mum effective plasma radius reff is about 11 cm. The magnetic field coil system consists of 40 toroidal field coils, 4
helical field coils, and 2 pairs of vertical field coils. The
helices have l = 2 poloidal period and m = 5 toroidal
period. Furthermore, the machine is equipped with a 5period ohmic transformer, but this is not currently in use.
The machine can be operated steady state up to a field
strength of B = 0.4 T at low iota pulses. Maximum field
strength of 0.9 T can be achieved in pulsed operation.

Five years of WEGA operation
at IPP Greifswald
The Wendelstein Experiment in Greifswald für die Ausbildung (education), or WEGA, is a medium-sized classical stellarator operated at the Max-Planck-Institut für
Plasmaphysik Greifswald branch. This year, the 5th anniversary of first plasma operation of WEGA (on 20 July,
2006) and the attainment of 20,000 shots (on 10 November
2006) were celebrated. On this occasion we give an overview of selected results.

The following diagnostics are operational: a residual gas
analyzer, Langmuir probes (single and array) on slow or
fast manipulator, high-frequency probes, Hα detector,
single-channel interferometer, coherent imaging spectrometer (CIS), optical overview spectrometer, bolometer [1],
Soft X-ray detector, and video diagnostics. Further diagnostics in preparation include a neutral gas manometer, a
diamagnetic loop, a laser-induced fluorescence system,
and a heavy ion beam probe (HIBP). Many of the diagnostics are being tested for use on W7-X.

Overview
The WEGA is probably one of the longest used experiments in fusion research. Originally WEGA was designed
as a hybrid experiment for studies of lower hybrid heating
scenarios in both a tokamak and a stellarator configuration
within the framework of collaboration between France and
Germany. In 1975 the machine entered service in Grenoble, France, in the tokamak configuration and was used
almost exclusively in this configuration until the end of
operation there. Later in the 1980s the machine was operated at the Institut für Physik at the University of Stuttgart
as a stellarator. In 2000 the machine came to the Greifswald branch of the Max-Planck-Institut für Plasmaphysik
and was rebuilt under the leadership of Johann Lingertat in
the stellarator configuration. The first stellarator plasma
was generated on 13 July 2001. The main objectives of the
experiment, which is integrated in the division of Friedrich
Wagner, are the training of students, the testing of diagnostics and infrastructure for Wendelstein 7-X W7-X), and for
basic plasma research. Furthermore, the control system of
W7-X will be tested on WEGA.

Flux Surface Measurements
In the first campaign the vacuum magnetic flux surfaces
were determined with the fluorescent technique using a
small electron gun emitting electrons parallel to the magnetic field vector. For the mapping of electron beam with
energy of up to 300 V, a wire ellipse coated with fluorescent ZnO powder could be moved over the whole vessel
cross section, resulting in a Poincaré plot. The experiments
were carried out scanning a wide range of rotational transform, 0.1 ≤ ι ≤ 1 , by changing the current in the helical
field coils at a constant toroidal field B = 87.5 mT. It was
found that closed and nested magnetic flux surfaces of
good quality exist up to ι = 1. However, field errors, probably due to a misalignment between the helical and the
toroidal field coils, give rise to magnetic islands with
mode numbers m = 1 and m = 2. An example is shown in
Fig. 2; the magnetic flux surfaces for ι0 = 1/3 are disturbed
by non-natural islands caused by these unwanted error
fields [2]. The size and phase of the magnetic islands can
be varied using an additional planar field coil [3].

Fig. 1. The WEGA stellarator, located at the Max-PlanckInstitut für Plasmaphysik, Greifswald branch, Germany.

The plasma vessel of the WEGA stellarator has a major
radius R = 72 cm and a minor radius r = 19 cm. The maxi-
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= 0.5 T. Up to 15 toroidal turns of the field line in parallel
and antiparallel directions equal to a length of about 65 m,
could be distinguished, as shown in Fig. 3.

Fig. 3. Magnetic flux tube visualized by the collisional interaction between an electron beam and Ar background gas.

In contrast to the fluorescent rod measurements, the technique not only results in a Poincaré plot at a fixed toroidal
position but also generates a detectable light signal in the
whole vacuum vessel. However, only a limited number of
toroidal turns of the magnetic field lines are visible. Thus,
this method can not replace the flux surface measurements
but does provide additional information on the magnetic
field structure.

