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A study of pulse propagation
in a simplified critical gradient
model

Over the last few years, we have been developing an alter-
native model for the description of transport in fusion plas-
mas. It is generally believed that stiff models can be used
to explain many of the unusual transport effects reported
over the last two decades qualitatively, in both tokamaks
and stellarators. Therefore, stiffness (introduced via a crit-
ical gradient mechanism) may be an essential ingredient
for any useful transport model, and may help in under-
standing non-standard transient transport behavior.

Furthermore, the standard simplified transport description
in terms of diffusion and convection appears unsatisfac-
tory in the sense that differing experimental configurations
(e.g., on/off-axis heating, different machine sizes) seem to
require different transport parameter choices, which is
indicative of the fact that the simplified description may
not capture all the essential physics. Therefore, including
stiffness may also be important for correct extrapolations
of global transport properties to larger devices.

The starting point for this work has been the Continuous-
Time Random Walk, which provides a description of dif-
fusive transport processes at a very fundamental level, and
which leads to the Generalized Master Equation. Notably,
this approach avoids making assumptions about locality of
the transport processes and allows critical gradient mecha-
nisms to be treated in a mathematically sound manner. It is
generally accepted that critical gradient mechanisms are
fundamental for understanding transport in fusion plasmas
[1-3].

The Generalized Master Equation is, in simplified form
for one dimension (x) and one transported field [the parti-
cle density n(x,7))] [1]:
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where 1 is a “waiting time” (average time before a parti-
cle takes a step), p(x — x';x’,t) the probability of the parti-
cle moving from X' to x at time #, and S(x,7) a particle
source. This equation reduces to the usual diffusion equa-
tion in the appropriate (local) limit [4]. The critical gradi-
ent mechanism is introduced by letting the step
distribution p depend on the local gradient:

P = Po+O[Vn—x](p1—Po),
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where py(X —X") is a step distribution (taken independent
of the location X' and time 7 for simplicity) generating the
subcritical transport, p;(X —X") a step distribution for
supercritical transport, ®[z] is the Heaviside function,
and « is the critical gradient.

Previous work has shown that this model produces (a) stiff
profiles (profile consistency), (b) power degradation, (c)
rapid transport phenomena, (d) changing system size scal-
ing (reminiscent of the Bohm/gyro-Bohm scaling transi-
tion) [1], and (e) “uphill” transport [5], all of which are
phenomena generally observed in thermonuclear fusion
experiments. It was found that the main cause for the
uphill transport phenomenon is the critical mechanism
itself, and that the precise choice of transport mechanism
(or type of step distribution) for the supercritical and sub-
critical transport channels is of minor importance, at least
for this particular phenomenon [6]. It was also established
that describing the global behavior of a system with a crit-
ical gradient (i.e., the steady-state profiles) requires
dynamical simulations; predicting the steady-state profiles
without doing so turns out to be difficult, if not impossible
[7]. Progress in the understanding of transport in the pres-
ence of a critical gradient therefore requires the develop-
ment of transport models that may be simplified in many
respects, but noting that the critical mechanism cannot be
replaced by any simple time-average “equivalent” descrip-
tion. The model developed so far falls precisely in this cat-

egory.

In the present work, we continue to strive for further
understanding of critical gradient models by studying the
propagation of perturbations [8]. An example of the propa-
gation of perturbations is shown in Fig. 1. Shown are color
plots of the density perturbation vs time and space for a
sequence of cases with increasing fuelling rate S(x,f) = .
The system is symmetric with respect to x = 1/2 (the
“axis”). At a low fuelling rate, the system is subcritical,
and transport is diffusive. As the fueling rate is increased,
an ever-larger fraction of the system becomes critical. The
critical region grows from the edge inward. The system is
allowed to relax to steady state before a negative perturba-
tion is created (left-right symmetric). The plots show the
time evolution of the perturbation. In the first three cases,
with low fueling rates (Sp = 0.01, 0.02, 0.05), the perturba-
tion spreads and its amplitude decays (not visible on the
short time scale shown here). Interestingly, outside the
zone of the negative perturbation, a positive pulse develops
that propagates in advance of the negative perturbation.
This pulse is generated by flux accumulation in the region
between supercritical (fast) and subcritical (slow) trans-
port zones. The positive pulse first propagates ballistically,
and then slows down (when the local gradients have
decayed sufficiently), to continue spreading diffusively.

