additionally, core plasma parameters indicate
negligible changes in equilibrium profiles and Z.5, which do
not support such a large change of E, [32] or the driving gradi-
ents of instabilities. Direct poloidal flow measurements using
the XICS diagnostic system and resulting inversions of E, sup-
port this statement, showing no variation at any radial position
in the core plasma throughout the discharge within the statist-
ical uncertainty of typically 500 m s~! (compared to an expec-
ted magnitude of ~1 km s~!). The fluctuation phase velocity
may be substantially changing relative to vgy g as the result of
a shift of the dominant instability type (for example between
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for both PCI detectors.

slower ITG modes and typically faster TEMs), but the asym-
metry between in- and outboard side requires additional inter-
pretation. A possible contributing effect, among others, is the
asymmetry in the k components sampled by PCI throughout
the strongly shaped flux surfaces: the measurement direction
indicated by an arrow in figure 3 is more aligned with ky on
the inboard side, compared to an increased sampling of k, on
the outboard side, which complicates a straightforward com-
parison between both locations.

With its 32 poloidally separated channels, fluctuations
measured by PCI can additionally be resolved in wavenum-
ber space. This is shown in figure 6, where the frequency-
wavenumber spectrum constructed over 100ms of data is
shown for time points coinciding with two GPI puffs.
Fluctuation power is spread over a large region of (k, f) space
in both propagation directions (inboard and outboard), and
decays with power laws along both f and k axes (the color
scale is logarithmic). Additionally, weak but distinct modes
are barely visible with a narrow peak at f = 350kHz and k =
+5cm~!. These modes are frequently observed [21, 33] and
are presumably of Alfvénic nature due to their 1/+/n frequency
scaling, but usually contribute only marginally to the total
fluctuation power measured. For the mask angle setting used
here, the core-localized measurement (not shown) exhibits

visually similar features with reduced amplitude in the k-range
at which the localization mask is effective (|k| > 4 cm™!). The
dominant phase velocities are best visible in the frequency-
normalized (often referred to as ‘conditional’) spectrum where
the power at each frequency integrated over k is normalized to
1, and clearly show that the negative-k (outboard) fluctuations
dominate, in this specific discharge by a factor of around 2.
The automated phase velocity analysis referred to in figure 5
accurately determines the velocities (shown here as semi-
transparent lines) from maxima in the angular distribution of
local maxima in (k,f) space. Some aliasing can be seen in
the upper right corner of the frequency-normalized spectrum,
which is an extension of the negative velocity at these highest
frequencies. To avoid contamination of the automated velocity
analysis, only frequencies in the range 20kHz < f < 600kHz
are taken into account. The difference between two spectra at
different f,,, for the line-integrated and core-localized meas-
urement reveals how fluctuation power evolves in frequency-
wavenumber space as detachment is approached. The two right
plots show this difference in (logarithmic) amplitude between
two time points, overlaid with the respective v, from the line-
integrated measurement for reference (blue: 1.6 s, red: 3.6 s).
As f.q4q increases, a significant amount of spectral power has
been lost in a wedge across all detectable frequencies and
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Figure 7. Radial profiles of GPI light emission during the 4 puffs in discharge 20230214.055. Left: Average radial emission profiles (solid)
and standard deviation (i.e. fluctuations, dashed). Center: Mean-normalized radial fluctuation profiles in the low (10-500 Hz) and high
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FOV).

wavenumbers in the negative-k (outboard) branch correspond-
ing to high v,;,, while the positive branch (inboard) is much less
affected. Additionally, a less pronounced increase in power
at low, negative v,, is observed at lower frequencies. The
observed decrease in the frequency spectrogram in figure 5
only at high frequencies, which corresponds to an integra-
tion over k, is therefore due to changes across the entire (&, f)
space that partially cancel out at lower frequencies. In the core-
localized measurement (rightmost panel), using the strongly
(k,f)-localized modes as a rough amplitude reference for the
uncalibrated detector, we find that this effect is much less pro-
nounced, indicating that these changes occur outside of the
range selected by the mask.

