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world attended. 

In what follows, I present some of the highlights. My selection and interpretation are inevitably 
subjective and incomplete, and interested readers can peruse the papers that were presented on this CD 

●     Results from the larger devices (LHD, W7AS, CHS, HELIOTRON-J, etc.) showed 
confinement of multi-keV plasmas produced with a variety of heating schemes (ECH, NBI, 
ICRF). Generation of large radial electric fields is common in these discharges. A key question 
for the future is whether even larger electric fields can further improve hot ion confinement, 
and how these effects compare with confinement in optimised magnetic configurations, i.e. 
those with orbit optimisation due to the design of their modular coils, or those in which 
auxiliary magnetic fields are used to improve orbit confinement. 

●     Results from LHD show that discharges with megawatt heating can be maintained for periods 
of minutes. 

●     Experiments on W7AS have demonstrated the feasibility of electron-Bernstein wave heating at 
high electron densities. 

●     In W7AS, local helical divertors have been shown to be effective in obtaining high-density 
discharges with low core radiation losses and without impurity accumulation. These results are 
compatible with the results of modelling studies. 

●     On LHD, the local island divertor coil system has been successfully used to study island 
formation and healing in finite-pressure discharges. 

●     Confinement studies over a wide range of rotational transform profiles with ι > 1 in the TJ-II 
heliac show that when the effect of low-order resonances is excluded, confinement is close to 
that predicted from ISS-95 scaling with a transform dependence ~ ι0.4. 

●     High-β experiments on W7AS, LHD, and CHS show stable confinement of plasmas with β = 2-
3%. Some MHD oscillations (probably interchanges) are observed, but these appear to have 
little or no effect on confinement. There is also some evidence of β self-stabilisation. In the 
light of these results, theoretical predictions of pressure limits seem more like guidelines than 
hard limits. However, ballooning instabilities in 3-D stellarator geometries are quite complex, 
and require considerable further study in both theory and experiment. Alfven modes remain a 
concern for fusion-grade plasmas with hot particle populations. Present experiments on W7AS 
and future work at Auburn will provide guidance on achieving stable operation in current-
carrying stellarators (e.g., low R/a quasi-symmetric designs). 

●     There is renewed activity in developing and refining stability theory (MHD, ITG, etc) in three-
dimensional systems, with increasing attention to the details of actual experiments. In the case 
of ballooning modes, toroidal localisation within field periods is an important feature of several 
theoretical treatments. 

●     The generation and effects of radial electric fields has become an important area of 
investigation in its own right-it figures in ~ 25% of the papers presented at the workshop. The 
presence of resonances in transform and turbulence can significantly change the Er from its 
neoclassically predicted values. Increasing Er to higher values using techniques such as particle 
loss driven by perpendicular NBI provides a possible route to increasing ion temperatures in 
present-generation devices. 
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●     Experiments on a number of devices (TJ-II, CHS, H-1, W7AS, LHD and others) show that 
turbulence, transport, and confinement transitions are intimately linked. Results from H-1 show 
the effects of non-ambipolarity and zonal flows on turbulence levels and transport. 

●     Low-order resonances are frequently a nuisance in experiments, but have also found a role as 
tools for Er modification, transport barrier formation, and the formation of divertor topologies. 

●     Theory and configuration design efforts are aggressively exploiting quasi-symmetry in the 
synthesis of new configurations (W7X, NCSX, QPS, CHS-QA, HELIOTRON-J etc.). 
Extensive numerical optimisation of transport, equilibrium, stability, and engineering properties 
is now a standard feature of these design activities. 

●     While notable progress has been made in stellarator research overall, the world stellarator 
program faces important challenges in the coming years. Lead times for the construction of the 
next generation of devices are ~5 years, which makes maintaining continuity in research 
programs more difficult. The development of a compelling reactor vision based on the 
stellarator is an important task, especially in the context of renewed activity on the ITER 
tokamak project. The sharing of ideas, techniques, and results via international collaboration is 
more important than ever. 
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TJ-II is a four period low magnetic shear stellarator, designed with a high degree of

experimental flexibility, which is operating in Madrid since 1998 (R = 1.5 m, a < 0.22 m,

B0 ≤ 1.2 T,  PECRH ≤ 600 kW, PNBI ≤ 3MW under installation). Plasma is created and

heated using two ECRH transmission lines with different power densities (1 vs. 25

W/cm3 ) and steering launching capabilities (fix vs. poloidal and toroidal variation).

Magnetic configuration (iota ≈ 1.28 – 2.24), plasma volume (0.6 – 1.1 m3) and magnetic

well scans (0-6%) have been investigated to study the role of magnetic topology (mainly

rational surfaces) on transport  and the phenomena associated to instability thresholds.

Plasma stored energies up to 1.5 kJ have been measured for electron densities and

temperatures up to 1.2 x 1019 m-3 and 2.2 keV respectively with PECRH ≤ 600 kW. TJ-II

typical plasmas are characterized by peaked electron temperature and flat density

profiles. Several  new confinement regimes have been identified which show an enhanced

particle and energy confinement and which in the case of the recently obtained toroidal

current regime improves plasma stored energy up to a factor two. Measurements of

electron temperature profiles using ECE and high resolution Thomson scattering

diagnostics have shown evidence of internal heat transport barrier formation in the TJ-II

stellarator. First measurements with the heavy ion beam probe system (HIBP) has

shown a correlation between plasma potential  and plasma density.

Topic 1 Oral Presentation

E-mail address: Carlos.Alejaldre@ciemat.es
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Abstract
This paper summarises recent physics results obtained in TJ-II in the areas of stability, confinement and transport
and fluctuations studies. TJ-II is a low shear, four period stellarator (heliac type, R=1.5 m, a<0.21 m, B0≤1.2 T)
with high degree of flexibility, that allows to control, almost independently, the rotational transform profile and
the magnetic well across the plasma radius.
1. Introduction
This paper summarises recent physics results obtained in TJ-II1 in the areas of stability,
confinement and transport and fluctuations studies. They have been obtained in plasmas
produced by up to 600 kW of ECH (at a frequency of 53.2 GHz, 2nd harmonic, X-mode of
polarisation). In these plasmas the line-averaged density is up to 1.2 1019 m-3, the electron
temperature at the centre of the plasma is up 1.5 keV and the ion temperature about 0.1 keV.
The thermal energy content is up to 0.6 kJ and the net plasma current (in absolute value) is
lower than 1 kA.
2. Stability studies and configurational effects
Magnetic well is the main stabilising mechanism in TJ-II2. Due to the flexibility of the TJ-II
configuration, the magnetic well depth may be modified over a broad range of values, i.e.
from 0% to 6 %, while the radial extent of the magnetic well can also be strongly modified.
Recent experiments have shown that, as expected from the theoretical point of view, the level
of edge fluctuations and the degree of intermittency show a significant increase when
magnetic well is reduced in the TJ-II stellarator3. Fluctuation-induced E×B particle transport
has been computed in the edge of plasmas in different magnetic configurations changing the
magnetic well depth. Results show that the turbulent flux decreases as the well is increased.
Electron density profiles measured by reflectometry during the magnetic well scan show a
widening of profiles and an increase of the gradient as the magnetic well increases4,5.
MHD instabilities coupled together to ELM-like6 transport events have been observed in the
TJ-II stellarator7. During the last experimental campaign some specific experiments have been
carried out in order to investigate the influence of the presence of low order resonances in the
confined plasma region, on the occurrence of ELM-like8. The iota profile has been modified
in discharges with similar pressure profiles by two different methods: configuration scan by
fine tuning of the external coil currents and electron cyclotron current drive in co and counter
directions. It has been concluded that the appearance of ELM-like transport events requires
the presence of a low order resonance in the confinement region. These events are larger
when the resonance is close to the shoulder of the density profile.
Cold pulses have been generated in TJ-II using nitrogen injection by means of a fast injection
system.9 The response of the ECE radiometer temperature traces consists in a sudden drop
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followed by a slow recovery. The time of arrival of the cold pulse front to a certain position
inside the plasma can be considered a probe of the transport properties of the unperturbed
plasma. The analysis show that the propagation speed is of the order of v = 10–20 m/s in the
outer half of the plasma (ρ ≥ 0.4), whereas it speeds up to around v = 50–80 m/s in the central
part (ρ < 0.4). This behaviour is not at all in accordance with diffusive propagation, which
would slow down as it propagates (travelled distance ∝ √t). The frequency analysis of a
Mirnov coil signal shows that a 43 kHz MHD mode is triggered at the time the cold pulse
reaches the plasma core (i.e. when it arrives at ρ ≈ 0.3–0.4). Most likely, the mode is a n/m =
3/2 mode. The central value of ι of the vacuum field configuration, ι =1.51, is just above this
value. However, in these experiments a small net plasma current was measured by a
Rogowski coil (Ip ≈ –0.2 kA), placing the ι = 3/2 rational surface at approximately ρ ≈ 0.3,
consistent with the existence of the mode. Qualitatively, the pulse propagation behaviour is
very similar to the pulse propagation seen in a simulation of resistive pressure-gradient driven
turbulence in cylindrical geometry. Thus, the most likely explanation for the observed
propagation of the cold pulse front is the sequential triggering of pressure-gradient driven
modes, in an avalanche-like fashion.
3. Confinement studies and configurational effects
Magnetic surface mapping
The range of explored magnetic configurations in TJ-II has become wider as the coil currents
upper limits have been approached. As shown all along the present paper, a very precise
knowledge of the magnetic topology is being required in order to interpret many of the
experimental results. As a consequence, an additional extended campaign of magnetic surface
mapping experiments (more than fifty new configurations) has been performed with the main
goal of checking the validity of the magnetic field model built up in the TJ-II start-up
phase10,11. The measured magnetic surfaces show an excellent agreement with the predictions.
Global energy confinement
TJ-II stellarator dataset has been compared with the data from other stellarators included in
the International Stellarator Scaling (ISS95) database12,13. TJ-II global energy confinement
time and plasma parameter dependencies are consistent with ISS95 predictions.
Radiation asymmetry
Intermittent toroidal asymmetries in the plasma edge emissivity have been detected in the TJ-
II plasmas14. As the asymmetries reveal variations in the wall desorption near the gyrotron
port, the toroidal radiation asymmetry is interpreted in terms of a sudden increase of ECRH
driven convective flux of ripple-trapped suprathermal electrons. Observations suggest that the
magnetic structure may play a relevant role in moderating the ripple losses15.
Impurity injection experiments
First impurity injection experiments by the laser ablation technique have been carried out16.
The main goal of these experiments is to explore the existence of non-exponential relaxation
in TJ-II. Such behavior has been associated with the presence of particle trapping and de-
trapping whose occurrence in a plasma might be associated with the presence of small island
chains across the radius. First results suggest that this perturbation can be analyzed by a
stretched exponential while particle confinement times of up to 100 ms have been observed
Transport and fluctuations studies
A transient behaviour has been observed in the plasma core of TJ-II with fast drops in the
electron temperature17,18. Changes in the line-averaged density occur synchronised with
temperature drops. The transient behaviour resembles both, the electric pulsation discovered
in CHS and the “electron root” feature reported by the W7-AS team. In TJ-II, the fast
spontaneous transitions appear related to the magnetic topology in conditions of fixed plasma
density and ECH power. The flexibility and low magnetic shear of TJ-II have allowed the
identification of the plasma current as the control parameter for the appearance of this
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phenomenon. The results obtained during the magnetic configuration scans carried out in TJ-
II points to the hypothesis that the transient behaviour is connected with the presence of a
rational surface close to the plasma centre. Equilibrium calculations performed with the
VMEC code reinforce this hypothesis. In spite of the connection rational/transient found, the
physical mechanism causing the transport change remains unknown. It seems reasonable to
consider that the rational surface is affecting the radial electric field, as discussed in the next
paragraph.
The presence of natural resonances has clearly been observed as a flattening in the edge
plasma profiles of the TJ-II and LHD stellarators19,20. Structures in plasma profiles have been
observed in the case of low-order rational surfaces (n=8 / m = 5, n= 4 / m = 2) in TJ-II. Both
in TJ-II and LHD devices there is a significant variation in plasma potential just outside the
flattening region. These results have been interpreted as an increase of the sheared ExB flow

linked to the radial location of rational surfaces. The resulting radial gradient (dEr/dr) B-1 can

reach values of about 105 s-1 and this value turns out to be comparable to the inverse of the
decorrelation time of fluctuations usually measured. Recent experiments in TJ-II stellarator
have shown that the local ExB fluctuation induced fluxes are significantly modified in the
proximity of rational surfaces21. In the case of measurements taken in the proximity of the
n = 4/m = 2 (ι/2π ≈  2) resonant surface, located near the plasma boundary, the local ExB
fluctuation particle flux shows a reverse direction (from outwards to inwards). The absolute
value of the measured local ExB transport is similar in both cases with (inward) and without
(outward) transport. This modification is due to a change in the phase relation between
density and electric field fluctuations. Although the mechanism responsible of the observed
inward transport has not been identified, it may be related with the presence of convective
cells linked to rational surfaces. The fact that no significant differences are found in the global
confinement strongly suggests a local nature of the measured turbulent transport.
In this context the relevance of the HIBP (Heavy Ion Beam Probe) diagnostic appears
absolutely clear. First plasma potential measurements by the HIBP have already been
obtained in TJ-II22. An important improvement in the signal to noise ratio allows the
measurements of plasma potential fluctuations, with resolution better than 20 V. It has been
found that plasma potential depends on plasma density: as plasma density increases, plasma
potential decreases. Localised bursts in fluctuations have been observed which might be
related to the presence of a rational surfaces, namely, n=2, m=3.
Improved confinement modes
An enhanced particle confinement regime (EPC) has been found for TJ-II plasmas in all metal
scenario23. It consists of a spontaneous transition to a highly peaked density profile mode that
leads to a decay of the electron density in the edge region and to an increase of the total
particle content. It corresponds to an enhancement of the global particle confinement of a
factor up to 3. The EPC has been found almost independent of heating power and density in
hydrogen plasmas. The only external requirement to be fulfilled seems to be an electron
density value over a certain threshold (0.65 * 1019 m-3), together with a given puffing
waveform. The critical density is basically constant for all heating powers and magnetic
configurations.  As a general rule, no transition has been observed in He plasmas for constant
heating power.
Another type of spontaneous improvement in particle and, also, energy confinement has been
observed in some TJ-II plasmas using the fuelling rate from the wall as the only external
knob24. The spontaneous transition to an improved regime is identified by a sudden increase in
the electron and ion temperatures and electron density. At the same time, the temperature and
density measured by Langmuir probes at the limiter drop.
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Recent experiments have been conducted in TJ-II trying to control plasma and energy
confinement time by means of a small toroidal current (Ip < 5 kA) induced with the air core
transformer25. It has been found that confinement improves when the current is in opposite
sense to the toroidal field (negative, according to the usual criterion) and vicecersa. Among
several possible explanations, the experimental results favour magnetic shear as the main
cause of the confinement changes.
5. Conclusions
Magnetic well scan experiments have shown that turbulent transport and fluctuations increase
as the well is decreased. Density profiles and global confinement are also modified with
magnetic well.
Low order rationals present in the iota profile have a clear influence in several MHD and
transport related processes observed in TJ-II: ELM-like events are associated with a rational
at the density gradient region. The observed transient behaviour in the core region is
connected with the presence of a rational surface in the plasma centre. Cold pulse propagation
(much faster than expected from pure diffusion) can be explained in terms of successive
triggering of instabilities at different rational surfaces. Indications of trapping and de-trapping
processes associated with the presence of rational have been observed also in radiation
profiles and dedicated impurity injection experiments. Local ExB fluctuation induced fluxes
are significantly modified near rational surfaces. The possibility of measuring the electric
field perturbations associated with the rational surfaces by means of the HIBP diagnostic
gives TJ-II a privileged position in this research area.
TJ-II global energy confinement time and as well as iota-scaling are consistent with ISS95
predictions.
Several enhanced particle and energy confinement modes have been observed in TJ-II. In
some cases they are related with the fuelling rate. In others they seem to be governed by the
magnetic shear
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Plasma thermal energy dependence on field ripple and direct orbit losses*
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Plasma in the helically symmetric experiment (HSX) is generated by a 28 GHz,
200kW gyrotron system operated in the x-mode second harmonic at 0.5 T. HSX can operate
in many regimes. The main operating regime is the “QHS mode” where the magnetic
spectrum is dominated by the helical term and the magnetic structure has helical symmetry.
Another operational regime is called the “Mirror mode”. In this mode of operation, an
additional set of magnet coils, “Aux. coils”, are energized to produce a spectral component
that has a poloidal mode number m = 0 and a toroidal mode number n = 4. These coils
introduce a symmetry breaking term into the magnetic spectrum. With these coils on, with
10% ripples in the mod(B), the HSX magnetic spectrum resembles a conventional stellarator.

The energy content of HSX plasma is measured with a unique diamagnetic diagnostic
consisting of a flux loop and a compensating coil. This set of loops allows the measurement
of energy without modeling the effects of eddy currents or the coil current redistribution. A
set of three Surface Barrier Diode (SBD) detectors with different Be filters is used to
measure the soft X-ray emission along the same line of sight to determine the central electron
temperature as a function of time.

In the experiments described here, the resonance location was varied from the
inboard side to the outboard side, during both regimes of operation, with approximately 50
kW of launched power. In the Mirror mode, the plasma energy strongly depends on the
resonance location. There is a large asymmetry in energy content of the plasma as a function
of the resonance location. However, in the QHS mode, the plasma energy exhibits a
symmetric dependence on the location of the ECH resonance. When the magnetic field is
adjusted such that the resonance is in the inboard side, the energy content is similar in both
regimes of operation. This is consistent with the reduced fraction of trapped particles with
inboard heating. However, when the resonance is located in the outboard side, the energy
content strongly depends on the mode of operation. In the QHS mode, the plasma energy can
be as high as 45 joules whereas in the Mirror mode, the energy content can be as low as 5-10
joules. These results are consistent with direct orbit losses.

The plasma energy is observed to increase with plasma density in the Mirror mode.
However, plasma energy decreased with density in the QHS mode of operation. For the
Mirror case, at the low-density end the direct orbit losses are important as a result plasma
energy is low. As plasma density is increased more trapped particles become untrapped and
stay confined resulting in a higher energy content. These mechanisms may be responsible for
the increase in plasma energy as the density is increased.

The magnitude of the field ripple, Mirror mode, has been varied from 0 up to 10 % to
study how the plasma energy content depend on this magnitude. Plasma energy decreases
with ripple amplitude. The results of these studies of plasma energy dependencies on
resonance location and on the magnetic field ripples will be presented.

* Work supported by the US DoE under grant DE-FG02-93-ER54222.
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Abstract: 
 
 The HSX Helically Symmetric Stellarator has been operational for the last year, 
making plasmas at 0.5T using 28 GHz ECH. During this phase of operation, hardware, 
machine diagnostics, and plasma diagnostics have been continually implemented to 
improve machine operation and control, and plasma diagnostic capabilities. This paper 
will provide and overview of the basic machine control concepts, some details of the He 
glow discharge cleaning methods used to provide density control under plasma operation, 
and some details of the LabViewR (National Instruments) and SLC interfaced machine 
control, timing and diagnostics. Low-level machine operation (coil deflection, ground 
currents, vacuum base pressures and contaminants, etc.), motor generator, Gyrotron, coil 
cooling and temperature monitoring is also performed using the LabView/SLC 
combination; more of which is planned for the ensuing months. 
 
 Diagnostic implementation, from 288 GHz microwave interferometer, 
diamagnetic loop signals, optical and x-ray diagnostics, probes, etc., are primarily 
interfaced using LabView A/D, digital and analog I/O, and timing cards controlled by PC 
computers: all of which save the data to a PC based data storage site. A ten-chord fir 
Thomson Scattering system and a multichannel ECE system are under construction for 
operation in the near future, again with primary control and data interface planned for 
incorporation into the PC based system. 
 
 A SQL database is currently under implementation to improve overall data 
searching capabilities and accessibility, and to facilitate data backup and protection. Both 
MatLabR and IDLR are currently used for data analysis and presentation, which will be 
maintained through the database implementation. 
 
 
Introduction 
 

HSX plasma operation has begun in earnest over the last year, using second-
harmonic ECH at 28 GHz to produce and maintain stable and controlled discharges at 0.5 
Tesla. The primary experimental thrust to date has been confirmation of the production of 
closed nested magnetic surfaces and their harmonic content through electron beam 
magnetic surface mapping experiments, and confirmation of the effects of helical 



 

 

symmetry on the plasmas produced by second harmonic ECH at 28 GHz. These 
experiments are detailed in other presentations at this 13-th International workshop. 

 
 During this period, hardware, diagnostic control, and database storage and 

interface have been continually undergoing both implementation and improvement to 
provide a stable platform for plasma physics experiments. This paper outlines the basic 
diagnostic capabilities current in the HSX device operation, its basic magnet-coil and 
plasma control systems, and the interfaces required to initiate, correlate, store and retrieve 
the plasma diagnostic and status signals. Also discussed are diagnostics and rf 
capabilities either under construction, or planned for near-term implementation, and 
improvements or modifications planned in the HSX controls and database. 

 
 

Diagnostics and controls 
 
 Current HSX diagnostics are outlined in Table I, and provide a reasonable basis 
for plasma experimentation, with the notable exception of a reliable or credible electron 
or ion temperature diagnostic. A ten-channel Thomson Scattering system has been 
designed, and the bulk of the components necessary for its assembly are in hand. The 
system is based on the DIII-D Divertor Thomson system, optimized for 10 eV through 
2keV, and will cover the plasma half radius in ten intervals. Capabilities to perform both 
in a rapid dual-pulse and a 50 Hz mode, for tracking of both rapid and longer-term 
variations of plasma temperature and density profile effects, are included in the design.  
Also soon to be installed is the first channel of a planned 5-channel ECE system, which 
should provide a continuous Te monitor and initial plasma fluctuation data. 
 
 Along with these plasma diagnostics, machine operations require a set of base 
diagnostics and controls for the various components in use; motor generator spin up 
controls (armature currents and flywheel speeds, etc.), magnet coil currents and voltages 
and ground-fault monitors, 28 GHz gyrotron system monitors and controls (cfc cooling 
system, power supplies, tube vacuum status, tube currents and voltages, etc.), HSX coil 
cooling systems, coil temperatures, coil deflections under operation, vacuum system and 
gas puffing, and safety interlock systems. The glow discharge cleaning (GDC) system 
used daily before HSX operation is controlled by a SLC. 
 

Most low-level controls and monitoring in critical systems is performed with 
SLC’s, with separate SLC systems for each relevant group (MG control, gyrotron, 
vacuum, safety/GDC) interconnected through optically isolated IEE488 lines. The SLC 
systems are also in communication with the basic PC-based machine control and 
operation system, which operates using the National Instrument LabViewR program to 
control HSX firing and plasma diagnostic data gathering and storage. Timing is initiated 
from a motor generator spin-up/ready status signal, which then hands off control to the 
fast timing card of the master control computer. This control PC arms the relevant data 
taking PC systems for plasma data-taking using http port protocols, and then provides a 
master timing sequence as needed through optically isolated hardware timing signals. 
Each data PC either uses the master timing signal or fans out timing signals as required 



 

 

using secondary timing cards. Plasma discharges are then taken, and the data stored 
locally on each PC, until further http port commands initiate data transfer to the main data 
storage computer, and any post-shot processing required for data interpretation. This 
basic interconnect system is shown in figure 1. 

 
 

Glow Discharge Cleaning (GDC) 
 
 Plasma density control has been established in HSX through the continued use of 
GDC techniques. Initial chemical cleaning and electropolishing of the stainless steel HSX 
vacuum vessel established a leak-tight vessel but which still had significant surface 
contaminants which the evolved during plasma operations. Initial vacuum levels in the 
high 10-7 torr range were provided with 2 turbomolecular and one cryogenic pump, but 
RGA traces showed very significant impurity levels; predominantly H2O, O and O2, CO2, 
CO, N2, and H2 and H. Plasmas at this stage showed immediate electron density runaway, 
and no significant levels of stored energy, H-alpha or X-ray signals, and strong impurity 
radiation signals. 
 

Initial GDC attempts were made using a single anode, with 400 V and 2Amps, in 
hydrogen at about 2 mtorr. Many hours of GDC showed a significant reduction in the 
base impurity levels, a reduction in the base vacuum to high on the 10-8 torr range, but 
very significant H and H2 levels were present. The glow did not however reach all around 
the HSX vessel, being primarily confined to the half nearest the anode. Plasma produced 
at this stage were improved in providing low levels of plasma stored energy, and reduced 
impurity radiation, but density control could not be obtained; electron density continued 
to rise uncontrollably during the discharge reaching cut-ff (~5 * 1012 / cc), while stored 
energy signals dropped during the discharge. A second anode inserted at this stage 1800 
toroidally from the first improved overall impurity cleanliness but exacerbated the 
density runaway problem with increased hydrogen adsorption on the vessel walls. 

 
Helium GDC was then initiated which had both the effect of further reducing the 

impurity levels, and also removing the adsorbed hydrogen from the vessel walls. Base 
pressures low on the 10-8 torr level were obtained, and plasma density control, from 1 * 
1011 /cc through 2 * 1012 /cc was now routinely obtained. These plasmas also exhibited 
strong stored energy signals (up to 50 J, and rising throughout the duration of the ECH 
pulse), strong X-ray signals, and long density decay times (>10 – 15 msec). Plasma 
density could now be maintained flat over a full 50 msec discharge, or made to rise or fall 
as desired through control of the hydrogen gas puff – up to 20 units of pulse width 
modulated  bursts capable of separately controlling up to 4 piezo-electric puff valves 
provide fine control of the gas puff sequence. 



 

 

 
 
Figure 1 
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Table I 
 

Diagnostic Parameter(s) Capabilities 
288 GHz microwave 
interferometer 

nedl along 9 chords ne(r) through Abel inversion 

Soft X-ray monitors 5 chords with filter x-ray 
discrimination 

Te possibly primarily of tail 

H-alpha monitor Neutral hydrogen line 
integrated 

Edge or plasma neutral 
components 

Diamagnetic loop ∆Bt through the loop Plasma Stored energy 
Hard X-ray monitors 3 chords with high-energy 

x-ray discrimination 
Tail electron energies 

1 meter spectrometer Impurity line emissions – 2 
opposing chord views 

Impurities, and impurity ion 
rotations 

Edge Probes Isat, Vfloat, swept probes, 
biased probes, multi-faceted 
collectors 

Te, Vfloat, plasma flows, 
electric fields, fluctuations 
and fluctuation driven 
transport 

Divertor probes/plates Collection and bias plates Divertor fluxes and 
potentials 

 
 



13th International Stellarator Workshop 
 

Overview of Recent Results from HSX* 
 

D.T. Anderson for the HSX Team 
The HSX Plasma Laboratory, University of Wisconsin-Madison, USA 

 
HSX, the first stellarator in the world with an axis of symmetry in the magnitude of the 
magnetic field, is completing its first year of plasma operations. Well-formed nested 
magnetic surfaces have been measured in HSX using an electron beam and fluorescent 
mesh technique. A method has been developed and applied to experimentally measure 
the spectral content of the magnetic field in Boozer coordinates by analyzing the orbits of 
passing electrons. The method is especially useful in detecting spectral components 
nearly resonant with the rotational transform. The results confirm the expected reduction 
of the toroidal curvature component in HSX to near-negligible levels. Second harmonic 
ECH at 28 GHz has been used to make plasmas with energetic electrons. A set of 
auxiliary coils has been used to add a toroidal mirror term to the magnetic field spectrum. 
Breakdown studies show improved confinement of the ionizing electrons with quasi-
symmetry, as compared to the mirror configuration, through reduced plasma formation 
times. Minimum breakdown times are achieved for all configurations with resonance on 
the magnetic axis, with a symmetric (low-field/high-field) dependence in the QHS case 
and a strong increase for the mirror case with low-field side resonance. At low densities 
(2-5 x 1011 cm-3) temperatures inferred from S-X and diamagnetism are on the order of 1-
1.5 keV and peak for the quasi-helically symmetric field structure with on-axis 
resonance. Factors of 4-6 decreases in the stored energy are observed for the energetic 
electron plasmas when the quasi-symmetry is broken with the addition of a toroidal 
mirror term. Differences in the stored energy between the quasi-helically symmetric and 
mirror configuration diminish with an increase in the collisionality. Peaked plasma 
density profiles, determined by inversion from a 5-chord 288 GHz array, are observed for 
the QHS mode. With a mirror term that subtracts from the main field at the ECH antenna 
location, resulting in a deep ripple at the ECH beam waist, significant broadening of the 
density profile is observed. 
 
* Work supported by the U.S. DoE under grant DE-FG02-93ER54222 
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A 28 GHz ECH system has been used at 2nd harmonic to examine the effects of the 
magnetic field spectrum on the confinement of the breakdown electrons in HSX. The 
breakdown time (τb) is defined as the time it takes the density to rise to a small, 
detectable level (2 x 1011 cm-3 line-averaged density) at fixed RF power (~50 kW) and fill 
pressure (3 x 10-5 torr). A set of auxiliary coils can add a toroidal mirror term to the 
magnetic field spectrum to break the symmetry of the quasi-helically symmetric (QHS) 
configuration.  Scans of τb as a function of the magnetic field strength were made in the 
QHS and mirror modes. The breakdown time is plotted as a function of distance of the 
resonance location from the magnetic axis. Both curves show a minimum with the 
resonance near the magnetic axis. On the high field side, where trapping is not 
significant, the data are similar. As the resonance is moved to the low field (outboard) 
side, where trapping is significant, τb increases significantly for the mirror mode, 
indicative of more rapid electron loss. The QHS τb appears symmetric between high and 
low field side heating. When the phase of the toroidal mirror term is changed to provide 
the deepest magnetic ripples at the toroidal launch location of the ECH, the breakdown 
time increases even more. This indicates that the ripple structure at the ECH launch 
position is important in the breakdown process. 
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 Initial Electron Cyclotron Heating experiments at the second harmonic with a 28 
GHz gyrotron at low power have demonstrated, at low densities, a difference in the stored 
energy and confinement time between the QHS (quasihelically symmetric) configuration 
and one in which the symmetry is broken, the Mirror mode.  Numerical results using the 
one-dimensional transport code ASTRA indicate that the difference in neoclassical 
transport between the two cases is likely to be the cause of the difference. An improved 
analytic form of the monoenergetic diffusion coefficent, based on a 6 parameter fit to 
Monte Carlo calculations, makes it fairly easy to integrate over moments of the 
distribution function and solve for the self-consistent radial electric field for the Mirror 
configuration. The improved confinement with quasisymmetry is examined over a range 
of densities and absorbed power and compared to the experimental results. 
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HSX is the first stellarator in the world to possess a direction of symmetry 
in the magnitude of the magnetic field.  Hence, the parallel viscosity in 
this direction is small compared to a conventional stellarator. This quasi-
symmetry in the helical field can be broken by the addition of a toroidal 
mirror field.  With this additional field, there are mod(B) variations in all 
directions on a flux surface and large parallel viscosity in all directions.  
Calculations show that in this "Mirror" mode, the viscous damping rate is 
1-2 orders of magnitude larger than in the base quasihelically symmetric 
configuration. 
   
To study the physics of radial electric fields and their associated flows in 
HSX, we will draw a radial current from the plasma edge with a biased 
electrode. We have built a biased electrode system capable of applying 
300V of bias and drawing up to 400A of current. The bias can be applied 
and turned off quickly (≈10µs) and the system is capable of positive or 
negative bias. For edge measurements, we will use a Langmuir probe to 
directly measure the floating potential and Te to determine the structure of 
Er. We will utilize Doppler spectroscopy to measure core flow of 
impurities. To study any changes in global energy confinement with 
biasing, we will use a diamagnetic loop.  Density and temperature profile 
effects with biasing will be studied using a multi-chord interferometer and 
an array of surface barrier diodes. Initial data from these experiments will 
be presented. 
 
* Work supported by U.S. DoE under grant DE-FG02-93ER54222 
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 The HSX Helically Symmetric Stellarator has been operational for the last year, 
making plasmas at 0.5T using 28 GHz ECH. During this phase of operation, hardware, 
machine diagnostics, and plasma diagnostics have been continually implemented to 
improve machine operation and control, and plasma diagnostic capabilities. This paper 
will provide an overview of the basic machine control concepts, some details of the He 
glow discharge cleaning methods used to provide density control under plasma operation, 
and some details of the LabViewR (National Instruments) and SLC interfaced machine 
control, timing and diagnostics. Low-level machine operation (coil deflection, ground 
currents, vacuum base pressures and contaminants, etc.), motor generator, coil cooling 
and temperature monitoring is also performed using the LabView/SLC combination; 
more of which is planned for the ensuing months. 
 
 Diagnostic implementation, from 288 GHz microwave interferometer, basic 
magnetic diamagnetic signals, optical and x-ray diagnostics, probes, etc., are primarily 
interfaced using LabView A/D, digital and analog I/O, and timing cards controlled by PC 
computers; all of which save the data to a PC based data storage site. A ten-chord FIR 
Thomson Scattering system and a multichannel ECE system are under construction for 
operation in the near future, again with primary control and data interface planned for 
incorporation into the PC based system. 
 

A SQL database is currently under implementation to improve overall data 
searching and accessibility, and to facilitate backup and data protection; both MatLabR 
and IDLR are currently used for data analysis and presentation, which will be maintained 
through the database implementation. 
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The H-1 heliac is a medium-sized stellarator-like plasma confinement device at the National
Fusion Facility, Canberra, Austraila. It exhibits high and low mode confinement behaviour
which is characterised by changes in the radial electric field. It is proposed to use a laser induced
fluorescence (LIF) technique to measure the radial field. The technique involves the excitation
of a forbidden transition in metastable helium atoms injected into the plasma by means of a
pulsed helium beam source. The proposal, and the issues associated with implementing such a
diagnostic on H-1 are discussed.
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Parametric scaling studies of the energy confinement time for ECR heated TJ-II plasmas
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E. de la Luna1, B. van Milligen1, I. Pastor1, A. B. Portas1, J. Qin3, E. Sánchez1, J. Sánchez1, D. Tafalla1,
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TJ-II stellarator (R = 1.5 m, a < 0.22 m, B0 ≤ 1.2 T) is a well suited device for experimental studies on
rotational transform dependencies due to its wide range of available iota (0.96≤ iota (0)  ≤ 2.5). This
flexibility is achieved by changing the currents of the two central coils, circular and helical [1]
So far, ECRH plasmas have been produced (53.2 GHz, P ≤ 0.6 MW), with scans in magnetic
configuration (È (a) from 1.3 to 2.2) and plasma volume (0.6 to 1.1 m3). Experimental values of the
plasma energy confinement time, τE, (up to 4 ms) have been obtained, so far, from the measured plasma
energy content given by diamagnetic loops in quasi-steady state. A systematic survey of the kinetic τE

values (obtained from radial density and temperature profiles) has also just started.
The diamagnetic global energy confinement time is well fitted by the LHD scaling but is lower than the
ISS95 value [2]. Multi-machine scaling laws like these, aim to reproduce average trends, rather than
discuss in detail physics aspects. In particular, both scaling laws predict a strong dependence on the
minor plasma radius, a, and a weaker negative dependence on absorbed power, P. TJ-II edge diagnostics
indicate that density and temperature are low in a zone that extends well inwards from the calculated last
closed flux surface [3, 4]. This fact suggests the important role that the fast particles trapped in the
complex TJ-II magnetic ripple structure might play [5]. They could constitute a direct energy losses
channel. Obviously, the nominal a and P values used in the comparison of TJ-II τE do not take into
account this relevant issue.
The iota dependence of τE seems to be stronger than that indicated by the ISS95 scaling. However, due
to the strong coupling of volume and iota in TJ-II plasmas, further careful analysis must be performed
before a conclusive statement can be made.
Very recently, a new confinement regime has been found in TJ-II with the induction of toroidal plasma
current by means of the OH transformer [6]. It looks promising: with a few kA of negative plasma
current, plasma stored energy can be increased up to a factor 2 for several configurations.

[1] A. López-Fraguas et al "Magnetic surface mapping in TJ-II heliac", in this workshop.
[2] U. Stroth et al., Nuclear Fusion, 36, 1063 (1996)
[3] F. Tabarés et al., Plasma Phys. Control. Fusion (2001)
[4] T. Estrada et al., Density Profile Measurements by AM Reflectometry in TJ-II, Plasma Phys. Control. Fusion (2001)
[5] V. Tribaldos, Phys. Plasmas, 8 1229 (2001)
[6] J. Romero, "Confinement control with induced toroidal current in the flexible Heliac TJ-II", in this workshop
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1. Introduction
TJ-II is a medium size stellarator (R=1.5 m, <a>≤ 0.22 m, B(0)≈1 T) working in Madrid since
1998. After more than four years in operation with metallic wall (stainless steel AISI 316L)
the TJ-II stellarator dataset is compared with those of other stellarators included in the
International Stellarator Scaling (ISS95) database [1]. The objective of this comparison is
twofold: it can indicate how close to the expected optimum confinement have we pushed the
TJ-II performance, and give some hints on the physics governing it. On the other hand, TJ-II
data might help in extending the ISS95 database operational space. Specifically, the TJ-II
broad rotational transform range (1 to 2.2) should serve to provide new data in the high iota
region.
2. Experimental data and computed plasma parameters
All the discharges used in this work correspond to ECR (Electron Cyclotron Resonance)
heated plasmas using 2nd harmonic (53 GHz) and X-mode polarisation.
The energy data used in this study are thermal and diamagnetic. The thermal plasma energy
content has been computed from the electron and ion contributions. The electron density (ne)
and temperature (Te) profiles are provided by the Thomson Scattering diagnostic (T.S.) [2].
An accurate calibration of the ne value is obtained from the line integrated electron density
measured by the microwave interferometer. In the plasma edge region, where the T.S.
diagnostic can hardly measure, both ne and Te are fitted numerically up to the normalised
effective plasma radius, ρ=1, assuming a parabolic dependence. The ion contribution to the
plasma energy is calculated by assuming that the shape of the ion temperature profile (Ti) is
the same as the ne one. Central Ti has been measured using the charge-exchange spectrometer
for a number of plasma hydrogen plasma discharges. The obtained value is usually in the 90
to 110 eV range, so a value of 100 eV is assumed for the hydrogen and helium plasma shots.
Ion density (ni) estimations are obtained by assuming values of effective charge (Zeff) 2 and 3
for hydrogen and helium plasmas, respectively. The data on diamagnetic energy are extracted
from the temporal traces measured by the diamagnetic loops installed inside the TJ-II vacuum
vessel [3]. In most of the studied shots, whenever is possible, the energy value is taken in the
plasma stationary phase at the end of the discharge to minimise the error introduced by the
vacuum magnetic flux compensation. Since the diamagnetic energy measurement is
contaminated by a spurious pick-up of poloidal magnetic field component due to the plasma
current the present study is based on the thermal data. Still it must be noted that the exponents
of the different parameters in the obtained scaling law deduced from both thermal and
diamagnetic energy datasets are remarkably consistent
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3. Parameter space of the TJ-II dataset
A data set with 369 shots both hydrogen and helium) has been selected from the 2000
experimental campaign for the statistical analysis presented here.
As configuration parameters in TJ-II we have minor plasma radius, a, and rotational
transform. Major radius is fixed, with a value of R = 1.5 m. It must be noted that this value
fills a gap in this parameter of the devices contained in the ISS95: CHS has R = 0.94 m and
the rest have an R-value of about 2 m.
In all the selected discharges the plasma is limited by the groove that protrudes into the TJ-II
vacuum vessel in order to allow room for the central coils that are located just outside the
vessel [4]. It acts as a kind of toroidal (helical) limiter that penetrates towards the magnetic
axis into the TJ-II plasma giving rise to the characteristic bean-shaped cross sections of the
heliac plasmas. The connection length depends on the magnetic configuration but presents
relatively short values, from 2 to 15 m [5]. The reason for excluding poloidally limited
configurations in this first study is the large inaccuracy in assigning a value to the minor
plasma radius in these shots due to the shape of the old TJ-II limiters [6]. However plasma
boundary studies conducted with these old limiters revealed that a better confinement was
achieved for poloidally limited plasmas [6]. The nominal plasma minor radius has been varied
in the range 0.12 to 0.21 m just by selecting different magnetic configurations. In the low
radius range plasma volume roughly scales with the sum of the currents through the central
conductors.
There is a very robust experimental evidence of a quite flat electron temperature profile in the
plasma edge, for values of the normalised effective radius, ρ, greater than 0.8. This feature
has been measured not only by the T. S. diagnostic but also by the ECE (Electron Cyclotron
Emission) radiometer [7], the Langmuir probes located at the poloidal limiter and the He
beam diagnostic [7]. In addition, in the TJ-II case, the high value of magnetic ripple in the
edge (higher than 35% for the larger configurations) would enhance the neoclassical difussion
in this zone [9]. With this knowledge in mind, choosing the value of the nominal plasma
minor radius given by the equilibrium codes as the scaling parameter would result in an
artificially low deduced global confinement. So, in order to compare with the rest of machines
included in the ISS95, we have to define a "confinement minor radius". With this purpose, we
have studied the dependence of the incremental thermal energy content as a function of the
effective normalised radius for a set of configurations with central iota ranging from 1.37 to
1.77. The result show that more than 95% of the total plasma energy content is contained
within ρ = 0.8, so that we will consider in this study that the TJ-II "confinement minor radius"
is aeff,conf = 0.8 aeff, nominal

 , being aeff, nominal
  the value given by the equilibrium calculation

As mentioned before, TJ-II has a wide iota range, spanning more than a factor two. Iota also
roughly scales with the central conductor's currents, but being the helical coil closer to the
plasma, its effect is stronger. This fact is crucial in decoupling plasma radius and iota, that
otherwise would be highly correlated. The value of the rotational transform at
ρ = 2/3 (ranging from 1.25 to 2.17) has been used as the scaling parameter.
It must be noted that TJ-II is a low shear device. Therefore, the low order resonances included
in the studied iota range (the main ones are n/m = 4/3, 3/2, 5/3 and 4/2) introduce a variety of
transient effects in the stability of the discharges, when crossing their influence area on the
configuration space [10, 11]. These effects seem to be a consequence of the interaction
between the ECRH heating and the magnetic configuration, and can affect strongly the global
confinement, as measured by the plasma energy content. This is especially true in the 4/2
case, because of the large size of the associated magnetic island, and in the 4/3 case because
this iota range can be only achieved for small size plasmas. From this point of view, we think
that the TJ-II dataset available for this work is not comprehensive enough. It would need more
discharges in the configuration region far beyond iota=2 in order get fully rid of the
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associated perturbation and to strengthen the conclusions about iota-dependence. The problem
is that this region is not an easy one to work in, due to the extremely high current density
needed in the helical coil [12].
The plasma parameters that we can vary are absorbed power and plasma density. The
magnetic field value is fixed at the electron cyclotron resonant value of 0.95 T in the magnetic
axis. Although there are hydrogen and helium plasma discharges in the dataset, no
dependence can be deduced on the mass of the species.
Two gyrotrons (300 kW nominal power each) were available for this experimental study. The
two corresponding transmission lines have very different power density, 1 and 15 W cm-3 but
this fact has not been considered in the present study [13]. Theoretical calculations taking into
account the detailed real TJ-II geometry predict full single pass absorption for the high power
density line [14]. The port-through power fraction of the total injected power has been
measured in 300 kW nominal discharges. It has been found to be 85% of the nominal power
and it has been assumed that this proportion remains constant across all the available power
range: 150 to 600 kW. The radiated power has been measured for a small fraction of the
discharges in the dataset with bolometry techniques [15]. The values obtained are in the range
of 10 to 30% of the port-through power, but they can be underestimated due to the assumption
of symmetry, as discussed later. ECH modulation experiments allow the estimation of
absorbed power in some cases [16]. The results yield an upper bound estimate of 70% of the
port-through power. So, we will assume this fraction as the total absorbed power, P, in all
cases. This rough assumption is a weak point in this study.
The plasma line-averaged electron density, n, has been varied in the range 3.3 1018 to 1.3 1019

m-3. The upper limit is imposed by the ECH density cut-off.

