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Abstract

After a long device enhancement phase, scientific operation resumed in 2022. The main new
device components are the water cooling of all plasma facing components and the new
water-cooled high heat flux divertor units. Water cooling allowed for the first long-pulse
operation campaign. A maximum discharge length of 8 min was achieved with a total heating
energy of 1.3 GJ. Safe divertor operation was demonstrated in attached and detached mode.
Stable detachment is readily achieved in some magnetic configurations but requires impurity
seeding in configurations with small magnetic pitch angle within the edge islands. Progress was
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made in the characterization of transport mechanisms across edge magnetic islands:
Measurement of the potential distribution and flow pattern reveals that the islands are associated
with a strong poloidal drift, which leads to rapid convection of energy and particles from the last
closed flux surface into the scrape-off layer. Using the upgraded plasma heating systems,
advanced heating scenarios were developed, which provide improved energy confinement
comparable to the scenario, in which the record triple product for stellarators was achieved in
the previous operation campaign. However, a magnetic configuration-dependent critical heating
power limit of the electron cyclotron resonance heating was observed. Exceeding the respective

power limit leads to a degradation of the confinement.

Keywords: stellarator, long-pulse operation, magnetic fusion confinement, divertor detachment

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

1. Introduction

The main scientific objective of the superconducting stellar-
ator Wendelstein 7-X (W7-X) is to lay the physics founda-
tion to scale advanced stellarator concepts to a Helical-Axis
Advanced Stellarator (HELIAS) type reactor design [1]. The
modeling-driven optimization of the W7-X magnetic field
configuration is expected to provide considerably improved
neoclassical and fast ion confinement, magneto-hydrodynamic
stability at high plasma-£ and a feasible exhaust concept with
the implementation of an island divertor [2, 3]. The neoclas-
sical optimization has already been experimentally verified
[4], particularly with respect to the considerable reduction of
the neoclassical transport when compared to classical stel-
larator configurations [5]. W7-X has undergone a number
of device modifications. Starting with first plasma opera-
tion in limiter configuration in 2015 (operation phase OP
1.1), an inertially-cooled graphite test divertor module was
installed for the second experimental campaign (operation
phase OP 1.2) conducted in 2017/2018 and the concept of
the island divertor was successfully demonstrated in attached
and detached operation [6-8]. In these two initial experimental
campaigns the energy turnaround in the plasma was strongly
limited due to the lack of cooling of the plasma facing compon-
ents and the heating energy could not exceed 200 MJ. During
a long operation pause 2018-2021, the device was technic-
ally enhanced with the installation of the water cooling of
all plasma facing components and the installation of the fully
water-cooled high heat flux divertor modules [9], which is the
pre-requisite to achieve the project goal to demonstrate steady-
state long-pulse operation of up to 30 min plasma duration at a
heating power of 10 MW, resulting in an energy turnaround
of 18 GJ. After a long device commissioning period in the
first half of 2022, scientific operation resumed and the opera-
tion campaign OP 2.1 was conducted in the period September
2022—March 2023. In total 1700 plasma discharges were con-
ducted in a wide range of plasma parameters and magnetic
configurations. The priorities of the OP 2.1 scientific program
stem from three main objectives: (i) demonstration of long-
pulse operation, (ii) safe divertor operation and (iii) devel-
opment of advanced heating and confinement scenarios. The
strategy for long-pulse operation of W7-X reaching 18 GJ
energy turnaround is to increase the heating energy over the

next operation campaigns gradually. For OP 2.1 a milestone
of 1 GJ energy turnaround was defined. The new high heat
flux divertor modules have a much more strict temperature
limit and safe divertor operation with control of the strike
line position is of paramount importance. The scientific pro-
gram focused on studies of attached and detached divertor
scenarios. Exceptional confinement scenarios were already
developed in the second operation campaign OP 1.2, in which
arecord triple product for stellarators was transiently achieved
[10]. An important objective was to continue these studies and
to develop alternative scenarios using the upgraded plasma
heating systems. The Electron Cyclotron Resonance (ECR)
heating systems could be operated up to a maximum power
of 6.5MW in second harmonic X- and O-polarization (X2
and O2). The upgraded Neutral Beam Injection (NBI) system
allowed for the operation of up to three injectors with an injec-
ted power of 2 MW per injector. This paper gives an overview
of the main achievements of the recent experimental campaign
OP 2.1. In section 2 the operation of the cooled high heat flux
divertor and long pulse operation are addressed. The achieve-
ments and progress of detached divertor operation are outlined
in section 3. Advanced heating scenarios are presented in
section 4, before results are briefly summarized in section 5.

