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Abstract

Understanding and quantifying particle and energy transport at the plasma edge region is cru-
cial for magnetic confinement fusion. For this purpose, a new polychromator system with 1 ps
time resolution was installed for the thermal helium beam diagnostic in the island divertor of the
stellarator Wendelstein 7-X (W7-X). The time resolution is four orders of magnitude faster than
the spectrometer-based system. This allows for the first time access to turbulence-relevant time
scales, enabling the investigation of plasma edge dynamics such as modes and instabilities. Their
connection to averaged plasma profiles is likewise accessible with this diagnostic. Furthermore,
the diagnostic system measures in two magnetically connected divertors, which enables the study
of long-range correlation of fluctuations. Utilising a collisional-radiative model, the diagnostic
can reconstruct fast electron density and temperature variations with an effective resolution of
10 kHz, associated with plasma modes and bursts. Additionally, it provides high temporal resolu-
tion measurements of the detachment process in the divertor. Since it simultaneously measures at
an upper and lower divertor, it is the first edge diagnostic at W7-X capable of measuring the up—
down asymmetry of turbulence. This article presents the design and implementation of the dia-
gnostic as well as an analysis of the signal quality. It also looks at the influence of diagnostic gas
puffs on the plasma in detail. To present the potential of the diagnostic, this work briefly shows a
long-range correlation analysis of an edge mode between two divertors that are magnetically con-
nected as well as the electron temperature and density calculation for this mode. Furthermore, a
detachment process measured with high time resolution is presented.

1. Introduction

One of the key challenges for magnetic fusion devices is the control of heat and particle exhaust. To
address this, most devices employ divertors, regions spatially separated from the confined plasma, where
open magnetic field lines near the edge of the confined region terminate on a target. The stellarator
Wendelstein 7-X (W7-X) employs the so-called island divertor concept [1, 2], which was first imple-
mented in W7-AS [2, 3]. In this concept, large intrinsic magnetic islands form on low-rational magnetic
surfaces at the plasma boundary. Divertor target plates intersect these islands to establish particle and
energy exhaust. This creates a region of open magnetic field lines, the so-called scrape-off layer (SOL),
where the island structure magnetically separates the target region from the main plasma. This spatial
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separation results in a lower sputtering of the wall inside the divertor and a better density build-up in
the divertor [4], which retains recycled particles and therefore lowers the impurity content in the core
plasma [5].

Understanding the profiles, dynamics, and transport processes in such divertor regions, particularly
in relation to the magnetic island topology, heating power, and fuelling, is essential for validating diver-
tor performance under different conditions and for optimising the divertor concept and operational
scenarios. One of the most critical parameters is the ratio of parallel to perpendicular transport, which
determines the radial gradient scale lengths of temperature and density in the divertor, and therefore the
local wall loads. This is especially relevant for island divertors, where the magnetic connection length can
reach several 100 m, leading to a more significant influence of perpendicular transport with respect to
the parallel transport than in comparable tokamaks with connection lengths of the order of 1-10m [5,
6]. The perpendicular transport is dominated by turbulence, drifts, modes or instabilities [5], which are
poorly understood. Moreover, fast processes can lead to transient peak wall loads, increasing sputtering
of the plasma-facing components in a highly non-linear manner [7-9]. Such phenomena have already
been observed in various tokamak regimes and it is shown that very fast high intensity events dominate
the far SOL [10-12]. Despite first analyses with the multi-purpose manipulator (MPM) and simulations
showing that filaments do not contribute much to radial transport in stellarators with island divertors
[13], it is important to analyse different poloidal and toroidal positions, as well as other effects such as
modes and bursts.

Several diagnostics are already in place to investigate the fast plasma edge dynamics at W7-X. For
instance, the gas puff imaging (GPI) system at the midplane provides high-resolution observations of
seeded gas emission, allowing to resolve 2D structures [14, 15]. Electric probes on the MPM enable
floating potential measurements with high temporal resolution across the midplane island, enabling
the study of plasma dynamics inside the island [16, 17]. Langmuir probes (LPs) installed in the diver-
tor provide localised information on plasma parameters in front of the wall [18]. Additionally, an alkali
beam (ALB) diagnostic can resolve fast electron density fluctuations across a midplane island [19, 20].

Despite this powerful set of diagnostics at W7-X, several gaps remain in our understanding of edge
plasma dynamics. Firstly, fast electron temperature measurements in the SOL are limited to a few probe-
based observations [13]; a continuous, high-resolution spatiotemporal T, profile is currently lacking,
though it is essential for fully capturing edge plasma dynamics. Secondly, except for the divertor LPs,
all fast diagnostics focus on midplane islands, while measurements directly in the divertor region are
lacking, measurements that are vital for studying wall loads and divertor-specific phenomena such as
detachment. Furthermore, simultaneous high-temporal-resolution measurements of the same diagnostic
at different toroidal and poloidal positions are currently missing, despite such measurements being cru-
cial to resolve the three-dimensional (3D) nature of plasma profiles and turbulence in stellarators. This
data can, for example, enable the study of up—-down asymmetries and long-range toroidal correlations in
fast dynamics, providing deeper insight into the nature of turbulence.