4. Regression analysis
The correlation matrix between the logarithms of configuration and plasma show relatively
low correlation values indicating no intrinsic statistic limitations of the dataset. The highest
correlation (0.43).is found between power and density
In order to fit the data with a model we make the usual assumption of considering that the
global energy confinement time (τE = W/Pabs) has a factorial dependence on the four
parameters described in the previous section: τE = 10αx aαa iαi  PαP nα n

αx αa αi αp αn αR αB RMSE
TJ-II -1.63±0.08 1.93±0.10 0.51±0.10 -0.74±0.03 0.61±0.04 0.65 0.83 0.055
ATF -1.58±0.02 2.00 0 -0.59±0.03 0.51±0.02 1 0.77±0.05 0.099
CHS -1.71±0.03 2.00 0 -0.89±0.04 0.72±0.04 1 0.89±0.03 0.063
HeliotronE -1.50±0.03 2.00 0 -0.62±0.04 0.56±0.04 1 0.59±0.08 0.093
W7-AS -1.02±0.09 2.21±0.09 0.43±0.08 -0,54±0.02 0.50±0.02 1 0.73±0.05 0.087

Table I: Regression results of TJ-II and the stellarators included in theISS95 database

Table 1 shows the regression results for TJ-II data together with the ones from the machines
included in ISS95. The power and magnetic field dependencies have been imposed as the
ISS95 values [1].  The last column corresponds to the root mean square errors of the log10

values. The parameter-dependence observed in TJ-II is consistent with the rest of machines.
Figure 1 represents the actual values of log τE versus the prediction of ISS95_s scaling law.

5. Discussion
-The positive iota-dependence of the confinement extracted from TJ-II data is consistent
with the ISS95 scaling, which is based, in this respect, mainly on W7-AS data. When TJ- II
data are put together with the rest of machines the overall iota dependence factor is
decreased to a value of 0.27.
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-TJ-II global energy confinement data
are well fitted by the ISS95
predictions. Some comments can be
done in this respect:
a)There is experimental evidence of
toroidal radiation asymmetries and
ripple trapped suprathermal electron
losses in some shots depending on the
plasma conditions and on the magnetic
configuration[15]. This fact would
introduce large errors, when assuming
toroidal symmetry in the calculation of
the radiated power and would result in
an overestimation of the absorbed
power.
b)Experimental studies of the
conductive energy flux lost through the
TJ-II plasma periphery (assuming
toroidal symmetry) indicate that they

can account for only a relatively small fraction of the total injected power [9]. This might be a
further indication of the existence of different, asymmetric contributions to the energy loss
channel. The high magnetic ripple in the TJ-II edge would point to direct losses of ripple
trapped particles. This argument also supports the uncertainty in the value chosen for the
absorbed power
c)The data used in this study correspond to the TJ-II metallic wall phase with helical limiter.
The edge temperature values are very low. Recently, the TJ-II vessel has been boronized and
the subsequent plasmas show an increased edge temperature. The boronized plasmas database
is still very limited, so they have not been included in this work It can be expected that the
boronization have an impact on the value of TJ-II plasma confinement radius discussed in
section 3.
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The radial electric field Er is of crucial importance for the confinement in stellarators.
Typically, high values of Er are accompanied by improved confinement, both for particles and
energy. Two stable roots for Er are expected from the ambipolarity contraint for the
neoclassical particle fluxes: the positive electron-root and the negative ion-root. In the
stellarator W7-AS, both roots could be confirmed experimentally by Charge Exchange
Recombination Spectroscopy. Those results will be summarized briefly. The electron-root
could be achieved by on-axis Electron Cyclotron Resonance Heating, driving a non-ambipolar
suprathermal electron flux, resulting in a strongly reduced central electron heat conductivity.
It is planned to enhance the negative ion-root in the gradient region by the recently installed
Radial Neutral Beam Injector RNBI, which will be described briefly. In preparation for these
experiments, the expected temporal change of Er by RNBI is calculated numerically to figure
out in advance, which type of discharge is most appropriate for a modification of Er, and
provides thus the optimum basis for an improvement of the global confinement.
In a first step, the birth profile of the fast ions is calculated by a Monte-Carlo algorithm. Then
the ions are followed along their orbits including slowing-down until deposition occurs, either
as lost ions outside the plasma or until they disappear in the thermal bulk. Thus, the radial fast
ion flux profile is obtained. From these ion fluxes, the temporal change ∆ ∆E tr /   is evaluated
for a variety of magnetic configurations and plasma parameters.
It is found that the value of ∆ ∆E tr /  depends only weakly on the plasma density and
temperature. The power of the auxiliary heating devices also plays only a minor role.
However, much higher ∆ ∆E tr /  can be obtained by an increasing the accelerating voltage in
the RNBI device. But technical limits restrict this to values < 60 kV. Most promising is the
modification of the magnetic field configuration. Injection into a magnetic field minimum
causes enhanced ripple trapped fast ion losses with maximum values for ∆ ∆E tr / , promising a
maximum improvement of the global confinement properties of the discharges.
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Introduction
The radial electric field Er is of crucial importance for the confinement properties of a
stellarator plasma. In general, large values of Er can reduce the neoclassical transport
coefficients, thus improving the global discharge confinement [1]. In addition, the resulting
E B×  drift motion could reduce the anomalous transport by a decorrelation of turbulences
and fluctuations due to the enhanced shear flow [2]. The value of Er is determined by the
ambipolarity condition for the thermal particle fluxes. In W7-AS, recently a new
perpendicular neutral beam injector PNBI had been installed. The purpose is to drive

nonambipolar radial fast ion orbit losses in order to enhance Er towards more negative
values, and to improve thus the global discharge confinement. In parallel, a numerical
computer program had been written to calculate the expected fast ion losses and the
temporal change of Er as a function of the plasma parameters and the magnetic configuration
quantitatively.
The new perpendicular injector PNBI consists of two beamlines with a nominal input power
of 275 kW, each. The injection energy is 50 keV for H and 55 keV for D injection. Two
spectroscopic systems are installed with viewing chords into the interaction volume between
the neutral beam and the plasma to allow for charge exchange spectroscopy measurements
CXRS of both the poloidal and toroidal rotation component, in order to evaluate the change

of Er during PNBI. In addition, passive line integrated spectroscopy is performed on B VI in
the near UV to measure the poloidal rotation in vicinity of the plasma edge, and actice
CXRS is performed in another low power diagnostic beam.

Numerical
In a first step, the birth profile of the fast ions from PNBI is calculated. CX, proton and
electron ionisation are taken into account for the calculation, using the background plasma
profiles ne(r) and Te(r), and impurity densities nI(r). The CXRS measurement on He in the
PNBI beam delivers the radial profile of the He++ density. The numerically calculated beam
attenuation profile (fast ion birth profile) can thus be benchmarked towards the
spectroscopic measurement. Then the fast ions are followed in real geometry around the
torus in a guiding center approximation. The Biot-Savart law is used to calculate 

r r
B r( )  and

r r∇( ( ))B r  anywhere in the torus. Slowing down of the fast ions is calculated by a Monte-

Carlo procedure [3], taking into account diffusion spreading in velocity space and heat
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transfer to the background ions. The fast ions are followed until they disappear either in the
thermal bulk, or until they are lost from the plasma volume. Thus, for a set of nested flux
surfaces, the radial electric currents carried by the fast ions are obtained. From this, the
temporal change of the radial electric field ∆ ∆E r t tr ( , ) /  is calculated by:
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Here, m  is the particle mass, n  the density, V  the fluid velocity, P  the fluid pressure, e  the
electric charge, ∇

t
Π  the total viscous force, c  the light speed, ε0 the dielectric constant, µ0

the vacuum permeability, 
r
j  the electric current, ê Vp ⋅  is the poloidal component of the

parallel ion flow velocity, êp  a poloidal Hamada vector.

The first (very small) term on the left-hand side describes Maxwell's displacement current

going with 1 2c . The second (much larger and dominating) term is the plasma polarisation

current going with 1 2VA , with V B n mA i i
2 2

0= µ  being the Alfven velocity. The first small

term can thus be neglected. Further we assume constant background plasma parameters: thus
the second and third term on the right-hand side are dropped. The temporal evolution of the
radial electric field is thus calculated in the numerical program by [4]:

ε ι
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2 2
c
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m
E e

A p
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,

˙ ( )⋅ ⋅


⋅ = ⋅ Γ

This formula contains a correction term for the stellarator magnetic field topology including
the poloidal Alfven velocity. l = 2 and m = 5 are assumed as the dominating magnetic field

mode numbers for W7-AS, ι  is the magnetic field iota. Note the B2  dependence in eq. (2).

The value of the magnetic field influences the temporal change of Er drastically: The larger
B , the larger is ∆ ∆E r t tr ( , ) /  even at constant ion loss fluxes.

Results
The temporal development ∆ ∆E r t tr ( , ) /  is calculated for a variety of discharge conditions

and magnetic configurations to figure out, which of them are most appropriate for a

variation of Er by PNBI. Focus was on the possibility of different locations of magnetic
minima around W7-AS, which strongly affect the ion losses by trapping the ions locally.
The calculations provide only a starting value of ∆ ∆E r t tr ( , ) /  directly after switching on the

PNBI, with otherwise constant background plasma parameters. It is not possible to calculate
the transient change of ∆ ∆E r t tr ( , ) /  during a longer phase of PNBI injection self-

consistently, because in this case the background plasma parameters will change in a (still)
unknown manner. In general the calculations show a rather large shine-through for the PNBI
power (20%-50%). The calculated values for ∆ ∆E r t tr ( , ) /  range typically between ≈ -100

V/m. msec to - 300 V/m. msec. Thus, PNBI injection time intervals T  ≈ 100 msec are

experimentally required to influence Er considerably, because then T E r t tr⋅ ∆ ∆( , ) /  comes to

the order of magnitude of the ambipolar Er for W7-AS. The calculated ∆ ∆E r t tr ( , ) /  depends

only weakly on ne or the heating power. Discharges with combined NBI and ECRH heating



3

show slightly larger values than with NBI alone for ∆ ∆E r t tr ( , ) /  because of the longer

slowing time. Some results for ∆ ∆E r t tr ( , ) /  versus minor radius as a function of the PNBI

accelerating voltage are shown on the left side in the figure 1, demonstrating the increase for
larger voltages. The error bars result from the Monte Carlo procedure.
The effective toroidal magnetic field ripple is changed by a modification of the currents in

Figure 1: Radial profiles for the calculated values of ∆ ∆E r t tr ( , ) / .

the modular magnetic field coils of W7-AS. This provides either a magnetic field maximum
(configuration de-1.6) or a minimum (de-0.6) at the location of the PNBI device, or values
between. The results for those cases are shown in fig. 1 on the right side. The variation
between all the results remains, however, small. For the case of the minimum configuration
(de-0.6) very large ion loss fluxes are calculated because of the local ion trapping; however
the mean B  is rather small, resulting only in moderate ∆ ∆E r t tr ( , ) / . This is the consequence

of the B2  dependence in eq. (2): the application of the local minimum reduces also the mean

B . For the case of the maximum the fast ions are trapped in the neighbouring minima and

are also lost rapidly; but the reduction of the mean B  is now slightly smaller than in the first
case, resulting in slightly larger ∆ ∆E r t tr ( , ) / . Therefore experiments with the magnetic

maximum configuration de-1.6, high ne and combined NBI and ECRH are the most
promising candidates for experiments with PNBI.
First experiments with the PNBI system show values of ∆ ∆E r t tr ( , ) /  which are well

consistent to the calculated ones. Directly after switching PNBI on, an transient increase of
Er is observed comparable to the calculated one, which saturates however after ≈ 20 - 60
msec, thus resulting only in marginal net changes of ∆Er ≈ - 6000 V/m, despite longer PNBI

injection times (up to 200 msec). The reason for that effect is still unknown. The
improvement of the global energy confinement time τE is only marginal (≈ 5%), so far. The

experiments are performed by applying a sequence of one PNBI pulse followed by one

tangential NBI pulse of the same duration and roughly the same heating power, with
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otherwise constant background plasma parameters. Thus, pure heating effects can be
distinguished from driven ion loss effects. This is important, because pure heating without
driven ion losses can affect the density and temperature profiles and therefore the
ampipolarity condition for the thermal fluxes, thus also leading to an (undesired) change of
Er.
Figure 2 shows time traces of the measured Er and Ti from passive spectroscopy for three
effective minor radii during the PNBI pulse. During the tangential NBI phase, the change of
Er remains negligible. After switching the PNBI system on, Er is enhanced from ≈ - 10000
V/m (right y-axis) to ≈ - 25000 V/m during about 100 msec, then the effect saturates. During
the same time interval, all other plasma parameters experience only negligible changes,
including the Ti values (left y-axis) indicating small heating effects by PNBI. The values
shown here are the most pronounced observed so far with ∆ ∆E r t tr ( , ) /  ≈ - 300 V/m. msec.

Despite the large net change of Er ≈ - 15000 V/m, which is comparable to the ambipolar Er ,
no considerable improvement of the global discharge properties are observed during these
first experimental tests. Systematic variations of heating scenarios and magnetic
configurations during PNBI will be performed in the near future to optimise the impact of
the PNBI device.

Fig. 2: Time traces of measured Ti (solid) and Er (dotted) for r = 11.5; 12.7; 13.9 cm,

respectively. The plasma minor radius is ≈ 15.5 cm.

[1] H. Maassberg et al, Phys. Fluids B  5 (1993), page 3627
[2] H. Biglari et al, Phys. Fluids B  2 (1990), page 1
[3] S. Spitzer Physics of Fully Ionized Gases, Interscience, (1962)
      A. Boozer et al, Phys. Fluids  24 (1981), page 851
[4] D.E. Hastings et al, Nucl. Fusion  25 (1985), page 445
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Tracking singularities in a dynamical model of plasma mass action.
The path to the top of the hill.
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The L–H transition is a more-or-less sudden change in the state of a confined plasma
with increasing power input, having the desirable, but counter-intuitive, quality that con-
finement is dramatically improved. We are interested in understanding why this transition
to good confinement properties occurs and how to control it. In this work we present a
singularity and stability analysis of an economical model for L–H transition dynamics and
clarify the relationship between the qualitative structure of the model and the physics of
the process.

By economical, or minimal, model we mean the smallest, functionally simplest, and
mathematically consistent model that captures qualitatively the dynamical traits that are
typically observed over many experiments in different machines. The strength and power
of a minimal model is just this universality; its apparent disregard for numbers and unit
dimensions is sometimes perceived as a weakness.

In keeping with this ideology we compose a consensus dynamical model that incorpo-
rates coupled rates and feedback processes as indicated in the following schematic.

pressure  
gradientinput

shear
flow

flow damping

turbulent
fluctuations

flow
initiation

dissipation

power  

A constant power input creates a pressure gradient, which feeds the turbulent density fluc-
tuations, which in turn feed energy into the poloidal shear flow via the Reynolds stress. The
shear flow has an external source, and is damped through viscosity. Nonlinear behaviour
arises through the bipartite, pressure-gradient dependent form of the viscosity function. A
high pressure gradient has the effect of reducing or blocking the shear flow damping. Under
these circumstances shear flow energy can “accumulate”, but having no other avenue for
egress it feeds back into suppressing the turbulence. It can readily be appreciated how
such processes can balance out — or rather, un-balance out — so as to give rise to the
oscillatory and hysteretic dynamics that are characteristic of L–H transitions.

Workshop Topics: 2. Transport and confinement improvement, 4. Turbulence and transport.
Oral and Poster presentation e-mail Rowena.Ball@anu.edu.au
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Previous high-� experiments in the Wendelstein 7-AS (W7-AS) stellarator have shown
that it was not possible to reach the stability �-limit; the discharges remained either
power or radiation limited. To ameliorate this situation, the W7-AS neutral beam
system has been recon�gured from balanced to unbalanced injection, totalling 4 MW of
injected power. Experiments were performed at 1.25 T with full beam power to
ascertain the e�ects of the increased �-value. The present paper contains an analysis of
the behaviour of density uctuations in these plasmas.
The density uctuations were measured with the CO2 laser based LOcalised
TUrbulence Scattering (LOTUS) diagnostic in two toroidally displaced vertical
measurement volumes. The selected wavenumber k? was 20 cm�1. Figure 1 shows
measurements from two plasmas (in separated columns) which were identical apart
from the fact that a net current was driven by an ohmic transformer in one of the shots
(to the right), thereby increasing the �

 

-value of the plasma and decreasing the stored
energy. Positive/negative frequencies on the crosspower plots are due to uctuations
travelling outward/inward parallel to the major radius. Changes are observed for both
frequency signs: Fluctuations having positive frequencies spin down and increase at low
frequencies, while the negative frequency component reduces strongly. The possible
explanations for this behaviour will be discussed.

Figure 1: (Colour) From top to bottom: Plasma energy, plasma current and crosspower
(identical logarithmic scale) of density uctuations in the two volumes. Left: A plasma
with zero net current (51262), right: A plasma with -4 kA net current (51266).
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1.Introduction

Previous high-β experiments in the Wendelstein 7-AS (W7-AS) stellarator have shown
that it was not possible to reach the stability β-limit; the discharges remained either
power or radiation limited [1]. A central β (β0) of 4 % and an average β (〈β〉) of
between 1.7 % and 1.8 % was achieved. To ameliorate this situation, the W7-AS
neutral beam system has been reconfigured from balanced to unbalanced injection,
totalling 4 MW power [2].
We analyse experiments that were performed at half field (1.25 T) with full beam power
to ascertain the effects of the increased β-value. A moderate increase of 〈β〉 up to 2.2 %
was obtained in this series, which was later improved to 3.1 % [3]. The main diagnostic
used in the present paper is the CO2 laser based LOcalised TUrbulence Scattering
(LOTUS) instrument [4]. This measures electron density fluctuations in two toroidally
displaced vertical measurement volumes - here we will only treat a single volume. The
wavenumber of the fluctuations measured (k⊥) was set to 20 cm−1.

2.Magnetic topology

The three discharges we study had different net plasma currents Ip as produced by the
Ohmic transformer. The effect of a larger current was to increase the edge rotational
transform ιÃa from 0.41 (Ip = 0 kA) to 0.51 (-4 kA). We show some of the main time
traces in figure 1, from top to bottom: Stored energy, line density, plasma current and
density fluctuations integrated over negative/positive frequencies, respectively.
Negative/positive frequencies are due to fluctuations travelling inward/outward parallel
to the major radius R. The density fluctuations are normalised to line density squared.
Shot 51262 (0 kA) is represented by solid lines, 51265 (-2 kA) by dotted lines and 51266
(-4 kA) by dashed lines. The disturbance in the density fluctuations before 100 ms is
due to the normalisation, and the discrete steps in the negative frequency turbulence at
150 ms (51265 and 51266) and 170 ms (51262) coincides with a doubling of the injected
beam power.
We observe that the global quantities hardly change in response to the plasma current
variation, but that significant differences are observed in the negative frequency density
fluctuations. These density fluctuations decrease with increasing plasma current, and
shot 51265 appears to be marginal in the sense that the fluctuation power decreases
throughout the discharge. Surprisingly, this clear development is not mirrored in the
positive frequencies as is usually the case [4].
We begin the analysis of flux surfaces by studying finite-β effects, see figure 2. The
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Figure 1: Waveforms of main plasma quantities for the three shots analysed. From
top to bottom: Stored energy, line density (in units 1020, central density about 3 ×
1020 m−3), plasma current, density fluctuations integrated over negative frequencies and
density fluctuations integrated over positive frequencies. The density fluctuations have
been normalised by line density squared.

left-hand plot shows the flux surfaces at a toroidal angle of 32 degrees, which is quite
close to that of the LOTUS diagnostic (30 degrees). The measurement volume position
at R = 207 cm is indicated by the vertical line. The structure shown in the bottom is
the divertor baffles (two tilted lines) and the divertor target, where the measurement
volume passes through. For this 〈β〉 = 0 % case, we observe fluctuations slightly on the
inboard side of the magnetic axis. The right-hand plot shows flux surfaces for 〈β〉 = 2.2
%; we observe that the plasma column is Shafranov shifted about 5 cm outward and
increases in size. The density fluctuations observed here originate far inside the axis.
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-20

20
< > = 0 %b < > = 2.2 %b

Figure 2: Equilibria calculated using the NEMEC code for a toroidal angle of 32 de-
grees, shot 51260 (had settings identical to shot 51262). The vertical lines show the
measurement volume position.

The varying plasma current introduces differences in the magnetic edge topology. Due
to the five-fold toroidal symmetry of W7-AS, natural islands exist for ιÃ = 5/m, where m



is the number of islands in a poloidal cross section. These islands can be visualised
using Poincaré plots, see figure 3. The left-hand boxed plot shows flux surfaces for shot
51262 (Ip = 0 kA, ιÃa = 0.41) and the three plots on the right-hand side show flux
surfaces for configurations having m = 10, 11, 12 natural islands. Note that the flux
surfaces have a slight tilt with respect to the measurement volume.
The major problem in studying flux surfaces is the following: (i) If one makes finite-β
calculations, the islands are not treated (figure 2) and (ii) if one makes Poincaré plots
to investigate the islands, they are made for vacuum (figure 3). The actual flux surfaces
are a combination of both effects.
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Figure 3: (Colour) Poincaré plots for 〈β〉 = 0 %. The vertical lines show the measurement
volume position. The green arrows at the top and bottom of the left-hand boxed plot
show the electron diamagnetic drift direction. The right-hand sequence of plots shows m
= 10, 11 and 12 natural islands.

3.Density fluctuations

To study the spectral characteristics of the density fluctuations in more detail, figure 4
shows autopower spectra versus frequency and time for the discharges. The left-hand
plot is shot 51262, center 51265 and right 51266. The central line at 0 ± 100 kHz is our
carrier frequency and noise due to mechanical vibrations. We show frequencies up to 2
MHz with a time resolution of 1 ms. Fluctuations having opposite frequency signs are
observed to behave disparately: Positive frequency (outward moving) fluctuations
decrease at high frequencies with increasing current, while they increase at lower
frequencies. The negative (inward moving) high frequency component disappears
completely, while the low frequency fluctuations remain at an approximately constant
level.
Treating 30 ms time windows, we can calculate 2D cuts of the autopower spectra, see
figure 5. The left-hand plot shows initial plasmas; they are identical and the positive
frequency fluctuations have the largest amplitude. In the right-hand plot the negative
high frequency component dominates for shot 51262, decreases for shot 51265 and is
small for shot 51266. The positive fluctuations develop a slightly steeper slope.
It is of interest whether a given spectral shape is due to measurements through an
island O- or X-point. Work on this topic has recently been presented in [5], which deals
with reflectometry measurements of rotating MHD-modes. For high frequencies (above
200 kHz) it was shown that the fluctuation amplitude inside the O-point is larger than



[MHz]

2

-2

Time [s]
0.05 0.35

51262 51265 51266

Figure 4: (Colour) Autopower versus frequency and time. Left to right: 51262, 51265
and 51266. The autopower scale is logarithmic and identical for the three shots; the time
resolution is 1 ms.

Autopower spectra [120-150] ms

Auto-

power

[a.u.]

[MHz]-3 3
10

-1

10
5

Autopower spectra [220-250] ms

[MHz]-3 3

Figure 5: 2D representations of autopower versus frequency averaged over 30 ms, left:
[120, 150] ms, right: [220, 250] ms. The linestyles have the same meaning as those in
figure 1.

from behind the X-point. Assuming that this observation can be transferred to density
fluctuations in natural islands, we conclude the following: Positive frequencies dominate
in the initial phase and remain rather constant throughout all discharges, indicating
that they are measuring O-point fluctuations. In the late phase, the negative
frequencies seem to go through an O- to X-point development, where shot 51265 is the
transitional discharge.
Combining this with the usual observation that high frequency fluctuations travel in the
electron diamagnetic drift direction, an island O-point is positioned at the bottom of
the measurement volume. The top of the volume develops from O- to X-point. The
reason for the up-down asymmetry is probably the tilt of the flux surfaces at the
toroidal angle where LOTUS is situated.
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A first status report is presented, summarizing the results obtained to date through an international
collaboration on the topic of neoclassical transport in a number of devices belonging to the stellarator
family. The principal goals of this collaboration are:

(1) A thorough benchmarking of the various methods used to calculate neoclassical transport coeffi-
cients. These include (where appropriate): analytic theory, field-line integration techniques, Monte
Carlo simulations, and numerical solutions of the ripple-averaged and drift kinetic equations.

(2) An improved physical understanding of stellarator-specific transport processes.
(3) On the basis of the first two points, the creation of an efficient “neoclassical data base” to facilitate

the analysis of experimental results and to provide an interface for predictive transport codes.

The devices currently under investigation are representative of the extensive configuration space avail-
able to stellarators: the classical heliotron/torsatron Large Helical Device (LHD), in operation at Toki,
Japan; the heliac TJ-II, in operation at Madrid, Spain; the quasi-axisymmetric National Compact Stel-
larator Experiment (NCSX), in the planning stage at Princeton, USA; and two advanced stellarators of
the Wendelstein line, W7-AS in operation at Garching, Germany, and the helias W7-X which is under
construction at Greifswald, Germany.

Although the magnetic-field spectra of these devices differ considerably, all results exhibit some
common qualitative features. In particular, regimes in which the radial transport coefficients scale as ��� ,
����� and �����
	 (where � is the perpendicular collision frequency) can be identified successively in collision
frequency scans from high to low values of � . This is possible in spite of the fact that the transport level in
these configurations varies greatly. The presence of a radial electric field is responsible for the transition
from the � ��� to the � ���
	 regime, marking a local maximum in the radial transport coefficients. At this
transition, the transport coefficient which characterizes the bootstrap current also reaches its maximum
value and then decreases with decreasing collision frequency. The only exception is provided by W7-X,
which has a magnetic-field spectrum optimized for small bootstrap current; this optimization suffers a
modest degradation if a radial electric field is present.
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This paper provides an initial status report, summarizing the results obtained to date within the
framework of an international collaboration on the topic of neoclassical transport in a number of devices
belonging to the stellarator family. The principal goals of this collaboration are:

(1) A thorough benchmarking of the various methods used to calculate neoclassical transport coeffi-
cients. These include (where appropriate): analytic theory, field-line integration techniques, Monte
Carlo simulations, and numerical solutions of the ripple-averaged and drift kinetic equations.

(2) An improved physical understanding of stellarator-specific transport processes.
(3) On the basis of the first two points, the creation of an efficient ‘neoclassical data base’ to facilitate

the analysis of experimental results and to provide an interface for predictive transport codes.

As might be expected, the early stages of the collaboration have concentrated on benchmarking but some
aspects of the other two points are also addressed below.

The devices currently under investigation are representative of the extensive configuration space
available to stellarators: the classical heliotron/torsatron Large Helical Device (LHD), in operation at
Toki, Japan; the heliac TJ-II, in operation at Madrid, Spain; the quasi-axisymmetric National Compact
Stellarator Experiment (NCSX), in the planning stage at Princeton, USA; and two advanced stellarators
of the Wendelstein line, W7-AS in operation at Garching, Germany, and the helias W7-X which is under
construction at Greifswald, Germany.

Basics — The local ansatz which underlies neoclassical transport theory allows an ordering of the drift
kinetic equation in which the minor-radius and energy coordinates appear only as parameters, reducing
a nominally 5D problem to a more manageable 3D. Additionally, it becomes possible to characterize all
neoclassical effects in terms of three mono-energetic coefficients describing the radial transport, the boot-
strap current and the parallel conductivity; the full neoclassical transport matrix is subsequently obtained
through the appropriate convolutions of the mono-energetic coefficients with a local Maxwellian. For
benchmarking, it is thus sufficient to determine and compare the mono-energetic quantities of interest.

The simplest of all models for the magnetic field strength in a toroidal stellarator may be written as�������
	������������������� �!"��#������������$�&%'�(*),+-�
, where (

�
,
�
,
+

) are the flux coordinates identified with the
flux surface, poloidal angle and toroidal angle, respectively,

�.�(	/����0��
is the inverse aspect ratio,

��#
the

magnitude of the stellarator’s helical ripple,
%

the multipolarity and
)

the number of field periods. In
the fusion-relevant long-mean-free-path (lmfp) regime, particles localized within the stellarator’s helical
ripples are expected to dominate the radial transport processes. In this regime, where collisions are
rare, it is possible to time average the drift kinetic equation over the periodic bounce motion of such
localized particles to obtain the 2D bounce-averaged kinetic equation. Assuming different orderings
of the characteristic frequencies appearing in the problem, solutions of the bounce-averaged kinetic
equation in several limiting cases have been derived [1]; the scalings of the radial transport coefficient as
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a function of collision frequency, 1 , obtained from these
solutions are indicated in red on the accompanying sketch.
Of these stellarator-specific lmfp results,

�2� 1 transport is
strongly influenced by the magnetic-field geometry (scal-
ing as

��35476# ) whereas the magnitude of the radial electric
field is more decisive in the 1-8 476 and 1 regimes (which scale
as 9;: 35476 and 9;: 6 , respectively). The neoclassical theory
is less well developed when it comes to the bootstrap current and the parallel conductivity. Results exist
for both the collisional and collisionless extremes but are lacking in the range of experimental interest.
The effects of the radial electric field are also yet to be investigated.

Benchmarking — To determine neoclassical transport coefficients, one must first solve a kinetic equa-
tion and a number of techniques have been developed for doing so. The most general methods are
numerical algorithms which deal with the full drift kinetic equation and include a number of schemes
based on the Monte Carlo approach [2-5] as well as the DKES (Drift Kinetic Equation Solver) code
which employs a variational principle where the solution is expressed using a series of Fourier-Legendre
test functions [6]. Both approaches are not without shortcomings (identification of the ‘diffusive’
and ‘convective’ contributions to the overall transport when the latter is present in the Monte Carlo
simulations; increasingly poor convergence of the DKES results with decreasing collisionality; the
considerable computational resources required using either approach), but they can be employed for
arbitrarily complex magnetic fields and (usually) at all values of collision frequency.

The ability to handle arbitrarily complex magnetic fields is also a strength of the field-line-integration
technique [7]. Here, the drift kinetic equation is considerably simplified by assuming that the fast motion
along field lines constitutes the only particle drift within a flux surface, ultimately allowing one to express
the transport through the flux surface as a weighted integral of the geodesic curvature along a field line
of ‘infinite’ length (i.e. sufficiently long to cover the entire magnetic surface). Evaluating the integral
numerically, as done in the NEO code [7], provides an efficient means of determining the radial transport
for any non-symmetric magnetic configuration in the

�2� 1 regime. The validity of the results is confined
to this regime, however, as a consequence of the initial assumptions.

In contrast, numerical solvers of the ripple-averaged kinetic equation may be employed throughout
the entire lmfp regime. The ripple average is the generalization of the bounce average so as to account
for all of phase space (i.e. non-localized particles are treated as well). As realized in the code GSRAKE
(General Solution of the Ripple Averaged Kinetic Equation) [8], this allows neoclassical transport coef-
ficients to be determined with great computational efficiency and with excellent convergence properties
even at very low collisionalities. The ripple average is not appropriate for arbitrarily complex magnetic
fields, however, and its use is restricted to devices which have magnetic fields that can be accurately
described within the multiple-helicity model.

An example of benchmarking results is given in figure 1 for the standard configuration of the LHD, a
device for which all the methods described above should be applicable. On the left, the mono-energetic
radial transport coefficient, normalized to the plateau value of the equivalent axisymmetric tokamak (with
circular cross section), <>= 8�8 , is plotted as a function of the collisionality, 1 �@? , where

?
is the velocity of

the mono-energetic test particles considered; the flux surface at half the plasma radius has been chosen.
Six different values of the radial electric field have been considered, illustrating the strong dependence
of <(= 8�8 on this quantity in the lmfp regime. Results from DKES, the DCOM Monte Carlo code [4] and
GSRAKE are compared; excellent agreement is obtained with the exception of the most collisionless
DCOM result for 9 	BA

, due to the large convective transport which appears here in the Monte Carlo
simulation. Both positive and negative values of the electric field were considered using DCOM but no
statistically significant dependence on the sign of 9 was found. On the right, the radial dependence of
the effective helical ripple for

�2� 1 transport determined using DKES, NEO and an analytic expression [9]
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is plotted; again the agreement is excellent. By displacing the magnetic flux surfaces towards the high-
field side of the device it is possible to realize drift-optimized configurations in the LHD. For example,
the configuration with a major radius of

0C��	ED�FHG
m (compared to

0I��	BD�FKJ$L
m in the standard case)

exhibits significantly reduced
�2� 1 transport with

�.M7NONQPRASFTA�G
at the plasma edge. This inward-shifted

configuration has also been fully benchmarked with success equal to that found for the standard LHD.
A comparison of results for the standard configuration of W7-X is given in figure 2. The upper and

lower bounds on the DKES calculations of <>= 8�8 are indicated for 1 �@?�	UDWVX�YA :�Z�[W: 8 , illustrating
the onset of convergence difficulties for the code. In the plot of

�\M7NON
as a function of minor radius, a

Figure 1. Benchmarking results for the standard configuration of LHD. On the left, the normalized radial
transport coefficient is plotted versus the collisionality 1 �@? ( [Q: 8 ) assuming normalized values of the
radial electric field to be ] 9^] �@?�� � 	_D`V/�YA : 3 , �aV/�YA : 3 , D`V/�YA :�b , �aVc�YA :�b , D`Vd�YA :�e and zero.
Numerical results for the f 	gASFHL

flux surface are depicted by: triangles for DKES, circles ( 9Bh A
) and

squares ( 9 PcA
) for the Monte Carlo simulation DCOM, and by the continuous curves for GSRAKE. On

the right, the effective helical ripple for
�2� 1 transport is shown as a function of the normalized minor

radius. Analytical results are shown by the black curve, those from NEO in light blue and the DKES
calculations are given by red data points with upper and lower bounds indicated by the ‘error bars’.

Figure 2. Benchmarking results for the standard configuration of W7-X. The curves and data symbols
are as in figure 1.
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Figure 3. The normalized radial transport coefficient as a function of collisionality for TJ-II (left) and
the effective helical ripple as a function of the normalized minor radius for NCSX (right) are shown. The
curves and data symbols are as in figure 1; additionally, results are shown for ] 9^] �@?��*�i	 �CVj�YA : 6 .
discrepancy in the results from DKES and NEO with those of the analytic expression is evident at outer
radii. This is due to the higher-order terms in the Fourier decomposition of

�
(including those due to the

discrete coil ripple) which are not accounted for in the analytic theory. The richness of the
�

spectrum
is also responsible for the rather poor convergence of DKES.

This problem is also in evidence for TJ-II (see figure 3), making DKES inappropriate for transport
studies of this device deep into the lmfp regime. Here one is forced to rely on Monte Carlo simulations;
results from the MOCA code [5] have been plotted in figure 3. Also shown is the radial dependence of�5M7NON

for NCSX as determined by DKES and NEO.

Outlook — Benchmarking activities will continue with increasing concentration on the bootstrap cur-
rent. Thus far, only DKES calculations of the bootstrap-current coefficient are available for all configu-
rations and have shown a rather complicated dependence of this quantity on the radial electric field in the
lmfp regime. This behavior needs to be confirmed and understood. For the radial transport coefficient,
the presence of plateau,

�2� 1 and 1 8 476 regimes has been confirmed in all configurations. A 1 scaling
is also indicated at the lowest collisionalities in some cases. A semi-analytical description of radial
transport coefficients (as employed successfully in the analysis of W7-AS experimental data [10]) thus
remains a realistic possibility, although some new effects due to specific peculiarities of the magnetic-
field structure will need to be accounted for, e.g. the ‘slow’ transition from the

�2� 1 to 1 8 476 scalings
observed in strongly drift-optimized configurations as well as modifications to the plateau regime which
occur when a significant toroidal mirror term is present in the

�
spectrum.
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[7] Nemov V V, Kasilov S V, Kernbichler W and Heyn M F 1999 Phys. Plasmas 6 4622
[8] Beidler C D and D’haeseleer W D 1995 Plasma Phys. Control. Fusion 37 463
[9] Beidler C D and Maaßberg H 2001 Plasma Phys. Control. Fusion 43 1131

[10] Beidler C D, Lotz W and Maaßberg H 1994 Proc. 21st EPS Conf. Control. Fusion Plasma Phys.
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Abstract 

This paper describes a diamagnetic double-loop method for the measurement of the 
stored plasma energy in the magnetized plasma. Two concentric diamagnetic loops 
enclose a plasma column in a stellarator. The merit of this method is a high ability to 
cancel out the rippling background magnetic field and the effect of eddy current to 
measure relatively small diamagnetic signals. The method is applied to the plasmas in the 
helical axis stellarator Heliotron J. The stored energy of 0.7 kJ is measured with the 
resolution of ±0.02 kJ at the rippling magnetic field of 1 T in the rf discharges with 
heating power up to 400 kW at 53GHz. The double diamagnetic loop method improves 
the S/N ratio by six times that of the conventional single loop method. The magnetic 
diagnostics hardware, the method of analysis, the calibration, the experimental results, 
and the error estimation are presented.  

This paper also describes the time histories of the diamagnetic stored energy in the 
different magnetic configurations of the initial plasmas in the Heliotron J（R= 1.2 m, 
<a>≤ 0.2 m, Bo≤ 1.5 T, ι/2π=0.3-0.8, L=1/M=4 ）. The stored energy in hydrogen 
plasmas is measured as a function of magnetic field strength (0.61 T< <B>axis <1.44 T). 
The value of Wp ≈ 0.7 kJ, which corresponds to <β>≈0.2%, is obtained by the second 
harmonic ECH at <B>axis≈ 0.95 T with the input power 400 kW, ι/2π=0.55, <a>=0.18 m 
and <R>axis=1.20 m. The values of Wp ≈ 0.8 kJ and <β>≈0.1% are obtained at 
<B>axis≈ 1.44 T by the off-axis ECH. The wave forms of the diamagnetic signals will be 
presented for the preliminary magnetic configuration scan with the vertical field coils and 
the toroidal coils,  controlling the plasma position, the rotational transform, the minor 
radius, the ripples, etc.  