2. Preparation for long pulse operation and long
pulse scenarios

The key components of the recent major W7-X device modi-
fications were the completion of the in-vessel water cool-
ing manifold supplying all plasma facing components and in-
vessel diagnostics systems and the new water-cooled high heat
flux divertor modules. As displayed in figure 1(a), approxim-
ately 600 water cooling circuits were installed entering the
vacuum vessel. Intense Helium leak testing during the install-
ation steps of the water manifold ensured tightness and no
water leaks occurred throughout the entire operation cam-
paign. The individual sub-circuits were hydraulically balanced
to provide the nominal water flow rate through each in-vessel
component. One high heat flux divertor module is displayed in
figure 1(b). The divertor surface and baffle geometry remained
unchanged when compared to the previously operated iner-
tially cooled divertor. However, due to its water cooling the
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Figure 1. (a) Overview of the water manifold installation for the cooling of plasma facing components. (b) The newly installed high heat

flux divertor with its baffles, cooling manifold and cryogenic pump.

—— Pecry

— Prad
2 L-j-—

—— lower modules
—— upper modules

power [MW]

divertor power [MW]

power
difference [MW]

I
N

0 2 4 6 8
time [s]

Figure 2. Plasma discharge with ECR heating power steps and
plasma radiation power (top), the associated integral power
exhausted by the upper and lower divertor modules, respectively
(middle), and the difference Pheyt — Prad — Piv-

divertor is specified for a steady-state power density of up to
10MW m~2 [11]. In addition to the water-cooled structure,
each divertor module is equipped with a cryogenic pumping
system, installed underneath the pumping gap, with a max-
imum pumping capacity of 70m?s~!. The divertor steady-
state heat load specification aligns with the W7-X goal to
demonstrate long-pulse operation with plasma heating power
of 10MW, but requires the power loads to be symmetric-
ally distributed over all divertor modules, corresponding to a
strike line area of 1 m?. The symmetrization entails an accur-
ate mechanical alignment of the divertor modules and cor-
rection of magnetic error fields with the auxiliary magnetic
coil systems [12]. The resulting divertor power loads are dis-
played exemplary in figure 2 for a pure ECR heated plasma
with a maximum heating power of 4 MW and divertor attach-
ment. The radiated power is small throughout the discharge
with Pr,g < 1 MW. A comparison of the integral power load at
the upper and lower divertor modules shows that indeed the

power is highly symmetrically distributed across all divertor
modules. Moreover, equating the heating power with the diver-
tor power, taking the radiated power into consideration Phe,e —
Praq — Pdiv, shown in the lower panel of figure 2, reveals that
almost all power is exhausted via the divertor target plates.
Only in the initial lower density phase, the power difference
is transiently larger. Convective loads to other plasma facing
components represent only a minor fraction of typically less
than 10%Py,.. From the observed divertor temperatures, the
power load density to the divertor is estimated using a heat
diffusion solver [13, 14]. A maximum power load density to
the divertor modules of 6 MW m~2 could be demonstrated res-
ulting in moderate divertor surface temperatures of 500 °C,
which equilibrates after a time of 4-5 s and is in good agree-
ment with Finite Element Method (FEM) heat load calcu-
lations. Based on the proper cooling behavior of the high
heat load divertor, the first long-pulse operation could be con-
ducted. As a precaution a maximum heating energy of 1 GJ
was defined for the last operation campaign. As displayed in
figure 3, a purely ECR heated plasma at a moderate power
level of maximum Pgcry = 3 MW with an attached divertor
was operated with a total discharge length of 480s. A shal-
low plasma density ramp was programmed to counterbalance
potential impurity radiation at later times in the discharge.
This has, however, not posed to be any issue. Due to tech-
nical problems and drop out of individual gyrotrons in the
second half of the discharge, starting at 300 s, the associated
drop in electron temperature leads to a step-wise reduction of
the diamagnetic energy and bootstrap current. Nevertheless, a
total heating energy of 1.3 GJ could be achieved. The max-
imum divertor surface temperature with Tgyrace < 650°C at
the strike line remains well below the specified maximum
temperature of Tp,,x = 1200 °C. The heat load onto the diver-
tor can be further reduced by operating long-pulse discharges
with divertor detachment. A proof of principle plasma dis-
charge is shown in figure 4. After a plasma startup phase with
increased ECR heating power, the discharge remains station-
ary for a total length of 110s at an ECR heating power of
Prcrr = 4 MW and high plasma density of n =1-102m~3.
Detachment is supported by the feed-forward seeding of Neon
gas puffs every 2 s, which stabilizes the radiated power fraction
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Figure 3. Time traces of the long pulse scenario with a total
discharge length of 480 s: ECR heating power and mean plasma
density (top), diamagnetic energy and toroidal bootstrap current
(middle), and the divertor surface temperature (bottom).
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Figure 4. Time traces of a long discharge with full divertor
detachment: ECR heating power, (a) plasma radiation power and
power arriving at the divertor, (b) plasma density and diamagnetic
energy, (c) electron and ion temperature, (d) power density at the
divertor surface.