In the following, we describe the implementation of a fast helium beam diagnostic deployed at mul-
tiple locations, which offers a unique capability to locally resolve the fast structure of edge and divertor
plasma dynamics in n. and T, with high spatiotemporal resolution. The paper is organised as follows:
section 2 outlines the hardware components and the diagnostic principle. Herein, section 2.1 provides
a detailed discussion of signal quality, helium puff requirements, and the influence of the diagnostic on
the main plasma. Section 2.2 compares the fast helium beam diagnostic with the existing slower helium
beam systems. Section 3 presents the diagnostics capabilities and briefly first analysis and results with
respect to fast n. and T. measurements, detachment analysis, and toroidal long-range correlation studies.
Finally, section 4 summarises the work.

2. Fast thermal helium beam diagnostic

The thermal helium beam diagnostic is an active spectroscopy system optimised for measurements at
the plasma edge. It has already been used at several other devices, including WEST [21], TEXTOR [22],
TCV [23], ASDEX Upgrade (AUG) [24, 25], REX-mod [26], and JET [27]. With our setup we detect
the emission of four helium lines: two singlet lines at 667.8 nm and 728.1 nm, and two triplet line at
706.5nm and 587.6 nm, all originating from actively injected neutral helium. From the measured relative
intensities, two line ratios can be formed: one between the two singlet lines (Is57.8nm/I728.1nm)> and one
between a singlet and a triplet line (I728.1nm/I706.50m)- The first ratio is predominantly density-dependent,
while the second one is mainly temperature-dependent [28, 29].

By comparing the measured line ratios with the ratio of the electron photon emissivity coeffi-
cient from ADAS [30] for different plasma parameters, the electron density #. and temperature T, can
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Figure 1. Schematic pictures of the helium beam system and the island region of the lower divertor in module 3 for four different

magnetic configurations. The colour code gives the connection length, while the black contours represent Poincaré plots. The gas

cloud of five valves with a full opening angle of 40° is plotted in red. The numbers of the different valves are written next to them.
Half of the LOS are marked in grey, and the intersection point of the horizontal LOS and the central cloud axis is marked by green
points.

be reconstructed [25, 28, 29]. We call this the static model, which is used in the following analysis.
Compared to this, a dynamic model for W7-X is under development, but not yet implemented, which
takes dynamic singlet-triplet mixing and reabsorption into account and is based on the AUG forward
model, see [31] and references therein. Accounting for reabsorption of the emitted photons increases
the precision of the result at high neutral helium densities, while the dynamic state mixing improves
the reconstruction at low density and enables the analysis of faster processes. Furthermore, this dynamic
model integrates the radiance along each line of sight (LOS) and includes, therefore, the full 3D orienta-
tion of the helium cloud and the LOS. For this model an additional line ratio (1728 1nm/Iss7.6nm) and the
absolute helium line intensity at 587.6 nm is used [31]. This model assumes that the plasma is frozen
and that n, and T, are constant along the field lines. It also assumes that the helium cloud behaves

like a double Gaussian function, with its full width of half maximum corresponding to the opening
angle [31, 32]. In addition to the dynamic model, the 587.6 nm line is used primarily for fast analyses
for which no density and temperature reconstruction is possible. The reason is its higher emission and
therefore higher signal-to-noise ratio (SNR), see section 2.1.

A helium beam diagnostic is already installed at W7-X [33]. This diagnostic allows for determining
2D temperature and density profiles [34], which were used to distinguish between two transport regimes
in the island, and to estimate the E x B drift around the island [35]. This diagnostic is well suited for
time-averaged profile determination, but due to the detection system based on spectrometers and CCD
cameras, it has a limited temporal resolution of 25 ms. To study faster dynamics, we installed a new
polychromator system, similar to the existing system at AUG, which is capable of measurements with
a temporal resolution down to 1 ps by using photomultiplier tube (PMT) arrays [24, 25].