In the SOL, we find with GPI that the line emission and its
fluctuations systematically move radially inward with increas-
ing fy,q due to an increase in the neutral penetration depth
[14]. Figure 7(left) shows radial profiles of the absolute bright-
ness moving inward and decreasing in magnitude, consistent
with a drop of the SOL T, which determines (together with
the density profile) where the puffed hydrogen neutrals are
excited. The dashed lines are the standard deviation of the
fluctuating component of the line emission which is propor-
tional to the local density fluctuations as well as the absolute
intensity. To compare the profiles across these large intens-
ity changes, the intensity fluctuations are normalized to their
mean, which gives them a large dependence on the local dens-
ity fluctuation degree 7i/n. These values are filtered in fre-
quency space to separate larger-scale events from small-scale
turbulence, shown in the central plots. The slow fluctuations or
large-scale events (10-500 Hz) are observed to peak radially
further outward in the GPI FOV, moving inward and increasing
in magnitude at moderate f,,; and remaining at that position
and magnitude for the 3 later puffs. The high-frequency com-
ponent (10-100 kHz) is peaked radially further inward than the
low-frequency one, and moves gradually inward with increas-
ing f,,q while remaining constant in magnitude. Finally, stat-
istical analysis of the normalized intensity probability dens-
ity functions at different radial and poloidal positions reveals
significant changes in the nature of the observed fluctuations

between the attached and fully detached case. The distribu-
tion skewness, which reflects a bias toward more positive or
negative fluctuation events, shows small negative values only
on the radially innermost and vertically uppermost channels
in the attached case, while otherwise showing positive values
throughout with a significant poloidal spread. In the detached
case (faq = 1), the skewness is strongly reduced and positive
across the entire FOV. The excess kurtosis, which when posit-
ive roughly translates to a slower decreasing tail than a normal
distribution, shows very high values, especially at the top of
the FOV in the attached case. During detachment, the kurtosis
is strongly reduced, and its radial maximum moves inward,
following the trend in the low-frequency normalized fluctu-
ation profiles. These results imply that transport through and
around the islands into the SOL is highly three-dimensional,
and substantially modified in its characteristics during detach-
ment, though this is not reflected as strongly in the normalized
fluctuation levels.

We note that in general on W7-X, spatial structures moving
through the GPI FOV have a predominantly poloidal motion
when inspected visually in 2D videos and processed by stat-
istical methods (time-delay estimation and Fourier analysis),
which is in strong contrast to the typical tokamak situation
where radially propagating blobs are routinely observed. This
is likely due to the large radius of curvature combined with
strong E,, resulting in a very low ratio of radial to poloidal
motion. The ratio is so low that radial velocities are diffi-
cult to determine reliably, especially since radial correlation
is poor and structures are observed to leave the FOV poloid-
ally before they have completed any significant motion in the
radial direction. In figure 8 we focus on the poloidal velocit-
ies, which depend largely on the local E,. These are determ-
ined analogously to the PCI results shown above, with the
added benefit of a 2D detector delivering radial profiles. The
left plot shows the radially resolved distributions of phase
velocities F (v, xgpr) generated from individual frequency-
wavenumber spectra, exhibiting a radial decrease in the distri-
bution center throughout the far SOL from 1.6 km s~! down
to < 600m s~! in this particular magnetic configuration (high
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discharge.

mirror). The left plot shows the radially resolved distributions
of phase velocities F(vp,,xgp;) generated from individual
frequency-wavenumber spectra, exhibiting a radial decrease in
the distribution center throughout the far SOL from 1.6km s ™!
down to < 600m s~! in this particular magnetic configuration
(high mirror). Note that this method cannot resolve very low
phase velocities due to the vanishing spectral energy content
in (k,f) space. The right plot show the time evolution of f(v,;,)
at the innermost radial position as f,,, increases, showing a
systematic slowing down of fluctuation motion, as well as a
narrowing in the spread of velocities. The velocity reduction
is consistent with the simple picture of a reduced 7T, throughout
the SOL resulting in lower corresponding potential differences
along the field lines, and therefore smaller E,.

4.2. Density ramp and power starvation scenarios

Figure 9(left panel) shows the PCI spectrograms of the dens-
ity ramp discharge introduced in figure 1. The fluctuation
amplitude rises with increasing density and f,,4, and begins

to show very large irregular dropouts of up to 40% starting
around 7 s. They are visible even in the line-integrated density
measured by the interferometer (see figure 1) and are clearly
visible as bright edge phenomena on video cameras. During
these events, the fluctuation power drops across the entire fre-
quency spectrum over time periods of less than 10 ms, possibly
due to large density structures passing through the PCI laser
beam path. This trend is reflected in GPI data (right panel of
figure 9), which shows a large increase in the low-frequency
fluctuations of the far SOL with increasing density. In con-
trast, the high-frequency fluctuation profile follows the radi-
ation front radially inward and is reduced in magnitude.