to Prag = 0.8Pgcgy. At the high plasma densities, electrons
and ions are well coupled at a temperature of 7, =T; =
1.5 keV. The power density at the divertor surfaces remain well
below 1 MW m~2,

3. Divertor detachment and island transport

In general, scenarios with divertor detachment in W7-X are not
only achieved via impurity seeding, but the intrinsic carbon
radiation at high plasma densities is sufficient. An example
plasma discharge is displayed in figure 5, in which at constant
ECR heating power of Prcpy = 4.5 MW the plasma density
is increased in two steps from initially n =9 - 10" m—3 ton =
1.2-10* m—3 and finally n = 1.4 - 10?° m—3. The plasma radi-
ation, which is initially relatively small with P,,; =~ 0.25Pgcry

increases accordingly to 0.65Pgcgry and finally to >0.9Pgcry.
The radiation is localized to the divertor region and the dia-
magnetic energy only mildly responds to the increased radi-
ation. Due to the strong electron to ion coupling, the elec-
tron temperature equilibrates with the ion temperature, which
remain rather constant throughout the entire discharge. During
the density steps, the divertor state transitions from a fully
attached divertor with significant heat flux densities of up to
3 MW m™2, via a partially detached divertor to full detach-
ment with heat flux densities < IMW m~2. The transition
to divertor detachment is accompanied by a gradual increase
of the neutral particle pressure in the sub-divertor region. It
should be noted, however, that the achieved neutral compres-
sion in the sub-divertor region has not been large enough, yet,
to allow for effective cryo pumping. Inspection of the time
traces of plasma density, radiated power, and neutral density
reveals the onset of fluctuations of plasma density, radiated
power and sub-divertor pressure in the full detachment phase.
It is found that these fluctuations show a strong dependence
on the edge magnetic configuration. This behavior is shown in
figure 6 for two configurations differing in the edge rotational
transform, ¢ = 5/5 and ¢ = 5/6. The main difference in these
two cases are the different magnetic connection lengths to the
divertor target plates, which in the 5/6 configuration are typic-
ally 600 — 1000 m compared to 300 — 500 m in the 5/5 case.
In both cases, plasma discharges at identical heating powers
and densities were performed, leading to divertor detachment.
In the 5/5 situation, detachment is stable, whereas in the 5/6
case similar fluctuations in plasma density and radiative power
are observed as in figure 5, leading to a premature end via a
radiative collapse. The most striking difference is the localiza-
tion of edge radiation. The carbon radiation pattern for & = 5/6
as obtained from EMC3-EIRENE simulations and shown in
figure 6(b) and experimentally observed via bolometry shows
the clear signature of strong radiation from the O-point region
of the magnetic islands. This stands in contrast to the 5/5 case,
in which most of the radiation is observed in the island’s X-
point region [15]. Since the radiation is strongly dependent
on the electron temperature, these results strongly suggest a
different energy transport within the magnetic islands. This
is indeed expected since the ratio of parallel to perpendicular
energy and particle transport scales as the magnetic pitch angle
within the magnetic island T /T~ 62 [16], which is signi-
ficantly smaller in the 5/6 configuration due to its higher pol-
oidal mode number and decreased magnetic shear. The detach-
ment stability of the 5/6 configuration improves with seed-
ing of impurities that exhibit peak radiation at higher temper-
atures (e.g. Neon). Both simulation and experiment show a
broader spatial distribution of the radiation zone in this case
as compared with intrinsic carbon, suggesting that the detach-
ment instability is related to specifics of the radiation cool-
ing efficiency of the impurity. However, research into the sta-
bility analysis is preliminary and further experimental and
simulation work is required. Thus, a quantitative understand-
ing of the radiation characteristics within magnetic islands
requires an understanding of the island’s transport processes.
The dependence of the perpendicular transport on the mag-
netic pitch angle only takes diffusive processes into account.
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carbon radiation intensity (in arbitrary units) in a poloidal cross section of the 5/6 configuration are shown in (b). The island separatrices are

