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Abstract

The Wendelstein 7-X project is aimed at demonstrating that an optimised stel-
larator is an attractive candidate for a fusion reactor. This requires the achievement
of a number of technical and physics goals. Several of these goals have already been
achieved in the first three experimental campaigns. We shall exemplify this by a
number of results. One important goal is the demonstration of quasi-steady-state
operation at high plasma density and temperature for half an hour, which encom-
passes the physical and technical requirements of stable operation with density and
impurity control, cw heating, water-cooled targets, particle exhaust, and an appro-
priate control and data acquisition system for long-pulse operation. In the previous

*see [1] for the members of the W7-X Team



experimental campaigns, with uncooled targets, stationary discharges for up to 25s
with 5 MW heating power and up to 100s with 2 MW heating power were achieved.
For the next operational phase, to start in 2022, water-cooled targets are being
installed, water cooling will be provided for all first-wall components, and a num-
ber of further upgrades to plasma heating, vacuum and fuelling systems as well
as diagnostics will become available. With this equipment, the further goals of the
project will be tackled, including the stepwise extension of discharge intervals to the
multi-minute range. The experimental results so far have confirmed the neoclassical
theory underlying several of the optimisation goals. At the same time, they showed
that an optimisation is also required with respect to anomalous transport. In the
future operational phases we aim at building a solid theoretical, experimental and
technical foundation for the design of a next-step stellarator device.

1 Goals of the Wendelstein 7-X project

Wendelstein 7-X (W7-X) was designed and built to demonstrate that an optimised stel-
larator is an attractive candidate for a fusion reactor. Before, it had been established
in neoclassical theory that the energy transport in a classical stellarator would be very
large under reactor-relevant plasma conditions (i.e., in the long-mean-free-path regime)
[2], forcing such a reactor to an uneconomically large size. This is due to the loss of
toroidal symmetry in contrast to a tokamak configuration. However, quasi-symmetric
magnetic configurations can be designed in which the neoclassical transport is reduced to
a tolerable level [3].

To demonstrate the reactor capability of an optimised stellarator, goals were defined
for the W7-X project [4], both for physics results and for technical achievements. The
physics goals are

e the demonstration of a reactor-relevant plasma parameter regime with ion temper-

atures above 5keV and densities above 1029 m™3,

e the demonstration of magnetohydrodynamic (MHD) stability at (8) = 5%,

e a sufficiently high energy confinement time (i.e., similar as in a tokamak of com-
parable size) for thermal particles, and

e a sufficiently good confinement of highly energetic ions, relevant for the « particles
from fusion reactions.

The technical goals are

e steady-state operation of a magnetic field generated by modular superconducting
coils, with low error fields,



e control of plasma density and impurity content and, based on these prerequisites,

e to achieve quasi-steady-state operation in a reactor-relevant parameter regime.

Since the physics goals governed most of the optimisation criteria, their achievement
would confirm the models on which the optimisation is based and would qualify their use
for the design of a stellarator reactor.

The first technical goal, including the demonstration that the construction of non-
planar superconducting coils is feasible, was already achieved during commissioning of
the magnet system [5]. The criterion of low error fields will be discussed and quantified in
section 4.1. The second technical goal is closely related to the operation of the divertor,
which determines power and particle exhaust. At the same time, the achievement of
the second technical goal is a fundamental prerequisite for the third technical goal, the
quasi-steady-state operation in a reactor-relevant parameter regime.

After introducing the W7-X device, focusing on its magnet system, its plasma heating
systems and its divertor in section 2, we shall summarise in section 3 the increasing tech-
nical capabilities within the three past operational phases (OPs) and within the next OP
to come. In section 4, we shall show selected results from the past OPs demonstrating
the achievement of several of the project goals, namely the quality of the magnetic field
(section 4.1), the confirmation of low bootstrap current (section 4.2) and low neoclas-
sical transport of thermal particles (section 4.3), and stationary operation at high plasma
density, low impurity content and with divertor detachment for intervals as long as the
uncooled targets and first wall permitted (section 4.5). We also discuss anomalous trans-
port and progress in the understanding of turbulence in section 4.4. A brief outlook to the
core device upgrades and several examples for diagnostic upgrades and new diagnostics,
to several focal topics of the next operational campaign and to longer-term developments
will be given in section 5. In section 6 we shall discuss the contributions of the W7-X
project to the development of a fusion reactor and the place of W7-X in this development,
before we conclude in section 7.

2 The WT7-X device

2.1 Coil system and magnetic configurations

The principal coil system of W7-X consists of 70 superconducting coils. They are arranged
in 5 identical modules, each of which is symmetric under a 180° rotation around a radial
axis through its centre (“stellarator symmetry”). This makes up 10 so-called half modules
with 5 different non-planar and 2 different planar coils each. The coils are attached to a
central support ring. This entire magnet system is located in a cryostat, formed by the
plasma vessel on the inside and an outer vessel on the outside of the coils (see fig. 1). For
operation, the NbTi superconductor is cooled by liquid helium to a temperature of 4.5 K.
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Figure 1: Plasma, superconducting coil system and cryostat of W7-X. The plasma shape
is shown in transparent pink (see also fig. 2), the non-planar coils in grey, the planar
coils in brown, the outer vessel of the cryostat in grey. 1/5 of the coil system and 3/5 of
the outer vessel are blanked. The average major radius of the plasma axis is 5.5m, the
average minor radius of the plasma cross section is 0.5 m.

The theoretical concept behind the magnetic configurations of W7-X and the modular
coil system is explained in [4], its technical realisation is highlighted in [6], and details
about the design of the cryostat can be found in [7].

The 50 non-planar coils by themselves are sufficient to generate a confining magnetic
field. The flux surfaces form a slender torus with an average major radius of 5.5m and an
average minor radius of 0.5m (see fig. 2). Their cross section reflects the fivefold toroidal
symmtery and the flip symmetry within each module, changing between bean-shaped and
triangular as shown in the Poincaré plots in fig. 2.