For this upgrade, the same in-vessel components and LOS as the existing helium beam system are
used [33, 34], consisting of five piezoelectric valves, 32 LOS and the optical heads with the associated
fibres of 140 um core diameter. Figure 1 shows a schematic of the diagnostic in four typical configura-
tions of W7-X. For W7-X, the standard configuration is the configuration with no currents in the planar
coils and an equal current in all non-planar coils. It has an edge rotational transform of ¢/27 =5/5
leading to a 5/5 island chain surrounding the last closed flux surface. Changing the edge rotational
transform to ¢/2m =4/5 or 1/2m = 6/5 leading to a 4/5 and 6/5 island chain, which correspond to the
low- and high-iota configuration. The high mirror configuration has the same edge rotational transform
as the standard configuration, but the mirror fraction is higher [36, 37]. The black lines in figure 1 rep-
resent magnetic flux surfaces, while the colour code indicates the connection length of the field lines in
the island region. With this colour map, the target shadow region (TSR) can be identified as purple area
with low connection length, while the confined regions appear white due to the closed magnetic flux
surfaces.

The diagnostic uses 32 LOS, shown in grey, from which 27 look in the poloidal direction and up
to 5 in the z-direction. The He-beam itself is produced by one of the five piezoelectric valves embed-
ded under the divertor plates. The resulting helium clouds, with a full opening angle of 40° [33], are
marked in red. Changing between the five valves allows for varying the effective measurement locations.
In the standard configuration and the high mirror configuration, the innermost valve injects helium near
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Figure 2. 3D representation of W7-X in standard configuration. In dark grey, the divertor targets are plotted, while the vessel

is shown in light grey and the main plasma is plotted in blue. The island, which intersects both divertor helium beam systems
(HEB_30, HEB_51) and the multi-purpose manipulator (MPM), is highlighted in orange, while the volumes observed by the
diagnostics are shown in red. The other fast edge diagnostics that are not magnetically connected are also marked, including the
midplane helium beam (HEB_21), gas puff imaging (GPI), the alkali beam (ALB), and the divertor Langmuir probes (LP), the
latter of which is marked in dark blue. A field line starting at HEB_30 and surrounding the torus four times is shown as a thin
colour-coded tube. The colour-code of the tube shows the distance along this field line, while blue/dark colours represent low
length and yellow/light colours represent high length. A zoom at each magnetic connected diagnostic is shown on the right side
of the picture.

the island centre, while the remaining valves are located in the direction of the TSR. For the static colli-
sional radiative model (CRM) described above, we assume that the measurement is located at the inter-
section of the LOS with the centre of the helium cloud for each valve, marked as green dots in figure 1.
Consequently, the measurement region starts close to the target at 8 mm and can extend into the con-
fined plasma region. The diagnostic covers the region near the strike line for the low-iota configuration,
whereas for high-iota configuration, it measures deeply in the TSR and in the private flux region. In the
latter configuration, the diagnostic is ineffective due to the low density and temperature, which reduces
helium excitation and its emissivity compared to the low-iota configuration by a factor of 4-10 near the
target.

The in-vessel hardware of the helium beam system is available at three different toroidal locations:
the lower divertor of module 3 ¢ = 131.7° (HEB_30), the upper divertor of module 5 ¢ = 300.3°
(HEB_51), and the outer midplane of module 2 ¢ = 72.0°. Figure 2 shows the positions in a 3D repres-
entation of W7-X. As the polychromator system is independent of the in-vessel system, it can be oper-
ated either individually or simultaneously in all three positions. The only limitation is that the available
channels of the polychromator are limited to 32 LOS. This means that simultaneous measurement at
two or three toroidal positions reduces the available radial resolution. The two divertor helium beams
are installed at stellarator-symmetric positions. In standard configuration both beams view on the same
magnetic island and they are magnetically connected. The same applies to the MPM. Figures 2 and 3
show the positions of the diagnostics, along with a connecting magnetic field line in 3D and 2D. In
the first picture, the whole torus of W7-X with divertor plates (black) and the confined plasma (blue)
is shown. The magnetic island, in which the three diagnostics can view in standard configuration, is
marked in orange, and the measurement regions are plotted in red. The colour-coded line represents
one common field line which makes four toroidal turns, with the colour representing the distance to its
starting point at HEB_30, with dark colours for small distances and bright colours for large distances.
The magnification of each diagnostic location on the right shows that these locations can be connected
by the same field line. Figure 3 shows the same type of colour plot as figure 1 but with both HEB sys-
tems and the MPM. Here, the colour-coded dots represent the intersection of the selected field line with
the poloidal planes of the diagnostics, with dark colours representing short distances from its starting
point and bright colours representing long distances from its starting point. With this setup, the helium
beam is magnetically connected to the MPM and thus enables the observation of fast processes along the
same field line at three different toroidal positions.