superimposed as white lines.

However, new investigations reveal the contribution of con-
vective transport processes within the magnetic island. It has
been shown that turbulent transport plays only a minor role in
perpendicular island transport, particularly due to the absence
of large quasi-ballistic perpendicular filament transport over
large radial distances [17]. Measurement of the electric poten-
tial distribution within an island using electric probes and
shown in figure 7(a) yield significant radial electric field (per-
pendicular to the closed island magnetic flux surfaces). The
potential profiles depend strongly on the magnetic connec-
tion lengths to the divertor target plates but remains peaked
at the island O-point. The associated perpendicular electric
fields gives rise to E x B drifts, which convect particles and
energy from the separatrix region into the mid Scrape-Off
Layer (SOL) and represent a strong transport channel, which

at low to moderate plasma densities typically exceeds the dif-
fusive perpendicular transport by an order of magnitude. The
drift velocities as estimated from the potential profiles and
shown in figure 7(b) are compared to direct measurements of
the propagation of plasma fluctuations using the gas-puff ima-
ging diagnostic. Both results are qualitatively and quantitat-
ively consistent and clearly reveal the poloidal plasma flow
within the island.

4. High-performance operation

Previous experimental investigations have confirmed that the
optimized magnetic geometry of W7-X leads to a reduc-
tion of the neoclassical transport when compared to classical
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Figure 9. (a) Typical time evolution of the central plasma density for pure NBI plasma heating for two different initial ECR heated plasma
densities. (b) Comparison of the respective radial plasma density profiles.

stellarator geometries [5] and neoclassical transport is gener-
ally not the dominant transport mechanisms. Studies of tur-
bulence and transport characteristics strongly suggest that ion
temperature gradient turbulence is one of the main candid-
ates determining the ion energy transport in W7-X [18, 19],