The coil currents in the five different types of non-planar coil and two different types
of planar coil can be controlled independently (within certain limits set by the electro-
magnetic forces acting on the coils). This results in a remarkable flexibility of magnetic
configuration, offering the option to compare configurations with a different weighting of
the various optimisation criteria of W7-X. The plasma shape and cross sections shown in
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Figure 2: Shape of the Last Closed Flux Surface (LCFS) in W7-X “standard” magnetic
configuration. In this configuration, ¢ = 1 = 5/5 at the plasma edge, and the separatrix
of five natural magnetic islands is therefore defining the LCF'S. This can be seen in the
Poincaré plots shown on the right for the bean-shaped (p = 0°), the ¢ = 18° and the
triangular (p = 36°) cross section.

fig. 2 are those resulting if the current is equal in all non-planar coils and there is 0 current
in the planar coils. This so-called “standard” configuration has a rotational transform
t =1 at the plasma edge. The rotational transform is the number of poloidal revolutions
around the plasma column a field line takes per toroidal revolution, i.e., it is the inverse
of the tokamak safety factor ¢. Islands occur naturally in these configurations for rational
values + = n/m with n being a multiple of the toroidal periodicity of 5. In the standard
configuration, five islands are located at the ¢+ = 1 surface at the plasma edge. Use of
these edge islands is made to operate the island divertor (see section 2.3).

With non-zero currents in the planar coils, the toroidal field component can be in-
creased or reduced, thus modifying the rotational transform.

With different coil currents in the five non-planar coil types, the magnetic mirror
between the bean-shaped and the triangular planes can be varied, thus changing the
fraction and location of trapped particles. A quantity summarising the effect of the
magnetic mirror on neoclassical transport is the effective helical ripple of the magnetic
field, e.q (see, e.g., [8, 9, 10]). A low effective helical ripple is achieved in the “standard”
and “low-mirror” configurations, which should yield low neoclassical transport for thermal
particles (see section 4.3). In the “high-mirror” configuration, the toroidal plasma current
(bootstrap current) should be smallest, and this configuration is also designed for good



confinement of fast ions at sufficiently high plasma pressure. In addition, the magnetic
curvature varies between bean-shaped and triangular plane. Since its magnitude and sign
has an impact on certain instability mechanisms, the fraction and location of trapped
particles, and thus the magnetic mirror, may also have an impact on plasma turbulence.

Further use of the configuration space can be made to modify the target load and its
location [11, 12].

The magnet system is completed by two sets of copper coils operated at room tem-
perature (see fig. 3). Inside the plasma vessel, behind the baffles of each divertor unit,

N
=

Figure 3: Arrangement of the island control coils (red) inside the plasma vessel and the
trim coils (blue) outside the cryostat, shown together with the shape of the last closed
flux surface (transparent beige) of the “standard” magnetic configuration.

there is an island control coil [13, 14, 15] to modify the size and, to some degree, the
poloidal location of the edge magnetic islands. Outside the cryostat, there are five trim
coils with individual power supplies to reduce leading error field components which might
be caused by asymmetries of the coil system — or to generate such error fields to study
their impact. The currents in the island control coils can also be adjusted individually to
balance smaller but higher order (in terms of Fourier components) error fields.

2.2 Plasma heating systems

Three different heating systems have been planned for W7-X. The Electron Cyclotron Res-
onance Heating (ECRH) system is the workhorse of W7-X plasma heating [16]. Presently,
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it is powered by 10 gyrotrons operating at 140 GHz (2nd harmonic of the electron cyclotron
frequency at 2.5 T). The gyrotrons have a design output power of 1 MW in cw operation.
Their guaranteed power at delivery was 0.9 MW, the prototype and a further gyrotron
have lower power. After transmission losses, a total absorbed power of up to 7.5 MW has
been available in the plasma from this system. ECRH is routinely used to start up the
plasma in the beginning of a discharge. It can also be used to drive a toroidal current in
different radial locations (Electron Cyclotron Current Drive — ECCD, see section 4.2).

The second heating system is Neutral Beam Injection (NBI). Space is available for
up to 8 ion sources in two injector boxes [17, 18]. The first two ion sources have been
available during the last operational phase of W7-X with a total of 3MW of hydrogen
neutrals injected into the plasma in pulses of up to 5s. The neutral beams are injected
with a velocity component parallel to the magnetic field direction, and therefore current
drive is possible by asymmetric use of the ion sources [19].

The third system is Ion Cyclotron Resonance Heating (ICRH) [20, 21], which will
become available in the next operational phase (see section 3).

An important purpose of NBI and ICRH, besides heating the bulk plasma, is the
generation of fast ions. As stated in section 1, one of the optimisation goals of W7-X is a
good confinement of fast ions: hydrogen ions of the order of 50-100 keV in W7-X will have
a similar proportion of their gyroradius to the minor radius of the device as fusion alpha
particles in a stellarator reactor of this type, taking into account the size scaling between
these devices. They will therefore also have similar collisionless loss times. In both cases,
the influence of the neoclassical electric field on their confinement will be negligible [22],
such that the behaviour of such fast ions in W7-X is a good test of this optimisation.

2.3 Divertor

In the usual divertor tokamak, a magnetic separatrix is generated by the plasma current
and the currents in the divertor coils. This separatrix and its X-point(s) are toroidally
symmetric. In non-axisymmetric magnetic configurations, magnetic islands can occur
where the rotational transform ¢ assumes rational values, even without plasma currents.
These islands, their O-points and the X-points of their separatrix revolve helically around
the plasma column according to the local value of the rotational transform (see fig. 4).
They can be used to build an island divertor. A comparison between an island divertor
and the poloidal divertor of a tokamak can be found in [23]. The differences and the
location of target plates is well illustrated in fig. 1 of that publication.

If we consider individual field lines within an island and trace them toroidally, they
revolve together with the island around the plasma axis. However, the revolution of a
field line within the island around the “island axis”, i. e., the O-point, takes many toroidal
revolutions. This is illustrated in fig. 5 for the W7-X “standard” configuration. If an
island is intersected by a target plate, it takes order of 5 toroidal revolutions before a field



Figure 4: The five edge islands of the “standard” magnetic configuration are here repres-
ented in different colours to clarify their rotation around the plasma axis. The locations
of one X-point and one O-point of the island separatrix are indicated.

line starting close to the LCFS intersects the target plate. Since one toroidal revolution
corresponds to ~ 35m in W7-X, connection lengths between targets of ~ 300 m are typical
within the islands close to the separatrix. This favours a widening of the power-carrying
layer within the islands and thus a broadening of the strike lines on the target plates
[24, 23, 25].