2.1. Signal quality and helium puff requirements
Due to its higher temporal resolution compared to the existing system at W7-X [34], and the smaller
optical fibre diameter of 140 um compared to similar systems at AUG with 400 um [24, 25], the new
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Figure 3. Schematic picture in standard configuration of the helium beam in the lower divertor of module 3 (HEB_30) and in the
upper divertor of module 5 (HEB_51), as well as the MPM. The images correspond to figure 1, but the points where a field line
crosses the plane have been added as colour-coded dots. Dark blue indicates the first point where the field line crosses, and green
indicates the last point, before it approximately closes back on itself. Red lines in the right subplot indicate the measuring range of
the MPM.

diagnostic requires a stronger diagnostic helium puff to achieve a comparable SNR. Without a higher
diagnostic puff, the time resolution would have to be reduced to increase the SNR. Therefore, for high
time-resolution measurements, a puff of 5 x 10! atomss~! is used, which is 10 times higher than the
standard puff for the existing helium beam system.

To investigate whether the increased helium puff perturbs the plasma, the response of global para-
meters to two diagnostic helium puffs is shown figure 4. For this particular investigation, the plasma
pulse W7-X 20241121.046 in standard configuration is used alongside many others. In subfigure (a),
the blue curve represents the ratio of a H' and a He'! line, a proxy of the hydrogen to hydrogen plus
helium ratio ny/(ny + npe) [38]. Subfigure (b) combines two datasets: the absolute helium density
near the magnetic axis obtained via charge exchange spectroscopy in orange, and in green the line-
integrated electron density measured by interferometry [39, 40]. Subfigure (c) highlights the effective
diagnostic helium puffs of valve number 4 in the divertor, which take 75 ms each time. In this plasma
pulse only valve number 4 was used. For comparison with the helium puff, the corresponding signal
of the fast helium beam diagnostic of the helium line 587.6 nm is shown in blue. Radiation levels, as
captured by bolometers [41], are illustrated in subfigure (d), with outer, inner, and central LOS indic-
ated by blue, orange, and green, respectively. Lastly, subfigure (e) compares the diamagnetic energy of
the plasma (blue) [42] with the electron temperature from the outermost channel of the ECE diagnostic
(orange) [43]. The dip at 11s in (d) and (e) is due to lower ECRH power (green), not due to the puff.
This figure demonstrates that no significant changes were observed in bolometers (d), the confined dia-
magnetic energy Wi, (e) and plasma temperature (e), suggesting that no global perturbation occurs.
Nevertheless, a gradual accumulation of helium in the plasma is detected. Since helium is pumped
slowly, it can be treated as a cumulative effect. For this plasma pulse, each puff raises the helium content
by approximately 0.5%. The relative rise is mainly dependent on the plasma density. The accumulation
limits the allowable puff number during a discharge.

The local impact of the diagnostic helium puff is assessed by comparing two identical plasma pulses,
W7-X 20241127.014 and W7-X 20241127.022, in standard configuration, with line-integrated density of
3 x 10 m~2 and ECRH input power of 2 MW. They differ only in the helium puff intensity, one with
5 x 108 atomss™! and the other with 5 x 10! atomss™!, puffed with valve 4. Density, pressure, and
temperature profiles (in figures 5(a)—(c)) were reconstructed locally using the helium beam diagnostic
itself. The temperature profiles were nearly identical, suggesting that no significant local cooling occurred
as a result of the puff. However, a clear increase in the reconstructed density is observed. This increase
does not indicate a real change in plasma conditions but is caused by reabsorption effects [23], which
grow with higher helium densities and are not yet included in the currently used static model. This
interpretation is supported by figures 5(d)—(f) where the measured intensities are shown. To take the
different puffing strengths into account, the signals are normalised by their helium puff intensity. Here,
the line emission profiles for 706 nm and 728 nm agree perfectly between the different puffing levels;
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Figure 4. Overview of helium content and global plasma parameters during two diagnostic helium puffs of 5 x 10! atomss™!,

which correspond to the maximal puff level used. (a) The line emission intensity ratio of hydrogen to hydrogen plus helium at
the plasma edge; (b) the absolute helium density near the magnetic axis measured via charge exchange spectroscopy in orange,
line-integrated electron density obtained from interferometry in green; (c) the diagnostic helium puff in the divertor in red and
the corresponding HEB signal of the 587.6 nm line with a time resolution of 10 ps in blue; (d) bolometer signals, with outer LOS
in blue, inner LOS in orange, and central LOS in green; (e) diamagnetic energy of the plasma in blue, the electron temperature at
the outermost channel of the ECE diagnostic in orange and the ECRH input power in green.

only the first channels <2 cm have slight deviations. For the 667 nm line, bigger discrepancies can be
observed. This proves that there is indeed no electron density effect since the emissivity of every indi-
vidual line is strongly density dependent, as given by