ECR Plasma Heating
The plasma is heated with two 2.45-GHz microwave magnetrons with power of 6 kW and 20 kW. Antennas are
installed on the low field side, emitting in ordinary mode
(O-mode). Typically, plasmas are generated and heated at
B = 87 mT or below allowing discharges with a length of
30 min; however, the typical length of a discharge is about
1 min. The electron temperature is about Te ≈10 eV, and
the ion temperature Ti ≈ 2 eV [6]. Working gases are H2,
He, and Ar. The plasma density is higher than the cut-off
density ncut-off = 7.5 × 1016 m−3, due to mode conversion
from ordinary O-mode into extraordinary-mode (X-mode)
to electrostatic electron Bernstein wave (EBW). The OXB
mode conversion process requires launching the high-frequency beam oblique to the magnetic field lines. An optimized O-to-X conversion antenna results in a peaked
density profile ~12 times higher than the cut-off density
and a slightly hollow Te profile.

Fig. 2. Measured (top) and computed (bottom) magnetic
surfaces for ι0 = 1/3.

The experimental results are in good agreement with
results from calculations using the Gourdon and the W7
field line tracing codes [4, 5].
In preparation for the magnetic flux surface diagnostic on
W7-X, a modified electron beam technique that makes
magnetic field lines visible was tested. The method is
based on the collisional interaction of an electron beam
with a highly diluted gas and results in the emission of visible light along the trajectory of a magnetic field line.
Optimum conditions for the visible length of the light
trace were obtained in argon and hydrogen at a pressure of
p = 1.5 × 10−4 mbar, the highest possible accelerating voltage of 450 V, and a maximum magnetic field strength of B
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also supported by Langmuir probe measurements of the
plasma parameters with simultaneous heating power modulation. The measurements show the deposition of the HF
power deep inside the overdense plasma region.

Fig. 4. Radial profiles of measured and FDTD calculated
Ey amplitude.

A 20-kW, 28-GHz electron cyclotron resonance heating
(ECRH) system has recently been installed on WEGA for
plasma production and heating studies at 0.5 T magnetic
fields [7]. Initial plasmas were produced with second harmonic extraordinary mode (X2) heating of the plasma with
an expanding Gaussian beam launched from an HE11
antenna. Initial argon discharges at B 0 = 0.5 T, ι = 0.2,
and p = 1.0 × 10−5 mbar produced densities at the R-cutoff of ne = 4.9 × 1018 m−3. At slightly lower pressure, p =
3.0 × 10−6 mbar, centrally peaked density and temperature
profiles were observed with peak values of ne ~ 4 × 1017
m−3, Te ~ 5 eV, Ti ~ 4 eV, and a fast electron population of
around 200–300 eV.

An investigation of plasma heating via OXB mode conversion was performed by measuring the behavior of highfrequency (HF) waves in the WEGA plasma. The set of
HF probes was used to measure the amplitude and phase
of the heating wave in the vicinity of the heating antenna.
Results of the measurements were compared with simulations made using a finite-difference time-domain (FDTD)
code. Figure 4 shows that the measurement results agree
well with the full-wave calculations. The observed resonant behavior of the wave between the upper hybrid resonant (UHR) layer and cut-off region shows that the
conditions for the X–B conversion process are satisfied.
The assumption of overdense plasma heating by EBW is

In the next stage of experiments, a parabolic mirror will be
used to focus the Gaussian beam emanating from the end
of the waveguide into the center of the plasma where,
using ISS95, 〈 T e〉 = 50 eV and ne < 5 × 1018 m−3 are
expected. The system will be used to generate suprathermal particles for fast-particle confinement studies in different magnetic configurations (various ι) in the stellarator
geometry. It can also be used for such studies in stellarator-tokamak hybrids, when a power supply for the WEGA
ohmic heating coils is installed. The system will also be
used for overdense OXB mode heating of the plasma,
using an oblique launch arrangement shown in Fig. 6.
Here, using ISS95, 〈 T e〉 = 25 eV and ne > 1 × 1019 m−3
are anticipated. This is ideal for wave physics studies and
to test W7-X divertor diagnostics.

Gyrotron
Enclosure
80 dB
Directional
Coupler

DC Break
& Mode
Filter
TE02-TE01
Converter

TE01-TE11
Converter

TE11-HE11
Converter

HE11
Uptaper

HE11
Waveguide

Vacuum
Window

Fig. 5. Configuration of the new 28-GHz ECRH system on WEGA used in initial X2-mode heating experiments. Waveguide
mode patterns measured with burn paper are shown below the waveguide, confirming the conversion of the gyrotron TE02
output mode into the HE11 mode launched into the plasma.
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The intrinsic temporal resolution is high enough to measure plasma parameters in experiments with modulated
heating power. Temporal resolution is limited by the noise
level and bandwidth of the amplifiers used in the detection
system.

Fig. 7. Schematic of the HIBP system with calculated ion
trajectories. Because of the helical magnetic field component, the ions are deflected also in the toroidal direction
(d ≈ 3 cm).