 
Conference Topics:3., 8,  1, . Poster is preferred: Yes. 
e-mail: besshou@energy.kyoto-u.ac.jp 



Overview of the H-1 National Facility
B. D. Blackwell, J. H. Harris, J. Howard, M. G. Shats, C. Charles, S. M. Collis, F. J. Glass,
D.G. Pretty, C. A. Michael, H. Punzmann, W. M. Solomon, G. G. Borg, I.H.Hutchinson*

Plasma Research Laboratory, Australian National University, ACT 0200  AUSTRALIA
* Plasma Science and Fusion Center, MIT, Cambridge, USA

The H-1 heliac has been substantially upgraded under the Australian Government’s Major
National Research Facility Program, as the National Plasma Research Facility. The new systems
include precision magnet power supplies, a 250kW RF source, and a 200kW 28Ghz ECH system
in collaboration with NIFS and Kyoto University.  The power supply allows operation to fields
~1 T with computer-controlled configurations; with ripple < 0.01% to eliminate induced currents.
Up to 100 kW of rf power at 7 MHz is used at present to produce plasmas using helicon waves,
and to produce target plasma for second harmonic ECH at ~100kW.  A 100,000L/s cryopump is
effective for removal of water vapour, and allows quick turnaround when new experiments are
commissioned.   The MDSPlus data system is available for local and remote users through
several channels, and carefully limited experiment control is available through a Java Interface.

At low fields, multiple diagnostic studies of these plasmas and comparison experiments with a
linear helicon device suggest that the near fields of the rf antennas result in relatively high ion
temperatures (20-100eV) that may increase at the edge of the plasma, even though the antennas
are 3-4 cm outside the last closed flux surface. In many cases, probe and spectroscopic results
indicate that there, the mass flow velocities are much less than the E � B velocity. Thus, radial
force balance holds in detail, and the ambipolar radial electric field balances the ion pressure
gradient. Correlation studies of probe and spectroscopic data yield important information about
flow structures in these plasmas. In L-mode plasmas, tomographic interferometry and probe
studies show low-mode-number coherent oscillations in electron density and electron and ion
temperatures that are suppressed at the L-H transition.  Hysteresis effects around the LH
transition have been investigated by carefully programmed RF power ramping experiments.

Operation at 0.5Tesla with ~100kW RF produces hydrogen and helium plasma at line averaged
densities up to 2�1018m-3, with temperatures apparently limited to < 50eV by impurities such as
oxygen. Similar effects occur with ECH heating at low powers. Results of initial baking and
discharge cleaning regimens will be presented. Density and magnetic fluctuations in these plasmas
show some correlation with magnetic configuration, particularly rotational transform.



Boyd Blackwell on behalf of the H-1 team,
J.H. Harris, J. Howard, M.G. Shats, C. Charles, S.M.
Collis, H.J. Gardner, F.J. Glass, X. Hua, C.A. Michael,
D.G. Pretty, H. Punzmann, W.M. Solomon, G.G. Borg

H-1 National Facility
Australian National University

Overview of the H-1
 National Facility

H-1NF National Plasma Fusion
Research Facility

A Major National Research Facility established in 1997 by the
Commonwealth of Australia and the Australian National University

Mission:
• Detailed understanding of the behaviour of magnetically confined hot

plasma in the HELIAC configuration
• Development of advanced plasma measurement systems
• Fundamental studies of turbulence and transport in plasma
• Contribute to global research effort and increased Australian presence

in the field of plasma fusion power
• Improvements of basic plasma knowledge

The facility is operated by the Plasma Research Laboratory of the RSPhysSE,
ANU, and is available to Australian researchers through the AINSE1 and
internationally thorough collaboration with PRL, ANU.

1) Australian Institute of Nuclear Science and Engineering

                

Canberra, Australia   external vacuum vessel        

CIEMAT, Madrid   internal vessel, upgrade to NBI       

IAE Kyoto “inverted heliac” bumpy field cpt       

TSL, Madison controlled “spoiling” of symmetry       

.

Device                Type  Aspect Iota

H-1 Heliac 3 period heliac, toroidal>helical       5 � .15

TJ-II Heliac 4 period heliac, helical>toroidal      7 � 0.9-2.2

Heliotron J helical axis heliotron (TFC  +  �=1)      7-11 0.2-0.8

HSX modular coils, helical symmetry      8 1.05-1.2

Helical Axis Stellarators 2002

-0.1 0 0.1 0.2
bumpy
tor curv
helical

bn,m
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H-1 Heliac: Parameters
3 period heliac: 1992
Major radius 1m
Minor radius 0.1-0.2m
Vacuum chamber 33m2 excellent access
Aspect ratio 5+ toroidal
Magnetic Field �1 Tesla (0.2 DC)
Heating Power 0.2MW 28 GHz ECH

0.3MW 6-25MHz ICH
Upgrade one to 400-500kW
Parameters: achieved / expected

n 3e18/1e19
T <100eV(Ti)/0.5-1keV(Te)
� 0.1/0.5%

12MW Pulsed Magnet Power Supply

DC-DC Convertor/Regulator:  ABB Aust. /Technocon AG
24 Pulse Rectifier: Cegelec Australia
Transformers/Reactors: TMC Australia
Switchgear: Holec Australia, A-Force Switchboards, Sydney
Consultant Engineers: Walshe & Associates, Sydney

• Direct 11kV mains connection
• 8 � GTO tolerance-band convertor at 300Hz
• Ripple and DI/dt small to avoid “shimmer” and

induced currents
• Minimize line disturbance (14MVA load)
• Protect heliac windings  (100kA/50us crowbar)
• Active correction of supply line droop required

for maximum power (1 tesla)

Main supply: 800V @ 1.5-14kA   <1Amp precision
Control supply: 100V @ 1.0-14kA   <1Amp precision

Performance: Ripple and Current Ramping

Three confinement modes in one pulseRipple:
�Causes “shimmer” in configuration
�dB/dt � EMF � unwanted plasma current
�Possible reconnections and heating at surface

Achieved:
� Ripple current << 1Amp
� dI/dt (0-30Hz)  < 10A/s

High precision & fine control essential to
detailed configuration scans
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Plasma production and heating:
resonant and non-resonant RF

<ne> 1018m-3

• Non-resonant heating is flexible in
B0, works better at low fields.

• Resonant heating is much more
successful at high fields: H, D & He.  helicon/frame antenna
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G. Borg, B. Blackwell, C. Davies,
R. Kimlin, D. Anderson, M.Blacksell

2D electron density tomography

coherent drift mode in
argon, 0.08TH density profile evolution (0.5T rf)

Helical axis � non-circular � need true 2D

Movie Clip (AVI)

Raw chordal data Tomographically inverted data

S. Collis
Poster PI.12

circular polariser corrugated waveguide linear polariser

mode converter

Microwave Source:
◆  28 GHz gyrotron (VGA-8050A, 80kV, 8A, CPI)

◆  output power – 230 kW

◆  output mode: TE02

◆  pulse length ~ 40ms (currently ~20ms)

M.G. Shats
H. Punzmann
K. Nagasaki
C. Costa
Poster PI.20

28GHz source
provided under
a collaborative
arrangement
with
NIFS/Kyoto

Electron Cyclotron Resonance
Heating in H-1 ECH: work in progress

• 28GHz, 200kW   �  2�ce at 0.5T;    �ce at 1 T
• First experiments with open-ended helical groove WGuide

– steering mirror constructed for improved launch

• ECH at 2�ce is not easy in H-1 - (large tank/impurity/power?)
B = 0.5T,   RF target plasma ~ 1018, 10-30eV

• Centrally peaked production of ne
• Initial experiments power ~ 50kW

Recent improvements have delivered almost 200kW into H-1

Plasma cleanliness with internal coils

• Water vapour pressure reduced ~10x with 100,000 l/s cryo-pump
– baking to 90C, so far <55C.

• Some impurities (Si, Cl) respond quickly to pulse discharge
cleaning at 0.05T (~few kJ/m2)

• Main evolved light impurities are C and O:  (and H)
– levels fall ~2x quickly, but several MJ/m2 of pulsed discharge cleaning

appear to be needed to make further progress.

• Glow discharge cleaning
undergoing evaluation

– concerns about incidental
 sputtering onto windows
and insulators

Impurity spectrum
from RGA

Response of CO peak to Discharge cleaning
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Configuration Studies

• Original heliac has a limited configuration
range.

• the helical winding, with helicity matching
the plasma, enables semi-independent
control of transform, well and shear

• greatly increases the configuration range
“flexible heliac”

S. Collis
Poster PI.12

Electron Density
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Electron density depends strongly on configuration

• strong dependence of electron density on configuration, particularly �

• sharp features are only visible because of stability in the ratio Ih/Ir  ~ 0.1%

• parts of scan performed with 5�10-4 steps in iota - see D. Pretty: Poster PI.7

• magnetic fluctuation spectrum also depends on �

4
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   rotational transform �

Magnetic fluctuations

approach high temperature conditions:      H, He, D; B ~ 0.5T;
ne ~ 1e18;  Te<50eV

�i,e <<  a,
�    >>  �conn

• spectrum in excess of 100kHz
• mode numbers not yet resolved, but

appear low:  m~3,  n > 0
• �b/B ~ 2e-5
• both broad-band and coherent/harmonic

 nature
• abrupt changes in spectrum for no

apparent reason

inverse ne dependence              cyclic, ne decrement

mode number appears to jump mid shot                       “whooper”

(ne)-1/2

Magnetic Fluctuations: Frequency Spectra
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Confinement Bifurcations;  Fluctuations and transport
structure of turbulence-driven fluxes
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Low Temperature Physics Studies Low Temperature Physics Studies

– Transition dynamics

dithering cycles, H-mode instabilities
H-1 transition dynamics

resembles dithering cycles in
tokamaks
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Low Temperature Physics Studies

Recent highlights

� Universality of radial reversal of turbulent transport
[Shats M.G., Toi K., Ohkuni K. et al., Phys. Rev. Lett. 84 (2000) 6042 ]

� Non-ambipolarity of fluctuation-driven fluxes
[Solomon W. M., Shats M. G., Phys. Rev. Lett. 87 (2001) 195003]

[W.M. Solomon, This meeting Wednesday 12:20]

� First observation of zonal flows
[Shats M. G., Solomon W. M. Phys. Rev. Lett. 88 (2002) 045001]

[M.G. Shats, This meeting Wednesday 11:15]
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MOSS Spectroscopy
e.g. Ion Temperature/
Flow Camera(MOSS)

Ti “Flat” at low B0

J.Howard Thu. pm
C. Michael: Poster IIA:20
F.Glass: Poster IIA:19
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Summary

• “Flexible Heliac” properties of the H-1NF successfully demonstrated
•  RF plasma production via helicon mode at low field, ICH at 0.5T
•  Several multi-channel/2D/Tomographic diagnostics routinely

producing data
•  Combination of multiple probes and flexibility of plasma parameters

provides a powerful tool for investigation of toroidal plasma physics
– turbulence studies, zonal flows, radial force balance

•  Confinement transitions possible at low power; many similarities with
large devices/powers.

•  Bulk rotation apparently damped
– Langmuir probe, Doppler spectroscopy and biasing results

Future
• Heating:  RF and ECH:    higher power, higher temperature

– 200kWECH, 250kWRF, improved discharge cleaning

• Dynamics - modulation of n and T, gas puffing
– possibility of high field confinement transitions with increased power

• New diagnostics
– LIF E-field measurements (Andruczyk PIIA.11)
– triple probe array (T3)
– MOSS line ratio diagnostic, ion distribution function (Howard, Thu. pm)

• Progression to high temperature: e.g.
– Turbulence studies via correlation spectroscopy, microwave scattering
– Radial force balance information via MOSS spectroscopy
– Te via He line ratio and Thomson scattering  (Punzmann, PIIA.12)

• Extensive configuration studies
– three control windings  �  iota, well and shear
– higher power for stability studies approaching � ~ 0.5%
– interchange, ballooning modes.



The H-1NF Electronic Logbook
B.D. Blackwell and C. Gough*

Plasma Research Laboratory, Australian National University
*Canberra Institute of Technology

To complement and document the large database of plasma pulse data recorded during
operation of the H-1 national facility, a web-based relational database has been
developed.  This is a virtual logbook for the experiment, containing machine-generated
summary data for every shot, and comments, thumbnail graphs and analysis fragments
entered by the experimental physicists.

The bulk of H-1NF data is in the form of pulse of “shot” files, containing individual
measured values, and tens to hundreds of channels of transient recorder data. The
principal plasma diagnostics are processed to produce snapshot values, and time and
spatial averages that summarise the shot, and about one hundred of these quantities are
recorded automatically in a summary table using the mySQL relational database. Other
tables connect log file entries made by physicists, topics and information about the author
of the log entries. This database schema relates the summary table and log entries so that
information can be easily retrieved in many different ways.

An important feature is a traditional log-book “view”, where experimenters can see their
comments in the context of the summary information comments by others, in a time
sequence.  Having this context updated quickly gives users a better picture of what is
happening, provides an incentive to use the system, and more confidence that their
contributions will not be lost.  Alternatively, the full power of a relational database can be
employed to search for information using SQL queries.  The results can be processed, or
simply viewed.  A web interface provides point-and-click access to this information, and
hyperlinks allow, for example, analysis scripts to be re-executed, with variations or
updated data.  An IDL interface allows users to edit entries in the logbook without
leaving their normal analysis environment.



Biassed electrode experiments in H-1NF
I. H. Hutchinson*, B.D. Blackwell, J. Howard, H. Punzman, S.Collis, C. Michael

Plasma Research Laboratory, Australian National University
* Plasma Science and Fusion Center, MIT, Cambridge, USA

A variety of plasmas over a range of magnetic fields in the H1 heliac have been biassed
using an internal molybdenum electrode to drive radial electric current. The current
drawn (~Amps) rarely seems to be limited by cross-field resistivity. Instead, the sheath
either at the bias electrode or at the limiting surfaces in the scrape-off layer usually
provides the dominant circuit impedance. Although the plasma potential is strongly
perturbed, large potential gradients are not produced by the biassing. This result indicates
strong damping of flow in the heliac. Neither neoclassical parallel viscosity nor
collisional cross-field momentum transport appears sufficient to explain the damping.

The effect on the plasma is quite marked: electron current drawn to the probe reduces the
electron density, and ion current increases it.  Electron density time history and profiles,
and spectroscopic investigations of rotation and possible impurity injection will be
presented.  Possible implications about the scrape-off layer will be discussed.
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First Measurments of Electron Density Profile on HSX

C. Deng, D.L. Brower, W.X. Ding

Electrical Engineering Department
University of California, Los Angeles

A.F. Almagri, D.T. Anderson, F.S.B. Anderson, S.P. Gerhardt,
P. Probert, J. Radder, J.N. Talmadge

HSX Plasma Laboratory
University of Wisconsin, Madison

A multichannel millimeter-wave interferometer system is installed and operating on
the quasi-helical stellarator HSX. The interferometer views the plasma cross section along 5
adjacent chords with 3 cm spacing. With this arrangement, coverage spans from the low-field
side plasma scrape-off layer to well past the magnetic axis. A solid-state source operating at
288 GHz is utilized and works well for the plasma densities seen on HSX. At this frequency
refraction is manageable but requires correction when doing inversions. The interferometer
has sensitivity nedl  = 8 × 1011 cm-2. This system will be upgraded to include 9 channels with
1.5 cm spacing during summer, 2001. Currently, the phase information is being evaluated
using analog electronics with bandwidth <10 kHz providing real-time line-integrated output.
A digital phase comparator scheme has also been implemented whereby the measured
waveforms are directly digitized and the phase evaluated using a software-based algorithm.
This approach increases the time response up to the modulation frequency of 750 kHz.
Improved time response permits measurement of high-frequency density fluctuations.

First results from the HSX stellarator with 2nd harmonic ECH at 28 GHz, using the 5
chord interferometer, indicate that the density profile is quite peaked for both quasi-helically
symmetric (QHS) plasmas and those where the quasisymmetry is broken (mirror mode).
However, for densities ne = 3 × 1011 cm-3, the profile for the QHS plasma (high stored
energy) is narrower when compared to the mirror mode (low stored energy). For plasmas
with a deeper mirror mode, the density profile broadens significantly. Profile changes with
resonant heating location are not significant. Density profile variation with plasma
configuration and resonant heating location using the 9 channel interferometer will be
reported on at the meeting. For high density HSX plasmas, ne ≥ 3 × 1012 cm-3, coherent
oscillations are observed in the line-integrated density traces which are out of phase across
the magnetic axis. These oscillations are observed at frequencies of 1-2 kHz and result in a
periodic displacement of the density profile. The characteristics of these oscillations will be
explored and reported. *Supported by USDOE under grant  DE-FG03-01ER-54615, Task
III.
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Plasma density measurements using the H-1 scanning

far-infrared interferometer

Scott Collis,  John Howard , Boyd Blackwell  and H-1 team.

We present experimental measurements of the electron density profile and its temporal evolution

for discharges in helium/hydrogen under resonant ion and electron cyclotron heating in H-1 at

fields near 0.5 Tesla. Simple parametric studies reveal the resonant nature of the plasma formation

and its dependence on magnetic configuration.

The data is also used to study plasma formation and temporal evolution for both static fill and gas

puff fuelling.  These studies are important to elucidate the cooling/fuelling effects of the neutral

flux into the plasma from the natural gas reservoir resulting from the coil-in-tank H-1 construction.



 Scott Collis, John Howard and Boyd Blackwell
Research School of Physical Sciences and Engineering, Australian National University, Canberra, ACT 0200, Australia

Abstract
Due to its coil in tank structure, understanding the process of plasma formation
in the H-1 Heliac becomes complicated by issues of particle sources. Here we
present some initial studies of ion and electron cyclotron heated  Helium
Hydrogen plasmas.

Diagnostic systems
To examine the way in which the plasma is fueled we require a two dimensional picture of the plasma
density. The H-1nf Scanning interferometer [2,3] sweeps far infrared beams across the plasma every 2ms.
Using the line integrals of density we can tomographgicaly invert the data to retrive ne(x,y)

Reconstruction of ICH + ECH
discharge
Recently an ECH heating pulse was  applied in the middle
of an ICH Helium Hydrogen discharge. The interferometer
shows an increase in the source terms as energy balance
is perturbed. This is a prime example of where the
interferometer can be used to study the plasma in terms
of plasma sources and sinks. Below is a reconstruction of
the interferometer data, assuming that the density is
constant on a flux surface.

The H-1 Heliac
The H-1 Heliac [1] is a helical axis Stellarator.
Currently H-1 is being run with an on axis field of
0.5 Tesla with 100kW of ICH and ~100kW of 2nd
harmonic ECH available. An important feature of H-
1 is in the precision power supply which can be
used to control the rotational transform to 0.1%.
This allows us to scan a range of magnetic
configurations and observe the effect of small
changes of rotational transform on the formation of
the plasma

References
[1] S. M. Hamberger, B. D. Blackwell, L. E. Sharp and D. B. Shenton, “H-1
Design and Construction”, Fusion Technol. 17 123 (1990).

[2] J Howard,  “Novel Scanning Interferometer for  Two-Dimensional Plasma
Density Measurements”, Rev. Sci. Instrum. 61, 1086-1094  (1990)

[3] George Warr, “A Multi View Interferometer for Electron Density
Measurements on the H-1NF Heliac”, PhD Thesis 1998

ICH studies using Helium Hydrogen mixes
Using a mix of  66% Hydrogen and 33% Helium we performed two parameter scans. First, to determine
that the plasma was being resonantly heated and second, to examine the behavior of the plasma with
changing rotational transform.

Configurational Effects
By varying Ihelical:Itoroidal  we can change the rotational
transform.  The plot below shows radial profiles of
rotational transform for various ratios, an important feature
is the 4/3 rational surface that occurs with low shear. The
plots to the right show the projected centre of mass and
the radial position of the peak of the density projection.
The agreement between the calculated magnetic axis
position and the related experimental quantities confirm
that the interferometer is well aligned and justifies Abel
inversion on computed magnetic flux surafces.

Future plans
This presentation discussed plasma formation in the H-1 heliac at 0.5 Tesla using a static fill. We wish to broaden
this study and examine a puffed fill using a new fuelling system currently under design. The fuelling system will be
able to deliver a known number of particles into the plasma through the use of a pressure controlled plenum and
nozzle system.

Raw data
The interferograms produced by the interferometer are digitized using the CAMAC system and software
demodulated. We then use Fourier interpolation to remove the shift of the profile due to the scanning
nature of the instrument

A Rational surface in a low shear
configuration suppresses plasma
formation

Plasma ionisation rates
Below we have studied the evolution of a slice of the reconstructed radial profile. The rate of rise was determined for
three phases in the evolution of the plasma: The initial ICH formation of the plasma, the period where the rate of rise
is stagnating during ICH and ECH+ICH heated time period

29ms 41ms

The above plots provide strong evidence that the maximum density in H-1 at 0.5 Tesla for static fill fuelling appears to
be limited by the available heating power (note density increase during ECH heating). The fact that the total number
of plasma electrons can be up to 5 times the neutral fill (within the plasma volume) suggests that the background
neutral reservoir may be limiting the plasma temperature.  This strongly motivates the need for a local and controlled
particle fuelling source.

Resonant Behaviour
For our 7MHz RF heating system, hydrogen ions are resonant at a magnetic field of 0.46 Tesla. The
resonant nature of the plasma formation is revealed in the plot of maximum density versus magnetic
field strength shown below. The inserts show contour lines of the magnetic field above and below the
resonant value. The profile width increases as the resonant layer moves off axis.
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Role of magnetic topology on core transport in TJ-II stellarator

E. de la Luna, T. Estrada, F. Medina, M. Ochando, F. Castejón, J. A. Jiménez, I. García-
Cortés, C. Hidalgo, M. A. Pedrosa, B. Ph. van Milligen, E. Ascasíbar and TJ-II team.

Laboratorio Nacional de Fusión por Confinamiento Magnético
Asociación Euratom - CIEMAT, 28040 Madrid, Spain

The influence of the magnetic topology, and rational surfaces in particular, on core
transport has been an area of increasing interest in the recent years. In tokamak plasmas, a
correlation between the appearance of rational surfaces (as the q profiles evolves) and the
formation of the ITBs has been seen on several devices1. Local transport enhancement together
with different types of central relaxation of the central electron temperature have been observed
in ECH heated low density plasmas in TJ-II stellarator (B0 < 1 T, R = 1.5 m and a ≤ 0.22 m).
Recent work in TJ-II has shown that there is a clear link between the perturbations of the
electron temperature profile and the presence of a rational surface close to the plasma centre2.
In this paper, emphasis is placed on the analysis of the temporal evolution of electron
temperature (as measured by ECE) and SXR data in order to identify possible mechanisms
underlying the observed behaviour. This study can contribute to understanding the influence of
the rational resonances on the observed transport changes.

Fast drops (t ≈ 0.1 ms) of the central temperature followed by a longer period (0.5 ms)
of reheating are observed in plasmas with iota(0) ≈1.53. This activity stops after a few crashes
and then the temperature stays at the saturated level. These sharp transitions are clearly seen in
the SXR and interferometer data, indicating an increase of the central density. Periods with
several pronounced forward and back transitions can also be seen: the plasma alternately takes
two discrete temperature values with a repetition frequency of about 1 ms. The transition
pattern changes when the line averaged increases while the ECRH power is constant. The
modification of the electron temperature profile is restricted to a small region of ρ/a ≤ 0.25 in
the plasma core. The increase of the temperature gradient by a factor of 1.5 during the
transition indicates a local change of the transport coefficients. The clear separation between
the two plasma states in these conditions allows us to estimate the changes in the thermal
diffusivity from power balance analysis.

Similar behaviour has also been reported in two toroidal helical plasmas, CHS4 and W7-
AS5. In both devices, these phenomena have been explained in terms of improvement of the
neoclassical transport and/or changes in the anomalous transport induced by sheared electric
fields. However, the possibility of varying the magnetic configuration in TJ-II significantly,
shows us that the appearance of these phenomena in the TJ-II case is restricted to certain
magnetic configurations, suggesting the important role played by the magnetic structure.

Topic: 2.
Poster is preferred: NO
e-mail address : Elena.delaluna@ciemat.es
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2 T. Estrada, E. de la Luna, E. Ascasibar, J. A. Jiménez, et al., This conference
3 E. de la Luna, J. Sanchez, V. Tribaldos and T. Estrada. Rev. Sci. Instrum. 72 (2001)379
4 A. Fujisawa, H. Iguchi, T. Minami, Y. Yoshimura, et al., Phys. Plasmas, 7 (2000) 4152
5 U. Stroth, K. Itoh, S. I. Itoh, H. J. Hartfuss and H. Laqua. Phys. Rev. Lett. (2001) (In press)
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Introduction

The influence of the magnetic topology, and rational surfaces in particular, on core
transport has been an area of increasing interest in the recent years. In tokamak plasmas, a
correlation between the appearance of rational surfaces (as the q profiles evolves) and the
formation of the ITBs has been observed on several devices [1]. TJ-II is a device particularly
well adapted to study the influence of the magnetic topology on transport because of its
flexibility and its small shear. In the present paper we report on local transport enhancement
together with different types of central relaxation of the central electron temperature that have
been observed in TJ-II. The linkage between the appearance of these phenomena and the
magnetic structure will be discussed.

Experimental results

A variety of core transport phenomena have been observed in low-density plasmas in
TJ-II stellarator (B0 < 1 T, R = 1.5 m and a ≤ 0.22 m) with EC heating (300 kW at 53.2 GHz,
2nd harmonic, X mode). Repetitive spontaneous crashes of the central temperature are

observed for certain magnetic
configurations [2]. Figure 1 shows
the time traces of electron
temperature at different radii (as
measured by ECE), the line-averaged
density on two plasma chords (r/a ≈
0.1 and r/a ≈ 0.3) and the SXR signal
for a central chord during this
transient behaviour. The time
evolution of these instabilities, with
amplitude of about 200 eV, is closely
reminiscent of a central sawtooth,
exhibiting a sharp collapse of the
central part of the temperature profile
(r < 5 cm) followed by a longer
period of reheating. The time scales
of these transitions are estimated by
using a fitting function of tanh[(t-
t0)/τ]. The analysis shows that the
time constants are τ  ≈ 0.1 ms and
τ ≈ 0.3 - 0.5 ms for the drop and rise
respectively, which are much faster
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Fig 1. Time traces of the electron temperature (a) (the
radial location of the ECE channel is shown on the right,
r<0 refers to the high field side), the line-averaged density
for two plasma chords (b) and central soft X-ray intensity
(c) during the occurrence of central temperature crashes.
An example of the time scales calculated by using the
fitting function tanh[(t-t0)/τ] is shown in the upper figure.



than the energy confinement time of a few
milliseconds. The rise time increases as the
position of the ECE channel moves away from the
plasma center.

Figure 2 shows the evolution of the
temperature profile during one of these
temperature crashes. Note that only a narrow
region at the plasma center, within the average
radius r = 5 cm, is affected, while the outer part of
the Te profile remains unperturbed.

These sharp transitions are also clearly seen
in the SXR and interferometer signals (see Fig. 1b
and 1c). A delay of about ∆t ≤ 100 µs is observed
in the line density response to the temperature
crashes. The measurements show that just after the
sharp decrease of the central temperature the

density close to the plasma center increases while the averaged density at r/a ≈ 0.3 decreases,
which indicates a reduction in the density profile hollowness. The increase of the central
density leads to an increase of the SXR intensity. This behaviour reflects the strong coupling
of the heat and particle transport in the plasma core. As the reheating of the plasma takes
place, the central density decreases again with the increase of the temperature gradient and the
density profile recovers the shape it has before the transition occurs.

Role of the resonant surfaces on the observed phenomena

Several experimental observations [2] support the hypothesis that the dynamic
behaviour observed in the core of the TJ-II plasmas is linked to the existence of a low order
rational surface in the central region of the plasma. An additional confirmation of this
hypothesis was obtained in a series of ECCD experiments, where the toroidal injected angle
of the EC waves was varied shot by shot while keeping the deposition close to the magnetic
axis. Figure 3 shows the temporal evolution of the plasma current measured by the Rogowski
coil, and Te(0) (the time traces are arbitrary shifted for clarity) for three discharges: the green
colour corresponds to a discharge with perpendicular injection (N|| = 0) and the red and blue
ones correspond to co- and counter-current drive cases respectively. Pressure profiles are very
similar in the three cases: peaked temperature profile with a central temperature of 0.9 keV
and a flat electron density profile with line-averaged density of 0.75 x 1019 cm-3. A negative
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Fig 2. The electron temperature profiles
measured before and after one of the
central temperature crash shown in Fig. 1.
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Fig 3. (a) Time evolution of the measured plasma current and (b) the central electron temperature
for three discharges with pure electron heating (green colour), co-ECCD (red colour) and counter-
ECCD (blue colour), respectively. The individual Te traces in (b) are shifted by arbitrary values. (c)
The rotational transform profile in the vacuum case and the ones calculated when the measured
plasma current is taken into account.



plasma current (Ip = Ibs + IECCD, being Ib s and IECCD the bootstrap and the EC-driven
components, respectively) of about -0.5 kA is measured in the N|| = 0 case (IECCD = 0). A
negative current means, in the TJ-II case, that flows in the direction of decreasing the vacuum
rotational transform. The measured plasma current increases and decreases with respect to the
perpendicular injection case accordingly to the EC current drive direction. In this experiment,
the plasma current is also modulated at a frequency of 40 Hz with an amplitude of about
± 200 A. This modulation was produced by a small ripple (0.2%) in the external circular coil
current that induces a small amount of ohmic current. Figure 3b clearly shows that the
transient behaviour in Te(0) is only observed in the co-ECCD case (Ip = +/-0.2 kA) and, in that
case, its appearance is correlated with the minimum of the modulated plasma current. The
onset of the temperature crashes is accompanied by bursts of magnetic activity with a
frequency about 40 kHz.

Figure 3c shows the calculated rotational transform profiles with the 3-D equilibrium
code VMEC for a currentless case and for the cases with Ip = - 0.2 kA, Ip = -0.5 kA and
Ip = -1 kA. In these discharges, the rotational transform profile (ι/2π) in vacuum goes from
1.51 at the center to 1.61 at the edge. The introduction of a negative toroidal current in the
equilibrium reconstruction results in a reduction of the central iota profile compared to the
vacuum value. In the case with Ip = -0.2 kA (co-ECCD case), the n/m = 3/2 surface appears in
the central region, being (ι/2π) ≤ 1.5 for r ≤ 5 cm. As the absolute value of the current
increases, the 3/2 rational surface moves towards bigger radii. These calculations suggest that
the appearance of the low order rational surface in the plasma core plays an important role on
the occurrence of the central temperature crashes. It has to be mentioned that ELM-like events
[3] develop in the outer part of the plasma column for the discharges with |Ip| > 0.5 kA. It has
been found that the appearance of the ELM-like events in TJ-II is correlated with the
occurrence of a resonant surface close to the maximum of the density gradient, which in those
discharges is located around r ≈ 10 cm, in agreement with the modification of the iota profile
shown in Fig. 3c. This observation gives confidence that the calculated rotational transform
profiles properly reproduce the experimental iota behaviour.

Forward and backward transitions

Different transition phenomenon is observed for magnetic configurations with ι/2π(0)
= 1.69 (in vacuum). An example is shown in Fig. 4, where the time evolution of the central
electron temperature for two discharges with the same magnetic configuration and heating

power (PECRH = 300 kW), but different
line-averaged density is plotted. In the
low-density case, ‹ne› ≈ 0.45 × 1019 m-3,
the plasma alternately takes two distinct
temperature values approximately every
5 ms, a behaviour that suggests the
proximity to a threshold condition for
the transition. The modification of the
electron temperature is concentrated in
the plasma core with r < 5 cm. During
the transition, no significant change is
seen in the density. In the high-
temperature phase of the transition the
temperature gradient increases by a
factor of 1.5. Similar behaviour has been
observed in W7-AS [4].
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Fig 4. (a) Time evolution of the line-averaged density
and (b) central electron temperature for two
discharges with the same magnetic configuration
(ι/2π(0) = 1.69 in vacuum) but different line-averaged
density.



This transition pattern changes as the line-averaged density increases. In the higher
density case, ‹ne› ≈ 0.65 × 1019 m-3, the frequency of the transitions increases, temperature
drops occur quasi-periodically with a frequency of about 4 kHz. In both cases, a coherent
mode of frequency about 20 kHz superimposed over the high-temperature phase is clearly
visible on the central Te traces and resides just inside the region with r < 5 cm. Again, this
observation suggests that a rational surface may extend over the core region. A negative
current of about 0.6 kA is measured for both discharges that, according to equilibrium
calculations, could significantly reduce the iota profile in the central plasma region just below
the rational value n/m = 5/3 (ι/(2π) = 1.66).

Discussion and future prospects for experiments.

The TJ-II observations are fully consistent with the fast transitions in the electrostatic
potential profile measured with a HIBP diagnostic in CHS [5]. However, in the TJ-II case the
observed phenomena can not be simply ascribed to the bifurcation properties of the radial
electric field. For the TJ-II plasma conditions considered in this paper, i.e. low density ECRH
discharges, with peaked Te profiles (Te(0) ~ 1 keV) and Te >> Ti, neoclassical calculations
give a unique solution for Er, having a large positive value in the plasma core and a small
negative value in the outer part of the plasma, and no additional roots exist [6]. On the other
hand, the possibility of varying significantly the magnetic configuration in TJ-II shows us that
the appearance of these phenomena in TJ-II is restricted to certain magnetic configurations,
indicating the key role played by magnetic structure. Although a link with the low order
rational surfaces has been identified, the physical mechanism causing the transport change
remains unknown. It appears plausible to consider that the rational surfaces could affect the
radial electric field. Evidence of ExB sheared flows at the boundaries of the low order rational
surfaces has been obtained in the plasma edge region of TJ-II [7] and more recently in LHD
[8]. If the ExB shearing rate exceeds a critical value, a spontaneous transport barrier may
appear in the proximity of the rational surface. The electric field may also be influenced by
changes of convective flux of suprathermal ripple trapped electrons generated by the ECRH
[9]. The new HIBP diagnostic, which will be fully operational for the next experimental
campaign in TJ-II, will provide essential information to understand the linkage of the
dynamics of the radial electric field with the core transport.

Finally, it should be pointed out that, up to now, the appearance of the described
phenomena in TJ-II is restricted to on axis heating experiments and the modification of the
electron temperature profile is concentrated in the ECH deposition zone (r/a ≤ 0.3). The
influence of kinetic effects (i.e. distortion of the electron distribution function [10] in the
energy interval where the power deposition occurs, v ≈ 1 - 2 vth) on these phenomena appears
probable, as they are restricted to high power density experiments (low ne, high PECRH),
specially so if the interaction of the very localized power deposition profile associated with
ECH and the magnetic island is taken into account. Further investigations will be necessary in
order to clarify the influence of these effects on the ECE measurements in TJ-II.
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The calculation of the finite-mode-number spectrum of linear modes in stellarators is a challenging
problem due to the coupling of both toroidal and poloidal Fourier harmonics.  In a spectral
approach, this leads to very large matrices.  An alternative approach to this problem for low-
frequency, short-wavelength waves and instabilities is to use the WKB-ballooning formalism [1]
to construct local approximate solutions, using ray tracing and a “semiclassical quantization”
formula to give the global eigenfrequencies/growth rates.

If the rays lie on topological tori, the quantization formulae are in terms of loop integrals around
the topologically distinct circuits of the torus [Einstein–Brillouin–Keller (EBK) quantization]. In
the opposite limit of strongly chaotic rays, the eigenvalue spectrum is effectively random, and must
be described statistically (“quantum chaos”).

For axisymmetric tokamaks, and for weakly localized (e.g. interchange) modes in stellarators, the
field line label, α, is an ignorable coordinate and EBK quantization is possible, providing good
estimates of the spectrum [2]. However for modes in stellarators for which the local ideal
ballooning growth rate depends strongly on α, EBK quantization breaks down due to the phase-
space rays escaping to infinity in perpendicular wavelength [1]. This runaway effect is prevented
by including finite-Larmor-radius (FLR) effects or by an ideal-MHD regularization procedure
simulating spectral truncation, but then the ray orbits are found to be chaotic [4].

The local ballooning growth rate has been found to depend strongly on α in H-1NF Heliac [3]
and NCSX studies [5], while the ballooning angle parameter, θk , dependence is weaker due to low
global magnetic shear. This paper presents studies of the resulting ray dynamics and discusses the
implications for the ballooning mode spectrum in H-1NF and NCSX.

[1] R.L. Dewar and A.H. Glasser, Ballooning mode spectrum in general toroidal systems, Phys.
Fluids 26, 3038 (1983).
[2] W.A. Cooper, D.B. Singleton, and R.L. Dewar, Spectrum of ballooning instabilities in a
stellarator, Phys. Plasmas 3, 275 (1996); Erratum Phys. Plasmas 3, 3520 (1996).
[3] P. Cuthbert and R.L. Dewar, Anderson-localized ballooning modes in general toroidal
plasmas, Phys Plasmas 7, 2302 (2000).
[4] R.L. Dewar, P. Cuthbert and R. Ball, Strong “Quantum” Chaos in the Global Ballooning
Mode Spectrum of Three-Dimensional Plasmas, Phys. Rev. Letters, 86, 2321 (2001).
[5] M.H. Redi et al., Ballooning stability of the compact quasiaxially symmetric stellarator, this
conference.
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The calculation of the finite-mode-number spectrum of linear modes in stellarators is a challenging
problem due to the coupling of both toroidal and poloidal Fourier harmonics.  In a spectral
approach, this leads to very large matrices.  An alternative approach to this problem for low-
frequency, short-wavelength waves and instabilities is to use the WKB-ballooning formalism [1]
to construct local approximate solutions, using ray tracing and a “semiclassical quantization”
formula to give the global eigenfrequencies/growth rates.

If the rays lie on topological tori, the quantization formulae are in terms of loop integrals around
the topologically distinct circuits of the torus [Einstein–Brillouin–Keller (EBK) quantization]. In
the opposite limit of strongly chaotic rays, the eigenvalue spectrum is effectively random, and must
be described statistically (“quantum chaos”).

For axisymmetric tokamaks, and for weakly localized (e.g. interchange) modes in stellarators, the
field line label, , is an ignorable coordinate and EBK quantization is possible, providing good
estimates of the spectrum [2]. However for modes in stellarators for which the local ideal
ballooning growth rate depends strongly on , EBK quantization breaks down due to the phase-
space rays escaping to infinity in perpendicular wavelength [1]. This runaway effect is prevented
by including finite-Larmor-radius (FLR) effects or by an ideal-MHD regularization procedure
simulating spectral truncation, but then the ray orbits are found to be chaotic [4].

The local ballooning growth rate has been found to depend strongly on  in H-1NF Heliac [3]
and NCSX studies [5], while the ballooning angle parameter, k , dependence is weaker due to low
global magnetic shear. This paper presents studies of the resulting ray dynamics and discusses the
implications for the ballooning mode spectrum in H-1NF and NCSX.

[1] R.L. Dewar and A.H. Glasser, Ballooning mode spectrum in general toroidal systems, Phys.
Fluids 26, 3038 (1983).
[2] W.A. Cooper, D.B. Singleton, and R.L. Dewar, Spectrum of ballooning instabilities in a
stellarator, Phys. Plasmas 3, 275 (1996); Erratum Phys. Plasmas 3, 3520 (1996).
[3] P. Cuthbert and R.L. Dewar, Anderson-localized ballooning modes in general toroidal
plasmas, Phys Plasmas 7, 2302 (2000).
[4] R.L. Dewar, P. Cuthbert and R. Ball, Strong “Quantum” Chaos in the Global Ballooning
Mode Spectrum of Three-Dimensional Plasmas, Phys. Rev. Letters, 86, 2321 (2001).
[5] M.H. Redi et al., Ballooning stability of the compact quasiaxially symmetric stellarator, this
conference.
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quantizationquantization

nn Ballooning parameter spaced studies on H-1Ballooning parameter spaced studies on H-1
and NCSXand NCSX

nn Regularization of ideal MHD WKB-Regularization of ideal MHD WKB-
ballooning theoryballooning theory

nn Chaotic ray paths for Chaotic ray paths for toroidallytoroidally localized localized
modes and Weyl estimate for min. modes and Weyl estimate for min. nnmaxmax..

Calculation of global Calculation of global eigenvalueseigenvalues

nn Galerkin Galerkin method:method:
–– Expand in basis setExpand in basis set

–– Diagonalize Diagonalize matrixmatrix

–– CAS3D and TERPSICHORECAS3D and TERPSICHORE

nn Semiclassical (WKB) method:Semiclassical (WKB) method:
–– Find local dispersion relationFind local dispersion relation

–– Calculate ray dynamicsCalculate ray dynamics

–– Quantize Quantize by calculating phase integrals by calculating phase integrals if possibleif possible (rays (rays
bounded and not chaotic)bounded and not chaotic)

““QuantumQuantum”” chaos with chaos with
microwaves (Sridhar*)microwaves (Sridhar*)

*http://sagar.physics.neu.edu/index.html

Sinai
billiard

Clebsch Clebsch representation:representation:

B-lines can be defined by
the intersection of surfaces
of constant  and 

By choosing appropriate
angles, we make  =  – q .