€ = ngenePEC (ne,Te) (1)

with € the line emission, ny. the neutral helium density, n. the electron density and PEC the photon
emissivity coefficient. The reason for the observed changes of the 667 nm line emission lies in reabsorp-
tion and radiation trapping, which gets stronger for higher neutral helium densities. The hypothesis is
bagged by the observation that the discrepancy decreases with increasing distance to the target where the
neutral helium density is lower. The effect on the reconstructed electron density was already well stud-
ied at TCV [23], where the same effect of an increase in reconstructed density but not temperature was
observed for similar gas puffs of 6 x 10'” atomss™!. This issue was resolved by taking reabsorption into
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Figure 5. 1D electron temperature (a), density (b) and pressure (c) profiles measured by the helium beam and averaged over one
diagnostic helium puff (75 ms). Two identical pulses W7-X 20241127.014 and W7-X 20241127.022 at 4.9 s with two different
diagnostic helium puffs ~5 x 10" atomss—! (blue) and /5 x 10'° atomss—! (orange) are compared. The second column shows
the intensities of the three helium lines at 667 nm (d), 706 nm (e) and 728 nm (f). For the intensities, the signals are normalised
by their puffing strength.

the CRM [23, 44]. For future work, we plan to implement the dynamic model already used on AUG,
which includes reabsorption, dynamic state-mixing and LOS integration [31]. This model is therefore
one of several available methods to account for reabsorption. However, the simple evaluation using the
static model should remain unchanged without reabsorption. This analysis concludes that the higher gas
puff intensity of 5 x 10! atomss~! does not perturb the plasma globally nor locally for target distances
larger than 2 cm. Furthermore, it was found that, for higher gas puffs near the target, the density recon-
struction by the static model is overestimated, and that a new CRM with reabsorption must be imple-
mented to address this issue.

The SNR for 1 ps, 10 us and 100 ps time resolution for all four wavelength is shown in figures 6(a)-
(c), while the signal-to-background ratio (SBR) is illustrated in figure 6(d). For the SNR analysis, valve
4 in plasma pulse W7-X 20241127.027 is used. The plasma pulse is in standard configuration and has
an integrated electron density of 8 x 10" m~? and an ECRH heating of 3 MW. The SNR is calculated
using the autocorrelation of the signals, as described in [45]. With this method, noise appears as a sharp
peak at zero time shift in the autocorrelation, while the signal is defined as the interpolated maximum
of the broader correlation peak. This is because uncorrelated noise contributes only at perfect overlap,
whereas plasma fluctuations exhibit a wider correlation structure. For the SBR analysis the background
is determined by the averaged passive plasma emission without beam. From the figure 6, it can be seen
that for 1 ps resolution, only the strongest helium line at 587 nm yields a sufficient SNR near the target.
Consequently, to use line ratios, a time resolution of at least 10 pus is required near the target and several
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Figure 6. Signal-to-noise ratio (SNR) (a)—(c) for different time resolutions of the four investigated wavelengths for a standard
discharge in standard configuration. (d) Shows the corresponding signal-to-background ratio. For the measurement, a diagnostic
helium puff of 5 X 10" atomss™! is used. The horizontal black line marks the threshold of 1. The SNR is calculated by using the
autocorrelation of the signal.

10 ps for most of the island region. For accurate density and temperature calculations, where especially
the weak 728 nm line is needed, a binning time of ~100 s is necessary. Furthermore, figure 6(d) shows
a high SBR, proving that background plasma emission contributes minimally to the observed signal up
to 7 cm above the target, which is required for localised measurements.

The resulting time resolution of 1D profiles of 1-10 pis for emission lines and a resolution of 100 ps
for n. and T, in the divertor region makes this diagnostic unique at W7-X. Furthermore, it is also the
first diagnostic for 1D edge temperature profiles with such high time resolution at W7-X.

2.2. Cross diagnostic comparison

The following subsection presents a comparison between the two helium beam systems. For this, plasma
pulse W7-X 20241024.038 is used, which is in standard configuration. The diagnostic puff was created
by valve 4. To match the time resolution of the spectrometer-based system (25 ms), 25000 consecutive
time points from the fast helium beam system were averaged. This averaging allows a direct compar-
ison between the two diagnostics at the same temporal resolution. Furthermore, as both systems use

the same optical components within the vessel, they measure at the same position. The result is shown
in figure 7, where the blue curve represents the new system and the orange line the spectrometer sys-
tem. For this comparison, both diagnostics used the same static CRM from [28] for reconstruction and
the standard low-intensity puff from the existing system with 5 x 10'® atomss~! was used. Both systems
exhibit excellent agreement in the reconstructed electron temperature (a) and pressure (c), with only
minor deviations observed in the density profiles (b). The measured intensity profiles of both diagnostics
agree almost completely ((d)—(f)), only the 667 nm helium line shows small deviations. This confirms
that the new diagnostic can achieve a similar level of accuracy as the existing system. Moreover, the new
system also enabled the reconstruction of a 2D profile using four separate puffs at different spatial loc-
ations, see figure 8. In this method, each valve is opened individually for 75 ms, and the background is
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Figure 7. 1D electron temperature (a), density (b) and pressure (c) profile as well as the normalised and plasma background cor-
rected intensity of the measured three helium lines (d)—(f) averaged over 25 ms. Here, the already existing helium beam system

with spectrometers (orange) is compared with the new polychromator system (blue). Both datasets are analysed with the same

collisional radiative model. These measurements were done with the standard low gas puff of 5 x 10' atomss—!.

measured for 75 ms between puffs. The four 1D profiles generated in this way at different positions are
then combined to form a 2D image. It is important that the plasma parameters remain constant during
the entire 600 ms required for such a measurement. It should also be noted that this measurement allows
a better resolution in z direction than in the R direction. This technique was already demonstrated in
[34, 35].