With stronger fueling (Sp = 0.1), the starting point of the
positive pulse is decoupled from the negative pulse. This is
caused by the fact that the profile is now critical in the
range 0.7 < x £ 1 (and symmetrically in the left system
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Fig. 1. Evolution of perturbation (introduced at t = 0) in space and time, for cases (left to right, top to bottom): Sy = 0.01,
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half). Because of the Heaviside function in Eq. (1), the
profile is extremely stiff in this region, causing nearly
instantaneous propagation and producing this pulse decou-
pling effect. At even larger values of the fuelling rate, the
critical region covers virtually the whole system, and very
complex behavior is observed. We note that the nearly
immediate central response to an edge perturbation and the
sign reversal of the pulse amplitude have both been
observed in actual experiments (recently also in stellara-
tors, see Ref. [9]). An attempt at modeling this complex
behavior using a single fractional differential equation
with fixed coefficients did not succeed [8], confirming the
previous statement that the critical gradient mechanism
should not be treated in an oversimplified manner, but
needs to be handled by performing dynamical simulations.

These observations are believed to be relevant for under-
standing transport in fusion devices, where critical mecha-
nisms are thought to be operative, and profile stiffness and
the concomitant power degradation are often observed.

Extension of the single-field model to two fields (density
and temperature), as proposed in Ref. [10] is in progress.
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Five years of WEGA operation
at IPP Greifswald

The Wendelstein Experiment in Greifswald fiir die Aus-
bildung (education), or WEGA, is a medium-sized classi-
cal stellarator operated at the Max-Planck-Institut fiir
Plasmaphysik Greifswald branch. This year, the 5th anni-
versary 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 over-
view of selected results.

Overview

The WEGA is probably one of the longest used experi-
ments 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 Greno-
ble, 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 oper-
ated at the Institut fiir Physik at the University of Stuttgart
as a stellarator. In 2000 the machine came to the Greif-
swald branch of the Max-Planck-Institut fiir 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 diagnos-
tics 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.

Fig. 1. The WEGA stellarator, located at the Max-Planck-
Institut fir Plasmaphysik, Greifswald branch, Germany.

The plasma vessel of the WEGA stellarator has a major
radius R = 72 cm and a minor radius » = 19 cm. The maxi-

mum effective plasma radius r. is about 11 cm. The mag-
netic field coil system consists of 40 toroidal field coils, 4
helical field coils, and 2 pairs of vertical field coils. The
helices have / = 2 poloidal period and m = 5 toroidal
period. Furthermore, the machine is equipped with a 5-
period 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.

The following diagnostics are operational: a residual gas
analyzer, Langmuir probes (single and array) on slow or
fast manipulator, high-frequency probes, H,, detector,
single-channel interferometer, coherent imaging spectrom-
eter (CIS), optical overview spectrometer, bolometer [1],
Soft X-ray detector, and video diagnostics. Further diag-
nostics 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 diagnos-
tics are being tested for use on W7-X.

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 mag-
netic field vector. For the mapping of electron beam with
energy of up to 300 V, a wire ellipse coated with fluores-
cent 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 trans-
form, 0.1 <+ <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 + = 1. However, field errors, prob-
ably 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 tq = 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].
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Fig. 2. Measured (top) and computed (bottom) magnetic
surfaces for +y = 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 vis-
ible 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=1.5x10"* mbar, the highest possible accelerating volt-
age of 450 V, and a maximum magnetic field strength of B

=0.5T. 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 inter-
action between an electron beam and Ar background gas.