Once plasma has been transported across the separatrix into an island, it will predom-
inantly flow parallel to the magnetic field toward the nearest target plate. This implies a
stagnation point of the parallel flow velocity and opposite toroidal velocity components
on the poloidally opposing sides of an island (compare fig. 5). This is indeed well visible in
the data of the Coherence Imaging Spectroscopy (CIS) diagnostic measuring the Doppler
shift of impurity ions [26], which in this case are dragged along with the bulk plasma flow.

Since the islands are arranged helically around the plasma axis, and the shape of the
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Figure 5: Penetration points of field lines on island flux surfaces (detail of Poincaré plot
of bean-shaped plane in fig. 2, “standard” magnetic configuration). If tracing is started
in the red points of the central row in the direction marked in red for four toroidal
revolutions, the remaining red penetration points will result (marked 1-4 for one flux
surface). Likewise, the penetration points marked in blue result from tracing for five
toroidal revolutions in the opposite direction (marked 1-5). A possible location of a
target plate is indicated. The revolution of the field lines around the O-line of the island
is very slow, i.e., the parallel connection length from the stagnation point close to the
LCFS to the intersection with the target is typically of order 150 m.

plasma cross-section changes for different toroidal positions, not every location is equally
well suited to place target plates. In practice, 10 separate Divertor Units (DUs) are
placed in equivalent positions, following the plasma symmetry (see fig. 6). Each of the
DUs has a long horizontal target and a shorter vertical target with a pumping gap in
between to allow neutral particles to escape into the sub-divertor space, where they can
be pumped. Additional baffles are placed adjacent to the target plates to prevent the
neutral gas from streaming back to the main chamber in unfavourable locations. The
targets are three-dimensionally shaped in such a way that the thermal load does not
exceed the design value of 10 MVV/m2 locally (technological limit for the water-cooled
target elements). The resulting targets intersect the magnetic field at angles of 1°-3° in
those regions where the heat flux along the magnetic field is largest, thus limiting the
thermal load to the targets as required. Whereas so far DUs with uncooled graphite
targets [27] have been used, new DUs with water-cooled Carbon-Fibre reinforced Carbon
(CFC) targets of identical surface shape [28] are presently being installed.

The shape of the targets is a compromise to allow divertor operation in different
magnetic configurations. In any one configuration, only a small fraction of the target
surface is hit by the strike line (see fig. 7). In a reactor, designed to operate in one specific
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Figure 6: Arrangement of the ten divertor units together with the last closed flux surface
of the W7-X “standard” configuration (left). A single divertor unit (DU) consists of a
toroidally extended horizontal target and a shorter vertical target with a pumping gap in
between. In different magnetic configurations, the main heat flux loads different parts of
the target surface (see fig. 7). The baffles prevent neutral gas from flowing back into the
main plasma from the volume behind the targets.

magnetic configuration, the target shape could be optimised to increase the surface area
with high heat load and thus to more uniformly distribute the power density to the target
surface.

3 Operational phases of W7-X

So far, there were three Operational Phases (OPs) of W7-X, each comprising several
months of plasma operation. They were called OP1.1, OP1.2a and OP1.2b.

In OP1.1, no graphite tiles to protect the first wall and no divertor units were installed.
Instead, five uncooled graphite limiters on the torus inboard side defined the LCFS. Cor-
respondingly, the heating energy was limited to 4 MJ per discharge to avoid any damage
to the unprotected in-vessel components. Summaries of the OP1.1 achievements can be
found in [30, 31, 32].

For OP1.2, graphite tiles were installed on a large fraction of the first wall. The
limiters of OP1.1 were removed and uncooled divertor units with graphite targets and
baffles were installed instead (see section 2.3), forming the so-called Test Divertor Unit
(TDU). This allowed to raise the discharge energy limit to 80 MJ (for the last discharges
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Figure 7: Heat flux patterns to the targets of one divertor unit for magnetic configurations
with different edge rotational transform, calculated from infrared data [29]. Only a small
fraction of the target surface is loaded in any single configuration, but the design is capable
to provide divertor action for a variety of different configurations, including configurations
with volume-averaged (3 up to 5 %.

of OP1.2b, it was permitted to stepwise exceed this limit, see section 4.5).

In OP1.2a, the maximum heating power available in the plasma was 7.5 MW ECRH.
A hydrogen pellet injector was in use which could deliver up to ~ 40 pellets per discharge
[33].

The split between OP1.2a and OP1.2b served to install two so-called scraper elements
to test a protection scheme for the divertor pumping gap (for details on these scraper
elements, see [34]). In addition, two ion sources became available for NBI with 3 MW
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absorbed power in the plasma, and boronisation of the in-vessel components could be
performed for the first time, which dramatically extended the operating parameter range
achievable (see section 4.5). The OP1.2 achievements are summarised in [35, 36, 1].

For the next operational phase, OP2, the uncooled TDU will be exchanged against
water-cooled High Heat Flux (HHF) divertor units [28] of identical surface geometry (see
section 2.3), and all further plasma facing components will be water-cooled. This should
enable us to stepwise extend the discharge energy limit up to 18 GJ, which is set by
the size of the cooling water basin, corresponding to a 10 MW half-hour operation. For
ECRH it is planned to deliver 8.5 MW absorbed power in cw operation, NBI should deliver
> 6 MW for pulses of at least 10s, and ICRH should deliver > 1.5 MW for pulses of 10s.
Cryopumps are being installed behind the divertor targets [37], and a steady-state pellet
injector of the same design as foreseen for ITER [38] will be installed. Further upgrades
on a longer time scale will be discussed in section 5.3.

According to the present schedule, commissioning for OP2 should start in the begin-
ning of 2022. Plasma operation is expected to follow at the end of 2022.

4 Selected results from the first three operation phases

4.1 Feasibility of superconducting coil system with non-planar
coils and sufficiently small error field

One technical goal of the W7-X project was to demonstrate that it is possible to build a
modular system of superconducting non-planar coils with sufficient accuracy. The error
fields in a toroidal plasma confinement device are often expressed in terms of their Fourier
components: For some flux surface, the component of the true magnetic field perpendic-
ular to the ideal flux surface is Fourier transformed in poloidal and toroidal directions,
resulting in components B,,,,. The most critical types of error field are those with low-
order Fourier components resonant with the + = 1 surface, i.e., By, By, B33 and By
[39]. Fig. 8 shows the effect of a hypothetical Bj; component of By;/By = 2.7 x 107*
for the magnetic “standard” configuration: The separatrix common to all five islands in
the unperturbed case (see fig. 4) splits, and one separatrix (cyan in fig. 8) encloses all
five islands. In consequence, as field line diffusion calculations show, the heat flux to the
targets becomes strongly asymmetric, loading two out of the ten DUs much stronger than
the others.