B = ∇α×∇

 = const

 = const
Here q(s) is the rotation number
(inverse rotational transform) of
the field lines on surface s: q ≡ lim

l→∞

∆
∆

WKB Ballooning theoryWKB Ballooning theory

nn Straight-field-line coordinatesStraight-field-line coordinates

nn Eikonal Ansatz Eikonal Ansatz for flute-like modesfor flute-like modes

nn Wave vectorWave vector

nn Ballooning Ballooning eigenvalueeigenvalue equation equation

B = ∇ × ∇ = ∇ × ∇q / ′ q ( )

  
d
d

A d
d

−K + N 
  

 
  = 0

k = k ∇ + kq∇q ≡ k [∇ − q∇ − ( − k)∇q]

= ˆ exp[iS( , q) / − i t]

≡ 2
where

k ≡ kq / k

Leads to 2D dispersion relation
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S = 0.09

S = 0.97
Vanishing shear
near plasma edge =>
No shear localization =>
Anderson localization, as
seen also on H-1

Anderson Localization in QAS (NCSX)Anderson Localization in QAS (NCSX) Higher-growth-rate Higher-growth-rate   isoiso-surfaces-surfaces
—— topologically spherical in H-1 topologically spherical in H-1

(0,0)
branch

v Note rapid
 dependence

— field lines
are not
equivalent for
given k

v Note slow k dependence due to low shear

nn QAS at 4.3% betaQAS at 4.3% beta

High-growth-rate High-growth-rate isoiso-surfaces in-surfaces in
QAS also topologically sphericalQAS also topologically spherical

QAS: Lower growth-rateQAS: Lower growth-rate
isosurfaces topolisosurfaces topolyy. cylindrical. cylindrical

•• For QAS: topologically cylindrical surfaces connected by planeFor QAS: topologically cylindrical surfaces connected by plane
(( kk,, ) ) 

•• High-shear High-shear stellaratorstellarator cases different: topologically cylindrical cases different: topologically cylindrical
surfaces aligned along surfaces aligned along direction, not along direction, not along kk  direction.direction.

Ray tracing, ideal MHD Ray tracing, ideal MHD —— use  use 
as Hamiltonianas Hamiltonian
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Box-regularized ray tracingBox-regularized ray tracing

H = ( ,q, k , kq ) +U(k )

U = 0 for  | k |< kmax

U = (| k | −kmax )2  for  | k |> kmax

Modify ray Hamiltonian

by using momentum-space box “potential” to
confine orbits, with  and q as generalized “co-
ordinates” and k  and kq as “momenta”.

The large-k  cutoff simulates truncation of
spectral representation used in codes like
Terpsichore and CAS3D

k

U

kmax-kmax
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PoincarPoincaréé plots:   plots:  kkmaxmax = 50,  = 50,  = -6 = -6

Orbits fill “energetically”
accessible phase space,
(except they do not cross
kα = 0) — strong chaos

Weyl formulaWeyl formula

For a 2D chaotic system, ignoring fine details

predicted by Gutzwiller trace formula,

the number of states with growth rate greater
than 2 is (1/2 )2 X phase space volume

within the region | k |≤ kmax

(s, , k ) ≤ 2

For  = –6 contour this gives minimum

kmax = nmax = 60 to fit one mode ⇒ H-1NF

FLR-stabilized wrt ideal toroidally localized
ballooning?

ConclusionsConclusions

nn Most unstable ideal-MHD ballooning modesMost unstable ideal-MHD ballooning modes
in H-1 and NCSX edge region are toroidallyin H-1 and NCSX edge region are toroidally
localized due to Anderson localizationlocalized due to Anderson localization

nn ““Semiclassical quantizationSemiclassical quantization”” breaks down breaks down
due to unbounded ray pathsdue to unbounded ray paths

nn Ideal-MHD can be regularized by cutoff atIdeal-MHD can be regularized by cutoff at
high-high-kk   ⇒⇒  reflecting boundary cond.reflecting boundary cond.

nn Quantum chaotic global spectrum Quantum chaotic global spectrum ⇒⇒
coupling of all coupling of all nn’’s. High bandwidth requireds. High bandwidth required
to resolve with spectral codes.to resolve with spectral codes.
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Transient behaviour in the plasma core of TJ-II stellarator and its relation with rational
surfaces

T. Estrada, E. de la Luna, J.A. Jiménez, E. Ascasíbar, B. Brañas, A. Cappa, F. Castejón, I. García-
Cortés, J. Herranz, C. Hidalgo, A. López-Fraguas, F. Medina, B. Van Milligen, M. Ochando, I.

Pastor, M.A. Pedrosa, J. Sánchez, F.L. Tabarés, D. Tafalla, V. Tribaldos, A. Varias1.

Laboratorio Nacional de Fusión por Confinamiento Magnético. Asociación Euratom-CIEMAT, Madrid, Spain
1 Dpto. Física Aplicada I, Universidad de Málaga, Málaga, Spain

A transient behaviour is observed in the plasma core of TJ-II stellarator with fast negative pulses in the
electron temperature. Changes from hollow to flat density profile are observed synchronised with the
temperature drops. These experimental results have been obtained in plasmas using 300 kW of Electron
Cyclotron Heating, with a power density of ≈ 15 W/cm3, line-averaged electron density of ne = 0.5 –1
1013 cm-3 and central electron temperature of Te ≈ 1 keV.
The transient behaviour resembles both, the electric pulsation discovered in CHS [1,2] and the “electron
root” feature reported by W7-AS team [3,4].
In our experiments, it has been observed that the control parameter for the appearance of this pulsated
behaviour is the value of the plasma current and that this value depends on the specific magnetic
configuration.
A notable property of TJ-II is its considerable flexibility with regard to the magnetic configuration. The
rotational transform can be varied over a wide range by changing the current fed into the coil structure.
From the results obtained during the magnetic configuration scans carried out in TJ-II, we infer that the
transient behaviour is connected with the presence of a rational surface close to the plasma centre. This
result is supported by the equilibrium calculations performed with the VMEC code, in which the
modification in the rotational transform profile due to the plasma current (Ip < 1 kA) is computed.
So far, this pulsated behaviour has been found related with the rational surfaces ι/2π = 8/5, 3/2 and 5/4.
These results indicate that rational surfaces should play an important role in the modification of transport
properties in the core of ECH plasmas.

[1] A. Fujisawa, H. Iguchi, H. Idei et al., Phys. Rev. Lett. 81 (1998) 2256
[2] A. Fujisawa, H. Iguchi, H. Idei et al., Plasma Phys. Control. Fusion 41 (1999) A561
[3] H. Maassberg, C.D. Beidler, U. Gasparino et al., Phys. Plasmas 7 (2000) 295
[4] U. Stroth, K. Itoh, S.I. Itoh, H.J. Hartfuss and H. Laqua. Phys. Rev. Lett. In press
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TRANSIENT BEHAVIOUR IN THE PLASMA CORE OF TJ-II AND ITS
RELATION WITH RATIONAL SURFACES

Estrada, T.*, de la Luna, E., Ascasíbar, E., Jiménez, J.A., Balbín, R., Brañas, B., Cappa,
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Abstract: A transient behaviour is observed in the plasma core of TJ-II stellarator with fast
drops in the electron temperature. Changes in the line-averaged density occur synchronised with
temperature drops. This phenomenon appears in plasmas created and heated using 300 kW of
electron cyclotron heating (ECH) with high power density. The transient behaviour resembles
both, the electric pulsation discovered in CHS and the “electron root” feature reported by the
W7-AS team. In TJ-II fast spontaneous transitions appear related to the magnetic topology in
conditions of fixed plasma density and ECH power. The flexibility and low magnetic shear of
TJ-II have permitted the identification of the plasma current as the control parameter for the
appearance of this phenomenon. The results obtained during the magnetic configuration scans
carried out in TJ-II points to the hypothesis that the transient behaviour is connected with the
presence of a rational surface close to the plasma centre, where the ECH power is deposited.
Equilibrium calculations performed with the VMEC code reinforce this hypothesis.

I - Introduction
Over the last years experimental observations of “dynamic” steady state in plasmas heated by

ECH have been found in some stellarator devices, CHS [1,2] and W7-AS [3,4]. Fast

spontaneous transitions in the radial electric field are measured in CHS, consistent with the

transitions observed in the ECE temperature traces of W7-AS. The rapid changes in the

central plasma magnitudes are attributed to a bifurcation property of the radial electric field in

helical devices [5]. In those devices, the fast transitions occur when the ECH power is close to

a threshold value [4], which depends on the plasma density [3,6]. Above the threshold value

the plasma stays in the mode of improved confinement. In TJ-II, fast spontaneous transitions

appear related to the magnetic topology in conditions of fixed electron density and ECH

power. The magnetic configuration flexibility together with the low magnetic shear of TJ-II

has permitted the characterisation of the transient behaviour observed in the plasma core and

its relation with the magnetic topology.

II – Transient behaviour characteristics
The experimental results have been obtained in plasmas using 300 kW of ECH (at a

frequency of f = 53.2 GHz, 2nd harmonic, X-mode of polarisation), coupled to the plasma by a

quasi-optical transmission line with a high power density of about 15 W/cm3. In these plasmas

the line-averaged density is about 0.7 - 0.8 1013 cm-3, the electron temperature at the centre of
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the plasma is high (close to 1 keV) as compared with the ion temperature (about 0.1 keV).

The diamagnetic energy is close to 1 kJ and the net plasma current (in absolute value) is lower

than 1 kA.

Under some specific conditions a transient behaviour [7] is observed with fast drops in the

electron temperature as measured by the ECE radiometer [8]. At the plasma centre the

electron temperature falls and recovers in a fast time scale of about 100 and 300-500 µs

respectively, being the temperature variation as large as 20-25%. Temperature profile at

normalised effective radius of ρ > 0.3 remains almost constant. Changes in the line-averaged

density measured by the microwave interferometer of up to 5% are observed synchronised

with the temperature drops- there is a change from hollow to flat density profile. The delay

time between the temperature drops and the changes in the line density is of about ∆t < 100

µs. The radiation profile measured by bolometry changes from rather hollow to more flat in

concordance with the density variations. No changes in the radiation are measured for ρ > 0.4.

Mirnov coils detect coherent magnetic fluctuations at high frequency (20-40 kHz).

In our experiments, it has been observed that the control parameter for the appearance of this

pulsated behaviour is the value of the

plasma current and that this value

depends on the magnetic

configuration [7].

III – Rotational transform scan
To study the dependence of the

transient behaviour on the magnetic

configuration, a scan has been

performed changing the rotational

transform on a shot to shot basis,

from ι/2π (0) = 1.59 to 1.67 (vacuum

values). In these discharges the line-

averaged density is <ne> = 0.8 1013

c m - 3 and the central electron

temperature is Te = 1 keV. The plasma current increases (in absolute value) up to 0.9 kA all

along the discharge. During the magnetic configuration scan the main plasma parameters

(pressure profile, net toroidal current, etc.) do not change significantly but the transient

behaviour does. Fig. 1 shows the time evolution of the electron temperature close to the

plasma centre in six different magnetic configurations with increasing values of the rotational

transform in vacuum, from 1.59 to 1.67 at ρ = 0. The time traces are vertically shifted for a

clearer representation. The bottom trace shows the time evolution of the plasma current

(similar in all the discharges). In these magnetic configurations a coherent mode appears in

the central temperature traces, at a frequency of about 20 kHz, during the transient phase of

the discharge. Fig. 2 displays the evolution of four electron temperature channels during a

short time interval, at which the transient behaviour stops, for the configuration with central

Fig. 1: Central electron temperature in a magnetic

configuration scan. Central iota in vacuum varies from 1.59 to

1.67. The evolution of the plasma current is also displayed.
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iota in vacuum of 1.66. The

coherent oscillation only appears

during the transient phase of the

discharge and in the most central

electron temperature channels (ρ <

0.3). This observation resembles the

electron temperature fluctuations

observed, as sawtooth crash

precursor, in ECH plasmas in

tokamaks [9]. When the transient

behaviour stops, the electron

temperature profile changes. Fig. 3

displays Te profiles measured by Thomson scattering, during (in blue) and after (in red) the

transient phase in plasmas with central iota in vacuum of 1.66. A pronounced temperature

gradient close to the plasma centre is measured after the transient phase.

In the rotational transform scan, the transient behaviour is observed in all configurations (see

fig. 1) but it stops at different instants, i.e. at different values of the plasma current. The value

of the plasma current at which the transient behaviour starts also increases when the vacuum

rotational transform increases. Thus, the plasma current range at which the pulsated behaviour

takes place depends on the rotational transform,

in plasmas with very similar pressure profiles. To

interpret this result we have to take into account

that though the flexibility and low magnetic shear

of TJ-II allows a very precise control of the

rational values present in the rotational transform

profile, a toroidal plasma current does affect

slightly this profile. The measured plasma current

is negative, it flows in opposite direction to the

currents in the circular and helical coils resulting

in a decrease of the rotational transform with

respect to the vacuum case. Therefore, the higher

current values needed for the appearance of this phenomenon at high vacuum rotation

transforms implies a larger reduction in the actual rotational transform.

All these experimental observations suggest that the transient behaviour is connected with the

presence of a rational surface in the core of ECH plasmas.

IV – Equilibrium calculations
In order to estimate the modification of the rotational transform profile due to the toroidal

current we have performed equilibrium calculations using the VMEC code. The current

density profile is considered to be proportional to the gradient in the plasma pressure as

measured by the Thomson scattering system and the total current is set as the value measured

Fig. 2: Detail of the time evolution of four electron

temperature channels in the configuration ι/2π(0) = 1.66

Fig. 3: Electron temperature profiles during

and after the transient phase.
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by the Rogowski coils. Given the launching parameters of the ECH system (set for no ECCD

current drive), most of the current must be bootstrap driven. Fig. 4 shows the iota profiles

calculated for net toroidal currents Ip = -0.6 kA

and -0.8 kA, for the magnetic configuration with

a vacuum iota at the plasma centre of 1.66. The

profile in vacuum is also shown for comparison.

The resonance ι/2π = 8/5 is marginally at the

magnetic axis for the case with Ip = -0.6 kA, i.e.,

during the transient phase of the discharge (see

fig. 1). A change in the pressure profile would

explain a modification in the toroidal current (an

increase) and would change further the rotational

transform at the central region of the plasma.

Increasing the plasma current (case with Ip = -0.8 kA in fig. 4) causes the rational surface to

move radially outwards. The dependence of the rotational transform profile on the plasma

current reinforces the hypothesis that the transient behaviour is connected with the presence

of a rational surface in the plasma core. Experimentally, the transient behaviour and the

coherent mode activity disappear (see figs. 1 and 2) at a certain value of the plasma current,

and there is not a radial propagation of these effects but a change in the temperature gradient

(see fig. 3). Therefore the interplay between the ECH and the presence of a rational surface

within the power deposition zone seems to be the key point in the appearance of this

phenomenon.

V – Conclusions
Plasmas heated using ECH, with low density and high electron temperature shows a transient

behaviour in the plasma core. The flexibility and low magnetic shear of TJ-II have permitted

the identification of the plasma current as the control parameter for the appearance of this

phenomenon. Besides, the dependence with the rotational transform points to the hypothesis

that the pulsated behaviour is connected with the presence of a rational surface close to the

plasma centre where the ECH power is deposited. This hypothesis is supported by the

equilibrium calculations performed with the VMEC code, in which the modification in the

rotational transform profile due to the plasma current (|Ip| < 1 kA) is computed.

Our results indicate that rational surfaces can play an important role in the modification of the

transport properties in the core of ECH plasmas.

[1] A. Fujisawa , H. Iguchi, K. Sanuki, et al. Phys. Rev. Lett. 79 (1997) 1054-57
[2] A. Fujisawa, H. Iguchi, H. Idei, et al. Phys. Rev. Lett. 81 (1998) 2256-2259
[3] H. Maassberg, C.D. Beidler, U. Gasparino, et al. Phys. Plasmas 7 (2000) 295-311
[4] U. Stroth, K. Itoh, S.I. Itoh, H.J. Hartfuss and H. Laqua Phys. Rev. Lett. 86 (2001) 5910-5913
[5] S. Toda and K. Itoh Plasma Phys. Control. Fusion 43 (2001) 629-643
[6] K. Ida, T. Minami, Y. Yoshimura, et al. Phys. Rev. Lett. 86 (2001) 3040-3043
[7] T. Estrada, E. de la Luna, E. Ascasíbar, et al. Submitted to Plasma Phys. Control. Fusion
[8] E. de la Luna, J. Sánchez, V. Tribaldos, and T. Estrada. Rev. Sci. Intrum. 72 (2001) 379-382
[9] G. Cima, K.W. Gentle, A. Wotton, et al. Plasma Phys. Control. Fusion 40 (1998) 1149-1158

Fig. 4: Iota profiles for Ip = 0, 0.6 and 0.8 kA.
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AM Reflectometry Measurements in the Stellarator TJ-II

T. Estrada1, J. Sánchez1, B. van Milligen1, L. Cupido2, V. Zhuravlev3, A. Silva2, M.E. Manso2

1 Laboratorio Nacional de Fusión por Confinamiento Magnético, Asociación Euratom-CIEMAT, 28040 Madrid, Spain.
2 Associação Euratom-IST, CFN, Instituto Superior Técnico, 1096 Lisboa, Portugal

3 Institute Kurchatov, Institute of Nuclear Fusion, 123182 Moscow, Russia

An Amplitude Modulation reflectometry system is in operation at the TJ-II stellarator [1]
(B0 < 1.2 T, R = 1.5 m and a ≤ 0.22 m). Electron density profiles have been obtained in different
experimental conditions during the last experimental campaign [2]. The agreement with profiles
measured by Thomson scattering and Lithium beam diagnostics is good.
In order to measure density profiles from the plasma edge, the extraordinary mode of polarisation is
used. An HTO (Hyper-abrupt Varactor-Tuned Oscillator) used in combination with active
multipliers generate two frequency segments: 25 - 36 and 36 - 50 GHz sharing a unique common
wave-guide system (Ka band). The signal is amplitude modulated at 200 MHz and the phase
demodulation is done at lower intermediate frequency. In its present configuration the reflectometer
can probe densities up to nmax ≈ 1013 cm-3 for the typical magnetic field of TJ-II.
The time evolution of the electron density profile has been measured under different experimental
conditions. During the transition to an improved confinement regime the measurements show a
noticeable change in the density profile with a continuous increase in the density gradient and a
broadening of the profile. In the most external part of the plasma the electron density remains
almost constant.
The time evolution of the density profiles measured during cold pulse propagation experiments,
provides the first experimental estimates of the particle diffusion coefficient at the plasma interior
of TJ-II.
A notable property of TJ-II is its considerable flexibility with regard to the magnetic configuration.
The rotational transform can be varied over a wide range by changing the current fed into the coil
structure. Extensive scans in magnetic configuration have been carried out in TJ-II. Reflectometry
measurements show a modification in the shape of the density profile when a low order rational
surface is moved from the scrape-off layer into the plasma confinement region. Modifications in the
density profile associated with changes in the magnetic configuration will be reported.

[1] C. Alejaldre et al., Plasma Phys. Control. Fusion 41 (1999) A539
[2] T. Estrada et al., Submitted to Plasma Phys. Control. Fusion
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Abstract: An Amplitude Modulation reflectometry system is in operation at the
stellarator TJ-II. In general, the electron density profiles measured by the reflectometer
show good agreement with profiles measured by the Thomson scattering and Lithium
beam diagnostics. This paper focuses on the capability of the AM reflectometer to
determine the electron density profile under various plasma conditions in TJ-II: during a
magnetic well scan, in cold pulse propagation experiments, during rotational transform
scans and during OH current drive experiments. The contribution of these measurements
to the study of the physical phenomena is also addressed.

1. Description of the reflectometer and its calibration procedure

The reflectometer is an Amplitude Modulation system, operating in the 26-50 GHz range with

extraordinary mode polarisation. A detailed description of the system can be found in [1]. The

reflectometer covers almost the whole density range during the ECRH phase in all the magnetic

configurations of TJ-II (B = 1 T, fECRH = 53.2 GHz, ncut = 1.75·1013 cm-3). The lowest

reflecting densities at the plasma edge are between 0 and 3·1011 cm-3. These low cut-off

densities, together with the fact that the magnetic field is more accurately known in stellarators

than in tokamaks, alleviate the initialisation problem in the profile reconstruction procedure.

The standard calibration method involves measuring the time delay of the signal reflected on the

inner vessel wall. In TJ-II, this signal is very weak because of the shape of the inner wall. The

vacuum chamber cross section is not circular, and it has a groove (at the position of the central

coil) just in front of the antennas. Thus, the inner vessel wall is not a concave but a convex

surface. Nevertheless, the time delay of the signal reflected on the wall can be measured well

except at the high frequencies (the signal amplitude drops at f > 43 GHz). Therefore, it is

possible to calibrate the system, and correct for any change in the microwave transmission line,

in the frequency range from 25 to 43 GHz during the experimental campaign. This range limits

the maximum probed density to nmax = 0.9·1013 cm-3 at the typical magnetic field of TJ-II.

Nevertheless, due to the typical flat density profiles, central densities are not accessible even for

low plasma density discharges

At TJ-II, the position of the Last Closed Magnetic Surface (LCMS) and the magnetic field

profile depend on the magnetic configuration. In the reconstruction of the density profile, we

use the theoretical position of the LCMS to initialise the profile, combined with a linear density

ramp up to the first reflecting point. A continuous density gradient is imposed at the first probed
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density to determine the slope of this initial profile.

The reflectometry density profiles are regularly compared to the profiles obtained by the

Thomson scattering diagnostic [2]. In general the agreement is very good (an example is shown

in section 2.4). Also a good agreement is found when comparing the reflectometry profiles to

the Lithium beam diagnostic measurements [3].

The assumption of zero density at the LCMS may introduce an error in both the shape of the

density profile and the absolute position of the profile within the vacuum vessel. The

uncertainty in the absolute plasma position is about half a centimetre [1]. However, the density

gradient is almost insensitive to the position of the plasma edge, such that the evolution of the

profile shape may be studied without additional information from other diagnostics. In the

reconstruction of the density profiles reported bellow, we have taken the LCMS as the starting

point for the profile initialisation.

2. Experimental results

2.1 Scan in Magnetic well

Due to the low magnetic shear of TJ-II,

the plasma stability is provided by the

existence of magnetic well all along the

plasma radius. The magnetic configuration

flexibility of TJ-II allows the modification

of the magnetic well profile and magnetic

well depth over a broad range of values.

Previous experiments carried out in TJ-II

have showed that the magnetic well

controls the onset of the fluctuations,

increasing the fluctuation level, the degree

of intermittence and the radial correlation

length, as the magnetic well decreases [4].

Additional experiments have been carried

out in the last experimental campaign in

which the magnetic well depth has been

reduced in a shot to shot basis from 2.4%

to 0.9%. The radial profiles of the magnetic well in the extreme configurations of the scan are

shown in Fig. 1.a, while the density profiles measured by the AM reflectometer are displayed in

Fig. 1.b. These measurements show a reduction in the gradient of the density profile in the

unstable configuration, as the magnetic well depth is decreased to 0.9%. The reduction in the

density gradient is also accompanied by a decrease in the plasma energy content measured by

the diamagnetic loops [5] and by an increase in the edge turbulent transport [6].

Fig 1: (a) Magnetic well profiles in two extreme
configurations and (b) density profiles measured
by reflectometry in three configurations with
decreasing magnetic well
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2.2 Cold pulse propagation experiments

Recently, nitrogen pulses have been injected in

the TJ-II edge region [7]. To illustrate the

response of the density profile to the injected

pulse, we have chosen a discharge in which the

amount of nitrogen is rather large. The average

electron density, as measured by the microwave

interferometer, increases by nearly 15% (see

Fig. 2.a). Reflectometry measurements show an

increase in density when the nitrogen pulse is

injected. Three density profiles obtained just

before the pulse, and 2 and 6 ms later, are

displayed in Fig. 2.b. Two milliseconds after

the pulse, the most pronounced increase in the

density is measured between reff = 13 - 16 cm,

and in the next milliseconds the perturbation in

the density propagates to more internal radial

locations. Within the time resolution of 2 ms,

the perturbation occurs simultaneously in the

most external radial locations. Further inside, it

is possible to measure the inward propagation of the pulse and deduce the particle diffusion

coefficient: D = 0.1 m2/s at ρ = 0.5 - 0.7. This value is comparable to the neoclassical particle

diffusion coefficient calculated using the mono-energetic Monte Carlo technique [8]. Although

the error in the determination of the diffusion coefficient is large, mainly due to the low

temporal resolution of the profile measurements, these measurements provide the first

experimental estimates of the particle diffusion coefficient in the plasma interior of TJ-II.

2.3 Low order rational surfaces

The flexibility and low magnetic shear of TJ-II

allows a very precise control of the rotational

transform profile and the corresponding

rationals [9,10]. Reflectometry measurements

were carried out during a magnetic configuration

scan in which the rational surface ι /2π = 4/2 was

moved from the SOL into the plasma

confinement region. The presence of this low-

order rational surface inside the plasma causes a

local flattening of the electron density profile.

Fig. 3 displays the density profiles obtained in three magnetic configurations. In these magnetic

Fig 3: Density profiles obtained in a
magnetic configuration scan in which the
rational surface iota = 4/2 moves from the
SOL into the plasma confinement region.
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configurations, the plasma centre is located at R = 1.27 m. The 4/2 rational surface is just

outside the LCMS in the magnetic configuration with ι/2π = 1.99 at r = a. By decreasing the

current in the circular coil and increasing the current in the helical coil, iota increases and the

rational surface moves into the plasma. The island width, estimated using field line mapping

codes, increases from w = 0.04 m in the configuration with ι/2π = 2.02 to w = 0.06 m in the

configuration with ι/2π = 2.04. It spreads from the plasma edge to the positions marked with

arrows in Fig. 3. We observe that the radial range of the flattening in the density profile

increases in the same way as the radial extent of the theoretically predicted magnetic island.

2.4 Ohmic current drive experiments

Ohmic current drive experiments have been

carried out in TJ-II. The plasma current was

inverted during the plateau of the discharge,

going from 1kA to –3kA. During the negative

plasma current phase, an improvement in the

confinement properties was observed. In this

phase, the reflectometry density profiles show

an increase in the density gradient and a

broadening of the profile. Fig. 4 shows the

density profiles measured without and with

negative ohmic current in discharges with the same line-averaged density. The Thomson

scattering profiles are also displayed. Using these reflectometry measurements, a more precise

calculation of the plasma kinetic energy enhancement was possible.

3. Conclusions and future plans

Electron density profiles have been measured in TJ-II using AM reflectometry. The agreement

between reflectometry profiles and profiles from other diagnostics is satisfactory. The

experimental results presented in this paper show the importance of this kind of measurement

for the experiments carried out in TJ-II. However, in its present configuration, the time

resolution of the system is not sufficiently high, to track the detailed evolution of fast events. In

the near future the time resolution will be improved and the system will be modified to operate

simultaneously in the AM and FM-CW modes.
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Fig 4: Density profiles measured without and
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The 3D edge Monte Carlo transport code EMC3-EIRENE [1] has been extended by
implementing a selfconsistent treatment of impurity transport. The effects of different
impurity concentrations on a high-density divertor plasma have been studied under the typical
island divertor condition of a very small field line pitch (≈ 0.001 for W7-AS compared to
≈ 0.1 for tokamaks).  Calculations are carried out for two hydrogen plasma upstream
densities, ne,up = 6x1019 and 8x1019 m-3. Carbon released from the targets via sputtering
processes is assumed to be the only impurity species. The sputtering yield is controlled by a
sputtering coefficient Sc which, as a free parameter, is varied from 0.5% to 5%. A total power
of 1 MW entering the island SOL is kept fixed for all computations.

In the lower density case, the carbon radiation initially increases almost linearly with Sc up to
3.1% and then jumps to a high level at which carbon radiates more than 80% of the SOL input
power. Simultaneously, the downstream temperature, pressure and recycling flux sharply drop
indicating detachment. By decreasing Sc from the detached state, the plasma goes back to the
attached state. However, the backward transition occurs at a lower value of Sc than the
forward transition.  If ne,up is increased to 8x1019 m-3, the value of Sc needed for detachment is
shifted down to 1.5%, showing a roughly square dependence of the radiation on density. In
addition, the transition becomes much smoother and the hysteresis effect vanishes. In both
density cases the radiation layer jumps from the target to the separatrix when detachment
occurs. No stable solution exists in between within the given parameter range.

The physics behind these effects is strongly related to the predominant role of the cross-field
transport associated with the small size and field line pitch of the islands. The cross-field
diffusion smoothes the plasma and carbon density distribution in the island. A simple 1D
radial energy transport model assuming a constant plasma density and carbon concentration
can reproduce the mentioned effects. Therefore this model is used as a guideline to illustrate
and discuss the detachment physics in details, including the detachment conditions, the
stabilization of the radiation layer and the thermal instability during the transition.

The code is presently being extended to arbitrary SOL configurations including open island
structures and ergodic magnetic fields by using a flux-tube defined grid geometry and a fast,
highly accurate field-line mapping technique at the ends of the open flux tubes. The method
correctly reproduces closed islands of any size over a high number of toroidal turns and
inherently avoids numerical diffusion of parallel transport into the radial direction. Mapping
examples are shown for W7-AS, W7-X, LHD and TEXTOR DED and the new technique is
applied, in a first step, to solve the coupled heat conduction equations for typical ergodic SOL
configurations .
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1. Introduction
Basic features of the island divertor concept have been investigated theoretically and

experimentally in the past few years [1-4]. A realistic plasma transport modelling for these
configurations has become possible by the development of the EMC3-EIRENE code [5,6],
which was already applied to W7-AS [7,8]. Recently the code has been extended to impurity
transport, which now allows a self-consistent treatment of plasma, neutrals and impurities
taking into account the complex 3D island structures and the discontinuous divertor plates and
baffles [9]. This paper presents a brief overview of the main numerical results and the first
comparison with the island divertor experiments. In addition, a new mapping technique is
presented which allows an access of the EMC3-EIRENE code to arbitrary B-field structures,
including open island structures and stochastic fields.

2. EMC3-EIRENE predictions
The small field-line pitch of island divertors (≈ 0.001 for W7-AS compared to ≈ 0.1

for tokamaks) implies a stronger weight of the cross-field transport with respect to tokamak
divertors. Previous EMC3-EIRENE simulations for pure hydrogen plasmas showed strong
differences in transport between the island divertor and tokamak divertors [7]. With
increasing upstream density neu, the downstream density ned increases almost linearly,
however, it never exceeds neu. The downstream temperature Ted decreases with neu faster than
Ted ∝ neu

-2/3 (linear regime) but slower than Ted ∝ neu
-2 (high recycling tokamak regime). The

upstream temperature Teu drops significantly with neu even in the case of Ted << Teu. The ratio
of the downstream and upstream total pressures 2nedTed/neuTeu is clearly below unity even at
low densities, high temperatures, indicating a significant momentum loss of the plasma ions
flowing in the main channel. All these effects, which do not appear in tokamaks, are related to
the prominent role of the cross-field transport arising from the combined effects of the small
field-line pitch and the small island size in W7-AS [7].

After the implementation of an impurity transport model into the EMC3 code [9], a
dedicated transport study including intrinsic carbon impurities was carried out with the
EMC3-EIRENE code, in order to explore the detachment physics in the W7-AS island
divertor. The impurity concentration C was controlled by the sputtering coefficient Sc, which
was varied as a free parameter from 0.5% to 5% (Fig. 1). A total power of 1 MW entering the
island SOL was kept fixed in all simulations, the transport coefficients were D=0.5 m2/s for
both hydrogen and carbon, and χ χe i D= = 3 . Three upstream plasma density values were

used, neu= 4x1013, 6x1013 and 8x1013 cm-3. In the lowest density case, the carbon radiation
increases smoothly from 5% to 40%, reflecting essentially the linear scaling of the radiation
with the impurity density. The up- and downstream temperatures are almost insensitive to Sc,
indicating a weak impact of the radiation on the power balance in the SOL. For the
intermediate density, neu= 6x1013 cm-3, the carbon radiation first increases smoothly with Sc

up to 3.1% and then jumps to a high radiation level at which the carbon radiates more than



80% of the SOL input power. The jump is accompanied by a sharp drop of both the up- and
downstream temperatures. A concomitant drop of the pressure and recycling flux (not shown
in the picture) indicates detachment. If neu is increased to 8x1013 cm-3, the value of Sc needed
for detachment is shifted down to 1.5% and the detachment transition becomes smoother. In
all cases the contribution from hydrogen
radiation to the power balance stays below
10%. The radiation zone is thin (≈1 cm)
compared to the island size (≈5 cm) and jumps
from the target to the X-point at detachment
transition. The target power load drops strongly
at detachment and hot spots disappear,
indicating a broad deposition profile.

Both effects, the sharp raise of the
radiation level and the jump of the radiation
zone, could be reproduced, for the same input
parameters and transport coefficients, by a 1D
radial energy transport model taking into
account only diffusive heat transport and
boundary conditions given by the upstream and
downstream heat fluxes. This confirms the
predominant role of the cross-field transport in
the W7-AS island divertor resulting from the
very small pitch of the field lines typical for
island divertors and the small size of the W7-
AS divertor islands [7].  Fig. 1: Sharp increase of radiation and drop of T

at detachment transition

3. Comparison with first experimental results
At present, the EMC3-EIRENE code uses a model configuration with closed magnetic

islands. The size of these islands is about 30% smaller than that for the realistic divertor
configuration. This difference in island size may, to a certain extent, affect the details of the
island transport, but should not influence the main physics issues addressed in this paper, as
long as the cross-field transport dominates. 

The calculations presented here are carried out with almost the same transport and
plasma parameters as those shown in Fig. 1, except for a slight difference in the selected
power into the island SOL accounting for the experimental conditions. Instead of a fixed
power of 1 MW, Psol  is now decreased from 1 to 0.85 MW with increasing plasma density
until detachment occurs. In addition, a sputtering coefficient of 3% is kept fixed, whereas neu

is increased from 1 to 6×1013 cm-3. Figure 2 shows the changes of ned and the normalised
momentum loss with neu, compared with those from the experimental data [10]. The roughly
linear relationship between ned and neu (except at detachment) confirms the previous
predictions without impurities. At neu = 5.4×1013 cm-3 the downstream density drops sharply
due to the detachment. Here, Ted sharply drops to about 2 eV (see Fig. 1), leading to an inward
shift of the ionisation zone for the neutrals and consequently to a drop of both the downstream
density and recycling flux. The prediction that the island divertor plasma goes into
detachment without passing through the high recycling regime has been confirmed by the



experiments (see top picture on the right side of Fig.2). The absence of the high recycling
regime   leads   to   a   high   plasma   density   condition   necessary   to   reach   detachment
(neu = 6×1013 cm-3).  The reason
for the disappearance of the high
recycling is the momentum loss
arising from the cross-field
transport associated with the
specific island divertor geometry.
Simulations show again a strong
momentum loss already at low
densities, high temperatures,
which has been observed in
experiments, as shown in Fig.2.
Additionally, the EMC3-EIRENE
code has predicted a jump of the
carbon radiation at detachment
transition (see Fig.1 and 3) [11].
This effect has been found by a
simple   analysis   of   the   global

EMC3-EIRENE predictions Experimental results

 Fig. 2: Absence of a high recycling regime and momentum loss

at low  densities confirmed by the experiments

energy balance showing that there
is an unstable region for Ted that
cannot be accessed by the plasma
due to a thermal instability
associated with the impurity
rad ia t ion  [9] .  Bolometric
measurements for a large number
of quasi-stationary discharges
support this theory. The W7-AS
island divertor can either be
operated at a low radiation level
(<40% of the absorbed power,
attached) or at a high radiation
level (>60%, detached), as shown
in Fig. 3.

EMC3-EIRENE predictions Experimental results

Fig. 3: Jump of carbon radiation at detachment transition

4. Extension of the EMC3-EIRENE code to arbitrary ergodicity
Although the W7-AS model configuration used up to now in the EMC3-EIRENE code

is a sufficient approximation for describing the global physics effects in the island divertor, a
local comparison is only possible by taking into account the full complexity of the magnetic
structure, which is usually a combination of closed islands, “open” islands and ergodic
regions.  For strongly ergodic boundaries, like those found in LHD and TEXTOR-DED,
approximations based on closed magnetic structures are, of course, not applicable.

Presently, the EMC3-EIRENE code is being extended to arbitrary ergodic boundaries
by  implementing a new reversible field-line mapping (RFLM) technique, which provides, in
combination with the Monte Carlo integration method used in the EMC3 code, a very
efficient and accurate treatment of both the parallel and cross-field transport. The field lines
are followed on a 3D grid formed by an arbitrary radial and poloidal distribution of flux tubes



covering the region of interest. They are obtained by standard numerical field-line integration
over one field period and stored at given toroidal intervals. The RFLM technique addresses
the transfer of a field line between the two cuts of the flux tubes merging at the same toroidal
plane. This transfer is done by a local interpolation on the overlapping areas of the two flux
tubes facing each other at the cuts. This procedure ensures a symmetric and reversible
mapping, i.e. the path of a field line after an arbitrary number of mapping steps is exactly
recovered by backward mapping. Several accuracy tests have been carried out with the RFLM
technique for W7-AS, W7-X, LHD and TEXTOR-DED configurations. They show that the
radial deviation of the mapped field lines from “exact” numeric integration (GOURDON
code) for closed flux surfaces or islands, which is a crucial parameter for a correct numerical
distinction of the parallel from the perpendicular transport, remains bounded at very low level
with increasing number of mapping steps (see Fig. 4 for W7-AS). The boundedness property
is largely independent on the degree of
ergodicity and on the chosen grid. A
comparison with the linear “interpolated
cell mapping” (ICM) technique [12]
applied to W7-AS shows that the radial
deviation of the same field line
calculated with ICM oscillates within a
band of increasing width  drifting
linearly away in the direction of
increasing radius, with the drift velocity
depending on the mesh size (Fig. 4).
First EMC3-EIRENE results applied to
the energy transport in  W7-AS confirm
the accuracy and efficiency of the
RFLM technique in combination with
the Monte Carlo treatment of the plasma
edge transport.
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Fig. 4: Radial deviations of a mapped field line from its
„exact“ position for a W7-AS flux surface from RFLM and
ICM techniques. Starting position= 183 cm at triangular
plane, ∆r=mesh width.
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Equilibrium, stability and transport in stellarators can be studied theoretically by running the NSTAB and TRAN
computer codes written at NYU. These codes have excellent resolution, and experimental data have been used to
validate results from numerical calculations. We are now analyzing recent measurements from the large LHD experiment
in Japan to see how they compare with the theory. Observations of confinement time at low collisionality like that in a
reactor agree well with estimates using a quasineutrality algorithm to determine the electric potential. A nonlinear
MHD analysis of stability for various pressure profiles gives predictions of the beta limit that are consistent with the
observations. Correlation of the theory with LHD measurements justifies using the codes as a tool to design
quasisymmetric configurations for a modular stellarator experiment promising better performance at reactor conditions.
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Abstract

Large computer codes have been used to develop compact stellarators with modu-
lar coils that are promising candidates for a magnetic fusion reactor. The mathemat-
ics of plasma con�nement raises signi�cant issues about these numerical calculations.
Convergence studies have been performed to assess the best con�gurations, and com-
parisons with recent data from the LHD experiment validate the theory.

1. Introduction

The NSTAB equilibrium code is a computer implementation of the variational
principle of ideal magnetohydrodynamics. Solutions of the magnetostatics equations
are found by minimizing the potential energy

E =
Z Z Z h

B2=2� p
i
dV

in a coordinate system compatible with toroidal geometry in three dimensions. An
accurate �nite di�erence scheme is employed in the radial direction, and dependence
on the poloidal and toroidal angles is handled by the spectral method. It is assumed
that there are nested toroidal ux surfaces, and the di�erential equations are written
in a conservation form that captures islands and current sheets. The resolution is so
good that questions of stability can be settled by a mountain pass theorem asserting
that when more than one solution of the problem can be found then an unstable
equilibrium must exist corresponding to a saddle point in the energy landscape. For
stellarators bifurcated equilibria are calculated whose magnetic surfaces have Poincar�e
sections displaying the structure of the most unstable modes.

The TRAN Monte Carlo code employs a split time algorithm to calculate the
con�nement time of test particles by alternately tracking guiding center orbits and
applying a random walk that represents collisions. The magnetic �eld B and the
ow �eld U of the plasma in a background obtained using NSTAB are held �xed
during iterations that impose quasineutrality. Conservation of momentum might be
enforced by the selection of U , but because it is not thermal U has little e�ect on
the collision operator. On the other hand, anomalous transport can be modeled by
iterating on small variations of the electric potential within the magnetic surfaces to
achieve quasineutrality between the distributions of ions and electrons. The method
simulates complicated transport in stellarators remarkably well, and numerical results
have been obtained for the LHD experiment in Japan that are in excellent agreement
with recent observations of the energy con�nement time at high temperatures.
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2. Convergence studies

Calculation of toroidal equilibrium of a plasma without two-dimensional symmetry
is a problem in mathematics that is not well posed. In numerical work this leads us
to construct weak, discontinuous solutions of discrete equations that are expressed in
conservation form, but even the best methods only converge in an asymptotic sense.
Enough spectral terms must be included to eliminate signi�cant truncation error,
but not so many that the results become meaningless. We shall present convergence
studies for the NSTAB code that explain how this can be accomplished.