In contrast to the fluorescent rod measurements, the tech-
nique 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 mag-
netrons 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 7, ~10 eV, and
the ion temperature 7; = 2 eV [6]. Working gases are H,,
He, and Ar. The plasma density is higher than the cut-off
density neye o= 7.5 x 10'® 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-fre-
quency beam oblique to the magnetic field lines. An opti-
mized O-to-X conversion antenna results in a peaked
density profile ~12 times higher than the cut-off density
and a slightly hollow T profile.

Stellarator News

November 2007




also supported by Langmuir probe measurements of the
plasma parameters with simultaneous heating power mod-
ulation. The measurements show the deposition of the HF

1.00 _#16341-16344
’ Cutolff | UHR g power deep inside the overdense plasma region.
= 0,75 ' .: : =: A 20-kW, 28-GHz electron cyclotron resonance heating
= i c° (ECRH) system has recently been installed on WEGA for
% 0,50 15 plasma production and heating studies at 0.5 T magnetic
S fields [7]. Initial plasmas were produced with second har-
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E = 0,5 an expanding Gaussian beam launched from an HE 4
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Fig. 4. Radial profiles of measured and FDTD calculated
E, amplitude.

An investigation of plasma heating via OXB mode conver-
sion was performed by measuring the behavior of high-
frequency (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 simula-
tions 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 reso-
nant behavior of the wave between the upper hybrid reso-
nant (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
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profiles were observed with peak values of n, ~ 4 x 107
rn73, T, ~5eV, T, ~ 4 eV, and a fast electron population of
around 200-300 eV.

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,) =50eV and n, <5 x 108 m™3 are
expected. The system will be used to generate suprather-
mal particles for fast-particle confinement studies in dif-
ferent magnetic configurations (various t) in the stellarator
geometry. It can also be used for such studies in stellara-
tor-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,) =25eV and n, > 1 x 10" m™3
are anticipated. This is ideal for wave physics studies and
to test W7-X divertor diagnostics.
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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 TEq,
output mode into the HE{; mode launched into the plasma.
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Fig. 6. Launching beam geometry for 28 GHz X2 (top) and
OXB (bottom) heating.

Heavy lon 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.

The intrinsic temporal resolution is high enough to mea-
sure 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.

=== primary beam
=== secondary beam

Top view

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

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. 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 sys-
tems 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 connec-
tion length.

The spatiotemporal structure of the fluctuations shows the
turbulent behavior of the plasma. Figure 9 shows a fre-
quency spectrum of the saturation current /g, fluctuations
measured for a standard He discharge at +=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. 9. Power spectrum of /g, 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 I, fluctuations
measured in He. The fluctuation amplitude shows a maxi-
mum where the density gradient is steepest. The relative
fluctuation level of 10-30% was observed in He and H,
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 perpendicu-
lar and parallel to B. Poloidal correlation lengths are in the
range of a few centimeters.
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Fig. 10. Radial profiles of /s5; measured in He for different
pressures. (lgyp) is the stationary part of the signal, o is its
standard deviation corresponding to the fluctuation ampli-
tude, and o, 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.

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 Fou-
rier-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 tem-
perature, and ion speed. The system captures images with
a frame rate of ~10 Hz, from which plasma flow and tem-
perature are derived. In Fig. 11 the impact parameter is the
z-coordinate on the magnetic axis, and ¢ is the intersection
of the toroidal angle with the viewing angle on the mag-
netic axis [9].

#10657

m/s

Impact parameter (cm)

Impact parameter (cm)

34 36 38
Toroidal angle ¢ (degrees)

40

Fig. 11. Plasma flow velocity (above) and ion temperature
(below) for He.

Typically Ar ion temperatures are ~3 eV, having a maxi-
mum near the last closed flux surface. Argon plasmas typ-
ically rotate poloidally with a speed of around 1000 m/s
near the last closed flux surface. The poloidal rotation of
the ions consists of the E x B drift and the ion diamagnetic
drift. The drift components are derived from Langmuir
probe data. Combining all three systems allows determina-
tion of the drift components.

In the future the systems will be used to study the impact
of edge biasing on the net ion motion in WEGA. An addi-
tional optical emission diagnostic to tomographically
derive electron density and temperature from line-ratio
measurements is being constructed.
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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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