To avoid a field error of this amplitude, a complete chain of geometric surveys was
established, ranging from the manufacturing of the winding packs to the positioning
of machine modules in their final location, including adaptation of the set coordinates
to compensate the accumulated errors of previous assembly steps [40, 5]. Field errors
of limited amplitude can be partly balanced by an asymmetric operation of the island
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Figure 8: Left: Poincaré plot of the edge island topology generated by geometrical errors
in the assembly of the magnet system (in this case: statistical tilting of entire machine
modules by up to 0.1°, corresponding to 5mm). An error field (1,1) Fourier component
Bi1/By ~ 2.7 x 10~* is thus generated. — Right: Modelling of the resulting power load
distribution to the targets of the 10 divertor units by field line diffusion. Almost the entire
power flows to only two divertor units.

control coils (see section 2.1). As an additional risk mitigation, the trim coils were added
to the design, which can balance still larger By, error field components.

The quality of the magnetic flux surfaces of the vacuum field was initially measured
with electron guns and fluorescent rods [41, 42, 43, 44], and later the asymmetry of the heat
loads to the limiters (in OP1.1) or to the divertor targets was derived from thermocouple
measurements and infrared imaging [45, 46, 47, 48]. The asymmetry is quantified in fig. 9
by the relative standard deviation (standard deviation divided by average value) of the
heat loads to the divertor units, separately for the five upper DUs and the five lower DUs.
For totally symmetric loading, this would be 0. Fig. 9 shows the change in asymmetry
which can be achieved by applying a sinusoidal spatial pattern of current to the five trim
coils. A sharp minimum in the asymmetry is found for the spatial phase best balancing
the error field. The remaining asymmetry could be further reduced by an asymmetric
operation of the island control coils. The amplitudes of the error field components derived
from flux surface measurements are By;/By ~ 0.5 x 107 and Bay/By ~ 0.6 x 107 [48].
This is significantly smaller than assumed for the simulation shown in fig. 8. Hence, the
trim coil current of ~ 100 A used to minimise the error field is much smaller than the
maximum capacity of the trim coils of 1.8kA.

We therefore conclude that a modular system of superconducting non-planar coils can
be built with sufficiently high accuracy.
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Figure 9: Asymmetry of heat loads to the targets in “standard” magnetic configuration,
expressed as the standard deviation of the total heat fluxes per target, divided by the
average of these heat fluxes. The analysis is separated for the five upper and the five lower
DUs, in order not to mix the toroidal asymmetries with potential up-down asymmetries,
which may have a different reason [49]. The five trim coils were operated in a spatial sine
pattern with an amplitude of 100 A. The phase of this pattern around the torus was varied
in different discharges, as shown on the abscissa, whereas the horizontal lines indicate
the result with O trim coil current. The green arrow indicates the clear minimum of
asymmetry. The phase at which this minimum is reached agrees well with the expectation
for error field compensation as derived from flux surface measurements [48].

4.2 Optimisation for low bootstrap current

A toroidal current in stellarators has advantages and disadvantages. On the one hand
side it can increase the rotational transform of the magnetic field (see section 2.1): The
same value of the rotational transform can then be obtained with less twisted field coils,
which can be an advantage for coil design and manufacturing. On the other side, the
current can be a source of plasma instabilities. Furthermore, the operation of the island
divertor is facilitated if the rotational transform and hence the radial location of the edge
islands does not change much between vacuum field and equilibrium field with plasma.
This is also an advantage in view of the long L/R times in W7-X plasmas of several 10s
(see, e.g., [10, 50, 1]). After plasma startup, the toroidal current will evolve toward its
equilibrium value during such a long time interval (see fig. 10), implying a significant shift
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Figure 10: Examples for the evolving toroidal current in “standard” and “high-mirror”
magnetic configurations. The current measured by a Rogowski coil is depicted in grey.
Initially, the bootstrap current is shielded by plasma currents, which then exponentially
decay on the L/R time scale. Fits (solid coloured lines) to the experimental time traces
within the intervals marked by vertical dotted lines, modelling this decay, yield the asymp-
totic values of the current (dashed coloured lines), i. e., the bootstrap currents for the two
configurations, which differ in their effective helical ripple e.4. This quantity determines
the fraction of trapped particles (see section 2.1). A higher e.4 results in lower bootstrap
current. Figure from [51].

of the strike line location [52, 53, 54]. It was therefore decided to include a low bootstrap
current as one of the optimisation goals of W7-X.

In fig. 11, the experimentally determined equilibrium values of the bootstrap current
are compared for different magnetic configurations with the values calculated by neoclas-
sical theory [51]. In view of the very small currents in a device of this size and taking into
account, that these small values are the result of competing contributions with opposite
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Figure 11: Comparison of the measured bootstrap current with the values calculated by
neoclassical theory for different magnetic configurations. Figure from [51].

sign, the agreement is excellent.

One option to control the remaining toroidal current is ECCD. This is demonstrated
by two examples, both aiming to avoid or reduce the impact of the transient current phase
after plasma startup:

In fig. 12 we compare two discharges without and with ECCD. Without ECCD, the
usual evolution of the toroidal current within the 25s discharge interval is observed. With
ECCD, the bootstrap current is compensated, and the observed toroidal current stays
close to 0.

