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Nuclear fusion could play a major role in the energy mix 
during the second half of this century. The advantages of 
nuclear fusion, in particular for base load power stations, 
are obvious: the fuel is nearly unlimited, worldwide availa-
ble, and - in contrast to fission -  there is no possibility of a 
runaway reaction or meltdown. For a fusion reactor, matter 
has to be heated up to extremely high temperatures: more 
than 100 million degrees - about a factor of 10 hotter than 
the sun's core. At these temperatures the material is fully 
ionized. The charged particles can be confined by magnetic 
fields, which are also able to provide the required efficient 
heat insulation. For magnetic fusion reactions to be self-
sustaining, the thermal insulation has to be a factor of 100 
better than that of polystyrene - at temperatures, where the 
velocity of particles approaches one fifth of the velocity of 
light!

After more than 50 years of research, fusion has advanced 
to the decisive step on the way to a power plant: the interna-
tional tokamak experiment ITER is designed to demonstrate 
the feasibility of net energy production from nuclear fusion 
reactions. In a joint enterprise by 7 partners (the EU, Japan, 
Russia, USA, China, the Korean Republic and India) - ITER 
is currently been built in Cadarache, France. The tokamak 
concept as realized in ITER is by far the most advanced 
confinement configuration. It however requires the continu-
ous flow of an electric current in a donut-shaped plasma. In 
present devices, this plasma current is driven by a trans-
former and can therefore be maintained only over a certain 
time, which – in a reactor – could amount to several hours. 
A thermal storage would provide for continuity of the electric 
power production during the short time interval needed to 
recharge the transformer.

An alternative to the tokamak is the stellarator, which needs 
a considerably more complex magnetic field configuration, 
but is intrinsically stationary without any need of external 
current drive. The complex magnetic field of a stellarator 
requires however careful optimization to ensure sufficiently 
good confinement properties. The first optimized stellarator 
of sufficient size to proof that the stellarator concept has the 
potential for a power plant, Wendelstein 7-X, has recently 
been built up in Greifswald, Germany. Wendelstein 7-X is 

the largest optimized stellarator worldwide with a major ra-
dius of 5.5 m and an average minor radius of 0.53 m. Wen-
delstein 7-X is a superconducting device with 50 non-planar 
coils, providing the magnetic confinement. In addition, 20 
planar coils provide some flexibility of the magnetic field ge-
ometry (see Fig. 1).

After successful tests of the coil system, the machine star-
ted operation end of 2015. The first major achievement was 
the demonstration of good magnetic surfaces. As shown in 
Fig. 2, the measured and calculated magnetic flux surfaces 
agree very well. With such precise measurements of the ma-
gnetic field geometry, it has been shown that the very high 
demands on the tolerances in placing the coils have been 
achieved, resulting in very low error fields. After an initial 
helium campaign, the first hydrogen discharges were per-
formed in January 2016. The first experimental campaign, 
lasting for about 10 weeks, was originally mainly planned for 
an integral commissioning of all components, including e.g. 
the superconducting coils, the heating system, data acquisi-
tion and control. This integral commissioning was demons-
trated during routine plasma operation. The first campaign 
exceeded all expectations and did allow for several physics 
experiments as well. Essential in this respect was the set of 
20 diagnostics available, quite a remarkable number for a 
fusion experiment in its first operation days.

In plasma operation, pulse lengths of up to 6 seconds were 
achieved. So far, only an Electron Resonance Heating 
(ECRH) system was available, allowing to reach electron 
temperatures of up to 10 keV. External ion heating was not 
yet possible, and thus the ion temperatures have been si-
gnificantly lower (up to 2 keV). The discharges during the 
first operational campaign were restricted to quite low plas-
ma densities (< 5 · 1019 m-3). Using our ECRH system, first 
studies of the global energy and power balance were perfor-
med. Furthermore, first demonstration of a special heating 
scheme, using the second harmonic of the ordinary wave 
(O2) as required for the planned high density operation and 
of Electron Cyclotron Current Drive (ECCD) were success-

Fig: 1: The coil system of Wendelstein 7-X, consisting of 50 non-
planar and 20 planar coils.