Electrostatic fluctuations
Two probe systems installed at WEGA are designed for
poloidally and toroidally resolved studies of electrostatic
fluctuations using a poloidal probe array, as shown in
Fig. 8 and a single probe separated by 135° in toroidal
angle.
Fig. 6. Launching beam geometry for 28 GHz X2 (top) and
OXB (bottom) heating.

Heavy Ion Beam Probe
In collaboration with the Institute for Plasma Physics in
Kharkov, Ukraine, a HIBP diagnostic is currently being
tested on WEGA [8]. The diagnostic principle is based on
the difference of the Larmor radii of highly energetic
heavy ions with different ionization states. In WEGA, the
primary 40-keV Na+ beam is injected into a magnetic field
of 0.5 T, and a secondary Na++ beam is detected as shown
in Fig. 7. Energy analysis yields the electrostatic plasma
potential inside the secondary ionization volume with an
estimated spatial resolution of about 1.5 cm. Radial profile
scans are obtained using a deflection system to vary the
injection angle. Cross-checks with Langmuir probe data
are planned, as well as electric field studies in combination
with the 28-GHz gyrotron operation. Because of the strong
dependence of the secondary ionization cross section on
the electron energy, the secondary signal intensity will be
very sensitive to the existence of suprathermal electrons.
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Fig. 8. Poloidal probe array with 13 tips following the flux
surface geometry.

Calculations with a field line tracing code show that direct
connections parallel to B exist between the two probe systems for different connection lengths. Their existence has
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been verified experimentally for the short connection
length. An electron gun has been installed at the single
probe position, producing an electron beam parallel to B.
The emitted electron current was detected at a single tip of
the probe array, showing the location of the direct connection length.

<Isat [a.u.]>

0.3

The spatiotemporal structure of the fluctuations shows the
turbulent behavior of the plasma. Figure 9 shows a frequency spectrum of the saturation current Isat fluctuations
measured for a standard He discharge at ι = 0.2 and B = 57
mT. This is an example for a configuration with fully
developed turbulence. In some magnetic configurations
the turbulent spectrum shows additional coherent modes.
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Fig. 10. Radial profiles of Isat measured in He for different
pressures. 〈Isat〉 is the stationary part of the signal, σ is its
standard deviation corresponding to the fluctuation amplitude, and σrel is the relative fluctuation amplitude.

Experiments on the turbulent transport in the region of
magnetic islands are planned. Using a compensation coil it
is possible to influence the m = 1 islands. This flexibility
can be used to place the poloidal probe array in different
regions of the island (e.g., at the O- or X-point) and to
study turbulence under similar plasma conditions with and
without islands.

Fig. 9. Power spectrum of Isat fluctuations measured in He.
The noise of the original spectrum (black line) is reduced
by averaging over neighboring frequencies (red line).

Figure 10 shows a typical radial profile of Isat fluctuations
measured in He. The fluctuation amplitude shows a maximum where the density gradient is steepest. The relative
fluctuation level of 10–30% was observed in He and H2
discharges. In Ar, the fluctuation level is much smaller—a
few percent. Initial spatially resolved experiments indicate
a finite structure size of the fluctuations both perpendicular and parallel to B. Poloidal correlation lengths are in the
range of a few centimeters.

Coherence Imaging Spectrometer
The spectroscopic systems installed at WEGA currently
consist of an ultrahigh-resolution spectrometer and a
coherence imaging spectrometer (CIS). Both are used to
measure the emissivity of selected lines, ion temperature,
and ion flow speed.
A coherent imaging spectrometer is very similar to a Fourier-transform spectrometer. The light coming from the
plasma is split into ordinary and extraordinary rays by
bifringent crystals. It is then electro-optically modulated.
The ordinary and extraordinary rays interfere and the
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interferogram is recorded on a camera. The first three
moments of the signal correspond to the intensity, ion temperature, and ion speed. The system captures images with
a frame rate of ~10 Hz, from which plasma flow and temperature are derived. In Fig. 11 the impact parameter is the
z-coordinate on the magnetic axis, and φ is the intersection
of the toroidal angle with the viewing angle on the magnetic axis [9].

L.I. Krupnik, A.V. Melnikov, A.I. Zhezhera
NSC KIPT Institute of Plasma Physics
61108, Kharkov, Ukraine
E-mail: HIBP@ipp.kharkov.ua
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Stellarator Workshop database
CIEMAT has undertaken the compilation of a database
containing the proceedings of past Stellarator Workshops,
since proceedings for many past events are not available
via the Internet.
Currently this page is available at
http://www-fusion.ciemat.es/SW2005/previous.shtml
and it is currently unfinished. Further information is being
added.
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