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We present the design of a tabletop compact stellarator, called ALPES EI, with the focus on
flexibility with respect to interchangeable coil configurations and extensibility. The work is the
result of the joint course Fusion Reactor Design of TU Graz, TU Munich and Proxima Fusion
with support from the Max-Planck-Institute for Plasma Physics. The following requirements
have been imposed: (a) maximum size of 190cm x 90 cm, (b) low aspect ratio of the plasma
of approximately 4, (c) large volume, and (d) simple coil concept. The design is based on an

existing configuration from the QUASR database [[1]].
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Figure 1: 3D model of the complete setup: Vacuum vessel containing the coils and plasma to the right front

together with box for diagnostics and manipulators on the top left.

The configuration consists of 12 coils of three different types, and a minimum inter-coil dis-
tance of 15 cm, which allows placement and casing of the coils with sufficient spacing. The

' ALPES = Adaptable Lab for Plasma Experiments in Stellarators at university scale
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plasma has a major radius of 1 m and a minor radius of 0.25 m with a plasma volume of 1.2 m°.
The robustness of the nested magnetic flux surfaces with respect to the manufacturing tolerances
was tested with the SIMSOPT [7] and STELLOPT [8] codes, comparing the effects of shifted
and scaled coils to the base configuration using Poincaré plots. These reveal slight island for-
mation at a shift of 1 cm for a single coil. Alpha particle confinement of an upscaled device of
W7-X size was calculated in the code SIMPLE [9][10] to be around 70 %. Comparing Larmor
radius and device size, electron orbits in ALPES can act as a scale model for alpha orbits in a
reactor.

The main vacuum chamber has a diameter of 1.6 m and a height of 0.6 m. The
material of the recipient is a non-magnetic austhenitic stainless steel, grade 316 L, with a wall
thickness of 10 mm, which ensures sufficient protection against X-ray and microwave radiation.
The quartz-glass windows with removable lead plates have likewise a thickness of 10 mm and a
diameter of 100 mm. It houses ports for coil mounts, heating and diagnostics. The dome-shaped

top and bottom guarantee sufficient space, transport flexibility and rigidity during evacuation.

A universal flange size of DN 320 ISO-F is used, which is suitable for the turbomolecular pump|

(TMP)| and by using adapters, different devices can be attached for future upgrades without
reducing the quality of the chamber or increasing its price. The [[MP|is supported by a rough-
ing pump. The flanges for the combined Pirani-Bayard-Alpert pressure measurement and the
quadrupole spectrometer for residual gas analysis are of different sizes. The support structure,
positioned under and mounted to the lateral surfaces of the chamber, has a total load-bearing
capacity of 15 t. Heat and electrical insulation are provided by Kapton.

The magnetic field of B= 87.5 mT is generated by 12 water cooled coils of three different
types (Figure 2a). The coil-system is designed to minimize the deviation from the symmetric
field (comparison via Poincaré-plots) and to withstand a maximum temperature of 200°C. These
temperatures can occur within the bake-out procedure used to improve vacuum quality. Each
coil uses a double pancake design and has a total cross section of 44 mm x 67 mm. It consists
of hollow copper conductors to enable active water cooling. The windings are held together and
insulated from each other through a fiberglass reinforced epoxy composite with a thickness of
approximately 0.5 mm to 1 mm. In order to prevent outgassing from the epoxy into the vacuum,
each coil is encapsulated in a 2 mm thick stainless steel casing.

For diagnosing plasma parameters, an essential set of diagnostics is introduced. An interfer-
ometer measures the phase shift of a wave as it passes through the magnetized plasma, which
is related to the line-integrated electron density. The magnetic diagnostics consists of two dia-
magnetic coils for the poloidal and one Rogowski coil for the toroidal current including lock-in

amplifiers, low- and high band passes and D/A converters to filter out the noise and amplify the
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current signal. A Langmuir probe is used to determine the I-V characteristic curve, which has
the advantage of being able to reach and determine every point in the plasma cross-section due
to the 2-dimensional movement. Attention was paid to a plug-in probe holder so that the probe

tips can be exchanged for other holders.

(a) (b)

Figure 2: a) Coil configuration taken from [1]] b) Diagnostics: Vacuum box of the 2D-manipulator with the
probe-holder and Langmuir-probe tip inlcuding an UHV-gate.

A microwave system operating at 2.45 GHz is used to generate plasma and achieve ex-
perimental temperatures. This frequency matches the electron cyclotron resonance frequency
(ECREF) at the design magnetic field B = 87.5mT, which is important for plasma startup. After
that the plasma heating will take place near the upper hybrid resonance at the plasma edge [5]].
The 1D simulation of steady-state plasma profiles was performed with the heating
peaking near the edge at r = 0.066 m. Assuming fixed diffusivities, density scales with heating
power, while temperature remains relatively constant due to a balance between ionization and
diffusion.

It should, however, be noted that these profiles depend strongly on transport coefficients,
which were assumed to be similar to those of TJ-K [4]]. Near the edge, where the particle density
reaches 7.4 x 10'°m~3, the plasma frequency ®, = 2.45GHz causes O-wave reflection [3].
Initial heating, therefore, occurs via resonance at the upper-hybrid frequency wyy = 4/ a)é + wg
(¢ < 2.45GHz at B < 87.5mT, in low field side) [6]. As density rises, wyy resonance shifts
to the edge. Core heating can then also utilize Bernstein waves (B-waves) at the ECRF or its
harmonics. This requires an adjustable antenna angle via a flexible waveguide or, in advanced
stages, a phased array antenna operating at a higher harmonic of the ECRF [5]].

Data availability

Design material and data are available as open source [2] for re-use and further development.
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Figure 3: Temperature and density profiles for different heating powers (P). The boundary conditions are of:

zero gradient at the center (r = 0); fixed value at the edge (» = max).
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