In our second example, the aim is to accelerate the evolution of the toroidal current
by adding ECCD to the bootstrap current. Part of the launchers directing the ECR
microwave beams into the plasma are in a position to drive a toroidal current whereas
other launchers are in a position to drive no toroidal plasma current. Initially, ECCD in
addition to the bootstrap current results in a faster increase of the total toroidal plasma
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Figure 12: Comparison of a discharge without ECCD (black) and a discharge with ECCD
to balance the bootstrap current (red). ECRH power was the same in both cases, plasma
density and electron temperature are approximately equal in both discharges. For ECCD,
the ECR beams were launched 1.5° out of the direction perpendicular to the magnetic
field. Without ECCD, the usual evolution of the toroidal current is observed, whereas
with ECCD, the total current stays stationary close to 0 during the entire discharge.
Figure adapted from [55].

current. By switching over from gyrotrons with current drive to gyrotrons without current
drive at the right moment, the equilibrium current is reached within 5s rather than in
more than 20s (see fig. 13). We conclude that the optimisation of W7-X for low bootstrap
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Figure 13: Comparison of a discharge without ECCD (black) with two discharges with
ECCD in the same direction as the bootstrap current, for 10s (blue), and for 5s (red).
ECRH power was the same in all three discharges, and it was kept constant within the
discharges with current drive by switching over from gyrotrons with oblique launching
angles to others with perpendicular launching (see top two panels). The current drive
accelerates the evolution of the total current (see bottom panel). In the case shown in blue,
the total curent increased to a value above the bootstrap current and started to decrease
again once the current drive was switched off. In the case shown in red, the current drive
was switched off in the “right” moment, such that the total current remained constant
for the rest of the discharge. Figure adapted from [56].
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currents was successful and that the remaining currents can be controlled, e. g. by ECCD.

4.3 Reduced neoclassical transport for thermal particles

One of the goals of the W7-X optimisation was the reduction of neoclassical transport by
thermal particles relative to a “classical” stellarator. To verify whether this was successful,
we investigate a particular type of discharge with pellet injection, represented by the time
traces shown in fig. 14. The discharge starts at moderate heating power and low density.
ECRH heats the electrons, therefore 7, is high, but 7; is low. The diamagnetic energy
is small. In the time window highlighted in grey, a number of hydrogen pellets are
injected. The density strongly rises. The density profile becomes peaked (not shown),
and the electrons are cooled. At the end of the pellet injection phase, the heating power
is increased by a factor of ~1.5. Electron and ion temperatures now both start rising,
whereas the density decreases but stays peaked in the centre. The diamagnetic energy
reaches a maximum of ~ 1 MJ for ~ 200 ms, which is one energy confinement time. In this

3
)

time interval, highlighted in light brown, the triple product is n;Timg ~ 5x 10 keV sm™
which is very close to the record value for stellarators, the central 8 value is ~4 %, and
(8) ~1%.

For this time interval, we use the measured density and temperature profiles for a
calculation of the neoclassical energy transport in the electron and ions channels, as de-
scribed in detail in [57]. We then normalise the calculated energy transport through
each flux surface with the total heating power. Since neoclassical transport is the min-
imum conceivable transport, this ratio should always be < 1. Otherwise, the available
heating power could not feed the calculated energy transport. The example discharge
was performed in magnetic “standard” configuration, which has a particularly low value
of the effective helical ripple . (see fig. 15). Indeed, the calculated neoclassical trans-
port accounts for only about 1/3 of the energy losses at its maximum (see fig. 16). We
can now for comparison calculate the neoclassical transport, assuming identical density
and temperature profiles but different magnetic configurations with higher values of ..
The results are also shown in fig. 16 for the W7-X “high-mirror” configuration and for
two LHD configurations, the latter representing stellarator /heliotron configurations which
are not particularly optimised for low neoclassical transport. Whereas the neoclassical
transport in the W7-X “high-mirror” configuration would still be compatible with the
observed profiles, they could not be achieved with such a low heating power in the two
LHD configurations chosen for comparison.

We conclude that in a non-optimised stellarator, a significantly higher heating power
than the applied 4.5 MW would be required to achieve the observed core temperatures
and triple product.
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Figure 14: Discharge with hydrogen pellet injection during the time interval highlighted in
grey and subsequent increase of the heating power. In consequence, the ion temperature
rises together with the electron temperature, and an energy confinement time of ~ 200 ms
and a diamagnetic energy of more than 1 MJ is achieved within the interval highlighted

4.4 Anomalous transport

Although the optimisation of the neoclassical transport was necessary to achieve the res-
ults reported in the previous section, we note from fig. 16 that even in time intervals with
the lowest observed radial heat transport, the neoclassical contribution accounts for less
than half of this observed transport, even at its radial maximum. Obviously, a large frac-
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Figure 15: Effective helical ripple as a function of the normalised minor radius p for the

W7-X “standard” and “high-mirror” magnetic configurations and for two LHD configur-
ations [57]. eq is a measure characterising the fraction of trapped particles in a magnetic

configuration (see, e.g., [8, 9, 10]). A low value of .4 will reduce neoclassical transport
for low collisionalities.

tion is “anomalous”, i. e., presumably due to plasma turbulence. It is therefore interesting
to compare fluctuation measurements between time intervals of good confinement like the
one highlighted in light brown in fig. 14 and the periods before and after such intervals,
and to consider what differences plasma turbulence theory would predict between these
intervals.

Indeed, observations with the Phase Contrast Imaging (PCI) diagnostic [58] in dis-
charges with pellet injection show a reduction of the fluctuation level during the intervals
of good confinement [59] (see fig. 17 for an example from a discharge similar to that shown
in fig. 14).

An investigation of the turbulence mechanisms on the ion gyroradius scale, which are
believed to contribute most to turbulent transport in fusion devices, reveal an interest-
ing property of magnetic configurations like the W7-X “standard” configuration, which
have a maximum of the second adiabatic invariant J on the plasma axis: Between the
conditions favouring the Ion Temperature Gradient (ITG) turbulence mechanism (high 7}
gradients) and those favouring the Trapped Electron Mode (TEM) turbulence mechanism
(high density gradients) there exists a region with reduced linear growth rates [60]. Such
a stability valley [61] at similar radial scale lengths of density and ion temperature gradi-
ent does not exist in magnetic configurations without the “maximum-J” property, which
includes tokamaks. The key to achieve improved confinement would then be the steepen-
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Figure 16: Neoclassical energy transport by electrons (red), ions (blue) and total (black),
normalised by the heating power, calculated for measured density and temperature pro-
files during the interval highlighted in light brown in fig. 14 for four different magnetic
configurations. The neoclassical transport is represented by the energy transport through
the flux surface at the normalised minor radius p. The e.g profiles for the four magnetic
configurations are shown in fig. 15. The results for the LHD confgurations are included
as examples for configurations which did not undergo neoclassical optimisation. The
transport values exceeding 1 indicate that in such magnetic configurations the observed
density and temperature profiles would require a higher heating power. Figure adapted
from [57]. A more detailed description, including a sensitivity analysis of the neoclassical
results to uncertainties in the density and temperature measurements, can be found in
that reference.