As an example for convergence studies we have selected a compact stellarator
called the MHH2 that has two �eld periods, plasma aspect ratio three, excellent
quasiaxial symmetry, and an average � limit near 5%. Applying the method of
steepest descent to the variational pronciple, we test for stability by examining runs
of the NSTAB code in which some dangerous mode has been triggered by introducing
temporarily an appropriate forcing term. A run predicts stability if the mode decays
during further iterations, but if it grows then the equilibrium is unstable. A more
convincing conclusion can be drawn from the mountain pass theorem if the iterations
converge to a bifurcated solution whose stellarator symmetry is visibly broken by
magnetic surfaces that exhibit the structure of the suspicious mode. The numerical
results depend on the maximum degree N of factors in each of two angular coordinates
that specify the spectral terms included in the computation. The purpose of our
convergence study is to decide whether the prediction about stability has a meaningful
limit as N increases.

For the example of the MHH2 we have performed equilibrium and stability runs of
the NSTAB code with between 14 and 28 mesh intervals in the radial ux coordinate
s and with a largest degree N of the spectral terms in each of two angular ux coor-
dinates ranging as high as N = 48. Because of the nested surface hypothesis, islands
are captured better on crude grids, and the calculations are relatively insensitive to
the radial mesh size because the �nite di�erence scheme in s has an especially accu-
rate conservation form. The preconditioned iterative scheme in the code was tuned
to emphasize steepest descent of the energy over speed in decay of the residuals so
that the test of stability would become more reliable.

In Table 1 we compare the degree N of the spectral calculations with the cor-
responding estimate of an average � limit based on the mountain pass theorem. If
the degree is low the method does not provide meaningful results about stability.
However, for N = 24 one obtains eÆciently answers that are of suÆcient accuracy to
optimize the design of a quasisymmetric stellarator like the MHH2. The results do
not change signi�cantly for N > 32, which is a good value to choose from the point of
view of asymptotic convergence. At N = 48 a stage is reached where the numerical
method may fail in long runs because of the singular behavior of the solution.

Table 2 shows how the convergence of the iterative scheme employed in the NSTAB
code depends on the degree N of the spectral terms that are used. For crude grids
it is possible to reduce the residuals to the level of rounding error in the computer.
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However, as N increases the e�ectiveness of the scheme deteriorates, and the method
may only converge in the asymptotic sense that at �rst the errors become smaller, but
later they increase without limit. The numerical data establish that the most reliable
results are calculated for degrees in the range 20 � N � 32. Since in many cases the
residuals decrease inde�nitely, the system of discrete equations implemented in the
NSTAB code does seem in general to have a solution. It is more diÆcult to interpret
numerical results for methods in which that is not the case.

3. Comparison with the LHD experiment

An important test of numerical methods is comparison with experiment. Re-
cent communications from Japan about the LHD stellarator there state that average
values of � between 2.5% and 3.5% have been observed. The success of the LHD
experiment in achieving such good performance shows that stellarators have desir-
able physical properties despite the nonexistence of smooth solutions of the system
of partial di�erential equations for magnetohydrodynamic equilibrium. Compari-
son with the observations increases our con�dence in the mathematical model of a
weak solution approximated asymptotically by numerical computations. An NSTAB
calculation simulating the experiment was performed where the magnetic axis was
assumed to have major radius R = 3:6 m and the radial mesh size was 1/27. When
the pressure pro�le was adjusted to optimize our estimate of the � limit, the nu-
merical work became consistent with the measurements, but in some respects the
LHD experiment outperformed theoretical predictions. Perhaps it is best to treat the
three-dimensional (3D) computer codes not as a re�ned mathematical tool, but as a
sophisticated simulation to be adjusted like a scaling law to �t the observations.

Predictions of nonlinear stability found by running the NSTAB code agree well
with experimental observations in both stellarators and tokamaks. However, the
same is not true of local theories such as the ballooning criterion evaluated by solving
an ordinary di�erential equation along magnetic lines. We have performed numerical
computations showing that that method gives results for the � limit of the LHD signif-
icantly lower than the measurements we have cited. Convergence studies demonstrate
that a more reliable prediction of � limits for ideal magnetohydrodynamic modes in
both the LHD and the MHH2 is obtained from applications of the NSTAB code that
determine bifurcated equilibria whose magnetic surfaces have a localized ballooning
structure. The techniques we have developed to perform these calculations e�ectively
on �ne grids using spectral terms of high degree have allowed us to optimize the design
of the MHH2 stellarator so that it has acquired good physical properties combined
with 3D geometry that is not too complicated.

Acknowledgments

This work has been supported by the United States Department of Energy under
Grant DE-FG02-86ER53223.



4

N 16 20 24 32 48

� 0.060 0.050 0.045 0.040 0.039

Table 1: Relationship between the highest degree N of the spectral terms used in a
run of NSTAB and the resulting critical value of � that is calculated.

N 16 20 24 32 48

cycle 1� 106 5� 105 1� 105 5� 104 1� 104

error 10�9 10�7 10�5 10�4 10�3

Table 2: Relationship between the highest degree N of the spectral terms used in
runs of NSTAB, the number of iterations that were run successfully for this value
of N , and the amount that the residuals decayed. In the �nite di�erence scheme 14
intervals of the radial coordinate s were employed.
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Transport barriers in toroidal magnetically confined plasmas tend to be linked to regions
of unique magnetic topology, such as the location of a minimum in the safety factor, rational
q surfaces, or the boundary between closed and open flux surfaces. Recent experimental
results have shown the possible influence of low-mode-number islands in the formation of
edge transport barriers [1].

Experiments in the TJ-II stellarator show the formation of E×B sheared flows in the
proximity of rational surfaces [2]. These results can be interpreted in terms of the symmetry-
breaking mechanisms in the radial-poloidal structure of fluctuations (i.e., Reynolds stress) at
rational surfaces. We have used a resistive interchange model to study the effect of magnetic
islands on poloidal flow generation and turbulence. For vacuum magnetic islands below a
threshold value, there is a near cancellation of the electrostatic and magnetic components of
the Reynolds stress. Above the threshold, the magnetic component dominates and a strong
sheared flow is established. In spite of that, the fluctuation level increases, and the particle
and the heat flux remain almost the same.

The flow structure seems to result from a self-organization process involving nonlinear
flow amplification through Reynolds stress and fluctuation reduction by sheared flows. In
stellarators, a large contribution to the Reynolds stress comes from the coupling of the
magnetic field component of a vacuum field island with a plasma instability. In this process,
the self-organization principle seems to be marginal stability for the fluctuations driving the
flow.

Similar results were obtained in the study of resistive pressure-gradient-driven turbulence
with an external sheared flow [3]. In that case, the numerical results showed that shear flow
effects were not significant when the single helicity dominated near the low-m rational
surfaces. Therefore, multiple helicity calculations are needed to assess the effect of vacuum
islands on turbulence. These calculations are now under way.

The calculations show that the presence of small vacuum magnetic field islands can stop
the poloidal propagation of some of the fluctuation components. Under these circumstances,
the flux surface average and time average are not equivalent. The result may be an erroneous
estimation of the averaged value of the fluctuations and, as a consequence, an erroneous
estimation of the fluxes.

[1] K. Ohyabu, et al., Phys. Rev. Lett. 84, 103 (2000).
[2] M.A. Pedrosa et al., Proc. 27th EPS Conference on Controlled Fusion and Plasma Physics, Budapest. 2000.
[3] B.A. Carreras et al., Phys. Fluids B 5, 1491 (1993).
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Improved confinement regime in TJ-II Stellarator
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and TJ-II Team

Laboratorio Nacional de Fusión, Euratom-Ciemat, 28040 Madrid, Spain

Spontaneous transition to an enhanced particle and energy confinement regime has
been recently observed in TJ-II Stellarator plasmas in some magnetic configurations. The
energy content of the plasma shows an enhancement up to a factor 1.5 in the improved
phase. The transition is achieved with 300 kW electron cyclotron resonance heating (ECRH)
at low line averaged density (0.7-0.8 1019 m-3) plasmas. The TJ-II plasmas are limited by the
vacuum chamber which acts as a helical limiter. The gas puffing control, and hence the
fuelling rate, seems to be a critical parameter in the achievement of the transition.

TJ-II typical plasmas are characterized by peaked electron temperature and flat
density profiles (measured with Thomson Scattering and reflectometry). After the transition,
the electron temperature profile becomes broader, showing the maximum increase in
temperature about mid-radius and the density rises in the whole plasma volume. Meanwhile,
the density near the limiter decreases. The Hα signal also falls after the transition. The
charge-exchange flux increases and its spectra indicate a rise in the mean ion (particle)
energy after the transition. The Soft X-Rays shows a significant increase, especially in the
larger pressure gradient region. The magnetic fluctuations, present before the transition and
attributed to ELM-like phenomena, disappear in the enhanced confinement phase. The
electrostatic turbulence, measured with Langmuir probes at the limiter position, is also
reduced.

The improved state in TJ-II resembles those of the H-mode in tokamaks and W7-AS
stellarator. The low density and the dependence with the fuelling rate points to atomic
physic processes as the key parameter governing the transition in TJ-II stellarator. More
work is being done in order to clarify this point.
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Abstract. Spontaneous improvements in particle and energy confinement have been recently
observed in some TJ-II plasmas. Their energy content increases up to a factor 1.4. The transport
analysis indicates substantial (~50%) reductions of the thermal and particle diffusivities around the
region of steepest pressure gradients. For a series of ~300 kW ECRH discharges in which a systematic
reduction of the gas puffing rate has been carried out, the phenomenon is observed until the gas
puffing rate is too low. Therefore, the gas puffing control and hence the fuelling rate on the
discharge, seem to be critical in the achievement of the transition. The results here shown add to
stellarator confinement phenomenology.

Introduction. An improved particle confinement regime, in most magnetic configurations and
with different heating powers, has already been described for TJ-II plasmas1. This regime can be
accessed/abandoned via particle source control, which requires good wall conditioning and a
careful design of the waveform of the puffing rate. Apparently, there is a threshold in averaged
density over which a better particle confinement regime can be accessed. It is suggested that the
transport into the confinement region may be playing the dominant role. In the referenced
transitions there are no clear changes in energy, although the density changes notably.

The purpose of this paper is to present results concerning sudden improvements in both particle
and energy confinement –to be referred as transitions- using the fuelling rate from the wall as the
only external knob. First, we describe briefly a series of discharges that show similar
improvements in integral quantities, after a rise in thermodynamic profiles, starting from quasi-
steady state conditions. Then, a typical discharge is chosen to perform interpretative transport
analysis.

Experimental Characterization. Typical TJ-II2 (R = 1.5 m, a
eff = 0.2 m), discharges operate

under Electron Cyclotron Resonance Heating (ECRH) and are characterized by low line averaged

density <ne> = (0.7-1.2 1019 m-3). The plasmas are limited by the vacuum chamber, which acts as
a helical limiter. The phenomena of spontaneous confinement enhancement in TJ-II, as reported
here, were obtained with a nominal 300 kW of ECRH, where the typical energy and particle
confinement times are of the order of 1 ms and 10 ms respectively. The densities fall into the range

<ne> = (0.6-0.7) 1019 m-3 before the transition. A post-transition steady state cannot be reached

due to the ECRH cut-off density (n(0)~1.7 1019m-3). The iota values (i(0) ~1.68, i(a) ~ 1.76)
correspond to vacuum magnetic configurations that exclude large magnetic islands inside the
confinement region. The description of the diagnostics used in this work can be found in Ref. 3.
The discharge to be analysed belongs to a series in which only the gas-puffing rate was reduced
shot by shot. Fig. 1 shows the corresponding pressure profiles at the transition time (dashed lines)
and at the time of maximum plasma energy (solid lines).
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These plasmas, prior to the
transition, show typical TJ-II
density and temperature profiles.
The pre-transition pressure profiles
for ρ > 0.6 are similar for all the
discharges. The major changes in
plasma pressure are obtained inside
mid-radius after the transition.

Figure 2 presents some time
traces of global and edge parameters
for discharge #5196 of the previous
series. The spontaneous transition to
an improved regime is identified by
a sudden increase in the electron
temperature and the Soft-X-Rays
(SXR) line emission, especially in
the larger pressure gradient region
(Fig.2a shows a SXR line for ρ =

0.5, and two ECE channels).

The central ion temperature also increases from 90 to 110 eV (not shown in figure). The <ne>
rapidly rises after the transition (Fig.2b) and the diamagnetic energy of the plasma increases up to
50% after the transition (Fig.2c). Note that there is factor of two disagreement between the
measured diamagnetic and calculated stored energies in TJ-II plasmas. In the enhanced phase, the
electron temperature profile becomes broader, showing the maximum increase in temperature about

mid-radius while the density rises in ρ <
0.8. At the same time, the temperature
and density measured by Langmuir
probes at the limiter drop (Te at limiter is
in fig.2a). The magnetic fluctuations
(Fig.2c), present before the transition
and attributed to ELM-like phenomena4,
are reduced in the enhanced confinement
phase. The almost grassy ELM events
just before this transition are very short
and cause minor energy losses. The
ELM-free period is accompanied by an
enhancement of the particle confinement
as indicated by a constant Hα-signal
together with the rapid increase of the
line averaged density, so that the rate
(Hα/<ne>) is reduced after the
transition2. Finally, the enhanced mode
is terminated because of the density cut-
off for the ECR heating (t=1200 ms, not
shown in Fig. 2).

The sign of the induced plasma
current in TJ-II (bootstrap, possibly) is

such that it decreases the iota value, especially in the plasma centre. In magnetic configurations
whose vacuum iota profiles lie just above a low order rational this effect can introduce the rational
surface inside the confinement region. It has been also described that the ELM-like instabilities are
triggered by these induced low m,n modes5. To date, the transitions to an enhanced confinement
phases have been observed in this kind of magnetic configuration: pre-transition  ELM-like
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Figure 1: pressure profile before (dash line) and after
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instabilities are present and, in this case, the (m, n)=(3, 5) mode may have entered the plasma
confinement region.

Transport analysis: The analysis has been performed with the transport shell ASTRA5 to
estimate the changes between confinement phases. According to the experimental data (see Fig. 2),
there is a sudden -as compared to typical transport time scales- change in confining properties at
t=1145 ms when both ne and Te start increasing, until t=1165ms. The drop in Te causes Wdia to no
longer increase after t=1165 ms. In doing the analysis, both particle and heat sources have been
assumed to remain constant. In the case of the particle source this is supported by the Hα-signal
(Fig. 2b) monitored at the gas puffing valve cross-section, although the neutral distribution is
uncertain. The evolution of the electron energy density has been modelled with experimental
radiation losses, electron-ion heat exchange, convective heat flux and an interpretative transport
coefficient, χ e e e eQ V n T= ∇' , where Qe  stands for all electron heat sources and V’ is the volume
radial derivative, thus forcing Te to follow the experimental profiles. The particle density evolves
with a fixed parabolic shaped transport coefficient (~ 0.1 m2s-1) and direct losses due to ECRH
pump out (core region) and magnetic ripple in the outer region.

Since we are dealing with a
dynamical state, the changes in
transport have been evaluated by
adjusting the experimental
profiles in equilibrium at t=1145
ms and taking this state as initial
condition. Hereafter, the
experimental evolution has been
found to be reasonably
reproduced (see Fig. 3) by a
sudden decrement (factor 0.35)
in the particle diffusivity at the
transition time (vertical line)
accompanied by a fourfold

reduction in pump out losses. It must be pointed out, however, that the effect of reducing the
particle diffusivity has been found much more relevant than the reduction in direct losses from the
plasma centre. The rise in particle density (shown at the magnetic axis with solid line) follows
closely the experimental trace (dots). Assuming, as done, Qe  constant in this time interval, the
calculated Te traces (shown at effective radii 0.4, 0.7 and 0.8 with dashed lines) can match their
experimental counterparts (markers) only by decreasing noticeably the thermal transport.

Fig. 4 gives χe in the confinement region at the
relevant times; the extension of steepest
pressure gradients is indicated with double
arrows labelled by the average gradient in the
extension (see also Fig. 1). Aside from the
aforementioned reduction in particle diffusivity
and direct losses, the experimental profiles are
explained through a 50% reduction in thermal
transport. The concomitant change in plasma
integral values is summarized in Table 1. This
analysis provides first-hand estimates of some
relevant plasma parameters.
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Table 1. Values of calculated stored energy, W; and particle, τp, and energy, τ
E, confinement times

at the transition time and when Wdia is maximum for TJ-II discharge #5196.

Summary and conclussion. Spontaneous transitions to improved particle and energy
confinement (from 13 to 20 ms and 1.7 to 2.5 ms, respectively) have been recently observed in
TJ-II plasmas. They happen, for a fixed suited waveform of the gas puffing, above a minimum
puffing rate although the trigger is unknown. The transition starts with a same pressure profile for
ρ > 0.6 (Fig. 1) and leads to major changes inside that radial position: both density and
temperature profiles broaden thus giving rise to higher stored energy. Several transport related
signals (soft X-rays, Ti, Te, <ne>, Hα, etc) change trends significantly after the transition and the

magnetic activity (which is related to ELM activity, see Hα) is reduced (Fig. 2).

There is an initiation point for the ECE time traces in agreement with what one would expect
from a local change in electron thermal transport. Therefore, and since the transport analysis points
to this same direction, further work shall be directed towards understanding possible mechanisms
of transport reduction, like changes in neoclassical transport roots (probably triggered by some
non linear means), the effect of current induced modifications of iota profiles –since TJ-II is a very
low magnetic shear machine, any shear dependent instability can be greatly affected by even low
currents- or mode stabilization with thermodynamic gradient thresholds. Further work needs to be
done to explore  iota ranges and scenarios in which this transition occurs.
                                                
1 Tabarés F L et al 2001 Plasma Phys. and Contr. Fusion 43 (2001) 1023-1037.
2 Alejaldre C et al 1999 Plasma Phys. Control. Fusion 41 (1999) A539.
3  Sánchez J et al. Journal of Plasma and Fusion Research SERIES 1 (1998) 338-341
4  García-Cortés I et al. Nucl. Fusion 40 (11) (2000) 1867.
5 Pereverzev  GV et al 1991 Rep. IPP 5142, Max-Plank-Institut fur Plasmaphysick, Garching, Germany (1991).

Comment time (ms) W (J) ττττp(ms) ττττ E(ms)

pre-transition ≈1145 310 13 1.7

max. W ≈1163 440 20 2.5
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HSX is the first stellarator in the world to possess a direction of
symmetry in the magnitude of the magnetic field.  Hence, the parallel
viscosity in this direction is small compared to a conventional stellarator.
This quasi-symmetry in the helical field can be broken by the addition of a
toroidal mirror field.  With this additional field, there are mod(B)
variations in all directions on a flux surface and large parallel viscosity in
all directions.  Calculations show that in this "Mirror" mode, the parallel
viscous damping rate is 1-2 orders of magnitude larger than in the base
quasihelically symmetric configuration.

To study the physics of radial electric fields and their associated
flows in HSX, we have drawn a radial current from the plasma edge with a
biased electrode. The biased electrode system is capable of applying 600V
of bias and drawing up to 350A of current. The bias can be applied and
turned off quickly (≈10µs) and the system is capable of positive or
negative bias. Plasma flows are measured using a “Gundestrup” probe and
Langmuir probes are used to measure the edge Te, ne, Vf, and Vp profiles.
We use these diagnostics to measure the flow damping rates, in both the
Mirror and QHS modes of operation.

During bias, the density increases, although there seems to be no
change in the edge recycling during this time. A concurrent reduction in
fluctuation amplitudes indicates that confinement improvements are
probably taking place during the bias. It is found that the damping rate at
the edge in the QHS mode is indeed lower than the Mirror mode by a
factor of ≈2.5. This difference is smaller than expected from simple
parallel viscous damping. The experiment is compared to damping rate
calculations using the model of Coronado and Talmadge. It is shown that
by including collisions with neutrals, the experimental damping rates can
be approximately reproduced.
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Initial experiments using a biased electrode in HSX have been performed. A radial current is
transiently drawn from the plasma, causing plasma rotation. A Gundestrup probe was used to measure
local plasma rotation with good time and space resolution. Initial results show that it is possible to
excite and measure a flow in both the QHS and Mirror modes of operation. From the rise and fall times
of the flow when the bias is turned on and off, as well as the total change in flow speed, the damping
rates can be measured. The damping rates are higher in the Mirror mode than in the QHS mode,
consistent with neoclassical expectations.

The HSX stellarator and viscous damping.
In traditional stellarators, there are |B| variations in all directions on a

magnetic surface. This leads to deleterious neoclassical effects, including large
parallel viscous damping in all directions on a flux surface. In quasi-symmetric
stellarators, there exists a direction (helical, toroidal, or poloidal) with minimal
variation in |B|.  The parallel viscosity is very low in this direction.

The Helically Symmetric Experiment (HSX1) is the first quasi-symmetric
stellarator in the world. In the quasi-helically symmetric or QHS mode, the dominant
contribution to the variation in |B| on a surface is the n=4, m=1 helical mode. This
helical symmetry is broken in the Mirror mode by the introduction of a large n=4,
m=0 mode using a set of auxiliary magnets. Hence, HSX is capable of studying the
physics of both quasi-symmetric and conventional stellarators.
Description of equipment and measurement techniques.

A biased electrode is used to accelerate the plasma. The electrode itself
consists of a 1" diameter Molybdenum cylinder, with .25" inches extending outside a

boron nitride shroud. The assembly is placed
inside a welded bellows, and mounted to HSX
via a precision slide. The bias supply consists
of a 10mF capacitor bank, switched on and off
by transistors capable of supplying 300A of
bias current. The current can be turned on and
off in ≈20 µs.

The primary flow diagnostic is a multi-
pin Langmuir probe2, or "Gundestrup" probe.
The probe consists of 6 tips facing radially
outward, separated by 60°, with each tip biased
at –180 V into Isat. The boron nitride probe head
shields each tip, so that they are sensitive to
plasma from only one direction.

The sum of the upstream and
downstream tips is largely independent of the
angle of the probe with respect to the field. This

observation implies that an unmagnetized treatment of the plasma is appropriate.

Figure #1: Fit to the Isat data for a
biased discharge.



Using the unmagnetized model of Hudis and Lidsky3 (valid for Te>Ti ), the current to
each of the six tips can be related to the flow speed as:

                            (1)

Where X1 is related to the average Isat collected by each tip, X3 is the angle from
which the plasma is flowing, and X2 can be related to the plasma flow speed V as:

                                              (2)

where cs is the plasma sound speed. In practice, 6 Isat signals are collected as a
function of time. At each time point, expression (1) is fit to the data using a nonlinear
Levenberg-Marquardt routine, yielding the 3 fit parameters and the uncertainties in
each. An example of this fit is shown in figure #1, for a biased QHS discharge
(averaged from .816 sec. to .817 sec. of discharge in figure #2). The fit matched the
data well, indicating the appropriateness of the theory. Fit parameter are X1=15.4 mA,
X2=.517  and X3= 3.17 radians. For Te=50eV and Ti=20eV, this corresponds to
approximately 9000 m/s.

Results
The basic evolution of a biased discharge (QHS) is shown in figure #2; this

discharge is representative of all discharges presented in this data set. In this
discharge, the bias is pulsed twice, at .815 and .825, for .003 seconds each time. The
increase in flow speed is manifest as the separation of the 6 Isat signals. There is a rise
in the density with each bias pulse, with no large rise in Hα brightness.

In figure #3, the profiles of the floating potential for the two different modes
are shown. The applied bias is 400V for both the Mirror and QHS case. The separatrix
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Figure #2: Evolution of a QHS biased discharge.



is at ≈2cm from the wall for the QHS case and at about 3cm from the wall for the
Mirror. The bias voltage is dropped over a few centimeters in the plasma in each case.
The Mirror mode has a steeped gradient in the potential than the QHS mode.

In figure #4, the flow speed
is shown for the QHS discharge in
figure #2 and for a similar Mirror
mode discharge. The probe is moved
in for the Mirror case to account for
the inward shift of the surfaces. In
each case, the rise and fall times are
fit to exponentials, which are plotted
in black over the traces. It is very
clear that the QHS mode both spins
up and slows down more slowly

As a consistency check on
the calculation, the damping rate
was also  estimated from the change
in flow speed as τ∆U=m∆U/qjB,
where ∆U is the change in flow

speed, j is the current density drawn by the probe, B is the magnetic field strength, q is
the ion charge, and m is the ion mass. For the rise times we calculate .38ms for the

QHS and .16ms for the Mirror
shots. For the damping time
based on the change in speed,
we estimate .43ms for the
QHS shot and .078ms for the
Mirror.

We have begun to
study the dependence of the
damping rate upon various
plasma parameters. In figure 5,
the damping rate is shown as a
function of density for both the
QHS and Mirror modes with
400 V applied bias. The
damping time is calculated
from the change in flow speed.
To make this plot, the electron
temperature required for the
Mach probe analysis was

scaled inversely with the density. For this density range, the QHS mode has a
uniformly longer damping time. The density scaling of the damping time is not fully
understood.
Modeling Calculations
Calculations have been done of the flow damping rate due to parallel viscosity in
these two modes, using the model of Coronado and Talmadge4. In the following
calculation, ne and ni have parabolic profiles with core values of 1.6x1012 cm-3. The
neutral density is taken to be flat at 7x1010 cm-3, a value inferred from edge neutral
pressure measurements. A flat Ti profile at 25 eV has been used; this value is justified
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by Doppler spectroscopy. The magnetic spectrum used is the finite coil spectrum in
Boozer coordinates. Figure #6 shows the calculated viscous damping rates for the
Mirror and QHS modes, along with the neutral damping rate and the total damping
rate. It can be seen that the calculated damping time is slower than the measured.

In the future, we will work on a
number of ways to improve this
calculation. In particular, the model
uses the basis vectors for a large aspect
ratio tokamak. We will study more
appropriate basis vectors for a quasi-
helically symmetric stellarator. We
will also work on improving the
neutral modeling through improved
measurements of the edge pressure and
Hα brightness. Finally, future work
with triple probes and Thomson
scattering will improve the
“Gundestrup” probe data analysis.

References:
[1] F.S.B. Anderson et. Al.
[2] B.J. Peterson, J.N. Talmadge, D.T. Anderson, F.S.B. Anderson and J.L. Shohet,

Rev. Sci. Instrum. 65, 2599 (1994)

[3] M. Hudis and L.M. Lidsky, J. Appl. Phys. 41, 5011 (1970)

[4] M. Coronado and J.N. Talmadge, Phys. Fluids B 5, 1200 (1993)

Figure #6: Initial calculation of the damping rates in
the QHS and Mirror modes.

Figure #5 : Damping time as a function of density, for the
QHS and Mirror modes
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Abstract

The introduction of a divertor into the W7-AS stellarator has allowed ac-
cess to a high density regime where the radiation profiles reach a steady state
and the plasma no longer suffers a radiative collapse as in previous limiter
discharges. In contrast to earlier experiments where the impurity confine-
ment time measured by Al laser blow-off increases with increasing line in-
tegrated density, the divertor discharges above a density threshold decreases
with increasing line integrated density. The observation that the divertor
plasma radiates mainly at the plasma edge rather than the plasma centre is a
further indication that changes to the impurity transport coefficients at these
high densities are the basis for the achievement of steady state discharges in
the divertor configuration of W7-AS.
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1 Introduction

W7-AS is a modular stellarator with �ve magnetic �eld periods and non-
planar �eld coils ('modular �eld coils'). The major and minor radii are
R = 2 m and a ≤ 0.16 m, respectively. The magnetic �eld strength at the
axis is B ≤ 2.5 T. The plasma cross section per period varies from elliptical to
triangular and back to elliptical. The rotational transform, ι, can be varied
between 0.25 and 0.6 by currents in a set of planar coils ('toroidal �eld coils').

The installed divertor consists of ten identical modules placed at the top
and bottom of the elliptical cross sections, with two modules per �eld pe-
riod. Each module is composed of an inertially cooled target (CFC) which
intersects the islands, and of ba�es (isotropic graphite). The targets are
three-dimensionally shaped in order to achieve nearly homogeneous ther-
mal load distributions in the helical direction (GRIGULL and W7-AS TEAM,
2001).

Earlier impurity transport and density limit studies at W7-AS (BURHENN

et al., 1998; GIANNONE et al., 2000a) in a plasma with Bo = 2.5 T and
0.5 MW NBI heating with a limiter showed that the radiation collapse in
discharges of pulse length 2 s at a central electron density of 1.2x1020 m−3

could be understood in terms of a peaked impurity density pro�le. Such
impurity density pro�les result from the low di�usion coe�cient of 0.1 m2/s
and an inward drift term for the impurity transport coe�cients. These im-
purity transport coe�cients were measured by Al laser blow-o� techniques.
At electron densities well below the cut o� density of 2.42x1019 m−3 then
140 GHz ECRH discharges could also be investigated. With Bo = 2.5 T and
0.5 MW ECRH heating power at a central density of 0.7x1020 m−3 again a
di�usion coe�cient and inwards drift for the impurity transport coe�cients
could also be measured (BURHENN and HACKER, 2000). In this experiment
impurity injection by �uorine gas pu�ng was used. The measured and cal-
culated values, assuming the measured impurity transport coe�cients, of
�uorine density was also peaked. In both cases the radiated power increases
with time until the total radiated power equals the heating power and the
plasma collapses.
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2 Results

The installation of a divertor in the W7-AS stellarator allows plasma behavior
at high densities with a divertor to be compared to plasma behavior at high
densities with a limiter. The peaking of impurity density pro�les with central
densities su�cient to provoke a radiation collapse of the plasma would then
be countered in a divertor plasma by a reduced impurity �ux rate at the
boundary of metal impurities. A theoretical reduction of impurity in�ux
rates by a factor of two was predicted to be necessary to achieve a steady
state discharge to reach the situation where the radiated power should remain
below the deposited power (GIANNONE et al., 2000b).

In a 1 MW NBI divertor plasma with B = 2.5 T and ι(a) = 0.5556, sim-
ilar phenomena to that seen in limiter discharges has been observed. Below
a threshold density, a peaked radiation pro�le steadily increases until a ra-
diation collapse occurs. In contrast, there exists a density threshold above
which the radiation pro�les remain hollow. An overview of a divertor plasma
which is still attached is shown and with a discharge length of 1.4 s is shown
in Fig. 1. A further increase in the density causes detachment and eventually
a radiation collapse (GRIGULL and W7-AS TEAM, 2001). With the diver-
tor, density plateau discharges can now be carried out up to 3.5 MW NBI
heating power, whereas in limiter discharges density control could not be
maintained above 1 MW NBI heating power. A detached plasma radiating
up to 80% of the deposited energy can be maintained for up to 0.5 s. In Fig.
2 an overview of a divertor plasma which is at �rst attached and above the
density threshold and later the line integrated density falls below the density
threshold is shown. Again above the density threshold at this magnetic �eld
there is no appreciable increase of the total radiated power of the plasma but
below the threshold the total radiated power steadily increases with time.
To some extent this is a consequence of the reduced central electron temper-
ature but it is signi�cant that the radial pro�le of radiated power is peaked
in the centre of the plasma. At B = 1.25 T a transition similar to that shown
in Fig. 2 was also found. The improvement in energy con�nement above
the density threshold is marked by an increase in the diamagnetic energy by
approximately a factor of two.

First investigations suggest that impurity transport again plays an im-
portant role in understanding these observations. In 1 MW NBI discharges
with B = 2.5 T the impurity particle con�nement time increases with den-
sity up to the density threshold and then decreases with increasing density
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above this density threshold. In 2 MW NBI discharges with B = 2.5 T the
impurity particle con�nement time is 450 ms and decreases with increasing
density above the density threshold. The change in density dependence of
the impurity particle con�nement time and the achievement of steady state
radiated power occur then above this density threshold. In Fig. 3, the ra-
diated power pro�les above the density threshold remain hollow throughout
the discharge. In Fig. 4, above the density threshold the radial pro�les of
radiated power do not increase. In contrast, below the density threshold the
radial pro�les increase in the centre with time. This increase with time in
the centre of the radial pro�les of radiated power was also observed in earlier
discharges with a limiter.

The temperature and density pro�les from YAG Thomson scattering for
the discharge in Fig. 2 indicate that the density pro�le makes a transi-
tion from a broad �at pro�le in the regime with good con�nement to a
peaked pro�le with a central value 30% larger than before the transition in
the regime with poor con�nement. The line integrated density falls despite
this increase in central value because of the change in shape of the radial
pro�le. The temperature pro�le form does not change signi�cantly but the
central value is reduced by 30%. The energy con�nement time at the max-
imum of diamagnetic energy is 16 ms and upon crossing below the density
threshold where the diamagnetic energy is now by about a factor of 2 then
the energy con�nement time drops to 8 ms. In this calculation the radiated
power is not included in the calculation of the energy con�nement time. The
increase in central radiation below the density threshold to a total radiated
power of 300 kW, which is a signi�cant fraction of the deposited power of
700 kW, contributes along with the change in density pro�le to the collapse
in diamagnetic energy below the density threshold. In Fig. 3 the fact that
the plasma remains attached reinforces the conjecture that changes in impu-
rity transport rather than the magnitude of the impurity �ux at the plasma
boundary is the main factor involved in the achievement of steady state of
radial pro�les of radiated power as measured by bolometry.

The choice of a line integrated density, n̄e, as a density limit in these
divertor plasmas is discussed with reference to Fig. 5 for a 3.5 MW NBI
discharge with B = 2.5 T. In the discharge at lower n̄e where the diamagnetic
energy of the plasma remains constant, the plasma is attached as indicated
by the particle �ux measured by the Langmuir probe ion saturation current
from tips built into the divertor plate. For the discharge at the higher n̄e

where the diamagnetic energy sinks and the total radiated power increases
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to 70% of the deposited power the plasma is detached as indicated again by
the sharp decrease in the ion saturation current measured by the Langmuir
probe tip in the divertor plate. The density limit is taken as the value of
n̄e where the diamagnetic energy does not decrease by more than 10% of its
maximum value. At lower values of magnetic �eld the diamagnetic energy
even oscillates when the plasma detaches. The attainment of steady state
discharges at the value of n̄e where the plasma remains still attached and the
diamagnetic energy does not drastically sink are therefore the criterion for
selection. Another factor e�ecting the radiation pro�le evolution in Fig. 5
and the eventual detachment at the end of the discharge was the NBI power
decreasing by about 3% over the duration of the discharge. At the next
lowest n̄e chosen, the discharge did not detach.

At this highest NBI power, PNBI = 3.5 MW, the time evolution of the
radiation pro�les shows a di�erent characteristic than that shown in Fig. 2
where the heating power was 1 MW. In Fig. 6, a centrally peaked radiation
pro�le that increases with time in a divertor plasma with B = 2.5 T and PNBI

= 3.5 MW just above the density threshold (] 53618) is observed. In this
discharge the increase in diamagnetic energy to the improved con�nement
regime occurs at 0.4 s but in this case improved energy con�nement is not
accompanied immediately by hollow radiation pro�les. In Fig. 7, a steady
state discharge with hollow radiation pro�les in a divertor plasma with B =
2.5 T and PNBI = 3.5 MW at a density well above the density threshold (]
53629) is observed. Increasing the density to values well above the density
threshold is necessary in divertor discharges with PNBI = 3.5 MW to obtain
hollow radiation pro�les, in contrast to discharges with PNBI = 1 MW where
the radiation pro�les were hollow even at densities just above the density
threshold.

Impurity con�nement times by Al laser blow o� in divertor discharges
with PNBI = 2 MW at the density threshold decrease from 450 ms to 50 ms
when the diamagnetic energy increases and the improved con�nement regime
is reached. Similar measurements at 3.5 MW NBI power show a decrease in
the impurity con�nement time from 130 ms to 20 ms at the density threshold.
Together these results imply that the observed evolution of the radial pro�les
of the radiated power density is a consequence of the changes in impurity
transport in the transition to the new regime above the density threshold.

A discussion of the role of impurity �ux rates in these density limit dis-
charges can be further clari�ed by the following two observations. In the pre-
viously discussed �uorine gas pu�ng experiments in ECRH heated plasma
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it could be demonstrated that the observed impurity density ion density
increase with time is consistent with the measured impurity transport coe�-
cients with a controlled constant impurity �ux rate (BURHENN and HACKER,
2000). Also the simulation of the bolometer measurements in a situation
where the impurity �ux rate is not constant with time during the discharge
should be clearly signalled by the line integrated lines of sight through the
plasma edge that would also increase with time. The increase in radiated
power with time in limiter and divertor discharges cannot be explained as
a product of the impurity �ux rate at the plasma boundary increasing with
time.

Discharges with typical features of density limit discharges with a divertor
could also be observed at B = 1.25 T. In this case the density threshold was
at approximately the same value of line integrated density. In Fig. 8, the
time evolution in a 1 MW and 2 MW NBI divertor plasma with B = 1.25 T
is shown. At the lower input power the density threshold for decreasing
impurity con�nement time with increasing density cannot be reached. At
the higher input power and above the density threshold the total radiation
power no longer increases with time. A centrally peaked radiation pro�le
repeatedly increasing with time in the plasma with 1 MW NBI heating power
and B = 1.25 T where the density threshold cannot be reached is shown in
Fig. 9. This cycle of plasma cooling, decrease in diamagnetic energy plasma
impurity loss and subsequent plasma reheating and increasing total radiated
power was also observed in limiter plasmas (GIANNONE et al., 2000a).The
radiation pro�le evolution in a divertor plasma above the density threshold
in a 2 MW NBI plasma with B = 1.25 T is shown in Fig. 10. The radiated
power pro�les have not reached a steady state within the duration of the
discharge.

In general, the time constant for reaching steady state is determined by
the transport coe�cients of the impurity ions. In particular, the ratio of the
inwards pinch velocity, vin, and the di�usion coe�cient, D, determine this
time constant and the central value at steady state and peakedness of the
impurity ion density pro�le (FUSSMANN, 1986). In the case where a constant
D and inward pinch , vin(r), increasing linearly with radius was assumed :

vin(r) =−r/avin(a) (1)

then the analytical stationary solution of the impurity transport equation
shows that the density on the axis, G(0,r‘ ), can be written as :
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G(0, r ‘ ) ∝ exp

(
−avin(a)

2D

)
(2)

where ρ is the normalized radius. The decay time constant, τ, is given by
the eigenfunction and characteristic times of the time dependent solution :

τ≈ 0.173
a2

D
exp

(
0.17avin(a)

D

)
(3)

For this particular simple case it is therefore clearly demonstrated that the
ratio vin(a)/D will determine the time evolution and central density of the
impurity ion and consequently the behavior of high density discharges in
a stellarator. Simulation of recent laser blow o� experiments have shown
that the di�usion coe�cient remains unchanged at ≈ 0.1 m2/s while vin(a)
decreases by a factor of 4 when the transition to the improved con�nement
regime is made in the 2 MW divertor discharges. Consequently the time con-
stant for impurity con�nement and the central value of impurity ion density
would be expected to be reduced by a factor of 50. Experimentally, a reduc-
tion a factor of 9 in the impurity con�nement time at the density threshold
of 2 MW NBI discharges is measured. Naturally the details of the changes in
the radial pro�le of D and vin determine the experimentally measured value
and the above comparison is meant only as a simple model for understanding
the role of vin(a)/D.

3 Divertor diagnostics

The installation of a divertor in W7-AS necessitated the extension of the
present 32 channel gold foil bolometer camera used to measure radial pro�les
of radiated power. For measurements of the radiated power in the divertor, 3
bolometer cameras comprising of 44 channels were recently installed (GIAN -
NONE et al., 2002). Radiated power measurements in the divertor chamber
show that at detachment the radiating volume moves away from the divertor
plate. Three dimensional simulations of energy, particle and impurity trans-
port in the divertor magnetic con�guration with magnetic islands at the
plasma boundary supports these observations. At detachment the radiating
volume then moves to the separatrix.
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Measurements of radiated power in the divertor were also carried out
with photodiodes. Two unbiased AXUV 16 channel photodiode arrays with
a bandwidth of 3 kHz are connected via 10 m of cable to the data acquisi-
tion system. In principle, the photodiode camera could be operated up to a
bandwidth of 100 kHz with this length of cable. Both the bolometer and pho-
todiode data acquisition systems run on an embedded computer for remote
control and operation of the diagnostic. Such a feature is necessary for future
operation on the planned W7-X stellarator. In Fig. 11 the recently installed
32 channel photodiode camera showed that impurities from the plasma edge
are not well con�ned and the radiation level relaxes to the value prior to the
sudden introduction of plasma impurities to the plasma. Although the relax-
ation time of the radiation power is not related to the con�nement time of
the impurities, since only the low ionization states can be measured, they are
both approximately 40 ms. These bursts in radiation power are suspected to
be carbon �akes from the divertor plates. This could be be directly con�rmed
from spectroscopic measurements of carbon line emission. It is interesting
to note that at the end of this discharge where the radiated power measured
by bolometers rises that the line integrated measurements of each channel in
the photodiode camera falls. The value of a photodiode system measuring
only radiation losses is again clearly demonstrated in this discharge. From
the rise in the total radiated power measured by the bolometers and the
simultaneous fall in radiated power measured by the photodiodes, neutral
particle losses are inferred as the cause of this di�erence.