whereas trapped electron modes and electron gradient turbu-
lence in the magnetic geometry of W7-X are expected to be of
minor importance [20, 21]. The enhanced turbulent ion energy
transport leads to a rather strict limitation of the achievable
peak ion temperature of 7; < 1.6 keV for the heating power
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available in W7-X [22], often referred to ‘ion temperature
clamping’. However, central peaking of the plasma density has
been shown to stabilize ion temperature gradient turbulence
without the simultaneous de-stabilization of trapped electron
turbulence [23] and to provide exceptionally high ion temper-
atures up to 3 keV, exceeding the clamping limit, and improved
energy confinement, considerably exceeding the ISSps con-
finement scaling [24] by up to 40%. Centrally peaked plasma
with improved performance have so far only be realized via
pellet fueling and showed an extremely transient nature [25].
In the recent experimental campaign, a different approach was
pursued via the combination of ECR and NBI heating, which
is depicted in figure 8(a). The scenario starts with a conven-
tional ECR heated plasma in X2 polarization, which serves
as the target plasma for the NBI heating phase. The ion tem-
perature is consistent with the ion gradient turbulence dom-
inated regime usually observed in purely ECR heated plas-
mas. The ECR heating is then completely switched off and
the discharge is sustained by pure NBI heating. During NBI
heating using two injectors providing Py = 4 MW, the mean
plasma density increases. During the pure NBI phase, the ion
temperature remains on a similar level. At a mean density of
~1 -10?° m~3 additional 3 MW of ECR heating in O, polariz-
ation (to account for the high plasma density) is added, which
is accompanied by a sharp increase of the ion temperature
reaching T; ~ 2.3 keV, clearly exceeding the clamping limit,
with a stored energy reaching Wy, = 1 MJ. During the phase
of additional ECR heating, the plasma density continues to
increase in this case, with an associated drop in ion temperat-
ure due to the reducing power per particle. In other cases, with
higher ECR heating power, the central density drops rapidly
and the turbulence suppression is lost, also causing a drop in
ion temperature. Inspection of the effect of pure NBI heating
on the radial plasma density profile, shown in figure 9, yields
that the typical central plasma density increase displays two
phases: in the early phase of NBI heating, a slow increase due
to NBI fueling is observed. However, the slope of the dens-
ity run increases after a few seconds at otherwise constant
NBI parameters, indicating a suppression of radial particle
transport. However, this plasma density evolution depends on
the initial plasma density and does not show any steep cent-
ral density increase at low starting densities. The correspond-
ing radial density profiles support these observations. For a
low initial plasma density, the profile remains flat and no sig-
nificant influence of NBI heating is observed. However, the
steep central density increase corresponds to the development
of radial plasma density gradients particularly in the radial
range p = 0.2 — 0.5. In the peaked density profile case, assess-
ments of the radial impurity transport show a reduction to neo-
classical level [26]. These observations consolidate the earlier
findings using pellet injection that the development of radial
density gradients in the confinement region leads to a sup-
pression of turbulent transport, likely due to the stabilization
of the ion temperature gradient instability, thereby reducing
the radial ion energy transport and leading to increased cent-
ral ion temperatures. This mechanisms is further supported by
the direct observation of electron temperature fluctuations at
half plasma radius as measured by the correlation electron
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Figure 10. Similar discharge scenario as shown in figure 8 together
with measurements of the electron temperature fluctuations T, /Te.

cyclotron emission diagnostics, which displays in a similar
scenario a clear correlation between the drop of central ion
temperature and the rapid increase of turbulent temperature
fluctuations, cf figure 10. The duration of the increased ion
temperature phase is directly connected to the plasma density
profile evolution and is as long as the plasma density remains
stationary. However, a systematic study of different combina-
tions of NBI heating power with superimposed additional ECR
heating, shown in figure 8(b) in different magnetic field config-
urations suggests a configuration dependent critical ECR heat-
ing power. Exceeding this critical ECR heating power leads to
a rapid decrease of the plasma density peaking and a loss of
the improved confinement. The details of this mechanism are
not clear, yet, and require further experimental investigations
and kinetic simulation efforts to clarify the role of turbulent
transport.

5. Summary

The technical modifications of W7-X have proved success-
ful. The new water-cooled high heat flux divertor was suc-
cessfully operated in attached and detached mode. Its temper-
ature evolution was observed within the technical specifica-
tion, allowing for operation with large steady-state heat flux
densities. All 600 water cooling circuits were leak tight and
provided the nominal flow rate to the plasma facing com-
ponents. Long-pulse operation was demonstrated in attached
and detached divertor operation. In attached operation a dis-
charge duration of 8 min with an energy turnaround of 1.3
GJ was achieved. Stable detachment was demonstrated for
a duration of 110s with negligible heat flux to the divertor
targets. Impurity seeding was found to be indispensable to
achieve stable detachment in magnetic configurations with
small magnetic pitch angle, i.e. long magnetic connection
lengths to the divertor targets, due to the strong localization
of intrinsic impurity radiation at the island O-points. Novel
diagnostic capabilities provide new insights into the role of
drift flows for heat and particle transport in the island diver-
tor SOL. The SOL island structure shows large poloidal drift
velocities, which convect plasma from the last closed flux sur-
face into the mid SOL. This mechanism plays a crucial role
in perpendicular energy transport processes and the evolution
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of temperature profiles within the SOL. Advanced heating
scenarios were developed using a combination of NBI and
ECR heating. Similar to the record confinement scenario of
the second operation campaign OP 1.2, central density pro-
file peaking was found to be the key ingredient for enhanced
confinement and ion temperatures exceeding the flat density
profile limit. However, a configuration-dependent ECR heat-
ing power limit was observed. Exceeding the respective limit
leads to degeneration of the improved confinement phase.
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