Fig. 2: Poincaré plots of the measured and calculated magnetic 
flux surfaces (from: M. Otte et al., Plasma Phys. Control Fusion 58, 
2016, 064003, Fig. 6a)
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In artificial ferroic systems [1], novel functionality is engi-
neered through the control of the interactions between the 
different components in structured ferroic materials. With 
careful selection of the materials and structure, artificial 
ferroic systems not only offer prospects for the discovery 
of new physics, but also the development of innovative de-
vices.

We mainly focus on two classes of artificial ferroic systems. 
Firstly, hybrid mesoscopic structures, which can incorporate 
two different ferromagnetic layers, have static and dynam-
ic magnetic behaviour that results from the mutual imprint 
of the magnetic domain configurations [2]. In particular, a 

Permalloy square element in a Landau state, which incor-
porates a vortex, is combined with a Co/Pd multilayer with 
maze domains resulting from the perpendicular anisotropy. 
Using scanning transmission x-ray microscopy to observe 
the magnetization dynamics in such a hybrid system, we 
have demonstrated a new vortex core reversal mechanism 
[3]. The vortex is excited with an alternating magnetic field, 
with the core polarization determined from the sense of gyra-
tion, and the vortex core is simultaneously displaced across 
a domain boundary in the Co/Pd layer using a static external 
magnetic field. We find that the sense of gyration of the vor-
tex changes as it crosses a domain boundary, indicating the 
reversal of the core polarization (Figure 1). Micromagnetic 
simulations reveal a complex switching process triggered by 
the interaction of the vortex core with the underlying domain 
wall that provides a local switch for vortex polarisation.

Turning to the second class of artificial ferroic systems, we 
also study the behaviour of artificial spin ice, which consists 
of arrays of dipolar-coupled nanomagnets arranged in frus-
trated geometries. Here we employ synchrotron x-ray pho-
toemission electron microscopy (PEEM), which provides 
high contrast images that allow the unambiguous determi-
nation of the magnetic configurations. We have also per-
formed first measurements using x-ray resonant magnetic 
scattering, which allows us to observe magnetic correlations 
in arrays of smaller nanomagnets with moments fluctuating 
at faster timescales [4,5].

We have experimentally demonstrated the existence of 
emergent magnetic monopoles (see Fig. 2) in an extended 
array of nanomagnets placed on the sites of the kagome 
lattice, referred to as artificial kagome spin ice [6]. In an ap-
plied magnetic field, monopole-antimonopole pairs nucleate 
and separate in an avalanche-type manner along one-di-
mensional Dirac strings consisting of reversed nanomagnet 
moments, and the behaviour can be quantitatively explained 
by Monte Carlo simulations. In addition, by modifying the 

FIG. 1. Schematic diagram of reversal process of a magnetic vor-
tex core in a hybrid structure. The magnetization in a resonant-
ly excited vortex core reverses its orientation  as it crosses and 
interacts with a domain wall (DW) at the boundary between two 
out-of-plane magnetic domains in the Co/Pd multilayer (bright and 
dark domains). The path followed by the excited vortex core is il-
lustrated in green: the vortex core (black arrow) initially precesses 
clockwise, and then counter-clockwise after reversing its polariza-
tion (white arrow) at the domain boundary (orange line). Figure 
taken from Ref. [3].

ful. The flexibility of the machine thanks to the internal planar 
and external trim coils has been used to investigate several 
magnetic field configurations. That way, the effective helical 
ripple, responsible for the neoclassical losses in stellarators, 
and the limiter heat load pattern has been varied. First expe-
riments on radiation cooling of the plasma edge and studies 
of impurity confinement, transport and ionization kinetics 
have been performed.

At the moment the next experimental campaign is being pre-
pared. For the campaign in 2017/18, high power discharges 
with pulse lengths up to 10 seconds are foreseen. For that, 
the heating system is being extended. More gyrotrons for 
the ECRH system will be available, a neutral beam heating 

system is being installed and a low power Ion Cyclotron Re-
sonance Heating (ICRH) system is foreseen. To allow for full 
heating power operation, an inertially cooled test divertor is 
being installed at the moment. Further diagnostics systems 
will also be available. Despite the limitation to a pulse length 
of 10 seconds, during the coming operational period, many 
consequences to be expected from the optimized field con-
figuration of Wendelstein 7-X can already be tested. After 
plasma experiments for roughly 12 months, during a shut-
down phase from 2017 to 2019, all systems will be harde-
ned for steady state operation. This will finally enable tests 
of the steady-state properties of the stellarator in discharges 
of up to 30 minutes duration.