In the power starvation discharge shown in figure 10, the
PCI spectrum shows a clear decrease with each power step-
down, and additionally enters a phase with bursty fluctuations
from 12.5 s onward, as seen in the integrated fluctuation amp-
litude. In contrast to the density ramp scenario, these bursts
are quasi-periodic with a frequency of 90-120 Hz and appear
to occur only in a limited ECH power window that coincides
with the power level required to reach detachment, making a
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more detailed spectral analysis with both diagnostics difficult.
This regime will be characterized in more detail elsewhere.
The fluctuation amplitude drops by a disproportionately large
amount in the last power step into detachment at 15.5 s, though
this is likely due to a decrease in the core 7; gradient at this
low power rather than detachment itself. This discharge in the
standard magnetic configuration gives GPI a view of the island
O-point (dashed line in figure 10, right panel) with a region of
infinite L¢. Here, the dominant phase velocity as found from
distributions like those shown in figure 8 is plotted at each
radial position for every puff. Multiple shear layers with sign
changes are routinely observed in the resulting radial v, pro-
files at low f,,, in this private flux region, as will be reported
elsewhere. As f,,4 is increased, the magnitude of the velocities
at all radii is reduced, and in this particular discharge exhibits a
directional reversal across the entire observed area as complete
detachment is achieved during the last puff. This reversal is not
consistently observed in all power starvation discharges, and is
speculated to stem from a transition from a low-collisionality
regime (at higher 7,) in which local E x B drifts play a larger
role to a sheath potential dominated regime at higher collision-
ality (and lower T,) [34].

In both discharges, the dominant phase velocities measured
by PCI decrease with increasing f,,4, though in contrast to
the impurity seeded case, the outboard and inboard velocities
decrease at the same rate, as previously observed [22]. This
is expected for fluctuations propagating with v,;, ~ vgx, with
changes in the neoclassical radial electric field resulting from
modified core profiles.

5. Conclusions

GPI and PCI provide a direct assessment of density turbu-
lence in both core and edge. Together, both imaging dia-
gnostic systems provide a unique and comprehensive over-
view of overall fluctuation levels, spectral properties such as
distribution in frequency and wavenumber space as well as

spatial information. A variety of effects play into detachment,
and it is difficult to generalize to a common scenario when
the strategies to achieve it are disparate. However, a couple of
general trends in terms of density turbulence hold when f, is
increased towards detachment: in the plasma edge where the
actual detachment takes place, the GPI system observes clear
changes in fluctuation characteristics. The observed line emis-
sion shifts radially inward, reflecting an expected reduction of
the SOL T, profile, and the normalized SOL density fluctu-
ations generally follow this inward shift. Skewness and kur-
tosis of the fluctuations are reduced, indicating a reduction of
large intermittent transport events, and the poloidal phase velo-
cities are reduced throughout the SOL. These observations are
consistent with a reduced power input Prcy — Prad core into the
SOL and a general reduction of turbulent activity.

PCI measurements show that density fluctuation levels
remain nearly constant with f,,; in the impurity seeding
scenario, indicating that detachment itself does not signific-
antly impact core turbulence. The new radial masking feature
reveals that core fluctuations are barely affected, while there
are minor changes at high frequencies outside of this region
which seem to be spatially localized on the outboard side of
the system’s line of sight and have a peculiar distribution in
(k,f) space. We further find a strong reduction in the dominant
outboard phase velocity that is incompatible with the standard
interpretation of neoclassical E, changes.

In the density ramp and power starvation scenarios, detach-
ment is reached by either increasing the density into a regime
where the edge shows large-scale instabilities, or by decreas-
ing the heating power to the point that the core 7; drops signi-
ficantly. In both cases, the fluctuation spectra become highly
intermittent and difficult to interpret.

In terms of overall turbulence and performance, impurity
seeding so far appears to be a promising strategy in reach-
ing detachment, especially when targeting a specific operating
point in core density and heating power. Changes to core fluc-
tuations are benign though some effects remain unexplained
at this point, and SOL fluctuations shift spatially inward but
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otherwise remain unaffected in amplitude, and show a statist-
ical decrease in large-amplitude events.

Having established both diagnostics systems as reliable
and useful tools to image and characterize turbulent fluctu-
ations, future directions in the upcoming experimental cam-
paign include more fine-grained f,,; scans, and coordinated
measurements (including overlap with other systems such as
Doppler backscattering and correlation ECE) during impurity-
seeded detachment under variation of magnetic configuration
and island topology, seeding gases, and heating scenarios.
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