ing of the density gradient, here due to pellet injection, which permits also a steeper T}
gradient without leaving the stability valley. A reduced turbulent ion heat transport for
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Figure 17: Amplitude of density fluctuations, measured by the phase contrast imaging
diagnostic [58], during a discharge with pellet injection similar to that shown in fig. 14.
Due to the pellet injection between 1.0s and 1.7 s, strong density fluctuations are observed,
which need not necessarily be related to turbulence. After that, the fluctuation amplitude
exhibits a minimum during the strong increase of the diamagnetic energy and starts to
increase again, while the diamagnetic energy is rolling over. It should be noted that,
although the amplitude of fluctuations is not a direct measure of turbulent transport, a
reduction of this amplitude for density fluctuations in spite of a simultaneous steepening
of the density gradient (see text in section 4.3, not shown) is a strong indication of reduced
turbulence.

the conditions established under pellet injection is as well found in nonlinear gyrokinetic
simulations [62]. A steepening of the density gradient can also be achieved by NBI and
probably by other means of profile control.

Since turbulence often increases energy, bulk particle and impurity density transport in
a similar way, the turbulent transport can also be assessed by the comparison of impurity
transport after laser ablation between discharges with flat density profile and with steeper
density gradient: The impurity transport is indeed found to be significantly smaller for
steeper density gradients [59].

These observations may open a path to reduced turbulent transport. Further in-
vestigations of this topic will certainly form an important part of the next experimental
campaign on W7-X.
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4.5 Steps toward stationary discharges

The goal of demonstrating stationary high-power discharges in W7-X implies stationarity
on the longest plasma physics time scale, which is the L/R time for the establishment of
a toroidal plasma current (bootstrap current), of the order of several 10s. It also implies
that processes influencing plasma operation are stationary, including outgassing of wall
components, and, on a technical level, that the temperatures of all components become
stationary. This may take a few seconds for the highest loaded target elements, and a few
minutes for the low loaded plasma facing components. For components behind the first
wall which only receive small heat fluxes through gaps in the first wall or from thermal
radiation or microwave stray radiation and which are therefore not actively cooled, this
may still take longer.

A large step toward less impurity production and higher density in longer plasma
discharges was the first boronisation in the beginning of OP1.2b. This strongly reduced
impurities, in particular oxygen [63, 64] (see fig. 18). The effect lasted not only for a few
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Figure 18: Impurity line radiation in comparable discharges before (red) and after (blue)
the first boronization of W7-X, measured in the ultraviolet with the divertor spectrometer
(left) [63], and in the VUV with the HEXOS spectrometer (right) [64]. Notably the oxygen
and carbon content is significantly reduced after boronization.

discharges after boronisation, but actually for several weeks. This is also reflected in the
Zeog values and the achieved plasma densities before and after boronisation.

To understand the effect on plasma density, it is important to note that no disruptive
density limit has been observed in stellarators. Instead, the plasma density is limited by
a radiation collapse, if the heating power is no longer sufficient to balance the radiation
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losses [65, 66]. The empirical formula

= C

0.6
Pheat

(1)

c = Fmp?
has been derived from experimental data [66], where 7. is the limit of the average plasma
density and

f imp = nimp/ Ne
is the impurity fraction. For a limited heating power, high-density operation therefore
requires the control of the impurity content in the discharge. In consequence, significantly

higher densities could be reached with the same heating power after boronisation (see
fig. 19).
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Figure 19: Maximum average density in magnetic “standard” configuration as a function
of heating power before and after the first boronization. The impurity fraction used in
eq. (1) to obtain the two curves is indicated. Due to the reduced impurity content after
boronization, W7-X could be operated at significantly higher plasma density for a given
heating power.

The higher plasma density goes along with higher neutral density at the targets and
behind the target plates. This results in better pumping efficiency and better density
control [67].

The high density also facilitates detachment of the plasma from the target plates. This
is a favourable operating condition, where a cloud of high neutral density forms between
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the X-points and the target plates and strongly reduces the plasma particle and heat flux
onto the targets. An example is given at the end of this section in fig. 21.

At the end of the last experimental campaign OP1.2b the power limit of 80 MJ was
suspended and the length of the discharge was stepwise increased. In fig. 20, the result
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Figure 20: Discharge with 2 MW heating power for 100s. Plasma density, electron and ion

temperatures and diamagnetic energy stay stationary for 80s, however, the temperature

of the uncooled targets is constantly increasing. After 80s, outgassing becomes too strong,
such that the density starts rising although the gas valves are closed by feedback control.

at a low heating power of 2 MW is shown [68]. A total of 200 MJ was injected in a 100s
discharge. For 80s, plasma density, electron and ion temperatures and plasma energy can
be kept constant. The temperature of the uncooled targets is constantly rising. The gas
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flux required to keep the density is constantly reducing (not shown), until the discharge
is fed exclusively by outgassing, and the density starts rising. However, in the series of
stepwise extended discharges, this loss of density control still shifted to ever later times,
indicating that conditioning of the critical gas reservoirs was still ongoing.

In our second example for long stationary discharges, 5 MW of heating power were
applied, and the plasma density was kept at about twice the value of our first example
(see fig. 21). After ~2.5s, the plasma detaches from the targets: The radiated power
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Figure 21: Discharge with 5 MW heating power and stationary conditions under stable

detachment for 25s. Divertor detachment starts at ~ 2.5s: The radiated power reaches

almost the heating power, and the maximum divertor temperature drops to below 500° C,
whereas central electron and ion temperatures remain unaffected.
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increases almost to the heating power level, whereas the power to the targets drops.
Consequently, the divertor temperature drops, and its maximum stays below 500° C for
the entire rest of the discharge. Z.g stays constant at a low value, the neutral pressure
behind the divertor is high, but the plasma particle flux to the targets themselves remains
low [67] (not shown here). We conclude that for this time interval of almost 25s W7-X
could be operated in a stable, thermally fully detached island divertor regime.

5 Prospect of next experimental campaigns

5.1 Device upgrades

The most prominent upgrade for the coming OP2 is the transition to the water-cooled
HHF divertor and full water cooling of all plasma facing components. This does not only
imply the exchange of the divertor units inside the plasma vessel but also the construction
of an extensive system of pipes in the torus hall for supplying and distributing the cooling
water. To give an impression of the complexity of this pipework, a CAD view of part of
it is shown in fig. 22. Since the real heat loads in different locations of the targets and
baffles cannot be modelled accurately in advance, a real-time monitoring system of those
components receiving high heat load will be implemented, based on infrared cameras [69].