3. Fast plasma dynamics in the island divertor

The new fast helium beam diagnostic is the first system at W7-X that enables the reconstruction of elec-
tron density and temperature profiles with high temporal resolution at the plasma edge. Additionally, it
offers, for the first time, insights into the fast plasma dynamics in the divertor volume. Toroidal long-
range correlation measurements can also be performed by using two magnetically coupled measuring
points in different divertors. Each of these features should demonstrate the diagnostic potential and is
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Figure 8. 2D profiles of (a) electron temperature, (b) electron density and (c) electron pressure taken by the polychromator sys-
tem. A Poincaré plot is overlaid to show the magnetic island. Measurement points used for the reconstruction are marked in red.
The procedure is based on the method of [34].
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Figure 9. Electron temperature (a), electron density (b) and electron pressure profile (c) of the island region during the presence
of a low frequency mode at 460 Hz. The measurement positions correspond to valve four near the O-point, see figure 1. The
shadowed areas near the target in . and p represent the region where the used model overestimates the density and therefore
also the pressure due to reabsorption and radiation trapping. The white line marks the target shadow region (TSR).

described individually below, with first measurement results. However, the analysis is not performed in
depth.

3.1. Fast electron density and temperature profiles

Highly time-resolved radial electron temperature and density profiles can be achieved with a time resol-
ution of up to 100 ps. An example is shown in figure 9. Here, plasma pulse W7-X 20241127.044 is ana-
lysed, which is a standard configuration with an line-integrated electron density of 3 x 10 m~2 and an
ECRH input power of 2 MW. In figure 9(a), the electron temperature, (b) the electron density, and (c)
the electron pressure are shown. For this measurement, valve 4 with the strong diagnostic helium puff of
5 x 10" atomss~! was used, and the data are binned to 300 ps.

As discussed in section 2.1, with the high puff intensity the electron density, and consequently also
the pressure, near the target is overestimated due to reabsorption effects, which are not yet considered
in the CRM used. Therefore, the regions which show deviation in #, are shaded in the plots. The W7-X
plasma pulse is subject to a low frequency m =1 mode at 460 Hz. This mode has already been investig-
ated in [46], and is known to be an intrinsic feature of the standard configuration.

In figure 9 this mode is visible and has a strong influence on both temperature and density, affecting
regions near the target as well as within the island itself. Relative fluctuations of up to 50% are observed
in both parameters. This highlights the importance of studying high-time-resolution profiles. Moreover,
these measurements can provide valuable insights into the nature and transport effects of the mode. A
more detailed discussion of the underlying physics of such low frequency modes in different configura-
tions will be addressed in a future publication.

3.2. Long-range toroidal correlation measurement

Figures 2 and 3 demonstrate that both the upper and lower helium beam systems, as well as the MPM,
are magnetically connected in standard configuration. This enables the investigation of long-range tor-
oidal correlation measurements. To get a direct connection in one circumference between the upper
and lower measurement locations, a valve close to the island centre has to be selected. This can be seen
in figure 3 since the intersection points of the single field line marked by the colour-coded dots are
mirrored around the island centre so that the field line generally needs several circumferences to inter-
sect the observation volume of both HEB systems. However, by selecting valves near the mirroring axis,
which is near the island centre, the same field line closes in under one circumference.
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Figure 10. Figures (a) and (b) show the normalised raw signal of the 587 nm spectral line. The dynamic is dominated by the low

frequency m = 1 mode. They are recorded at magnetically connected positions, in divertor 30 (a) and divertor 51 (b). (c) Shows
the correlation of these signals, with its maximum marked in orange. The data are binned to a time resolution of 10 ps.