The existence of ELM like events in the discharge shown in Fig. 2 is also
clearly seen in the channels of the photodiode camera viewing the plasma
edge. In Fig. 12, such ELM's exist only below the density threshold for im-
proved con�nement. Below the density threshold they are also visible in the
ECE and Hα signals. Above the density threshold these ELM's are no longer
present. The transition in this discharge with the stabilization of ELM's and
a steepened density gradient at the plasma edge is therefore reminiscent of
the transition into a quiescent H-mode. The signi�cant di�erence is that
in the quiescent H-mode phases in W7-AS with lower input powers, PNBI

= 0.5 MW, and therefore lower densities, a radiation collapse within 50 ms
occurs (GIANNONE et al., 2000a) in contrast to the present capability of
sustaining higher power discharges of many energy con�nement times with-
out radiation collapse. This new regime with improved con�nement above a
threshold density is therefore termed a high density H-mode.

In addition, the bolometer camera viewing the main chamber shows re-
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gions of strongly localized power density of radiation when the plasma is
detached. An overview of a density scan of discharges in the divertor con�g-
uration at B =2.5 T with PNBI = 2 MW is shown in Fig. 13. The discharge
at the highest density is detached and the temperature measured by the soft
X-ray �lter method drops to 400 eV. An comparison of the power �ux mea-
surements to the bolometer and photodiode cameras for the three discharges
of Fig. 13 is shown in Fig. 14. The incident power to the photodiodes
decreases in the discharge at the highest density, indicating that the power
�ux measured by the bolometer is mostly due to neutral particle loss from
the plasma edge. This discharge at the highest line averaged density is also
above the density threshold so that the radial pro�le of impurity density and
radiated power remains hollow. A second bolometer camera with 32 channels
at φ = 0◦ will be installed, allowing a tomographic reconstruction of these
localized regions of increased radiation power density at plasma detachment.
It has been observed that these localized regions of increased radiation power
density can also be moved in the vacuum chamber by adding OXB heating.

It is evident from these discharges that the path to steady state discharges
in a stellarator depends sensitively on considerations regarding the ramp up
of density. In the detached plasma the density was ramped very quickly to
its �nal value. In the discharge with the slow density ramp, the transition to
favorable impurity transport parameters was not achieved even though the
�nal line integrated densities are comparable.

In addition, a 24 channel bolometer camera with a 2 µm beryllium foil in
front of the gold foil absorber of the bolometer is planned and will provide
routine information concerning impurity density levels for impurity transport
simulations (GIANNONE et al., 1999). A gold foil bolometer with beryllium
�lter can also provide soft x-ray relevant measurements in a scenario where
neutron emission levels may make conventional measurements di�cult in
future experiments. With simulations and measurements of detectors with a
number of absorber thicknesses, it is possible to obtain a better idea of the
relative concentrations of light and heavy impurities.

4 Discussion

First attempts to compare the maximum line integrated density, n̄e, achieved
with predictions by the scaling law for W7-AS (GIANNONE et al., 2000a) were
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made. Assuming 0.70 MW of deposited power and a minor radius of 12 cm
then the scaling law predicts n̄e = 2.6x1020 m−3 in comparison to the n̄e =
2.0x1020 m−3 achieved. The results of the maximum n̄e achieved in this cam-
paign are compared to previous results obtained in a limiter con�guration
of W7-AS in Fig. 15. The highest line averaged densities have clearly been
recorded in the last campaign. However on the basis of the increased input
power and reduced plasma radius the achieved values do not exceed that pre-
dicted by a scaling law based on previous density limit studies in a magnetic
con�guration with limiter. It should also be noted that the present status
of MHD-equilibrium calculations at W7-AS for the divertor magnetic con-
�guration is not accurate enough to model the geometry fo the �ux surfaces
in the vicinity of the highly corrugated separatrix, known from the vacuum
�eld, for the achieved beta-values. This adds to the di�culty of accurately
determining the deposited power since radial pro�les of electron density and
temperature mapped from real space to �ux surface coordinates are input to
this calculation.

The attractive property of the new divertor con�guration lies in the abil-
ity to run steady state discharges at higher NBI input powers compared to
earlier limiter discharges. Previously, the line integrated density would in-
crease in an uncontrolled way. Above the density threshold the reduction in
impurity con�nement time, and hence by inference the particle con�nement
time, allows density control to be attained in the divertor con�guration.

It is interesting to compare these results of good con�nement at high den-
sity in a stellarator divertor con�guration with similar results in a tokamak
(MESSIAENet al., 1994). In the radiation improved or RI mode on TEXTOR
the regime of improved con�nement with central densities in excess of 1020

m−3 and quasi-stationary conditions with up to 90% of the input power was
achieved in a detached plasma with an edge radiating layer being produced
by neon gas pu�ng. Con�nement times were comparable to the ELM-free
H-mode discharges in divertor tokamaks. In W7-AS the energy con�nement
times were a factor of 2 greater than that predicted by the ISS-95 scaling law
(STROTH et al., 1996). In TEXTOR, a hollow pro�le of the impurity density
concentration was inferred from soft x-ray measurements and neon �ux to
the limiter (SAMM et al., 1993). Such a detached scenario is necessary in a
fusion reactor to lower the particle �ux to the divertor plates and thereby
substantially increase their lifetime in the vacuum chamber. In the RI mode,
the suppression of ion temperature gradient driven instabilities was cited as
the main cause of con�nement improvement. Common features in these stel-
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larator and tokamak experiments are therefore the improvements in energy
con�nement, radiation pro�les peaked at the plasma edge and the lack of
impurity accumulation at the plasma centre.

In addition, the enhanced Dα H-mode (EDA) on Alcator C-Mod shows
good energy con�nement with no impurity accumulation in high q tokamak
discharges (GREENWALD et al., 2000). This ELM free H-mode is of partic-
ular interest for a fusion reactor because the common problems of H-mode
operation with impurity accumulation and pulsed heat loads on the divertor
in a regime with ELM's is avoided.

Extensive studies of density limit discharges close to detachment for dura-
tion of 2 s at various magnetic �elds, iota values and plasma radii are planned.
Such a detailed investigation is necessary as theoretical considerations predict
a higher value of maximum achievable n̄e on the basis of a less strong scaling
with plasma volume (ITOH et al., 2001; WOBIG et al., 2000). Such a scal-
ing law for the data collected in the high density H-mode alone is necessary
as the characteristics of impurity transport have changed signi�cantly and
central radiation collapse of the plasma is no longer the dominating factor
determining the maximum density of a steady state stellarator discharge.

5 Conclusion

The divertor con�guration in W7-AS has allowed steady state discharges to
be achieved at higher NBI powers and higher line integrated densities com-
pared to earlier limiter con�gurations. The access to the new high density
regime is made possible by a distinct change in the impurity transport coef-
�cients with increasing density. Consequently steady state hollow radiation
pro�les are now observed in contrast to earlier limiter discharges at lower
values of line integrated density. These latter discharges had a centrally
peaked radiation pro�le increasing with time which ultimately led to a ra-
diation collapse. At 1 MW NBI power, just above the density threshold to
the high density H-mode, the radiation pro�les are hollow. At 3.5 MW NBI
power, just above the density threshold to the high density H-mode the ra-
diation pro�les continue to increase in the plasma centre. This decoupling of
the improvement in energy con�nement time and change in impurity trans-
port coe�cients will be the subject of future numerical simulations aiming
to clarify the basic physics of these measurements.
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Figure 1: Time evolution in a 1 MW NBI divertor plasma that remains attached
with B = 2.5 T and above the density threshold. for The radial profiles of radiated
power no longer increase with time.
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TOMOGRAPHIC SPECTROSCOPY SYSTEM FOR H-1NF
HELIAC

F. Glass, J. Howard, B. Blackwell

Plasma Research Laboratory
Australian National University

Canberra ACT 0200 AUSTRALIA

A multi-channel tomographic spectroscopy system capable of time-resolved
imaging has been installed and calibrated in preparation for its intended use to
obtain detailed evolution of ion temperature and spectral emissivity of H-1NF
plasmas.

Based on the Modulated Optical Solid-State (MOSS) spectrometer, a Fourier-
transform device which utilises Doppler-broadening of an isolated emission line,
the system is designed to produce two-dimensional images of a poloidal cross-
section, showing emitted line intensity and species’ temperature. In addition,
bulk flow velocities can also be estimated from measurements at five poloidal-
angular positions around the plasma.

A rotatable carrier ring apparatus, with 190◦ rotation range, is located in-
side the H-1NF vessel and encircles the plasma poloidally. Five arrays of eleven
parallel lenses mounted on the ring couple light from the plasma into large core
optical fibres. The light is transmitted, via an optical fibre bundle, to a 40mm
aperture imaging MOSS spectrometer (external to the stellarator) which incor-
porates an 8x8 multi-anode photomultiplier tube array for light detection. The
system can provide up to 55 channels for viewing spectroscopic emissions in the
visible wavelengths.

Careful measurement of the spatial response of the system has been completed
in situ, in preparation for use with the tomographic inversion routines. Calibra-
tion of the relative channel sensitivities and an unravelling of the cross-talk in
the multi-anode photomultiplier array has also been carried out.
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Abstract

A multi-channel tomographic spectroscopy system capable of time-resolved imag-
ing has been installed and calibrated in preparation for its intended use to obtain
detailed evolution of ion temperature, flows and spectral emissivity of H-lNF plas-
mas.

Based on the Modulated Optical Solid-State (MOSS) spectrometerfl], a modu-
lated Fourier-transform device which characterises Doppler-broadening of an isolated
emission line, the system images a poloidal cross-section. Bulk flow velocities can
also be estimated from measurements at five poloidal-angular positions around the
plasma.

Careful in situ measurement of the spatial response of the system has been com-
pleted. These measurements are essential for correct tomographic inversions of the
measured plasma parameters.

Introduction
The development of a diagnostic for ion temperatures, spectral emissivity and flows which
utilises the 2D spectroscopic imaging capability of the MOSS spectrometer is being carried
out within the H-lNF heliac program. The system, labelled TOMOSS (TOmographic
MOSS), combines an in-vacuum light collection system with a multiple channel imaging
spectrometer for visible Doppler spectral analysis. Figure 1 shows a schematic overview of
the TOMOSS system and its subsystems.

System Design
A large stainless steel ring of approximately 800mm diameter, with embedded lens-coupled
optical fibres is installed in-vacuum and encircles the plasma poloidally. Five 45°-sectioned
viewing modules, each containing 11 lens-coupled fibre sets, are bolted to a two-piece carrier
ring which is supported by a C-frame. The carrier ring can be rotated up to 200°, via a

1email: fenton.glass@anu.edu.au
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stepper motor driving system, to enable flexible views, in-situ calibration and protection of
the lenses when the system is not in use. Light from plasma spectral lines is collected and
transmitted, via the large core (1000/im diameter) optical fibres, to the external MOSS
spectrometer.

Blackened stainless steel viewing dumps are fitted to the inner circumference of the
wheel, as well as field coil surfaces that are within the veiwing area. Stainless steel surfaces
of the viewing dumps, viewing modules, carrier ring and the support C-frame have also
been bead-blasted to create a diffuse surface. Figure 2 show the installed light collection
subsystem.

diamagnetic
flux loop

viewing modules

viewing dumps

C-frame

Figure 2: A view of the installed light collection system from below the poloidal field coil, inside
the plasma region. The centre of H-1NF is to the left of the photograph.

A MOSS spectrometer (a modulated delay Fourier transform device) can determine
emitted intensity, ion temperature and bulk flow vorticity from the ionic spectoscopic
emission. The spectrometer allows a good signal-to-noise ratio on low light levels due
to its high optical throughput. Electro-optic and birefringent, lithium niobate (LiNBOa)
crystals provide the optical path length delay and modulation. An imaging MOSS spec-
trometer, which is able to analyse multiple input channels simultaneously, is well suited
to the large number of data channels required for tomography. Optical components of the
light collection system and the spectrometer are carefully chosen to maximise the system
etendue.

The optical fibres from the light collection system, approximately 6 metres in external
length, lay inside a protective PVC conduit and are terminated inside a single stainless
steel connector plate which arranges the fibres into an 8x8 array. The fibre array is imaged
through the MOSS spectrometer onto an 8x8 multi-anode photomultiplier tube array.



REFERENCES

Calibration
The spatial response of each of the channels has been measured in situ by placing a thin
fluorescent tube in a fixed position, perpendicular to the plane of the wheel, rotating the
carrier ring the full 200° and simultaneously recording the response of each channel. By
measuring the system's response at many light source positions in the viewing plane of the
wheel, the full spatial response for each channel can be measured. This measurement was
performed during an opening of the vacuum vessel, with the light source position controlled
by two stepper- motor driven translation stages.

The measurement of the spatial response allows for several aspects of the system cal-
ibration to be determined. Primarily, it is used in the tomographic inversion routines for
an accurate measurement of the light collected. When used in conjection with a single
rotational scan of permanent in situ light sources, it can also be used to calculate relative
channel sensitivities, which may change over time. In addition, it also provides for the
unravelling of cross-talk in the detector elements of the multi-anode photomultipier tube.

Raconaructions of naftu LijM Sou«« Poikteni
-1—I--L 1

-0.4 -

Figure 3: Tomographic reconstructions, using an Arithmetic Reconstruction Technique (ART),
of the in situ light source positions, used to characterise the system spatial response.
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In recent years significant experimental results have been obtained in stellarators, 

and in many cases a good understanding of their physical grounds has been reached. At 
the same time a number of questions call for detailed investigation. Among them, we 
could mention the necessity of experimental testing of the possibility to optimize a 
system in respect of neoclassical transport, the relation between neoclassical and 
turbulent transport, the study of mechanisms governing turbulent transport, the possibility 
of controlling the plasma column, etc. In this connection, it may be of interest to create a 
device destined for physical investigations and capable of realizing a variety of magnetic 
configurations. The description of such a device, proposed to be constructed in the 
General Physical Institute (Moscow), is presented in this report.  

The proposed project is given the name L-V stellarator. The version developed by 
us permits making the magnetic configurations with elements of quasi-symmetry for 
trapped particles, configurations that have, on the average, the elliptical elongation of 
magnetic surfaces and ensure reduced amplitudes of Pfirsch—Schluter currents, magnetic 
configurations with a deep (up to 14%) magnetic well, to create conditions for 
suppression and onset of different instabilities. The stellarator is a compact torsatron with 
l=2 helical coils (m=3), 4 pairs of compensation coils, and a set of windings controlling  
helical ripples of the magnetic field. The basic geometric sizes of the stellarator are as 
follows: The major radius of the helical winding is R = 112 cm, the minor radius is rh = 
44.8 cm, the plasma size is ap = 28—35 cm; the aspect ratio for the helical winding is Ah 
= 2.5, and that for the plasma is Ap = 3.2—3.8; the rotational transform at the plasma 
boundary is ι = 0.5—1. The maximum magnetic field is B0 = 2 T. It should be noted that 
the proposed system is unique in having a very low aspect ratio, which is of particular 
interest for fusion research. The dimensions  and design of the vacuum chamber permit 
the siting of the divertor substructures and vacuum conditioning systems, and the port 
dimensions allow us to use any existing plasma heating methods. Supposedly, the ECR 
and ICR heating methods will be used at the first stage.  
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Toroidal plasma studies started (under Bruce Liley) in 1964 with a capacitor-bank-powered thick -copper -shell stabi-
lised toroidal  “θ −z pinch” apparatus, LT- 3 which could operate over a wide range of toroidal to poloidal magnetic
field ratios, ie 1>>q>>1. It soon showed best results when q>1, ie as a tokamak., and produced the earliest results
linking mhd mode structure and disruptions to q values. Later work extended to runaway phenomena, the Ware pinch,
etc. During the period 1964-69, while most toroidal interest was in strong pinches and stellarators, it was the only
tokamak outside USSR.
This was replaced in the late 1970’s by a somewhat larger (R/a=0.5/0.1m) thin-shelled torus with toroidal coils (4T
max) powered by the very large Homopolar Generator (HPG), with greatly improved diagnostic access and an ex-
tremely fast and accurate position control. It was used mainly for detailed studies of mhd activity including pre-
disruption phenomena, and as a test-bed for novel diagnostics (eg far forward scattering from fluctuations at 10 µm ).

To escape the global plethora of tokamaks existing by then, design studies began in 1977 for a large stellarator that
would use the availability of the HPG and its potential to supply megampere currents to solve the then main problems
facing stellarators, viz.the modularity essential for a reactor and accommodating the large forces on the helical windings
at high fields and reasonable aspect ratios (as evidenced inW7-b). A design based on the concept of combining toroidal
and helical elements into self-supporting cage-like modules using large cross-section copper alloy conductors emerged,
and winding laws optimised to provide greatest plasma volume, largest transform etc. by iterative computation using
codes developed from Culham. The final design had parameters  like       B<4T, R=3.1m,<a>=0.34m,  t (a)> 0.6, t (0)
=0.2, but was never built!  (The above engineering problems were solved later much more elegantly  in Garching.)

The planned closure of the HPG in early 80’s and enforced reliance on capacitor banks and <10MVA available mains
power meant reappraisal just at the time when the heliac concept (which avoided strong helical windings!) emerged
from PPPL. To test the still unproven configuration a table-top model, SHEILA,(R/<a>=19/3cm) was built in 1984.
This, particularly after the ORNL inspired helical control winding was added, proved so productive and versatile as a
research tool that the design for a much larger device, H-1, was commenced. Detailed measurements on SHEILA not
only confirmed all the calculated vacuum field properties, but gave considerable confidence in understanding the
effects of eg mechanical errors , wave propagation and surface structure etc. and indeed supported the whole heliac
concept as a flexible and practical research tool despite the unfamiliar geometry. H-1 itself was designed around
available resources (eg power supplies, space, machine tools and a large stock of copper conductor) and originally built
and operated  on a very small budget. In 1995 it became a National Facility with Federal Government funding which
has resulted in considerable upgrading of facilities, especially of plasma heating and magnet.power supplies.
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Historical Background to Stellarators at  the Australian National University

S.M. Hamberger,
Plasma Research Laboratory, ANU

TOKAMAKS 1964-1984

Toroidal plasma studies started at ANU in the
Research School of Physical Sciences (under the late
Bruce Liley) in 1964 with a versatile, capacitor-
bank-powered apparatus known eventually as LT-3.
This had a high-resistivity (Inconel) toroidal vacuum
vessel, major radius 40 cm, minor 10 cm, inside a
10mm-thick  copper shell (to provide equilibrium
and gross stability) upon which were wound close-
fitting toroidal-field windings. Ohmic heating
plasma currents induced via an iron core provided
the poloidal field, the arrangement being termed a
"�-z pinch" apparatus since it could operate over a
wide range of toroidal to poloidal magnetic field
ratios, i.e., from q << 1 to q >> 1. It soon showed
better results when the toroidal field rather than the
poloidal was dominant to form the "diffuse pinch"
configuration with q > 1 rather than a Zeta-like
compressed pinch with q << 1, ie as a tokamak. This
independently established the only line of tokamak
research outside USSR until the Dubna meeting of
1969 led to its global spread.

Despite modest resources LT-3 produced pioneering
results eg on the significance of rational q-values
and their relation to MHD modes and to disruptions,
runaway phenomena, the "Ware pinch"
phenomenon, etc

In the late '70s this was replaced by a more
"modern" tokamak LT-4, (R=50cm, a=10 cm) with
greatly improved diagnostic access, a stronger and
extremely smooth toroidal field (B=4 T) provided by
the very large homopolar generator, very fast
penetration toroidal shell with poloidal windings for
equilibrium, and an unusually fast-responding
position feed-back control. A full range of up-to-date
diagnostics and data acquisition facilities were
installed. Typical operating conditions were : B=3T,
I=100kA for 100ms, T(e)=300eV. Studies
concentrated on MHD phenonena, disruptions,
runaways, novel diagnostic development eg using scintillations of 10 micron radiation to measure small-scale
turbulent fluctuations. Observations of disruptions were greatly aided by the ability of the feedback control to
maintain plasma position during even large disruptions and so allow internal plasma structure to be studied
throughout the process.

STELLARATORS 1978-PRESENT

The availability of the large homopolar generator, with its high current (~MA) capability led to design studies to
attempt to tackle some of the main engineering problems facing stellarators evident in the late '70s,( eg the
modularity needed for a reactor, helical winding support at high fields as shown by problems in W-VII,
optimisation of plasma volume inside winding space) by using large cross-section single-conductor techniques for

Figure 1.  LT-4 Tokamak

Fig. 2. Layout of Large Modular Stellarator
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winding fabrication. A design emerged based on the
concept of combining toroidal and l=3 helical winding elements into self-supporting, cage-like modular structures
using large cross-section forged copper-alloy conductors.  A series of computational studies were used to find, by
numerical iteration, the optimal winding law to provide the greatest plasma volume, largest rotational transform,
best magnetic well properties, etc.  The final design had parameters :  B < 4T, R =3.1 m, <a> = 0.34 m,    �(a) >0.6,
�(0) = 0.2.  Fortunately, it was never built!  Later and more sophisticated computational techniques developed at
Garching provided much more elegant solutions to the above.engineering problems.

The planned closure of the homopolar generator in the early '80s, future reliance on capacitor bank power supplies
and a limited mains supply (10 MVA) meant the abandonment of the tokamak line, and the need for a new and
forward-looking approach to toroidal studies, based on available resources, concentrating on fundamentals rather
than parameters.   The hitherto untried suggestion at the 1982 Cape May Workshop by Princeton of the heliac was
attractive because it avoided the need for highly stressed helical windings, and resulted in  the construction of the
table-top device SHEILA  (R=19 cm, <a>~3 cm ) intended to test the principle, since  there was some  doubt
whether useful closed surfaces could
even be generated in such an unusual
system. Soon after its first operation in
1984 it was modified to incorporate the
helical control winding as proposed by
the ORNL group and demonstrated the
great versatility and ease of operation of
the flexible heliac. Despite its modest
initial aims, it not only verified in great
detail every feature of the computed
vacuum fields, including the effects of
positional errors, but proved sufficiently
versatile to enable detailed studies of
drift waves, effects of islands on
confinement, RF and ECRF heating, etc
and to give practical experience of
working in an unfamiliar (PEST)
coordinate system. Altogether it
confirmed the value of the heliac as a
desirable and flexible research tool and
led to the choice of H-1 as the basis for
the Laboratory's future toroidal
confinement studies.

H-1 was designed around the available resources, including existing copper conductor stocks (originally intended
for a synchrotron), machine tools, power supplies, local skills and laboratory access. The "coils-in-tank" design
avoided complex vacuum vessel fabrication and provided great plasma access at the expense of vacuum
difficulties. Apart from the main fabrication of the vacuum tank, all construction was performed in-house at a rate
constrained by budgets. First plasma was obtained in 1992.

Fig. 4. The SHEILA deviceFig. 3. Model of single LMS module.

Fig. 5. Cut-away drawing of the H-1 heliac
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Abstract: The Compact Toroidal Hybrid (CTH) is a stellarator/tokamak hybrid device currently under 
construction at Auburn University.  The primary goal of CTH is to investigate both ideal and resistive 
current-driven instabilities in low aspect ratio (Ap ≤ 4) stellarator plasmas. Current-driven MHD 
instabilities in stellarator plasmas are generally of interest because the bootstrap and Pfirsch-Schlüter 
currents could potentially destabilize external kink modes in high β stellarators. Of particular interest is 
the susceptibility of current-driven stellarator discharges to major disruptions, and the extent to which the 
helical stellarator field can passively stabilize them.  Previous studies on W7-A1 and JIPPT-II2 have 
shown that the stellarator field can extend the stable regime of tokamak operation and suppress 
disruptions, yet current-driven disruptions can still be obtained in stellarator plasmas with a relatively 
small fraction of the rotational transform derived from the plasma current.3 The issue of MHD stability of 
current-carrying stellarator plasmas is important within the US stellarator program since two low aspect 
ratio stellarators under consideration, NCSX4 and QPS5, will have significant levels of  bootstrap current. 
In CTH, the susceptibility and severity of current-driven stellarator plasmas to disruptions will be 
experimentally examined with ohmic currents applied to RF-generated stellarator plasmas.  Both peaked 
and hollow bootstrap-like current profiles will be generated in CTH and comparisons will be made with 
3-D stability theory.  1-D and some supporting 3-D stability studies show that CTH can be made to 
operate at the predicted stability boundary of ideal kink and vertical instabilities. Disruptions from 
resistive tearing modes can be expected, as observed in the previous current-driven stellarator 
experiments. 

 
Experiment 

The magnetic configuration of the CTH device is designed to be highly flexible. The 
main torsatron field is provided by an l =2, m=5 helical coil.  The average magnetic field 
strength will be Bo ≤ 0.5T.  The design parameters of CTH are shown in Table 1.  Auxiliary 
toroidal field (TF) coils will be used to increase the overall rotational transform profile with the 
edge vacuum rotational transform being variable from ιV(a) = 0.2 to 0.5.  Currents generated by 
the OH system will further modify the transform up to ι J(a) ≤ 0.5.  Dipole, vertical field coils will 
provide the fields to maintain equilibrium.  A set of shaping, quadrupole poloidal field coils 
(SVF and IVF) will provide the capability of modifying the elongation of the plasma as well as 
altering the shear in the rotational transform profile.   

The core of the CTH facility showing the helical coil and its support structure is 
illustrated in Fig. 1. The relative positions of all major coil sets and the vacuum vessel are shown 
in Fig. 2.   A typical set of vacuum flux surface plots generated from the IFT code6 are shown in 
Fig. 3., and a range of attainable vacuum rotational transform profiles (also computed from the 
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IFT code) are shown in Fig. 4.  The VMEC code7 is used to model profiles in current-carrying 
CTH plasmas. 

 
 
 

Fig. 1. Core of the CTH device.  The 
vacuum vessel is shown in green.  
The helical coil frame surrounds the 
vacuum vessel and the helical coil 
itself is shown in red and is wound 
directly onto the helical coil frame. 

 
 
 
 
 

Fig. 2. Combined poloidal cross-
sections of CTH showing the 
vacuum vessel, ports and coil sets. 
The top and bottom ports are in 
different poloidal planes from the 
side and angled ports.  The coil sets 
are as follows:  
OH1, OH2, OH3 – Ohmic Coils 
HF – Helical Field Coil 
OVF – Outer Vertical Field Coils 
SVF – Shaping Vertical Field Coils                     
IVF – Inner Vertical Field Coils 
TVF – Trim Vertical Field Coils 
TF – Toroidal Field Coils 
TRF – Trim Radial Field Coils 
EF – Equilibrium Field Coils 
EFD – Equilibrium Field Decoupler Coils 
ECC – Error Correction Coils 
 
 

 
Table 1: Parameters of the CTH device. 

Major Radius (m) 0.75 Ion Temperature (eV) ≤ 50 
Vessel Minor Radius (m) 0.30 Plasma Current (kA) 0-60 
Avg. Plasma Radius (m) 0.19 Input Power (kW) 200-250 (ICRF); 100 (OH) 
Magnetic Field (T) 0.5 Pulse Duration (s) 0.4 (magnets); 0.1 w/ OH 
Density (m-3) 0.5 � 1 x 1019 Edge Transform 0.15�0.5 (vac);+ 0-0.5(OH) 
Avg. Elec. Temp. (eV)        325      Plasma β (%)   ≤0.5 
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Fig.3.  Vacuum magnetic field surface of section plots at three toroidal angles within a field period. 
 
 

Fig. 4.  CTH vacuum rotational transform profiles.  (a) Variation of the transform profile with TF 
current.  The values in the legend refer to the ratio ITF/IL=2. (b) Variation of the profile with SVF current 
for ITF/IL=2=0.13.  
 
 
Vacuum Vessel & Helical Coil Frame 

The CTH vacuum vessel is a continuous circular torus of major radius Ro = 0.75 m and 
minor radius av = 0.29 m. To facilitate poloidal flux penetration during ohmic operation, the 
vacuum vessel chamber is being made with Inconel 625.  The estimated flux penetration time 
is in the range of 1 �2 msec. The vacuum vessel halves are fabricated by spinning.  The halves 
are welded together, and SS port extensions are then welded on.  The vessel is scheduled for 
delivery in May of 2002. 

The Helical Coil Frame (HCF) forms the major support structure of the CTH device. 
The 5-field period, l=2 helical coil will be wound into precision-machined, cast aluminum 
supports surrounding the vacuum vessel.  The frame pieces will be cast in ten identical 
sections using a machinable Aluminum alloy. After the sections are cast, the coil troughs and 
fastening edges of the parts will be machined to a tolerance of +1mm.  This level of coil 
winding error has been shown to have a negligibly small effect on the calculated vacuum 
magnetic surfaces. 

The sequence of assembly is shown in Fig. 5. Insulating supports will cradle the 
vacuum vessel within the HCF.  Heating pads will be affixed to the vacuum vessel for low-
temperature bake-out (T ≤ 120°C).  Magnetic diagnostics such as Rogowski coils and flux 
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loops will be installed between the HCF and the vacuum vessel during the assembly of the 
machine to allow measurement of vacuum vessel currents. 

 
Fig. 5.  A Sketch of the assembly 
of the Helical Coil Frame around 
the vacuum vessel.    Five pieces 
of the HCF will be joined to form 
the lower section.  Next, the 
vacuum vessel will be lowered in 
place.  The upper part of the HCF 
will then be constructed, lowered 
and attached to the lower section.  
 

With the focus of the CTH 
experiment on current-driven 
instabilities, it is necessary to have 
the ability to measure the fully 3-D 
magnetic equilibrium configuration 
of the current-carrying plasma in 
order to make valid comparisons 
with stability theory.  Efforts are 

underway in the stellarator community to develop a 3-D equilibrium reconstruction method.  We 
intend to test this technique in CTH using segmented Rogowski coils, magnetic B-dot probes, 
and flux loops near the plasma boundary to provide the magnetic measurements for the 
reconstruction method. Plans are also under development to use the MSE/LIF technique8 to 
measure the pitch angle of the internal magnetic field to provide constraints on the local 
rotational transform for the reconstruction process. Defining satisfactory magnetic diagnostics 
for the equilibrium measurement in CTH is a priority and an ongoing process at this time. 

 
Schedule 
The vacuum vessel, helical field coil molds, and magnet copper are all expected to have arrived 
by the Summer of 2002 and the winding of the CTH coils will begin at that time.  The CTH 
device is scheduled to be completed and operational in late 2003. 

 
Acknowledgements 
This work is supported by US DoE Grant DE-FG02-00ER54610 and US DoE EPSCoR Program 
Grant DE-FG02-99ER45758.  We also acknowledge support from the PPPL engineering staff. 

 
1. W7-A Team, Nucl. Fusion 20, 1093 (1980). 
2. J. Fujita, S. Itoh, K. Kadota et al., in Plasma Phys. and Cont. Fusion Res. (Proc. 8th Int. 

Conf., Brussels, 1980) IAEA Vienna (1) 209 (1981). 
3. E. Sallander, A. Weller, W7-AS Team, Nucl. Fusion 40, 1499 (2000). 
4. A. Reiman et al, Phys. Plasmas 8, 2083 (2001). 
5. A. Deisher, A. Ware, S. Hirshman, D. Spong, Bull. Am. Phys. Soc. 45, no. 7, 173 (2000). 
6.   J. Cary and J. Hanson, Phys. Fluids 29, 2464 (1986). 
7. S. P. Hirshman, W. I. van Rij, and P. Merkel, Comp. Phys. Comm. 43, 143 (1986). 
8. F. M. Levinton, Rev. Sci. Instrum. 70, 810 (1999). 



Loss of the second stability regime for ideal MHD ballooning

modes in three�dimensional equilibria

C� C� Hegna� and S� R� Hudson�
�University of Wisconsin� Madison� WI ��������	�

�Princeton Plasma Physics Laboratory� Princeton� NJ

The e�ect of three�dimensional geometry on ideal MHD ballooning sta�
bility boundaries is investigated� In particular� we use the construction of
local ��D equilibria ��� as a tool to distinguish the role of three dimensional
shaping and plasma pro	les� The relationship between the symmetry prop�
erties of the local shear and the magnetic curvature is addressed for a model
quasi�helically symmetric con	guration� The presence of three�dimensional
symmetry breaking terms in the local shear can produced localized ballooning
instabilities in regions of small average magnetic shear �
�� In the presence of
the incommensurate helicities� the 	rst stability boundary pressure gradient
threshold is lowered and the second stability regime can be eliminated ����

A simple geometric interpretation can explain the occurrence of balloon�
ing instabilities in ��D geometry� Ballooning instabilities on a particular �ux
surface tend to arise when regions of local shear intersect with regions of
unfavorable curvature� In axisymmetric systems� these regions are functions
of poloidal angle only and therefore ideal ballooning instabilities arise when
the local shear is small on the low 	eld side� However� in three dimensional
con	gurations� the presence of an incommensurate helical component of the
local shear produces a con	guration where the regions of small shear and
unfavorable curvature are overlap at distinct points on the magnetic surface�
These regions only appear on particular 	eld lines� Unlike the axisymmetric
case� in general the P	rsch�Schl�uter current induced modulation of the local
shear cannot remove these regions� This results in a con	guration without a
second stability regime�

��� C� C� Hegna� Phys� Plasmas �� �
� �
�����
�
� P� Cuthbert and R� L� Dewar� Phys� Plasmas �� 
��
 �
�����
��� C� C� Hegna and S� R� Hudson� to appear in Phys� Rev� Letters �June�

�����

MHD Equilibrium and Stability
Poster is preferred� No



1

Paper No. 0II.5

13th International Stellarator Workshop
Loss of the second stability regime for ideal MHD ballooning

modes in 3-D equilibria

Hegna, C. C.(1) and Hudson, S. R.(2)

(1) University of Wisconsin, Madison, WI 53706-1687
(2) Princeton Plasma Physics Laboratory, Princeton, NJ 08543

Abstract

The effect of three-dimensional geometry on the stability of ideal
MHD ballooning modes is addressed. By using a class of ‘local 3-D
equilibria,’ the effects of plasma shaping, profile variations and sym-
metry on local stability properties can be studied. A class of local
helical axis equilibria are constructed which model the properties of a
quasi-helically symmetric stellarator. Changes in the 3-D shaping al-
low for manipulation of the harmonic content of the local shear within
the magnetic surface of interest. The presence of symmetry breaking
components in the local shear are shown to have a dramatic impact
on the ballooning stability boundaries. In particular, these symme-
try breaking components are shown to lower first ballooning stability
thresholds and potentially eliminate the second stability regime.

I. Introduction
The physical mechanism that limits the allowable stored energy in a non-

symmetric magnetic confinement system is an open physics question in stel-
larator research. In many theoretical assessments of particular stellarator de-
signs, ideal MHD ballooning modes are thought to provide the most stringent
instability limit to the plasma β. Ballooning instabilities have eigenfunctions
which are localized to regions in the plasma with unfavorable magnetic field
line curvature. Instability ensues when the pressure/curvature drive exceeds
the stabilizing magnetic field line bending energy. In this work, we review
recent calculations which emphasize the role of three dimensional geometry
on the linear stability properties of ideal MHD ballooning modes [1,2].

Ballooning modes are characterized by having short perpendicular wave-
lengths relative to parallel wavelenghts. Using this ratio as an asymptotic
expansion parameter, one derives to lowest order a local mode behavior that
is described by an ordinary differential equation along a field line [3]. Solu-
tions of this equation yield eigenvalues of the local problem which in general
are functions of a three-dimensional space labeled by magnetic surface, field
line label and radial wavenumber (ηk). Solutions to the global eigenvalue
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problem require solutions of the ray tracing problem subject the periodicity
properties of the problem [3,4]. Due to the presence of magnetic field line de-
pendent local eigenvalues, which are unique to three-dimensional equilibria,
construction of the global eigenvalues are problematic [3].

The subject of this work deals with the properties of the local eigenvalues.
We introduce methods for contructing the local stability properties of 3-D
equilibria as functions of profile and shaping parameters [5,6]. Previously,
this technique was utilized to address the ballooning stability properties of
an example of the local equilibria [1] as a model for discussing generic stability
properties of three-dimensional equilibra [2]. Specifically, we discuss the role
of symmetry breaking effects in the geometric properties of the magnetic
field and how these effects impact the stability boundaries [1,2]. Symmetry
breaking effects introduce truly three-dimensional equilibria effects which
yield field-line dependent ballooning eigenvalues.

In the following section, we review the notion of local equilibria [6]. In
Section III, we describe some ideal MHD ballooning stability properties in
the context of a particular example local equilibria. Finally, we conclude
with a brief discussion in Section IV.

II. Local Equilibria
The difficult aspect of deducing the role of three-dimensional shaping on

local stability criteria is the generation of 3-D MHD equilibria with nested
toroidal flux surfaces. Since no rigorous Grad-Shafranov theory exist for 3-
D systems, one needs to rely on numerically generated solutions which are
unwieldy if not impossible to use in calculations involving parameter scans of
shaping parameters. However, a method was developed to generate sequences
of 3-D MHD equilibria in a region localized to a particular magnetic surface
[6]. By application of this technique, the stability properties of various local
modes can be studied as functions of profile and 3-D shaping parameters.
This work parallels similar efforts to examine the effects of axisymmetric
shaping and profile parameters on local stability properties of tokamaks [7,8].

A local 3-D equilibrium is specified by two free profile functions and the
coordinate mapping X(θ, ζ) and rotational transform ιo on the magnetic sur-
face ψ = ψo, where θ and ζ are any straight field poloidal and toroidal angle
(dθ/dζ = ιo). The choice of X is constrained by the physical requirement
that there by no normal component of the plasma current. The constraint
requires that a first order partial differential equation on the magnetic sur-
face have non-secularly growing solutions and that parallel currents are finite
on the magnetic surface [6].

It is useful to distinguish the role of magnetic geometry, as specified by X
and ιo, from the two profile functions. In particular, fundametal geometric
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information such as the normal and geodesic curvatures are described by the
magnetic geometry and given by

κn = n̂ · (b̂ · ∇)̂b, (1)

κg = b̂× n̂ · (b̂ · ∇)b̂. (2)

These quanities play crucial roles in describing the free energy source and are
derivable from X and ιo using b̂ = (∂X/∂ζ + ι∂X/∂ζ)/|(∂X/∂θ+ ι∂X/∂ζ)|
and n̂ = (∂X/∂θ × ∂X/∂ζ)/|(∂X/∂θ × ∂X/∂ζ)|.

While the curvature plays a fundamental role in describing the free energy
source for ballooning modes, another geometric object, the normal torsion
τn, plays an important role in describing the stabilizing effect of field line
bending. Specifically, the field line bending energy associated with a local
ideal MHD perturbation is related to the local shear of the field line. The
local shear is defined by s = (b̂× n̂) ·∇×(b̂× n̂) and is related to the normal
torsion and parallel current by the identity

s =
J ·B
B2

− 2τn. (3)

The normal torsion of the magnetic field is also completely specified by the
magnetic geometry and given by

τn = −n̂ · (b̂ · ∇)b̂× n̂. (4)

Note from Eq. (3), that variations in the normal torsion and Pfirsch-Schlüter
currents within the flux surface the local shear. The parallel current satisfies
the quasineutrality equation which yields a solution that is given by

J ·B
B2

= σ +
dp

dψ
λ (5)

where σ =< J · B > / < B2 > is the total flux surface averaged current,
dp/dψ is the pressure gradient and λ is the Pfirsch-Schlüter coefficient deter-
mined from the solution to

B · ∇λ = 2
|∇ψ|
B

κg, (6)

where |∇ψ|, B and the Jacobian can determined from the geometric input
[6]. While magnetic geometry influence the local shear through the quantities
τn and λ, the two free profile quantities σ and dp/dψ (or equivilantly dι/dψ
and dp/dψ) affect the local shear as well.
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In the following ballooning stability studies we will use a parametrization
which crudely models a quasihelical system [9]. In this approximation, the
normal and geodesic curvatures are dominated by a single Fourier harmonic,
κn ∼ cos(Nζ−θ), κg ∼ sin(Nζ−θ) with N denoting the toroidal periodicity.
In particular, the inverse mapping quantity X(θ, ζ) is specified in cylindrical
coordinates [R, φ, Z] = [R(θ, ζ),−ζ, Z(θ, ζ)] by

R = Ro + ρo cos(θ) + ∆ cos(Nζ) +
2Roρo

N2∆
sin(Nζ) sin(θ), (7)

Z = ρo sin(θ) + ∆ sin(Nζ)− 2Roρo

N2∆
sin(Nζ) cos(θ), (8)

where the lengthscales ∆, Ro and ρo and the toroidal periodicity parameter
N are input to the local equilibria geometry. While more general cases exist,
we concentrate on the particular orderings N2∆/Ro � 1 > N∆/Ro and
ρo ∼ ∆. In this limit, the magnetic surface is circular to lowest order with
the center of the circle rotating with the helical pitch Nζ−θ. The last terms
in R(θ, ζ) and Z(θ, ζ) give small mirror-like corrections that beat with the
helical symmetric angle to cancel out the toroidal curvature to leading order.
This has the effect of producing a curvature vector, magnetic field spectrum
and Pfirsch-Schlüter current spectrum that are dominated by the helical angle
Nζ − θ, as one would find in a quasi-helically symmetric configuration.