The 10 new cryopumps behind the horizontal targets [37] will be cooled by liquid He
and will add a pumping speed of 750001/s (in deuterium) to about 300001/s provided by
the 30 existing turbo molecular pumps.

The steady-state pellet injector [38] can generate up to 10 pellets per second of 3 mm
diametre and 3 mm length.

For ECRH, one additional newly developed gyrotron with 1.5 MW nominal power
will become available for OP2 [70, 71]. Subsequently, it is planned to further increase
ECRH power by another 1.5 MW gyrotron and to successively replace the existing 1 MW
gyrotrons. The addition of two ion sources will double the available NBI power to ~7MW.
Each source can work in pulses of 10-30s. An interlock system will assure the fast
shutdown of the beams if required [72]. The new ICRH system will be initially available
with 1.5 MW at 37.5 MHz for hydrogen heating in pulses of 10s every 300s [20, 73]. A
later upgrade is planned to 4 MW and for further heating scenarios (e.g., *He minority
heating at 27 MHz) [21].

A number of diagnostics will also be upgraded, exchanged or newly added. No com-
prehensive list will be given here, but as examples we mention the following:

e The number of observed scattering volumes along the Thomson laser beam will be
increased to improve the spatial resolution in the plasma edge. A second laser with
different wavelength will be added, which allows to extend the range of observable
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Figure 22: CAD view of cooling pipes. Only the pipe sections close to but outside the
W7-X vessel are shown. The view contains all water pipes, comprising those for cooling
the targets, baffles and remaining first wall, diagnostics, ports and plasma vessel as well
as the island control and trim coils, plus the stray radiation shield of the cryopumps and
the system for filling and draining the pipework. The total length of pipes is ~ 2.5 km.

electron temperatures toward higher values without the need to change the optical
filters [74].

e The Langmuir probes integrated into the TDU targets [75] will be replaced by pop-
up probes to support long-pulse operation.

e A divertor manipulator will be added to expose material samples and to bring
magnetic and electrical probes of different types into the edge plasma close to the
targets, carry temperature sensors and also to feed gas into the plasma edge [76,
77]. The divertor manipulator will provide a chance to test standard, but also
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innovative materials, material compositions and diagnostic concepts under high heat
load conditions (up to 10 MW /m?), allowing a detailed investigation of the near-
divertor plasma region by means of a dedicated observation system foreseen for the
direct supervision of the exposed probes.

e A gas puff imaging (GPI) diagnostic will be built for two-dimensional observation
of fluctuations in the edge islands (for the general concept of GPI, see, e.g., [78]).

e A Faraday cup style detector for fast particles [79] will be tested, initially on a
manipulator. If successful, detectors of this type, with a high spatial resolution and
a very flat design, could be distributed onto wall protection tiles in various locations
of interest within the plasma vessel.

5.2 Focus of OP2 programme

From the overall goals of the W7-X project and from the results of the previous operational
phases, several focal points of the programme for the next operational campaign become
evident:

Since not all locations on the target surface support the same power density of up
to 1I0MW /m?, it will be important to have full control of the strike line position, in
particular during the phase of toroidal current evolution. One way to control the edge
rotational transform is ECCD. As demonstrated in section 4.2, it can be either used to
counteract the evolving toroidal current, or to speed up the transition to its stationary
value. Other schemes would be to use the complicated dependence of the bootstrap
current on density and pressure to keep it constant by a coordinated increase of density
and heating power [80], or the adjustment of the planar coil currents. Any of these
methods, or a combination of them, must be developed to routine use to achieve strike
line control, in particular during the transient start-up phase toward stationary toroidal
plasma current.

Even with strike line control, it appears preferable to operate the divertor under de-
tached conditions. It is therefore planned to develop stable detachment in different mag-
netic configurations to be able to operate the targets under reduced load.

With these ingredients and with full water cooling of all plasma facing components
operational, the heating energy limit per discharge will be lifted stepwise. In the end,
we want to demonstrate high-performance discharges with stationary conditions on all
signals, which requires full density and impurity control.

As discussed in section 4.3, the improved neoclassical transport of thermal particles
has been demonstrated. It has been found, however, that now the anomalous transport
dominates. In a joint effort of theory and experiment, we want to understand better this
turbulent transport and explore regimes of improved confinement. One first path toward
this goal has opened during OP1.2b in pellet or NBI fuelled discharges, and a key seems
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to be the right combination of density and temperature gradients in the core plasma. An
experimental task will therfore be the development of density and temperature profile
control.

With NBI and ICRH available for the generation of fast particles, investigation of
their confinement in different magnetic configurations will start, including tests of suit-
able diagnostic methods. Since improved confinement of fast particles in W7-X requires
volume-averaged (3 values of at least 2-3 %, the corresponding optimisation of W7-X can
probably not be demonstrated before the available heating power is significantly enhanced
(or the device is operated at reduced magnetic field).

5.3 Longer-term planning

An upgrading of the different heating systems has already been announced in section 5.1,
but this will be a stepwise process, which will take several years. It was already foreseen in
the earliest project schedules and is required to achieve a sufficiently high plasma pressure
for the investigation of the expected MHD stability and also for the demonstration of
improved fast particle confinement, which depends on the existence of a magnetic well
due to the diamagnetic effect of the plasma.

Deuterium operation is planned to explore the existence of an isotope effect in this
device, and to benefit from the higher NBI heating power in deuterium.

A further long-term project is the test of tungsten as a first wall material. A few tung-
sten tiles were already installed during OP1.2, without observing any traces of tungsten
spectroscopically in the plasma. In OP2, an additional number of graphite wall protection
tiles will be replaced by tungsten tiles. At the end of the process, targets with a tungsten
surface should be installed. Although encouraging results with an all-tungsten first wall
exist from tokamaks, we cannot entirely rely on this experience, since stellarators have
impurity transport properties different from tokamaks. As carbon is not an acceptable
wall material for a fusion reactor, it is an important task for W-X to explore the suitability
of reactor-relevant wall materials in a stellarator.