An example of such a toroidal correlation of normalised measurement signals is shown in figure 10.
The used plasma pulse W7-X 20250513.038 is in the standard configuration with the same parameters
as in section 3.1. Here, the signal in (a) originates from valve four of divertor 30 and (b) from valve five
of divertor 51. According to field line tracing, both measurement points include the same magnetic field
line in the integration volume. The dynamics of the emission intensities of the 587 nm line and also its
correlation are dominated by the same low frequency m =1 mode, as already shown in section 3.1. This
analysis shows that on time scale of milliseconds, which is in the order of the frequency of the mode,
the correlation exhibits a periodicity associated with the investigated mode. Furthermore, on small times-
cales, a slight time delay of 80 us between the signals from the different divertors is observed. The neg-
ative time lag of the maximum of the correlation in figure 10(c) means that the signal of divertor 51
comes before the signal of divertor 30. As the correlation function is relatively flat on short time scales,
the exact time offset has an uncertainty of several 10 ps. But this offset could be determined more accur-
ately with the help of other channels.

However, a time offset that is not equal to zero can be confirmed. Since the mode originates from
the outer core and propagates into the SOL [46], this time difference in signal propagation is a possible
indication of a preferred toroidal entry point of the particles in the SOL. Another possible explanation
for this is a preferred transport direction. Both possibilities will be analysed in the future. Moreover, this
setup enables the determination of the toroidal mode numbers. In addition to toroidal correlation meas-
urements, poloidal correlations can be obtained by comparing measurement points located on the same
magnetic flux surface within a single divertor.

3.3. Detachment analysis

Another essential topic of divertor physics is divertor plasma detachment. This phenomenon describes

a regime in which the heat and particle fluxes onto the divertor targets are reduced, while the volumet-
ric energy dissipation, such as radiation, accounts for a large fraction of the power exhaust. Detachment
is a key requirement for future fusion power plants, both for tokamaks such as ITER [47] and DEMO
[48] and for stellarators [49], since the expected heat fluxes exceed the tolerances of current plasma-
facing materials unless detachment occurs [50, 51]. This state is typically achieved by enhancing radi-
ation losses, either through impurity seeding or by increasing the divertor plasma density [52].
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Figure 11. Plot (a) shows the ECRH power input in blue and the power radiated by the plasma in orange. The diamagnetic
energy (purple) and line-integrated density measured by interferometers (red) are shown in (b). The grey areas show the
sections where active helium was puffed in the divertor. The profiles generated from these are shown in figure 12.

Since the temperatures during detachment are too low to effectively excite helium, the helium beam
diagnostic can only determine the density and temperature up to the onset of detachment. Therefore,
this diagnostic will be used primarily to study the dynamics of detachment and the fast process during
detachment via individual helium lines.

One diagnostic approach of the helium beam to investigate the physics of detachment is the line-
integrated method, which relies on passive helium emission. This method takes advantage of the fact
that each impurity line, due to the interplay of recombination and excitation, emits most strongly at a
particular local combination of electron temperature and density. As a result, changes in emission pro-
files can be used to track the position and movement of the emission front. Since it does not require a
diagnostic helium puff, this technique allows for continuous, non-invasive monitoring of the detachment
state [53].

In contrast, local measurements can be achieved by using active helium injection. In the attached
regime, the target temperature is high, producing strong helium line radiation near the divertor plates.
However, due to high ionisation rates in this hot region, only a small fraction of neutral helium pen-
etrates to the inner channels away from the target, leading to a weak signal level there. In the detached
regime, the plasma near the target is much cooler, leading to weak or absent helium excitation and
thus a low signal at the target itself. However, the lower ionisation rate also means that more neutral
helium reaches further into the plasma, increasing the signal in the inner channels. This leads to a char-
acteristic shift of the intensity maximum, moving from the divertor target during the attached phase to
more inward regions during detachment [54]. The advantages of using an active helium puff to measure
detachment are the higher signal and localised measurement.

A detachment process with an active helium puff was studied on plasma pulse W7-X 20241112.023
in high mirror configuration. Figure 11 shows the most important parameters: ECRH power (blue),
radiated power (orange), line-integrated core electron density (red) and confined diamagnetic energy
Wia (purple). The puff phases of valve 4 of the helium beam are marked in grey, and the correspond-
ing helium beam data are shown in figures 12(a) and (b). Figure 12(a) illustrates the signal during the
detachment transition, and figure 12(b) shows the fully detached case. For this experiment, the low puff
rate of 5 x 10'® atomss™! is sufficient to resolve detachment while not influencing the detachment pro-
cess. The time resolution of both plots is 100 ps.