From Eqs. (1)-(2), the normal and geodesic curvatures are dominated by
a single harmonic to leading order and given by

κn = −N
2∆

R2
o

cos(Nζ − θ), (9)

κg = −N
2∆

R2
o

sin(Nζ − θ) sin(Nζ). (10)

Additionally, the normal torsion is given by

τn = − 2

N∆
cos(Nζ) +

ιo
Ro

− N3∆2

R3
o

cos2(Nζ − θ). (11)

Unlike components of the curvature vector, the normal torsion is not domi-
nated by a single harmonic. The first term in Eq. (11) describes a dominant
“mirror” term that has a helicity which is incommensurate with the basic
helical angle which dominates the curvature vector. Since there is no rea-
son to believe that the torsion vector should have any particular symmetry
property (unlike the magnetic field spectrum), this feature is generic for all
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quasi-symmetric configurations. Further details on this choice for the mag-
netic field geometry can be found in Ref. [2].

III. Ballooning Stability
Local stability properties are determined from the ballooning equation

which for the model equilibria described in Sec. II is given by

∂

∂η
(1 + Λ2)

∂ξ

∂η
+ α[cos(η) + Λsin(η)]ξ = −Ω2(1 + Λ2)ξ (12)

where the coordinate η = Nζ − θ labels points along the magnetic field line,
the integrated local shear is

Λ =
∫ η

ηk

dη[ŝ− αcos(η) + τocos(2η) + δcos(kη + kχ)], (13)

α = −(dp/dψ)N2∆ρoV̂
′/Ro(N − ι)2 is dimensionless measure of the pres-

sure gradient, τo = N3∆2/2R2
o(N − ι), δ = N∆/Ro(N − ι), and V̂ ′ =∮

dl/B(4π2)−1 is an normalizing factor. The last term in Λ(η, χ) represents
the three-dimensional property of the helical axis equilibria. This term arises
from the first term of the expression for the normal torsion, Eq. (11). Note
that this term is explicitly field line (χ) dependent and has incommensurate
helicity with the helical symmetry angle.

The ideal MHD stability boundaries are present when the local eigenvalue
satisfies Ω=0 [note, on the magnetic surface Ω2 = Ω2(ηk, χ)]. In the above
ballooning equation, five parameters describe the equilibria. The parameters
ŝ and α are dimensionless measures of the two profile quantities required for
the specification of the local equilibria. The quantities δ, τo and k, are due to
the magnetic geometry specification. In the limit δ = τo = 0, the ballooning
equation is mathematically equivalent to the shifted circle equilibrium used
in tokamak studies [10]. In what follows, we consider the special case τo = 0.
Non-zero values of τo alter the stability boundaries quantitatively, however,
the same general features are present in the τo = 0 case since this term does
not introduce symmetry breaking terms into the ballooning equation. The
factor k = N/(N − ιo) is only relevant when δ 6= 0 and is irrational if the
rotational transform is irrational.

The most important modification due to three-dimensional geometry is
described in the term in the local shear proportional to δ. In the following
figure, we plot stability boundaries as functions of the profile quantities ŝ
and α for a range of values for δ. Ideal MHD stability boundaries with
τo = 0 and k = π2/8 are shown for different values of the symmetry breaking
factor δ. The solid, dotted, dashed, and dash-dotted correspond to δ =
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0, 0.15, 0.30, 0.45, respectively. If at least one field line with one value of
ηk has an unstable local eigenvalue, the region of ŝ − α parameter space is
considered to be unstable.

The stability curves for the δ = 0 case is equivalent to the standard sym-
metric tokamak case where for ŝ > 0, there are two marginal stability points
at fixed ŝ that demark the first and second stability regimes. Generally, the
first stability boundary degrades as δ increases. Additionally, as δ increases
there is a significant deterioration of the second stability regime, and for
large enough δ, there is only one ballooning stability boundary for a given
ŝ. Unlike the tokamak case, ballooning instability can occur at ŝ = 0. This
effect is solely due to the presence of the symmetry breaking contributions
to the local shear. These terms largely determine the stability properties in
the small shear region.

The stability boundary is weakly dependent on δ in the large-ŝ [ŝ ∼ O(1)]
region. In this region, the mode is highly localized to a narrow region in η
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where the curvature is unfavorable. Here the average shear, ŝ, dominates
other contributions to the local shear and is responsible for the localization
along the field line. Hence, at large ŝ, the ballooning stability boundaries are
weakly dependent upon δ.

In the small ŝ region of symmetric tokamak-like configurations, the mode
extent along η is large compared to 2π. Using a multiple scale analysis, one
finds that the mode structure is described by an oscillation along the field line,
which describes the ballooning effect, modulating an extended envelope which
has width O(1/ŝ). An important aspect of this analysis is a description of the
second stability region at large α. When symmetry breaking contributions
to the local shear enter, the extended envelope feature of the mode shape
is disrupted [1]. In the presence of non-zero δ, the mode tends to localized
along η in the bad curvature regions. This has the property of lowering the
first stability region and eliminating the second stability region.
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As seen in the above figure, another aspect of three-dimensional equilib-
ria is that the local eigenvalues are field line dependent. In this figure, the
solid curve represents the δ = 0 case corresponding to the symmetric case.
The eigenvalues for this case are independent of field line label. The remain-
der of the stability curves correspond to the common value of δ = 0.45 (the
magnetic geometry is fixed) for different magnetic field lines on the magnetic
surface as labeled by the value of χ. The dotted, dashed, dash-dotted, and
dash-triple-dotted curves correspond to χ = 0, 0.85, 1.70, 2.55, respectively.
Note that for the field line choice χ = 2.55, all equilibria with ŝ < 0.5 have
stable ballooning eigenvalues. However, for the same magnetic geometry at
the field line choice χ = 0, at sufficiently large α nearly every equilibrium is
unstable for ŝ > −0.2. Generally speaking, in small ŝ regions every magnetic
surface contains a mixture of field lines with both stable and unstable local
eigenvalues.

IV. Discussion
By employing a technique for generating local three-dimensional equilib-

ria, generic properties of ideal MHD ballooning mode instabilities are exam-
ined. This allows one to manipulate profile and shaping properties of 3-D
configurations for applications to ideal MHD ballooning mode stability. An
example local helical axis model is introduced to emphasize the technique.
In this model, the curvature and magnetic field spectrum are dominated by
a single helical harrmonic. However, the local shear does not have the same
spectral purity. In the model, a parameter can be adjusted to control the
strength of symmetry breaking terms in the local shear.

Ballooning stability boundaries are demarked for the helically symmetric
equilibria and demonstrates a sensitivity to symmetry breaking terms in the
local shear. The presence of these terms produce a deterioration of the first
stability boundary and a reduction or elimination of the second stability re-
gions. This suggest that the lack of symmetry in the local shear can greatly
impact the ballooning stability properties of quasi-symmetric systems. This
property can explain the fairly low predicted critical β for ideal ballooning
mode onset in the HSX quasi-helical stellarator [9]. Additionally, this work
illustrates a unique property of 3-D systems, the eigenvalues of the local the-
ory are field-line dependent.

*Research supported by U. S. DoE under grant no. DE-FG02-99ER54546.
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A heavy ion beam probe (HIBP) has been installed in the TJ-II stellarator (R =
1.5 m, a ≤ 0.22 m, B ≤ 1.2 T) to investigate the radial structure of plasma potential.
HIBP trajectories have been calculated in different TJ-II magnetic configuration and
optimal characteristics has been obtained for active beam control to make measurements
at different point of the detector grid.

This report presents a description of the HIBP system (200 keV and about 50 –
100 µA of Cs+) and the first measurements of the plasma potential in TJ-II plasmas.
Measurements were carried out at rho ≈ 0.4 - 0.6 in He and H plasmas (PECRH = 300
kW). Plasma potential and secondary beam current show a correlation with electron
temperature and plasma density. In particular, the plasma potential becomes more
positive (up to 600 V) as plasma density decreases (4 x 1012 cm-3). In the low density
regime, the positive value of plasma potential decreases in He plasmas (about a factor of
two) as compared with H plasmas.
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Abstract

A view of recent experimental results and progress in the characterization of plasma turbulence in the TJ-II
stellarator device is given. An empirical similarity in the scaling properties of the probability distribution
function (PDF) of turbulent transport has been observed in the plasma edge region. This result supports the view
that turbulent transport displays universality in fusion plasmas and emphasizes the importance of the statistical
description of transport processes in fusion plasmas. Comparative studies in different magnetic confined plasmas
show that fluctuations and sheared poloidal flows organize themselves to be close to marginal stability. This
property should be considered as a critical test for improved confinement transition models. Magnetic
configuration scan experiments in stellarator devices have shown a complex interplay between transport and
sheared radial electric fields in the proximity of rational surfaces.

I. Introduction

Although the dominant free energy source driving fluctuations have not been identified, one of
the important achievements of the fusion community has been the development of techniques to
control plasma fluctuations based in the ExB stabilizing mechanism 1. The best performance of
existing fusion plasma devices has been obtained in plasma conditions where ExB shear
stabilization mechanisms are likely playing a key role 2. These results emphasize the importance
of clarifying the driven mechanisms of sheared flows in fusion plasmas.

Comparative studies of the structure of plasma turbulence carried out in different magnetic
confinement devices have led to insights furthering the understanding of turbulent transport in
fusion plasmas 3. The overall similarity in the structure in the statistical properties of fluctuations
has led to conclude that plasma turbulence in magnetically confined plasmas, as many other
dynamical systems, display universal characteristics 4.

This paper reports recent results in the characterization of the statistical properties of turbulence
and the physics of ExB sheared flows in the TJ-II stellarator.

II. Statistical properties of turbulent transport

Due to the flexibility of the TJ-II configuration, the magnetic well depth may be modified over a
broad range of values, i.e. from 0% to 6 %, while the radial extent of the magnetic well can also
be strongly modified. Recent experiments5 have shown that, as expected from the theoretical
point of view, the level of edge fluctuations and the degree of intermittency show a significant
increase when magnetic well is reduced in the TJ-II stellarator. Fluctuation-induced E×B particle
transport has been computed in the edge of plasmas in different magnetic configurations
changing the magnetic well depth. Results show that the turbulent flux decreases as the well is
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increased. Electron density profiles measured by reflectometry during the magnetic well scan
show a widening of profiles and an increase of the gradient as the magnetic well increases.

In the TJ-II stellarator, as in other devices, the probability density function (PDF) of the
turbulent transport shows significant non-gaussian features. The Probability Density Functions
(PDFs) of the local ExB turbulent flux are modified when decreasing magnetic well (Figure 1):
these changes are mainly an increase on the probability of large amplitude flux transport events.
The PDF of ExB turbulent fluxes can be rescaled using a finite-size scaling law6 ,

PDF (ΓExB) = L-1 g(ΓExB/L)

where ΓExB is the turbulent ExB flux and L is an scaling factor (Figure 1).

In order to identify the relation of the scaling parameter with plasma parameters it is important to
keep plasmas with similar properties (magnetic topology, colisionality, etc.) but with different
magnetic well (i.e. different level of fluctuations). This study has shown that the scaling
parameter L is directly related with the level of fluctuations. Similar dependence has been
recently observed in the JET tokamak7. The empirical similarity in turbulent fluxes suggests that
edge plasma turbulent transport evolves into a state in which the PDFs of transport exhibit the
same behaviour over the entire amplitude range of transport events.

III. Sheared poloidal flows and transport near marginal stability

From the wave number and frequency spectra S(k,ω), computed from the two points correlation
technique8, we define the poloidal phase velocity of fluctuations as,

v S k k S kphase = ∑ ∑( , ) ( / ) / ( , )ω ω ω

A reversal in the phase velocity of fluctuations (shear layer) has been observed in the proximity
of the last closed flux surface (LCFS) in magnetic fusion devices. Experiments carried out in the
TJ-II stellarator show that the resulting radial gradient dvphase/dr  is in the range of 105 s-1, which
turns out to be comparable to the inverse of the correlation time of fluctuations, in the range of
10 µ s (Fig. 2). These changes in the poloidal phase velocity of fluctuations can be explained, or
at least are consistent, in terms of ExB drifts. This result suggests that ExB flows and
fluctuations organized themselves closed to marginal stability (i.e. the shearing rate is close to
the critical value to modify  plasma turbulence).

It is interesting to compare the results obtained in the TJ-II stellarator with those previously
reported in other devices. In stellarator plasmas such as ATF9 a reversal in the phase velocity of
fluctuations have been observed. The position of the shear depends on the magnetic
configuration and the resulting radial gradient dvphase/dr was in the range of 105 s-1, like in the
TJ-II stellarator. It is remarkable that similar results have been obtained in tokamak plasmas. In
particular, experiments carried out in JET10 show that the resulting shearing rate in the poloidal
phase velocity of fluctuations is also in the range of 105 s-1. Similar results  were  found in the
plasma edge of TEXT tokamak11. Large ExB sheared flows have also been reported in reversed
field pinches12.

These findings show that the presence of sheared flows with shearing rates close to the critical
value modify plasma turbulence in the plasma boundary of magnetically confined plasmas. This
result implies that there is not a continuous increase of the ExB flow shear when approaching the
critical power threshold for the transition to improved confinement regimes (i.e. L-H transition)2.
On the contrary, sheared flows with decorrelation rates close to the critical value to reduce
turbulence are already developed well below the L-H power threshold. This property should be
considered as an important ingredient in the modeling  of the L-H transition. Recent numerical
simulations have shown that turbulent driven fluctuating radial electric field via Reynolds stress
has the property to get ωExB critical13. On the contrary, it is less obvious to understand in which
way other mechanisms, like those based on the role of ion orbit losses, can allow the sheared
poloidal flows and fluctuations to self-organize to reach the condition ωExB critical.
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IV. Rational surfaces, radial electric fields and transport

The operational flexibility and the control of the magnetic topology in stellarator devices make
them useful tools to investigate the role of rational surfaces on transport 14. The presence of
natural resonances has clearly been observed as a flattening in the edge plasma profiles in the
TJ-II stellarator  and in the LHD stellarator. Structures in plasma profiles have been observed in
the case of low-order rational surfaces (n=8 / m = 5, n= 4 / m = 2) in the TJ-II stellarator. Both
in TJ-II14 and LHD15 devices there is a significant variation in plasma potential just outside the
flattening region. These results have been interpreted as an increase of the sheared ExB flow
linked to the radial location of rational surfaces. The resulting radial gradient (dEr/dr)B-1 can

reach values of about 105 s-1 and this value turns out to be comparable to the inverse of the
decorrelation time of fluctuations usually measured.

These experimental results illustrate the impact of rational surfaces in the generation of ExB
sheared flows. These results look very similar to recent experiments carried out in JET tokamak,
which have shown flattening in plasma profiles and evidence of ExB sheared flows linked to
rational surfaces16. This similarity suggests that ExB sheared flows are connected to the
magnetic topology (rationals) both in tokamaks and stellarators. A possible explanation of the
flow structure near rational surfaces is the coupling of flow generation and turbulence13 (i.e.
sheared flows driven by fluctuations via Reynolds stress). This mechanism can provide sheared
poloidal flows linked to the location of rational surfaces. As pointed out in section II this
mechanism is consistent with the magnitude of the observed shearing rates (close to the critical
value to reduce fluctuations) in the vicinity of the magnetic island.

Recent experiments in TJ-II stellarator have shown that the local ExB fluctuation induced fluxes
are significantly modified in the proximity of rational surfaces17. In the case of measurements
taken in the proximity of the n = 4/m = 2 resonant surface, located near the plasma boundary, the
local ExB fluctuation particle flux shows a reverse direction (from outwards to inwards). This
modification is due to a change in the phase relation between density and electric field
fluctuations. The absolute value of the measured local ExB transport is similar in both cases with
(inward transport) and without (outward transport) the presence of the n=4/m=2 rational surface
(Fig. 3).

Although the mechanism responsible of the observed inward transport has not been identified, it
may be related with the presence of convective cells linked to rational surfaces. The fact that no
significant differences were found in the global confinement, strongly suggests a local nature of
the measured turbulent transport. Simultaneous measurements at different poloidal and toroidal
locations are needed to clarify this question.
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Abstract
First plasma potential measurements by the HIBP diagnostic have been obtained in the TJ-II stellarator. Plasma
potential depends on plasma density and working gas (H versus He). In the low density regime (4 x 1012 cm-3)
plasma potential increases up to 300 V. With increasing of plasma density (1 x 1013  cm-3) the plasma potential
reaches negative values of about -500V. The absolute value of plasma potential is smaller in He plasmas than in
H plasmas. Measurements of plasma potential radial profiles (ρ = 0.3 –1) have shown core plasma potential
values up to 1 keV. An important improving in the signal to noise ratio allows the measurements of plasma
potential fluctuations with a resolution better than 20 V. The radial profile of plasma potential fluctuations
shows a decrease in the root mean squared value (rms) of plasma fluctuations as the HIBP sample volume
moves from the edge (rho ≈ 1) to the core (rho ≈ 0.3). Radially localized bursts in plasma potential fluctuations
have been observed (ρ ≈ 0.4) in the frequency range 30 – 40 kHz. These results might be related to the presence
of rational surfaces (e.g. 3/2).

1. Introduction.

The advantage of HIBP system in operation in the TJ-II stellarator is based on the
simultaneous utilization of two detectors for the secondary ions: a 30o Proca-Green
electrostatic energy analyzer and a multiple cell array detector (MCAD) [1]. During operation
with the electrostatic energy analyzer the sample (ionization) volume position is controlled by
changing the entrance angle of the primary beam to the plasma, using electrostatic sweep
plates. The trajectory of the primary beam inside the plasma arranges a sequence of the
sample volumes for the MCAD. The operation with these detectors allows enlarging the
number of the sample volumes inside the plasma to obtain profiles of the electron density and
its fluctuations.

The HIBP installation in the TJ-II device is composed of three main parts: injection system,
detectors, and control and data acquisition system. In the experiments described in this paper,
the HIBP operates with a 125 keV Cs+ beam and the electrostatic energy analyzer to measure
the plasma potential. The paper is organized as follows: a description of the TJ-II electrostatic
energy analyzer is presented in Section 2; first investigation of the influence of plasma
density in the plasma potential is discussed in section 3, radial profiles of plasma potential
and  fluctuations are discussed in section 4.

2. The TJ-II electrostatic energy analyzer.

The electric potential measurement is based on the conservation of energy as the primary Cs+

ion passes through the plasma. When it is additionally ionized, an electron is stripped off,



removing a potential energy of -eΦpl, where Φpl  is plasma potential in the given ionization
point. The secondary  Cs2+ ion energy is therefore higher than the primary one on the same
amount eΦpl. The plasma potential is obtained by measurements of energy of the secondary
ions.

The relation for plasma potential, using a 30o Poca-Green electrostatic energy analyzer, with
a split plate detector is given by the expression:

Φpl = 2Ua(δiF + Ga) - Ub              (1)

where Ub and Ua are the accelerator and analyzer voltages, δi = (it - ib )/(it + ib) is the
normalized difference of the currents on the top (it) and bottom  (ib) detector plates, Ga and F
are the analyzer gain and dynamic coefficients, respectively, which depend on the analyzer
geometry and the beam entrance angle. The analyzer built for the TJ-II HIBP has no guard
rings. A high uniformity of the electric field inside analyser (better than 10-4 at the midplane)
is achieved with special configurations of the top HV electrode and grounded shield. Both the
HV electrode and shield can be shifted in toroidal direction up to ±10 cm inside the analyzer
vacuum tank, allowing an additional tune of the analyzer position in different regimes of TJ-
II. A manual control of the split detector position allows us to adjust the geometric
parameters of the analyzer, thus to modify and optimize the gain Ga. Figure 1 shows the gain
curve obtained in the analyser calibration experiment.

3. Plasma potential measurements and influence of plasma density.

TJ-II is a medium size stellarator with 4 periods, major radius of 1.5 m, and magnetic field of
1 T. [2]. Experiments reported in this paper were carried out in ECRH plasmas (P ECRH=
300kW) and plasma densities in the range (0.4 – 1) x 1013 m-3.

The influence of plasma density on plasma potential has been investigated at a fixed radial
location (ρ ≈ 0.5) in the plasma configuration shown in figure 2. It shows the location of the
ionization point and trajectories of primary and secondary ions. The ionization point is
located at a distance 4 cm from the plasma axis.

The currents of Cs2+ ions measured on different collector plates of analyzer split detector
during discharge are shown in Fig.3. Modulation of the primary beam allows subtracting the
plasma loading offset in further data processing. Fig.4 presents the time evolution of the
average electron density, electron temperature, and plasma potential for two plasma shots,
#5474 and #5484 (He plasmas). The plasma potential is about +200 V with plasma densities
about 4 x 1012 cm-3 (shot 5474). At higher densities the plasma potential increases from -400
V up to +250 V as density decreases from 0.8 x 1013 to 0.6 x 1013. The evolution of plasma
potential with density is quite similar for Hydrogen and Helium plasmas, although in He
plasmas the absolute value of the potential is about a factor of two smaller than in H.plasmas
(Fig. 5). The total secondary Cs++ ion current is given by Itot ∝ν f(Te), where n is the local
plasma density at the ionisation point, and f is the effective croos section of ionisation, which
is a weak function of Te.for TJ-II plasma parameters. The TJ-II secondary beam current
shows a correlation with the average plasma density.

In general the sources of the errors in plasma potential measurement may be classified in two
groups: errors due to accuracy of the accelerator and analyzer voltages (Ua, Ub) and the errors
due to geometrical uncertainties of the experiment (including the entrance angle into
analyzer, the stray magnetic field effect on analyzer operation, etc), which formally influence
the analyzer gain Ga and dynamic F coefficients. The values of the voltage on the accelerator
and analyzer power supplies are known with accuracy better than 10-4. The measurement of
the loading to power supplies by plasma radiation show that this influence is about 10 V.



To minimize the errors due to geometrical uncertainties, we used Ga coefficient values
obtained in the experiments with gas target directly on the TJ-II device, and the value of F
from the analyzer calibration measurements on the HIBP test facility. In stellarators the
trajectory of the secondary ions in the gas is almost identical to the trajectories in the plasma.
Therefore in the TJ-II stellarator such a gas target (He) calibration can be performed in each
shot during the time after plasma pulse, when the additional gas puffing is used to suppress
the runaway generation and magnetic configuration still remains the same. For a rough
estimation of the error in the measured plasma potential determined by geometrical
uncertainties we use the difference between gain coefficients obtained in calibration
experiment on gas target and test facility. It gives a value ±10-3 Ua(i.e. about 100V).

4. Radial profiles and fluctuations

First measurements of the plasma profiles show an increasing of potential from the edge (ρ =
1) to the plasma core (ρ ≈ 0.3). Core plasma potential can reach values up to 1 keV.
Measurements show a dependence of core plasma potential with plasma density. Radial scan
of the total secondary beam current shows evidence of significant attenuation of the probing
beam in the plasma.

Recently, an important improving in the signal to noise ratio allows the measurements of
plasma potential fluctuations with a resolution better than 20 V. The radial profile of plasma
potential fluctuations shows a decrease in the root mean squared value (rms) of plasma
fluctuations as the HIBP sample volume moves from the edge (ρ ≈ 1) to the core (ρ ≈ 0.3).
Interestingly, radially localized bursts in plasma potential fluctuations have been observed
near ρ ≈ 0.4 in the frequency range 30 – 40 kHz. In this plasma region there is a significant
increase in the root mean squared (rms) value of plasma potential fluctuations. These results
might be related to the presence of rational surfaces (e.g. 3/2) and suggest the existence of
fluctuating radial electric fields linked to rational surfaces in the plasma core.
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Fig. 1. Analyzer gain coefficient

Fig. 2. TJ-II magnetic configaration



Fig.3. The currents of Cs2+ ions observed
on different collector plates Fig. 4. Plasma potential time evolution with

different average electron density.
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Fig. 5. Frequency spectra of collector plates signal during a temporal scan of the beam from
the core region (ρ ≈ 0.3) to the plasma edge (ρ ≈1). A quasi-coherent mode is clearly
observed in the plasma core region (ρ ≈ 0.4).
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Important aims of the W7-X experiment are the studies of energy and particle exhaust under 
quasi-stationary conditions and the development of a reactor relevant divertor system. Ten di-
vertor units, each consisting of about 130 target elements which are combined to 13 modules 
have been developed for stationary heat removal. The design of the divertor target plates is re-
lated to an expected local power load of up to 10 MW / m2. The target elements consist of 
CFC tiles brazed or welded on water cooled Mo or Cu structures. The temperature of the tile 
surface exposed to the plasma is expected to raise up to values of 1200 oC with a time con-
stant of some seconds. To guarantee the safety of the machine and monitor the operation 
mode some basic diagnostics for the divertor components with data evaluation in real time are 
necessary. In respect of the energy balance the operational divertor diagnostics include instru-
ments for thermography, thermometry, water flow control, measurements of thermo-currents 
to the divertor modules. Additionally, for the control of the particle balance localised gas feed, 
mass spectrometry and  measurements of gas pressure inside the divertor units have to be pro-
vided.  
To be able to determine local power deposition, to detect asymmetries of heat load to the tar-
gets and to prevent damage of target elements by overheating or mechanical defects a continu-
ous supervision of the whole target surface area by thermography is essential. For the ther-
mography system 10 uncooled microbolometer cameras and infrared optics of about 1.5 m 
length will be installed. It has to dispose signals indicating anomalous operation scenarios im-
mediately. This requires image acquisition and data transfer at rates of at least 20 Mbytes/s to 
achieve local and temporal resolution of about 10 mm and 100 ms, respectively. The software 
must be able to detect invalid values of the measured surface temperature, intolerably hot tar-
get areas and strong temperature rises and has to generate control signals indicating tolerable, 
dangerous and unreliable operation. For thermometry and water flow control about 2000 
PT100 temperature sensors and about 100 ultrasonic flow meters will be used. A PROFI bus 
system (SIMATIC) has been constructed and will record and analyse the data of the thermo--
sensors and the flow meters with a refresh time of about 1s. For measuring the electric poten-
tial and currents to the target modules the water cooling pipes can be used as shunt resistors. 
First experiments showed that they have sufficiently high electrical resistance.
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1. Introduction

The stellarator W7-X is presently under construction at Greifswald, Germany and the start of
operation is scheduled in 2006. Important aims of this experiment are the studies of energy
and particle exhaust under quasi-stationary conditions and the development of a reactor
relevant divertor system. In extreme scenarios particle fluxes up to 1x1022 particles/second [1]
and heat fluxes up to 10 MW have to be continuously removed by the divertor components of
W7-X. Corresponding to the modular design and the five identical magnetic field periods this
machine will be equipped with ten divertor units arranged toroidally along the helical edge. In
a first step an open divertor configuration will be explored [2]. The divertor equipment,
consisting of target plates, baffle plates, cryo-pumps and control coils guarantees a large
experimental flexibility and can accomodate the entire ι-range, different island sizes and
positions and even an ergodized boundary layer. Moreover it allows proofs of particular
scenarios, including operation with radiative boundaries with high plasma densities for which
the stellarator provides favourable conditions. Succesful quasi stationary high density
operation with a similar open divertor arrangement has recently been demonstrated in the
presently operated stellarator W7-AS [3].

2. Divertor Design

2.1. Target Plates
The target plates of the divertor units consist of about 130 target elements which are
combined to 13 modules. With two target plates per divertor unit, a total of twenty target
plates will be arranged along the plasma column and cover a total area of 22 m2. The exact
position and the shape of the target plates were chosen to intercept the particle flow from the
plasma along the open flux bundels at the boundary at a maximum distance from the
confinement region. To limit the heat load to values below 10 MW/m2, the focus area is
adjusted to achieve a small incidence angle of 1-3o at the target plates. The design of the
target plates had to be approximate the ideal 3-D surfaces derived from physics by a series of
planes and allow for a nearly constant incidence angle of the particles. Segementation of the
3-D surfaces led to seven standardised plane elements with dimensions ranging from 55x270
mm2 to 55x500 mm2. Flat carbon fibre tiles will be brazed or welded on the metallic cooling
structure. Presently, the combination of CFC NB31 (SEP, France) combined with a CuCrZr
heat sink is favoured.
9 to 14 single target elements are assembled to modules on a common support structure (see
fig.1). These elements are actively cooled by pressurized water flow. The static pressure will
be 10 bar and the inlet/outlet water temperature in the range from 30 to 80 oC, respectively. A
prototype target module comprising 9 to 15 target elements is now being designed in detail.
The design has to keep gaps between target elements small, provide flexibility for diagnostic
instruments and consider requirements from the heating system.
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Fig.1 Prototype of target module 5

2.2. Baffle and pumping
In order to control the neutral particle flux and avoid strong recycling effects, baffles are
installed adjacent to the vertical target plates. The baffle elements, covering 3 m2  per divertor
unit, are designed to withstand a power load up to 0,5 MW/m2. The conventional concept uses
flat carbon tiles clamped to a water-cooled structure.
Vacuum conditions with a base pressure less than 10-8 mbar are generated by turbomolecular
pumps providing an effective pumping speed of 4200 l/s at the divertor box and in addition by
cryopumps located behind the baffle plates allowing the pumping capacity to be increased
during high-density discharges, e.g. during injection of neutral beams or pellets. In such cases
particle fluxes up to 1022 particles/second have to be handled at pressures of about 10-3 mbar
in the divertor.

2.3. Control coils
Two control coils are integrated in each field period. The main features of the control coils
are: to control the variation of the connection length and modify the radial distance between
target plates and separatrix by changing the island size at the boundary, to compensate
magnetic field errors and to shift or spread the power deposition on the target plates.

3. Operational Diagnostics

To guarantee the safety of the machine and monitor the operation mode some basic
diagnostics for the divertor components with data evaluation in real time are necessary. In
respect of the energy balance the operational divertor diagnostics include instruments for
thermography, thermometry, water flow control and measurements of thermo-currents to the
divertor modules. Additionally, for the control of the particle balance localised gas feed, mass
spectrometry and  measurements of gas pressure inside the divertor units have to be provided.
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3.1 Thermography
To be able to determine local power deposition, to detect asymmetries of heat load to the
targets and to prevent damage of target elements by overheating or mechanical defects a
continuous supervision of the target surface area by thermography is essential. The surface
temperature of the CFC target elements must be limited to 1200oC. This temperature is
determined by the thermal conductivity of the CFC material and the cooling structure. For the
thermography system 10 uncooled microbolometer cameras operating with sensors in the
micrometer-wavelength region and appropriate infrared optics of about 1.5 m length will be
installed (see fig.2).

Fig.2 Cross sectional view of port F showing the IR-camera, the lens system, the field of view, the
observed target plates (red) and the baffles (blue)

Currently manufactured cameras have 320x240 pixels at 12 bit resolution and operate with a
frame rate of 50 Hz. The thermography system has to dispose signals indicating anomalous
operation scenarios immediately. This requires image acquisition and data transfer at rates of
at least 20 Mbytes/s to achieve local and temporal resolution of about 10 mm and 100 ms,
respectively. This is expected to be realised in near future with digital output cameras and a
frame grabber as interface to a PC host computer operating with Windows NT. The software
must be able to detect invalid values of the measured surface temperature, intolerably hot
target areas and strong temperature rises and has to generate control signals indicating
tolerable, dangerous and unreliable operation. Data collection and processing was tested with
appropriate assembly of a CCD camera and a PC-system based on a PIII 500 MHz dual
processor. A software package analysing the camera data with respect to invalid values and
pre-selectable threshold values was developed. Data collection and processing rates of up to 5
Mbytes/s are now achieved. Higher rates should be possible in the next few years by using
more advanced hardware and software components.

3.2. Thermometry and water flow control
For thermometry and water flow control about 2000 PT100 temperature sensors and about
100 ultrasonic flow meters will be used. A PROFI bus system (SIMATIC, Siemens) has been
constructed that will record and analyse the data of the thermo-sensors and the flow meters
with a refresh time of about 1s. A scheme of the data acquisition system is shown in fig.3.

F-portCamera
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Fig.3  Schematic view of the real-time data aquisition system for cooling water  calorimetry

3.3. Target current measurements
For measuring the electric potential and thermo-currents to the target modules the water
cooling pipes can be used as shunt resistors. First experiments with a high-current generator
showed that they have sufficiently high electrical resistance.

3.4. Neutral gas control
Control of the neutral gas distribution in the torus local gas puffing at the divertor target plates
and in the main chamber will be realised with up to 50 calibrated fast valves.
The total pressure and neutral flux in the divertor chamber will be measured by ASDEX-type
ionisation gauges [4] (1016 - 1020 D2/cm2s, time resolution 1 - 10 ms).
To get detailed information on the gas distribution inside the divertor units:

12 gauges in one module
2 in each other divertor unit (x 8 = 16);
5 in the triangular cross-sections giving a total of 33 gauges.

To measure asymmetries between the individual divertor units:
3 gauges per divertor unit - (x 10 = 30) near the striking zone for ι = 5/6, 5/5, 5/4
5 in the triangular cross-sections giving a total of 35 gauges.

The partial pressure of Helium will be measured with modified ASDEX-type ionisation
gauges based on the detection of photons emitted (1017 - 1020 He/cm2s, time resolution 10 - 50
ms). These will be installed preferably in the private flux region.
To determine the composition of the exhaust gas residual gas analysers of quadrupole type
will be used in the pump ducts. They will be combined with modified Penning gauges to
distinguish between D2 and He. This makes magnetic shielding necessary.

References:
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It is widely recognized that particle balance in magnetic fusion devices is a

critical issue, affecting the overall machine performance, fuel economy and even

environmental safety.   This is particularly true with future steady-state fusion devices.  

For short-pulsed experiments in currently operating devices, core plasma density control

is often done with the help of wall pumping effects.  By nature, however, wall

pumping is saturable.  Cryo-pumps are often employed to obtain a large pumping

speed.  Unfortunately, cryo-pumping has also a finite capacity, leading to the necessity

of developing new concepts of non-saturable wall [1].   

To provide a technical guidance on the new concept development for plasma-

facing components (PFCs), in the present work zero-dimensional particle balance

modeling has been performed under conditions, relevant to those employed in LHD and

also ITER, assuming 4 reservoirs; (1) core plasma; (2) SOL; (3) gas phase; and (4) wall.

The particle confinement times are defined respectively for the core plasma and SOL

regions.   Along with ordinary vacuum pumping, wall pumping due to co-deposition

and inward diffusion can be assumed in this model, as shown in the case study shown

below.  Effects of wall pumping on the overall particle balance will be discussed in

detail.  The modeling result from a case study on the density decay observed in LHD in

the second campaign, when PFCs were made of stainless steel, is shown in Fig. 1.

Fig. 1 Density decay in the core and SOL in LHD.
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SOL
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We describe multi-channel active and passive, non-perturbing diagnostic systems spanning the

spectrum from the far-infrared to visible.  System design principles and new technologies are

described.  The systems are combined to allow spatially and temporally resolved assessment of

particle transport and force balance.   To illustrate the performance of these systems, we present

results for low field discharges in argon, and for electron and ion-cyclotron heated discharges in H/

He at 0.5T.

Among the systems to be described are

• The scanning far-infrared interferometer

• The MOSS imaging camera

• The Tomographic MOSS 2-d imaging system

We also discuss novel imaging approaches to electron temperature measurement and an electro-

optic infrared imaging system for absolute thermography .
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Abstract

We describe multi-channel active and passive, non-perturbing diagnostic sys-
tems spanning the spectrum from the far-infrared to visible. System design
principles and new technologies are described. The systems are combined to
allow spatially and temporally resolved assessment of particle transport and
force balance. To illustrate the performance of these systems, we present re-
sults for low field discharges in argon, and for electron and ion-cyclotron heated
discharges in H/He at 0.5T.

Among the systems to be described are the scanning far-infrared interferom-
eter and the MOSS imaging spectrometers. We also describe a novel imaging
approach to spectroscopic line ratio measurements not reported previously. All
of these systems have in common the use of time and frequency multiplex meth-
ods for encoding spatially or spectrally distinct information.

1 Electron density imaging

The H-1 tomographic imaging interferometer is capable of providing high-
spatial resolution cross-sectional images of the plasma density profile [1, 2, 3, 4].
It uses a rotating diffraction grating to rapidly fan a probing far-infrared (743
µm) laser beam, in lighthouse fashion, across the plasma. This is achieved by
scribing the circumference of the rotating wheel (∼ 350 mm diameter) with a
grating pattern whose groove spacing d varies with wheel rotation angle either
continuously or in small discrete steps. At present, we use a grating rotated at
6000 rpm that generates six plasma sweeps per rotation for a minimum plasma
sweep time of ∼ 2ms. By illuminating the wheel from different directions,
and using both laser polarization states, it is possible to probe the plasma at
multiple view angles as seen in Fig. 1.

1.1 Plasma formation studies at 0.5T

H-1 is now routinely operated at 0.5T using 7MHz resonant heating of H/He
gas mixtures [5]. The interferometer has been used to study plasma formation
across the wide range of magnetic configurations accessible by the flexible heliac.
From the raw projection data only, it is possible to study configurational effects
on total electron number, plasma centre-of-mass and profile width. Figure 2(a)
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Figure 1: A 3-d Gaussian beam ray trace model of the H-1 scanning interfereometer optical
system. Laser radiation incident on the rotating grating is sequentially diffracted over a fan
of angles. The beam is collected by monolithic optics, directed into the plasma and returned
back along the incident path to processing optics mounted on a horizontal optical table. The
grating is illuminated at three positions to allow plasma probing in three directions, two
diagonal and one horizontal.

shows the variation of the total electron number ne0 (integrated over impact
parameter and time) for one of the interferometer projections versus central ring
current Ic for resonantly heated discharges (7MHz) in H-He gas mixtures. The
profile “width” obtained by taking the ratio of ne0 to the central line-average
density (from a chirp frequency single channel 2mm interferometer) shows a
broadening of the profile as the resonant layer moves away from the plasma axis.
Strong magnetic configurational effects are revealed by monitoring the total
electron number and projection centre-of-mass. The variation of these quantites
with helical current ratio κh = Ih/Ic (Fig. 2(b)) reveals the pronounced effects
of magnetic resonances on plasma confinement.

1.2 Electronic wavelength sweep

Under some plasma conditions, the wheel scan rate is insufficient to temporally
resolve fast density changes. Figure 3(a) shows juxtaposed projections from the
two diagonal views for a low-field discharge in argon that collapses to a strong
oscillating global instability. Moiré fringe patterns result from the temporal
undersampling.

We plan to alleviate this problem with the installation of a high power (100
mW), voltage tunable 260 GHz (λ = 1.15mm) microwave source. The BWO
can be rapidly (∼ 10 − 100µs) voltage tuned over a wide frequency range. By
illuminating a fixed grating and sweeping the frequency rapidly (< 100 µs)
from 213-260 GHz it is possible to generate the identical range of diffraction
angles ∆β as currently produced by the rotating scanning grating. With an
appropriate path difference between the probing and local oscillator beams, the
frequency sweep results in an intermediate frequency carrier signal at the mixer
detector (Fig. 3(b)).

2
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Figure 2: (a) Variation of total electron number and plasma “width” versus central ring
current. A current of 6500A produces a field of approximately 0.5T on magnetic axis. (b)
Top: variation of total electron number determined by the time-integrated interferometer
projection versus helical current ratio. Note the effects on plasma formation of the proximity
of rotational transform resonances obtained at various helical curent ratios. Below: The shift
of the projection centre-of-mass, projection peak position and the computed axis position as
a function of helical current ratio.
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Figure 3: (a) Raw interferometer projection data. Each image shows the temporal evolu-
tion (horizontal axis) of the phase shift (radians) for the two diagonal sweeps of the plasma
(vertically juxtaposed). In this case the plasma collapses to a strong global instability about
30 ms into the discharge. (b) By rapidly sweeping the output frequency of a BWO tube it is
possible to effect a spatial scan of the plasma. The geometry is arranged so that the longer
wavelength beams visit the less dense plasma regions.

The spatial sweep will be arranged such that the probe wavelength decreases
(sensitivity to plasma density increases) as the scan moves from plasma centre to
edge. Using a grating blazed for second (or higher) orders will halve the required
wavelength sweep range thereby reducing the sweep time and the effects of
output power modulation.
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2 Spectroscopic systems

Impurity and instrinsic ion spectroscopic imaging systems based on an elec-
trooptically modulated polarization interferometer (the MOSS spectrometer)
have been developed for tomographic imaging of the ion temperature and
plasma flow fields [6, 7, 8]. For Doppler tomographic applications, it can be
shown that time-domain instruments have certain fundamental advantages, not
least of which is a simple relationship between fringe visibility and the line-
integral of the intensity weighted velocity distribution function.

A wide field-of-view, high etendue 32 channel camera images a plasma
poloidal cross-section via a vacuum window and internal mirror arrangement
[7]. The instrument has been used to study plasma radial force balance in low
field argon discharges that exhibit spontaneous confinement transitions. Some
representative data are shown in Fig. 4.

time (milliseconds)

Flo
w s

pe
ed

 (m
/s)

Radius (mm)

(a)
time (milliseconds)Radius (mm)

Ion
 te

mp
era

tur
e (

eV
)

(b)

Figure 4: (a) Temporal evolution of the ion flow profile for low-temperature discharges in
argon. In these experiments, the rf power to the plasma is ramped in triangular fashion in
order to study the dynamics and hysteresis of transitions between low and high confinement
modes. Note the plasma acceleration at the onset of the transition (t ∼ 30ms). (b) The
associated ion temperature profile shows a modest increase in ion temperature to ∼ 12 eV
after the transition.