6 Progress toward a fusion reactor

Comparing the performance of W7-X with that of other present-day and next-step devices
in a Kikuchi diagram [81, fig. 3.16 and appendix of ch. 3| (see fig. 23, [36]), we started
rather modestly in the limiter campaign, OP1.1. As soon as divertor operation started
(OP1.2), we attained record triple products comparable with those of LHD for brief
intervals of 200 ms. At the end of OP1.2, the two long discharges presented in section 4.5
are already close to the boundary line drawn in the Kikuchi diagram by large tokamaks.

With water-cooled targets in OP2, we envisage discharge intervals with the same duration
as planned for ITER.
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Figure 23: Kikuchi diagram [81] with operation points of W7-X in the past experi-
mental campaigns and the envisaged window for the next operational phase [36, 35]
in comparison with other large existing and planned fusion experiments. This figure
is an adapted version of fig. 3.16, published in and reproduced with permission from
Springer: M. Kikuchi and M. Azumi, Frontiers in Fusion Research II, Springer, Cham
2015 (https://doi.org/10.1007/978-3-319-18905-5). Copyright 2015.

Simultaneously, studies for technical components are ongoing, which for a stellarator
reactor might differ significantly from a tokamak reactor (see [82] for an example). Fur-
thermore, system-level studies are being performed to investigate the impact of size and
configuration of a stellarator reactor on performance and to assess such a helical axis
advanced stellarator (HELIAS) as a next-step device (see [83, 84] for examples).

To bridge the gap to a fusion reactor, W7-X can serve several purposes, as will be
detailed in the following two sections.

6.1 Testbed for steady-state operation

As becomes evident from the positioning of the W7-X OP2 in the Kikuchi diagram, several
individual components and their interplay can be tested in intervals as planned for ITER
operation. This is true for the cw gyrotrons developed for W7-X ECRH, which repeatedly
set new benchmarks, and for the steady-state pellet injector developed for ITER [38]. All
in-vessel components, including various diagnostics, have been designed for an increased
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level of microwave stray radiation [85, 86, 87, 88]. A number of diagnostics adaptations
were developed, which are also relevant for ITER, e. g., neutral gas pressure gauges using
heated crystals as electron emitters [89] rather than wire filaments, which showed to be
thermo-mechanically unstable in long discharges.

For machine control, the concept of subdividing a discharge program into segments
was developed [90]. For these segments, execution may depend on certain conditions,
which may be derived from quantities measured by sensors, e.g. plasma diagnostics [91].
Measurement data are continuously recorded and streamed to the central storage system
[92, 93]. They are provided with time stamps, allowing, in principle, a synchronisation
with an accuracy of order 10ns [94].

For all these systems, W7-X operation provides experience under realistic long-pulse
operating conditions.

6.2 Validation and improvement of theoretical foundations

While the topics listed in the previous section are important contributions to the opera-
tion of ITER and a next-step fusion experiment, the major goal of the W7-X project is
to provide experimental results which allow the testing and further development of the
theoretical basis for stellarator optimisation, which will then serve as a foundation for the
design of a future stellarator reactor.

The achievement of reduced collisional transport (section 4.3) and low bootstrap cur-
rent (section 4.2) confirm the optimisation based on neoclassical theory. In future experi-
mental campaigns, the optimisation for low transport of fast particles and MHD stability
at high § values will have to be validated. At the same time, the future optimisation
of magnetic configurations and operating scenarios will include turbulence and edge and
divertor physics. W7-X, as an existing device, will have the task of contributing the
experimental basis for the underlying models.

7 Conclusions

In the first three W7-X operational phases, the achievement of several project goals could
already be demonstrated: The magnet system of non-planar superconducting coils could
be built with very good accuracy, and reduced neoclassical transport of thermal particles
and low bootstrap current were found, confirming the optimisation based on neoclassical
transport theory.

The (still uncooled) island divertor was operated successfully in different magnetic
configurations. After boronisation, low impurity content and high plasma densities were
achieved. At low plasma density and low heating power, discharges were conducted for
up to 100s under stationary conditions (except for the divertor temperature and related
outgassing). At higher plasma density and heating power, stable divertor detachment
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was demonstrated for up to 26s (at constant temperature of the uncooled divertor!). No
impurity accumulation was observed. The installation of the water-cooled High Heat
Flux divertor and of water cooling for all in-vessel components will allow us to extend
stationary operation to still longer intervals, in agreement with the project goals.

While energy confinement times of 200ms at high plasma density, electron and ion
temperatures of 2-3keV and a triple product n;Timg ~ 5 x 10 keVsm™ were achieved
for short intervals under special conditions, the confinement was found to be inferior to
the level expected from neoclassical theory during most of the time. Turbulent transport
is the suspected candidate for this “anomalous” transport. Comparison of the level of
density fluctuations during “good” and “poor” confinement intervals corroborates this
view. Although the optimisation of the neoclassical transport is imperative for a stel-
larator reactor, it is not sufficient for obtaining “good” confinement, as is well known
from the tokamak world. However, the observation of improved confinement during inter-
vals with peaked density profiles is in agreement with newer turbulence modelling, which
predicts reduced instability against ITG/TEM driven turbulence for a certain class of
magnetic configurations, if ion temperature and density gradient scale lengths are close
to each other. The experimental and theoretical exploration of improved confinement
regimes will certainly be an important focus during the next operational phase of W7-X.
This will require methods to control the radial density and temperature profiles in W7-X.

In a reactor, a large fraction of the heat must be radiated rather than deposited in
narrow strike lines on the targets. We will therefore have to develop scenarios for stable
detachment under different operating conditions. In addition, strike line position control
must be further developed to protect sensitive areas of the target surface during the
non-stationary phase at plasma startup.

With increased NBI power and ICRH becoming available for the next operational
phase, the investigation of fast particle confinement will be intensified. Good neoclassical
confinement of fast particles is only predicted for certain magnetic configurations and only
at sufficiently high S values. To achieve such a high plasma pressure requires a further
increase of the heating power, which is also necessary to verify the MHD stability at high
B.

A longer-term plan is the replacement of carbon first-wall components by tungsten,
with the final goal of pure tungsten or tungsten-coated targets, to investigate whether the
impurity transport properties allow the operation of an “all-tungsten” stellarator.

It is thus the task of the W7-X project to provide all necessary experimental inform-
ation and the theoretical base to design a next-step device as stellarator.
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