For the first time in W7-X, the high temporal resolution enables detailed analysis of the detachment
process in 1D. It becomes evident that detachment in the high-mirror magnetic configuration is not a
smooth, gradual transition but is punctuated by rapid intermittent events. These events are not only
related to detachment but can have significant influence on it. In figures 12(a) and (b), these events
become visible as vertical stripes, for example, at 1.055s and 2.038 s. The intermittent events are par-
ticularly relevant because they exhibit locally increased temperature and density, potentially leading to
enhanced sputtering at the divertor target. Due to the highly non-linear dependence of sputtering yields
on ion temperature [7-9], these short-living events may dominate the overall erosion of plasma-facing
components during detachment, despite contributing insignificantly to time-averaged profiles. It should
be mentioned that only emissivity is shown here and not the ion temperature responsible for sputtering.
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Figure 12. (a) shows a colour plot of the intensity of the 587 nm line during a detachment process. The normalisation was applied
to each channel individually. The distance to the target is plotted on the y-axis. The entire phase is during a diagnostic helium
puff of valve 4 with puffing rate 5 X 10'® atoms s ~'. The data are binned and smoothed to a time resolution of 100 ps. In (b), a
similar plot is shown, but during a time range with complete detachment. Both periods are marked in figure 11 to put them in
the context of the discharge. The white line shows the transition to the scrape-off layer (SOL) and target shadow region (TSR)
while the white arrow shows the time width of the strong intermittent event.

Furthermore, it should also be mentioned that there is a steep drop in emissivity below a temperature of
approximately 8 eV, and thus the effect could be smaller than it appears from intensity alone. For this
reason, future detailed investigations involving also several different diagnostics are indispensable.
Additionally, a strong event was recorded (see figure 12(a)), time 1.0109-1.0204 s, marked by the
white arrow) with extremely fast transition timescales; the back transition, for example, takes only
500 ps. At the moment, there is no validated explanation for such strong events with fast transitions.
The only recognised pattern is that the back transition coincides with a partial loss of ECRH. One pos-
sible explanation could be a local detachment or a local or global turbulent event. Another explanation
is that in this phase the divertor is in an oscillating detachment as already observed in tokamaks like JET
[55] and AUG [56] and is explained for these machines by [57, 58]. This is supported by the observation
that before 1.0109 s there is another strong but slightly smaller event. However, for each of these possible
explanations, further observations are needed. These measurements suggest that the newly developed dia-
gnostic system can offer significant insight into the dynamics and stability of detachment in the W7-X
island divertor.

4. Conclusion and outlook

In summary, although W7-X already features extensive fast diagnostics, local fast measurements are
lacking in the divertor region. This issue has been improved through the development of a fast helium
beam system, which utilises the in-vessel components of the existing helium beam setup but employs an
acquisition system based on PMTs, that is 25000 times faster than the previous one. With this system a
temporal resolution of up to 1 s for intensity measurements and 100 us for electron temperature (7T)
and density (n.) measurements is achieved.

On the slow timescales, a direct comparison with the existing system demonstrated excellent
agreement, confirming that the new diagnostic can reconstruct slow 2D profiles with high accuracy.
Furthermore, it was found that the increased diagnostic helium puff required for the higher time res-
olution does not perturb the plasma, neither globally nor locally. However, the cumulative helium input
increases the overall helium content, potentially reducing the available diagnostic measurement time in a
given discharge. For a precise n. determination near the target at high puffing rates, reabsorption effects
need to be considered in the CRM.

As a demonstration of the diagnostic performance, experiments on three physical topics were briefly
reported. The main potential of this diagnostic lies in its ability to provide fast measurements of T, and
ne within the divertor volume. It also represents the first diagnostic at W7-X, providing fast 1D T, pro-
files in the SOL. This opens up the possibility of investigating edge and divertor instabilities, modes, and
fluctuations in unprecedented detail. Because the system is installed at three toroidally separated loca-
tions, two of which are magnetically connected divertors, it is now possible, for the first time, to meas-
ure at multiple toroidal positions using the same fast diagnostic. This makes it feasible to study toroidal
asymmetries in fluctuations as well as long-range correlations. These studies enable the determination
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of parallel velocities, wavenumbers, and potentially even characteristics of parallel transport. Lastly, the
new system enables local, highly resolved investigations of the dynamics of the detachment process and
the fast processes during detachment, by using a single emission line. Furthermore, strong intermittent
events that are not yet fully understood were observed and characterised for the first time during detach-
ment in W7-X with such detail.

Looking ahead, an upgrade to include toroidal LOS is envisioned, which would allow for fast 2D
profiles with 100 s time resolution. Additionally, larger-diameter fibres with a diameter of 400 pm,
which are used at AUG, would increase the effective area in which light is collected and therefore the
signal by a factor of eight. This eliminates the need for high gas puffs, which increases the signal by a
factor of ten. In the meantime, embedding reabsorption effects in the CRM should solve the issue of
overestimating the density near the wall. Furthermore, higher puffs are planned during the detachment
to enhance the signal. In combination with another CRM, this could potentially enable the reconstruc-
tion of #. and T, deeper into the detachment.

In conclusion, the new fast helium beam diagnostic provides a unique and versatile tool that signi-
ficantly expands the diagnostic capabilities of W7-X, filling a critical gap in divertor and edge measure-
ments, and opening new ways for plasma edge physics.
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