To observe higher order spatial ion temperature and flow vorticity struc-
tures related to magnetic islands and large scale plasma instabilities [9], we
have mounted an array of lens-coupled fibres on a rotatable apparatus that
encircles the plasma. The wheel hosts 11 parallel viewing channels in each of
five angularly equispaced modules arrayed about the plasma (see Fig. 5. The
wheel can be rotated to view a number of fixed light sources for relative inten-
sity calibration and, when not in use, can be parked so as to shield the lenses
from the plasma. The tomographic instrument response has been measured in
readiness for first plasma measurements.

More recently we have developed an imaging MOSS system for interfero-
metrically determining the intensity ratio of spectral line pairs. The system,
which shares the same viewing sightlines as the MOSS camera, monitors the
phase and contrast of the beat pattern produced by the superposition of inde-
pendent interferograms. These quantities relate in a simple way to the relative
line intensity ratio from which we can image the electron temperature (for ap-
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Figure 5: Schematic of the rotatable viewing platform showing the viewing chords and
angles.

propriately chosen atomic helium spectral lines) or the relative abundance of
hydrogen and deuterium isotopes (from Hα and Dα intensities) during plasma
fuelling experiments. The experimental details are given elsewhere [10].
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Development of the Stellarator Transport Code (ST-Code) has been established on the
basis of international co-operation, aiming to provide a numerical tool for better
understanding of the existing experimental observations in various stellarator plasmas, and
ultimately to provide a predictive capability for stellarator reactor-type plasmas
complementary to the scaling relations. The new code is currently based on the1-D ASTRA
code, modified for stellarator conditions. These modifications consist first of all of the
equilibrium and the neo-classical transport coefficients, which will be organised in such a
way as to facilitate the calculations and to provide a simple interface for the transport code.
Since the magnetic configurations of stellarator devices differ considerably, the different
modular structure of neo-classical transport coefficients (including the bootstrap current and
resistivity) and the equilibria will be developed. Anomalous transport models have been
incorporated based on a modified IFSPPL model of ITG turbulence for the ions and a
modified RLW and ETG models for the electrons. These models are currently used in
tokamak core plasma simulations and can be applied with some caution to stellarator
plasmas. The main issue for stellarator transport models remains the equation for the radial
electric field. An attempt will be made to incorporate such a differential equation for
numerical simulation of the ion and electron roots. This allows one to simulate transient
processes in the plasma, including the L to H transition and MHD oscillations at the edge.
Another important issue is the modelling of the particle source and sinks corresponding to
the different schemes of gas and pellet injection. A1-D model of neutral particles and the
impurity dynamics in the core plasma (justified with the help of 3-D MC codes) will be
applied. The boundary conditions at the edge of the core plasma are a special problem, which
requires the consideration of the stochastic/island regions. The effective boundary conditions
can be derived by averaging over such regions. Pedestal physics at the edge, for the case of
H-mode confinement, includes the stabilisation mechanisms due to the radial electric field
shear effects.

One important development is the corporation of the data base from different
experiments to the code. The ST-Code will be benchmarked with the TOTAL Code ,
operating in NIFS and with the other stellarator codes. In the paper, the ingredients of this
model and its comparison to experiments as well as its implication for reactor-type plasmas
will be discussed.
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During the almost one year shutdown in 1999/2000 the Stellarator W7-AS underwent two
major modifications: First, the limiters were replaced by ten divertor modules (2 per magnetic
field period), and the diagnostic set associated with the plasma boundary and target plate
regions was greatly expanded for the divertor experiments. The aim is to perform extensive
tests of the island divertor concept foreseen for W7-X. After readjusting the divertor target
plates early in 2001 the divertor experiments were continued. Almost complete plasma
detachment is observed over a large fraction of the divertor target plates in discharges with
high neutral beam heating power at core densities of 3x1020 m-3 and for magnetic field con-
figurations with large edge islands. Stable discharges with a radiation level of 0.8 Pabs
(mainly edge radiation) can be maintained up to pulse lengths of about 0.5s.

Secondly, the previously counter tangential neutral beam injector box was shifted to a co-po-
sition, making for a total of two co-injectors (whereby co means the neutral beam driven cur-
rent increases the external rotational transform). Thus, the heating efficiency is increased at
low magnetic fields and high densities, where high-β experiments are usually performed, but
where counter beam injection suffers from substantial fast ion losses. This improvement al-
lows W7-AS to investigate once more the high-β stability. Preliminary results indicate access
to higher <β>- values with higher electron temperatures at only weak MHD-activity.

The replacement of all limiters by divertor modules is also a final step in improving the con-
trol of the plasma wall interaction which is very important to obtain good plasma perform-
ance. W7-AS started experiments with a “metallic” torus wall 13 years ago. In the meantime,
all plasma facing components are covered by graphite tiles, and boronization has improved
density control and reduced impurity radiation considerably. In that sense the divertor mod-
ules can be considered as improved “limiters” having a larger surface and preventing field
lines hitting the metallic torus wall also at high rotational transform where the magnetic field
at the plasma boundary is dominated by the 5/m magnetic field perturbations. Besides the
high-β stability investigations studies of the plasma performance under these conditions
(which are quite similar to the situation on W7-X) are under way, for example with respect to
high confinement discharges, H-Mode, long pulses with high heating power and density limit.

Meanwhile 5 gyrotrons (70 and 140 GHz) are available on W7-AS with a total heating power
of up to 2.5 MW. They are used for example to study in detail neoclassical transport at very
high electron temperatures (up to 6.7 keV) and to explore the OXB heating scheme in neutral
beam heated discharges at densities above the ECRH cut-off density where the electron tem-
peratures are usually quite small.
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Abstract
During the almost one year shutdown in 1999/2000 the Stellarator W7-AS underwent two major modifi-
cations: First, the limiters were replaced by ten divertor modules, and the diagnostic set associated with
the plasma boundary and target plate regions was greatly expanded for divertor experiments. Extensive
tests of the island divertor concept foreseen for W7-X were started in 2001. Partial plasma detachment is
observed for magnetic field configurations with large edge islands and with high neutral beam heating
power at core densities of 3x1020 m-3. At somewhat lower densities stable discharges with good energy
confinement and high radiation levels (mainly edge radiation) can be maintained up to pulse lengths of
more than 1 s. Secondly, the previously counter tangential neutral beam injector box was shifted to a co-
position. Thus, the heating efficiency is increased at low magnetic fields and high densities, where high-β
experiments are usually performed, but where counter beam injection suffers from substantial fast ion
losses. In first experiments <β>- values up to about 3% were achieved at still only weak MHD-activity.
Meanwhile 5 gyrotrons (70 and 140 GHz) are available on W7-AS with a total heating power of up to 2.5
MW. They were used to increase central electron temperatures up to 6.7 keV. The application of electron
Bernstein waves was further investigated for plasma heating and as a plasma diagnostic. Heating of a high
density divertor discharge and the measurement of electron temperature profiles are demonstrated.

1.  INTRODUCTION

The Wendelstein stellarator programme of Garching has developed low shear stellarators with
successively optimized design to remove the intrinsic deficiencies of the classical stellarators and
to improve the new 3D concept. The low shear magnetic field configurations allow exclusion of
resonances with low order rational numbers ι  = n/m = 1/3, 1/2, .. from the confinement region.
They provide stability by a magnetic well rather than by strong shear. W7-X, presently being
built in Greifswald in northern Germany, is considered a fully optimized stellarator [1,2]. Its task
is to demonstrate the suitability of the optimized stellarator concept as a fusion reactor. W7-AS,
the presently operated device [3,4,5], is a partly optimized stellarator. Its magnetic field is gener-
ated by modular twisted coils, which carry both the required helical and toroidal current compo-
nents. The toroidal and vertical field coils are just for experimental flexibility. The OH trans-
former is commonly used to compensate toroidal currents, such as the bootstrap current (toka-
mak-like on W7-AS), to zero, this being called "net-current-free" operation. The plasma cross-
section varies toroidally between a rather triangular shape and an almost elliptical shape [3]. The
magnetic axis is not circular, but rather pentagonal in keeping with the 5 toroidal field periods.
From the technical point of view W7-AS was built to test the generation of vacuum field mag-
netic surfaces of high quality by means of modular field coils, and this was demonstrated at the
beginning of the experiments [6]. The optimization stratagem, which covers almost all aspects
important for a fusion reactor, was implemented on W7-AS in only one key area: the reduction
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of Pfirsch-Schlueter currents, which is observable in the concurrent reduction of the Shafranov
shift. Reduced Pfirsch-Schlueter currents also improve the neoclassical transport, which can be
very large at high temperatures in 3D magnetic field configurations, and the predicted high beta
stability [1]. The main task of W7-AS was to verify the predictions of the optimization procedure
applied for the design of W7-X as far as possible by experiments [7].
Furthermore, the list of optimization criteria, as published in 1992 [1], already contains the claim
that the optimized magnetic field configuration should have inherent divertor properties. During
the long operation time of W7-AS it became entirely clear that suitable control of the plasma-
wall interaction is essential for good plasma performance and that there is probably no other
solution than a divertor. In particular, a divertor is necessary to improve the density control espe-
cially with NB fuelling, to distribute the heat load on a sufficiently large area and to reduce the
influx of impurities as far as possible. Because of these reasons, the concept of the island diver-
tor was developed for W7-X [8,9,10].
The island divertor uses the so-called "natural islands" at the plasma boundary for magnetic flux
diversion. These natural islands are an intrinsic property of non-axisymmetric flux surfaces, so
that additional coils to produce a divertor x-point are not required. W7-AS has edge structures
similar to W7-X and is well suited to perform relevant first explorative experiments with similar
island divertor modules. Such modules were installed in summer 2000, and the main experi-
mental programme was started in March 2001. Initial efforts were focused mainly on the impact
of the new divertors on core plasma performance and edge plasma physics [11].
In cases with smooth flux surfaces the divertor modules can be considered as an improved limi-
ter concept and thus as a final step in improving the control of the plasma wall interaction. In this
context, modifications to the material of limiters and plasma facing components and changes in
the torus conditioning methods since the beginning of the experiments on W7-AS are shortly
reviewed in Section 2. The favourable results of the first island divertor experiments are pre-
sented in Section 3. The increased NB heating power in the presence of the divertor modules
allowed a considerable extension of the maximum beta values as shown in Section 4. New re-
sults in the field of ECRH (electron cyclotron resonance heating) and EBW (electron Bernstein
waves) are reported in Section 5. Finally, a summary with some conclusions is given in Section
6.

2.  IMPROVEMENTS IN THE CONTROL OF THE PLASMA WALL INTERACTION

Since the start of the experiments on W7-AS in 1988 the limiter concept and the material of lim-
iters and other plasma facing components was changed several times. In addition, new wall con-
ditioning methods were introduced. At the very beginning W7-AS had a rather metallic wall, e.g.
with respect to recycling behaviour, because besides the stainless steel vessel the graphite limi-
ters were coated with TiC. Baking of the torus at 150° C and the routine use of He glow dis-
charges (GDC) were the only torus wall conditioning methods.
In 1990 we initiated at first carbonization and, half a year later, the first boronization was ap-
plied. These wall conditioning methods resulted in a breakthrough in NB heated discharges or
generally in high density operation as demonstrated in Fig. 1. Much higher densities became
accessible and thus much higher energy contents whereas the total radiation and also the central
electron temperature stayed almost unchanged. A disadvantage of carbonization is that an addi-
tional conditioning of the carbon layer is necessary to regain density control. This is not true for
boronization, and boronization leads also to a more efficient removal of oxygen impurities.
There remained an undesirable high level of titanium radiation. Because of that reason, the TiC
coated limiter tiles were replaced by bulk-boronized graphite tiles. The intention was to give rise
to a weak, but permanent boronization but the effect of boron sputtering on the oxygen content
was not sufficient. A summary of these results is given in Ref. [12].
Finally pure graphite is used as the material of limiters or divertor target plates and also to cover
other plasma facing components. In this way the area of plasma facing graphite tiles has consid-
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erably increased during the lifetime of W7-AS with the result that the plasma wall interaction
takes places now, with the divertor modules, almost exclusively with graphite surfaces and that
the contribution of other wall materials to the total radiation is considerably reduced.

Fig. 1:  Comparison of NB heated discharges for different torus conditions. Shown are:  diamag-
netic energy content Wdia, line density (corresponding to ne(0) ≈ 2.5x1020 m-3 at the highest line
density), total radiation power Prad and the central electron temperature from soft X-ray radiation.
Common discharge parameters are:  Bo = 2.5  T, ι (a) ≈ 0.34 (0.5) and 1.2 MW balanced NB
heating. #8916 (in black) and #8937 (in red, ι (a) ≈ 0.5) with He-GDC only, #9896 (in green)
after carbonization and #13476 (in blue) after boronization.

Fig. 2:  Similar to Fig. 1. The best discharge of Fig. 1 (#13476) with top/bottom limiters is com-
pared with a divertor discharge (shown in red, #51040) at ι (a) ≈ 5/9. The NB heating power is
similar. The plasma radii are very different:  alim ≈ 17.6 cm and adiv ≈ 16 cm/ asep ≈ 11.5 cm.
Striking is the improved long time behaviour with divertor.
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In spite of the clear progress in energy confinement, all discharges presented in Fig. 1 are char-
acterized by an uncontrollable and rather fast increase of the density and, consequently, of the
impurity radiation so that they are terminated by a radiation collapse if the heating power is not
switched off before. A second, almost comparable breakthrough resulted from the replacememt
of all limiters by divertor modules. In Fig. 2 the best discharge of Fig. 1 (performed at low rota-
tional transform ι ) is compared with a high ι discharge in a divertor magnetic field configura-
tion with about the same amount of NB heating. This time there is not so much an improvement
in energy content or energy confinement time but in particle and impurity control and conse-
quently in pulse length. If we assume that the magnetic separatrix (see Fig. 4) limits the plasma
in these divertor discharges the plasma cross section is considerably reduced. Thus the energy
content and the line density are much smaller but the average density and the central electron
temperature are rather similar. The essential difference is that there is no longer an uncontrolla-
ble increase of density and radiation, rather now a quasistationary state is achieved.

Fig. 3:  The divertor discharge #51040 of Fig. 2 is shown in more detail. No clear temporal evolu-
tion can be seen in the diamagnetic energy content Wdia, the density (from several diagnostics:
YAG = YAG laser, br.strahl. = square root of bremsstrahlung signal), the total radiation power
Prad, and even the radiation profile (bottom) is quasistationary.

The divertor discharge of Fig.2 is shown in more detail in Fig. 3. No clear temporal evolution
can be seen in the energy content, in the density and in the total radiation, and even the radiaton
profile is quasistationary although the divertor plasma is “attached” (see Section 3). Furthermore,
the radiation profile is dominated by pronounced edge radiation in contrast to the earlier cen-
trally peaked profiles. Thus the bulk plasma is almost free of radiation losses whereas at the
plasma edge the radiation distributes the heat flux from the plasma rather uniformly. This fa-
vourable plasma regime is investigated in more detail in Section 3.
An additional tool to influence the plasma wall interaction is a set of auxiliary coils called con-
trol coils. By currents in these coils the magnitude of the B5,m perturbation field component of
the W7-AS vacuum field can be controlled and the size of the boundary islands (see Section 3)
can be changed [13]. Thus for plasma confinement studies now three magnetic field configura-
tions with different properties with respect to plasma aperture and plasma wall interaction can be
distinguished. The corresponding vacuum field flux surfaces are presented in Fig. 4. Previously,
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Fig. 4:  Comparison of 3 different magnetic field configurations:  a) in black:  ι ≈ 0.34 with
smooth flux surfaces up to very large radii,  b) in red: divertor configuration with ι (a) ≈ 5/9 and
maximum “positive” current in the control coils, enlarging the boundary islands,  c) in green:
ι (a) ≈ 5/9 and “negative” current in the control coils, compensating the boundary islands to al-
most zero island width.

the best plasma confinement was obtained at ι ~>  1/3 where smooth flux surfaces extend far
beyond all limiters. The divertor configuration is characterized by ι  = 5/9 where the boundary
islands are typically enlarged by means of the control coils leading to a reduction of the useful
plasma cross section. On the other hand, the control coils allow also to compensate the boundary
islands almost to zero. The shape of the outermost flux surfaces remains somewhat bumpy indi-
cating that the field line connection lengths between the plasma boundary and rather arbitrary
positions in the vacuum vessel can still be short. However, the large graphite area of the divertor
modules largely prevents field lines hitting the metallic torus wall also under these conditions,
and magnetic field configurations with ι  > 1/2 are now attractive for confinement studies (see
Section 4).

3.  ISLAND DIVERTOR EXPERIMENTS

The island divertor consists of ten identical modules which means two per toroidal field period.
They are placed at the top and bottom of the elliptical cross sections as shown in Fig. 5. The
magnetic field line diversion is caused by magnetic islands with n/m = 5/9 at the plasma edge
which produce 9 x-points. The experiments have confirmed that it is not necessary to make use
of all the x-points, and that the divertor modules can have a finite toroidal length (0.7 m com-
pared with the length of a toroidal field period of 2.5 m). The target plates are three-dimension-
ally shaped in order to achieve nearly homogeneous thermal load distributions in the helical di-
rection. Due to the island structure, the main interaction of the plasma with the targets typically
concentrates at two helical stripes (from 2D thermography- and Hα -cameras [11]). The size of
the islands and also their internal properties [13] can be adjusted by currents in the control coils.
In this way the importance of a divertor magnetic field configuration on the plasma performance
can be studied.
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Fig. 5:  Schematic view of island divertor modules. Such modules are installed at the top and bot-
tom of each of the 5 elliptical planes.

Fig. 6:  Divertor discharge on W7-AS where a density rise causes a controlled transition from an
attached to a detached divertor plasma. The 5/9 boundary islands were enlarged as far as possible
by the control coils. The transition is accompanied by a drop of the separatrix density nes measured
by a Lithium beam. The total radiation power Prad rises considerably but stays peaked at the edge.
At the bottom the distribution of the CII line radiation (5140 Å) is shown. It indicates that the low-
temperature front shifts continously from the target plate towards the x-point region.

Since calculations with the EMC3-Eirene code [9,14] predicted plasma detachment to occur only
at very high densities [15] the first experiments with the island divertor concentrated on dis-
charges with about 1.3 MW NB heating power and density ramps up to almost the density limit,
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where average densities are clearly above 3x1020 m-3. Fig. 6 presents a typical result. The den-
sity rise causes a slow and controllable transition from an attached plasma at the divertor target
plates to a detached one as derived for example from Langmuir probe measurements [11]. Even
in the attached state the radiation profiles are hollow similar to the discharge shown in Fig.3.
During the transition the total radiation power rises to about 85% of the heating power originat-
ing primarily from lower ionization states of carbon and oxygen. The figure shows in the lower
part that the low-temperature front - indicated by the maximum of the C II (5140 Å) line radia-
tion, and hence the ionization zone - does not jump but continuously moves with increasing den-
sity from the target plate region towards the x-point radial position. The bulk plasma remains
almost free of radiation losses meaning good core confinement in spite of the high radiation
losses.
For the same discharge, power flux patterns on the divertor target plates are presented in Fig. 7.
A strong reduction of the heat load in the detached state is evident. Furthermore, it can be seen
that the plasma is not detached everywhere but remains attached at a few positions (confirmed
also by probe measurements). Also here the load level is reduced compared with the peak load in
the attached state. The term „detachment“ is used in the same sense as for tokamak divertors [11]
and, to some extent, also the term „partial detachment“. Probably, the partial detachment ob-
served on W7-AS can be considered as a favourable plasma state similar to the partial detach-
ment on tokamaks [11].

Fig. 7:  Heat load distribution on divertor target plates from thermography for the attached and
partially detached state of the discharge shown in Fig. 6.

The plasma confinement in divertor discharges is studied in more detail in Fig. 8 for discharges
with 0.7 and 1.3 MW NB heating power (2 and 4 NB sources, respectively). On the left, the
energy confinement time is plotted as a function of the line averaged density. At low densities,
density and radiation (peaked profiles) are hard to control. The discharges are quite often un-
stable so that the energy confinement is bad „on average“. Then the τE values steeply increase
with density, tend to saturate and decrease only slightly in the detached state, essentially due to
the radiation belt at the plasma boundary moving somewhat inwards. The steep increase indi-
cates the transition to another plasma confinement regime which is, for example, characterized
by very broad density profiles, by hollow radiation profiles [16,17] and quasistationary long-
pulse behaviour as demonstrated in Figs 3 and 6. Since the density is high and the bulk plasma
almost free of radiation, the energy confinement is good although the radiated power fraction can
reach 90%. This can be seen from a comparison with the ISS95-scaling [18] resulting in τE/τISS
≈ 1.5 .. 2 (here it is assumed that the plasma radius is determined by the magnetic separatrix
radius and not significantly changed at finite β). Connected with the transition from low to high
energy confinement is also a considerable reduction of fluctuations which are partly ELM-like
below the threshold density. This new plasma regime is therefore termed high density H-mode

t = 0.35 s, attached t = 0.65 s, partially detached 

#51321

0

1

2

M
W

/ m
2

still
attached



8

(HDH-mode).

Fig. 8:  Energy confinement time τE and impurity confinement timeτimp versus line averaged den-
sity for divertor discharges with about 0.7 and 1.3 MW NB heating power (2 and 4 NB sources,
respectivly). Shaded ranges indicate partial detached states. The broken vertical lines mark the
transition in plasma confinement described in the text.

The impurity confinement time τimp is high at moderate densities and increases, as usual, with
density. At the τE transition point it drops considerably, and then τimp decreases with increasing
density and reaches values close to τE at the highest density (right side of Fig. 8). τimp values are
derived from laser blow-off injection of aluminum [17] where soft X-ray measurements validate
that the aluminium ions reach the plasma center even at the highest densities. This very unusual

Fig. 9:  Access to different plasma regimes as a function of density and control coil current for
about 1.3 MW NB heating power (4 NB sources). Maximum control coil current was used in the
discharges of Figs. 3, 6 and 8. For decreasing current the divertor x-points were shifted toward the
target plates and, as a consequence of the larger plasma radius, the energy confinement time τE
increases.
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behaviour of the impurity confinement in the HDH-mode is clearly different from that of the
conventional ELM-free H-mode where impurities are well confined (compare Ref. [13]). The
low impurity confinement time and the hollow radiation profiles are probably not independent
from each other. Together they allow quasistationary discharges at high heating power and at
very high densities.
In view of the small dimensions of W7-AS the radial width of the boundary islands was ex-
panded as far as (technically) possible during the first divertor experiments. In the meantime,
extensive magnetic field configuration studies were performed. A result is presented in Fig. 9.
Essentially by decreasing the control coil current the divertor x-points were shifted toward the
target plates. Whereas the access to partial detachment is lost quite soon, the quasistationary
HDH-mode is maintained even with increasing energy confinement time because of the increas-
ing plasma radius. With reversed control coil current the outermost flux surfaces become more
and more smoothed (see Fig. 4). Under these conditions the transition from normal confinement
(NC) to the HDH-mode is less pronounced, but nevertheless quasistationary high density dis-
charges with similar properties can be performed as is described in the next Section.

4.  RESULTS OF THE NEW HIGH BETA EXPERIMENTS

The NB heating system on W7-AS was also modified during the installation of the divertor
modules. One of the two NB boxes was moved to another toroidal position resulting in a change
from balanced to unidirectional injection. Depending on the direction of the toroidal field NB
injection is now either co or counter. The reason was that counter injection has low heating effi-
ciency at low toroidal field and high densities. This is due to the deviation of hot ion drift sur-
faces from the flux surfaces together with the small plasma cross section of W7-AS. The direc-
tion of this deviation is different for co- and counter-beams as depicted in Fig. 10. Especially at
typical high beta conditions, i.e. at high densities where the hot ions are born close to the plasma
edge and at low toroidal field where the deviation becomes larger, the heating efficiency of the
counter-beams is very poor. On the average, the modification results in a higher heating power
per injected hot ion.

Fig. 10:  Calcutated gyro center orbits of 50 keV hydrogen ions in magnetic coordinates for co-
and counter-injection at Bo = 1.7 T and ι = 0.4. The deviation ∆ from the flux surfaces is propor-
tional to 1/ ι Bo.

With the boundary islands compensated by means of the control coils and the divertor modules
functioning as an improved limiter concept, magnetic field configurations with ι > 0.5 became
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attractive for plasma confinement studies (see Section 2). Furthermore, they should have better
confinement properties since the transport improves with iota [18,19] and also the Shafranov
shift is reduced at high iota [5,20]. Therefore, the new high beta campaign concentrated on dis-
charges at ι ~>  0.5.
In first experiments at a toroidal field of 1.25T a further increase of <β> up to about 2.5% was
obtained in comparison with the earlier maximum of <β> ≈ 2% [21]. Typical discharge parame-
ters are:  ι (a) = 0.52 (vacuum field), average density about 2x1020 m-3 and central electron
temperatures about 350 eV. An important variable in the optimization process was the variation
of the current in the control coils leading to a further increase of about 50% of <β>. Applied on
vacuum flux surfaces the optimum current results in a substantial overcompensation of the
boundary islands. However, Hα traces on the divertor target plates indicate smooth flux surfaces
[22].
In contrast to earlier attemps with balanced NB injection, now, with only co-injection, a further
increase of beta was possible at lower toroidal field. At 0.9T, about 3% average beta could be
reached at similar density, but somewhat lower temperatures. The central β is estimated to be
about 6.5%. In spite of the substantial increase in β no significant change in the fluctuation level
is observed [22]. Thus there is still no high β stability limit perceptible, and the maximum
β values still seem to be limited by the available heating power.
During the recent high β experiments not only much higher β values could be obtained, but also
the pulse lengths could be increased considerably although in these experiments no divertor
magnetic field configuration was used (compare Fig. 4). Fig. 11 presents once more a compari-
son of earlier discharges (with inboard limiters [4]) and recent high β discharges with divertor
modules acting as limiters.

Fig. 11:  Comparison of an earlier and a recent high β discharges at Bo = 1.25 T with full NB
power:  #31911:  ι ≈ 0.35, balanced NB injection, aeff ≈ 17.2 cm with inboard limiters,  #52487:
ι ≈ 0.52 with (over?-)compensated boundary islands, co NB injection (resulting in higher
absorbed NB power), aeff ≈ 15.4 cm with divertor modules.

One of the best earlier high β discharges at low ι  with <β> ≈ 2% is set against a recent one at
high ι .The toroidal field is 1.25 T in both cases, and also the densities are similar. The energy
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content was slightly larger earlier due to the larger plasma cross section, but these discharges had
the typical uncontrollable increase of density and the pulse length was limited by a rather early
radiation collapse. Now density control is almost perfect, and impurity radiation is at least qua-
sistationary. Although the plasma radius is smaller the central electron temperatures are clearly
higher, indicating reduced radiation losses in the center. This is reflected in the different shape of
the radiation profiles. In contrast to the earlier peaked profiles with a rapid increase of the central
radiation with time, profiles are now broad (but not so hollow as in the divertor experiments, see
Section 3) with no fast temporal evolution (Fig. 12).

Fig. 12:  Radiation profile of #52487 presented in Fig. 11. In the presence of the divertor modules
the profiles are no longer peaked, but very broad with no fast temporal evolution.

5.  NEW RESULTS IN THE FIELDS OF ECRH AND EBW

In 2000 the extension of the ERCH heating system was completed so that 5 gyrotrons (70 and 4x
140 GHz) are available on W7-AS with a total heating power of up to 2.5 MW. One of the first
applications was a new attempt to check the maximum central electron temperature limit and to
investigate the electron heat transport under these conditions [23]. The electron temperature
profile obtained with about 2.1 MW on-axis heating power at rather low density is presented in
Fig. 13. A central temperature of almost 7 keV was obtained in a typical electron root discharge.
The evident change of the temperature gradient at r ≈ 4 cm indicates that inside of r ≈ 4 the neo-
classical transport is substantially reduced by positive radial electric fields [24].
The essential result in the field of electron Bernstein waves is the experimental demonstration of
the equivalence of electron cyclotron (EC) waves and electron Bernstein (EB) waves. Equivalent
means that EB waves can be used for plasma heating similar to ECRH, and that the emission of
EB waves can be used as an electron temperature diagnostic similar to the EC emission. Success-
ful applications on W7-AS are electron heating and, as a local heating method, the generation of
heat waves, EB current drive and, as a diagnostic, the determination of electron temperature pro-
files and macroscopic electron temperature fluctuations [25,26].
The main advantage of the EBW scenario is that no upper density limit, like the cut-off density,
exists. On the other hand, EB waves as electrostatic waves cannot propagate in vacuum. Instead,
they have to be created or detected as electromagnetic EC waves, and for conversion the OXB-
mode conversion process at the upper hybrid layer is needed [26].
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Fig. 13:  Electron temperature profile measured by ECE. With increased heating power the central
temperature could be raised from 5.7 to 6.7 keV. Discharge parameters are: Bo = 2.5 T, ι ≈ 0.34,
average density ne ≈ 2x1019 m-3 and about 2.1 MW on-axis ECRH.

Two examples for the application of electron Bernstein waves are given in the following. Fig. 14
demonstrates the heating capability (theoretically predicted already in 1973 [27]). It shows one
of the first attempts to heat a typical NB heated divertor discharge with very high density in ad-
dition with three 140 GHz gyrotrons. The density is above 3x1020 m-3 or about three times the
2nd harmonic X-mode cut-off density. Theory predicts that EBW heating requires a density
above 2.4x1020 m-3 and that it should be efficient above 3x1020 m-3 [26].

Fig. 14: Additional EBW heating of a divertor discharge with 1.5 MW at 140 GHz. The transition
detached to attached could be due to somewhat off-axis EBW heating. Other discharge parameters
are: Bo = 2.1 T and, average density ne ≈ 3x1020 m-3

The second example demonstrates the derivation of an electron temperature profile from EBW
emission (Fig. 15). Similar to the electron cyclotron emission the emitted radiation is measured
as a function of frequency. However, the mapping of the frequency onto the plasma radius scale
is more complicated. A ray tracing code has to be used which requires information on the density
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profile and on the 3D magnetic field configuration to treat the OXB-mode conversion process
properly. Nevertheless, a comparison with Thomson scattering data shows quite good agreement
taking into account that this is one of the first attempts with the new diagnostic.

Fig. 15:  Electron temperature profile calculated from the EBW emission spectrum. For mapping
the frequency scale on the plasma radius scale a ray tracing code has to be used which follows the
emitted radiation through the OXB-mode conversion process.

6.  SUMMARY AND CONCLUSIONS

During the present experimental campaign on W7-AS considerable progress in the control of the
plasma wall interaction was achieved after replacing all limiters by divertor modules. This pro-
gress can be considered as a final step in the long development of changes in the material and the
shape of essential plasma facing components and in the use of torus conditioning methods. Ear-
lier, the covering of more and more plasma facing components with graphite tiles and the use of
boronization allowed access to high temperature discharges up to medium densities. However,
high density discharges with NB heating suffered from insufficient density control and a rather
rapid rise of impurity radiation. This deficiency could be largely removed by installing divertor
modules.
The island divertor is an inherent divertor solution to the optimized stellarator concept. In spite
of the geometrical restrictions on W7-AS, in the first island divertor experiments favourable par-
tial plasma detachment was obtained where the heat load onto the divertor target plates is sub-
stantially reduced. Furthermore, the divertor modules provide access to a new confinement
regime (high density H-mode = HDH-mode) with very promising features. Above a threshold
density of about 1.5x1020 m-3 the energy confinement time increases considerably but the impu-
rity confinement times drop to values in the order of τE. As a result, quasistationary high density
discharges can be produced with high NB heating power in attached or detached plasmas. Radi-
ated power fractions reach up to 90% of the heating power, but the radiation profiles stay peaked
at the edge so that the bulk plasma is almost free of impurity radiation. Access to the HDH-mode
is possible over a wide range of magnetic field configurations, NB heating power and plasma
density. Thus the first test of the island divertor concept indicates its applicability, and that also
means it suggests its applicability on W7-X which has a similar magnetic field edge structure.
With increased NB heating power a considerable increase of the average beta value was
achieved, i.e. from about 2% in earlier low ι  discharges to about 3% at high ι . The increase is
probably only partly due to higher heating power, but it is supported by better control of plasma
impurities also in this case, i.e. without a divertor magnetic field configuration. Again quasista-
tiory high-β discharges are now possible. In spite of the substantial increase in <β> there are still
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no indications of β limiting instabilities perceptible.
With upgraded ECRH power central electron temperatures could be raised to almost 7 keV in
typical electron root discharges. The usefullness of electron Bernstein waves was further investi-
gated experimentally. The equivalence of electron cyclotron resonance heating and electron
cyclotron emission on the one hand and electron Bernstein wave heating and emission on the
other hand could be demonstrated with respect to plasma heating and as a plasma diagnostic. The
application of the electron Bernstein wave scenario is more complicated due to the necessary
OXB mode conversion process, but it has the advantage that it is not restricted by an upper den-
sity limit. Successful heating of a high density divertor plasma by EBW was demonstrated, as
well as the measurement of electron temperature profiles derived from EBW emission.
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MHD instabilities coupled together to ELM-like transport events have been

observed in TJ-II stellarator [1]. During the last experimental campaign some specific

experiments have been carried out in order to investigate the onset conditions for the

occurrence of these phenomena in ECRH heated discharges.

ELM-like events are short, periodic perturbations of the plasma edge primarily

observed in the Hα signals. Each individual event is accompanied by an outwards flux

of energy and particles. During the crash, the temperature at the plasma edge decreases

on a time scale of less than 100 µs, with a corresponding rise of the Hα emission. A cold

pulse is propagated towards the plasma centre with vanishing amplitude;

correspondingly there is a heat pulse propagating outwards and finally observed by the

edge diagnostics. The amplitude and repetition frequency of these perturbations are

clearly correlated with the electron pressure gradient, increasing with this magnitude.

Generally, the ELM-like transport event is triggered by MHD activity of short

duration (about 50 ms) characterised by a quasi-coherent magnetic oscillation (f =15-30

kHz) observed in the Mirnov coils. This signal has been correlated with the ECE

channels at the oscillating frequency thus pointing to the radial localisation; that

position coincides with low order rational surfaces in the computed rotational transform

profile. Up to now, the rotational transform values of 3/2 and 5/3 have been identified.

We have performed a magnetic configuration scan where discharges with similar

electron pressure profiles have been compared. It has been observed that the MHD

activity together with the edge perturbations (ELM-like events) disappear when the

rotational transform is sufficiently increased to exclude the presence of any low order

resonances from the confined plasma region. These experimental findings illustrate how

the ELM-like transport events are triggered by the magnetic perturbation associated to a

resonance. The ELM-like modes as a localised instability driven by a pressure gradient

could be related to a resistive ballooning instability.

[1] I. García-Cortés, E. de la Luna, F. Castejón, J.A. Jiménez, et al. Nuclear Fusion, 40 (2000) 1867.
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Introduction

MHD instabilities coupled together to ELM-like [1] transport events have been
observed in the TJ-II stellarator [2]. During the last experimental campaign some specific
experiments have been carried out in order to investigate the conditions for the occurrence of
these phenomena in ECRH heated discharges.

ELM-like events are short, periodic perturbations of the plasma edge primarily
observed in the Hα signals showing the same features that type III ELMs in tokamak devices
save they occur in the L confinement regime. Each individual event is accompanied by an
outwards flux of energy and particles. During the crash, the temperature at the plasma edge
decreases on a time scale of less than 100 µs, with a corresponding rise of the Hα emission. A
cold pulse is propagated towards the plasma centre with vanishing amplitude;
correspondingly there is a heat pulse propagating outwards and finally observed by the edge
diagnostics. The amplitude and repetition frequency of these perturbations are clearly
correlated with the electron pressure gradient, increasing with this magnitude.

Generally, the ELM-like transport event is triggered by MHD activity of short duration
(about 50 µs) characterised by a quasi-coherent magnetic oscillation (f =15-30 kHz) observed
in the Mirnov coils. This signal has been correlated with the ECE channels at the oscillating
frequency thus pointing to its radial localisation; that position has been shown to coincide
with the location of low order resonances given by equilibrium calculations taking into
account all the possible effects that can modify the vacuum rotational transform profile.

Experimental results

It has been observed that the MHD activity together with the proper ELM-like events
do not appear, with the available input power of 600 kW given by two gyrotrons, when the
rotational transform is such that any low order resonances are excluded from the confined
plasma region. In order to study the influence of the resonances on these we have performed
several experiments that modify the magnetic configuration. Firstly, a magnetic configuration
scan where discharges with similar electron pressure profiles have been compared. It would
be very difficult to have steady discharges with configurations with low order natural
resonances given the large magnetic islands that appear due to the low shear in TJ-II. We have
chosen magnetic configurations with central vacuum rotational transform values ranging from
below 3/2 to above 5/3 in the experiments presented here. These two non-natural resonances
have been clearly identified previously in magnetic surface mapping experiments.



The experimental procedure is as follows. Parting from a vacuum magnetic
configuration that has a low order resonance close to the edge region, the currents fed into the
helical (Ihc) and circular coils are changed in order to modify the configuration and the
rotational transform. When the rotational transform is increased the resonance enters the
plasma and the MHD activity is observed. This equilibrium perturbation triggers the ELM-
like modes at the edge of the confinement region of the plasma. When the rotational transform
is sufficiently increased then the resonance gets closer to the magnetic axis until it finally is
again out of the plasma. The magnetic shear of TJ-II is sufficiently low so that only one low
order resonance is present in the plasma. We do not make use of any kind of current drive, the
only current present in the plasma is that of the bootstrap current. This current do modify the
rotational transform profile so that the location of the resonances does not coincide with those
in the vacuum case. We need an equilibrium code (VMEC) so that we can account for this
change in the rotational transform assuming a realistic current density profile. The heating,
average line density, temperature, total toroidal current and diamagnetic energy are kept
constant while the magnetic configuration is varied. The observations for this experiment are
summarised in figure 1; we can observe that, for these discharges, the electron pressure
profiles obtained with Thomson scattering data are very similar. This point is crucial as we
want to have similar levels of  bootstrap current during all the scan in magnetic
configurations. As the plasma volume, geometry and magnetic ripple do not change
significantly in the scan we have a very fine control of the rotational transform and the
experiment is perfectly reproducible while all the global parameters are kept constant. When
there is no resonance inside the plasma (configuration with Ihc = 4.4 kA), the Mirnov coils do
not show MHD activity and no ELM-like events are found; a change in the configuration, to
the case with Ihc= 4.0 kA, provokes the appearance of the ELMs in ECE channels measuring

Fig. 1. (left) Electron pressure profiles calculated from the Thomson scattering diagnostic for two
discharges in different configurations with similar geometry and volume but slightly different
vacuum rotational transform profiles. The applied ECR heating is the same in both. The
configuration with Ihc = 4.0 kA has a central rotational transform of 1.51 and with Ihc = 4.4 kA is of
1.55. The individual Te temporal traces measured with ECE (middle and bottom figures on the
right) are shown for these two discharges. The figure at the bottom show the effect of ELM-like
modes on the electron temperature measurement. We can also observe that there is MHD activity
(upper figure on the right) in the discharge corresponding to the configuration with Ihc = 4.0 kA,
while no activity is measured in the configuration with Ihc = 4.4 kA by the poloidal Mirnov coils.
Both discharges have similar global parameters
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the electron temperature and the Mirnov coils show magnetic activity well above the noise
level.

Another way to control the rotational transform profile is by means of electron
cyclotron current drive (ECCD). We have performed an experiment where we have applied
current drive in co and counter directions so that the total current is changed. We can observe
in figure 2a how the ECCD is able to change the  rotational transform profile obtained with no
current drive produced (green curve), i.e. all the current is bootstrap driven, to a profile that
increases further the MHD activity (red), or  suppresses it (blue) when the resonance is close
to the magnetic axis or out of the plasma. In figure 2b we can see the levels of magnetic
activity for the counter (blue) and the co-injection case (red). A third way to observe the onset
of the MHD activity and the appearance on the ELM-like modes is by means of ECRH
modulation experiments. With the help of two gyrotrons (300 kW + 300 kW), one is kept at
maximum power and the other is modulated with a period of several energy confinement
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Fig. 2.(a) Rotational transform profiles as computed by the VMEC equilibrium code: zero toroidal
current (black curve), that is the vacuum configuration, -0.2 kA (blue curve), obtained with counter
electron cyclotron current drive (ECCD), -0.5 kA (green curve) without current drive and –1 kA
(red curve), obtained with co-injected ECCD. (b) . Time evolution of the signals measured by the
poloidal Mirnov coils closer to the plasma for two of the configurations shown in figure (a) (the
same code colour). MHD activity correlated with the presence of a low order resonance (3/2 in this
case) appears for the case with  a total current of –1 kA. The error in the Rogowski coil measuring
the total toroidal current is of 0.1 kA.
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Fig. 4. Time evolution of several signals in the ECRH modulation experiment, namely injected
power (yellow), poloidal Mirnov coils (blue), and several ECE channels measuring the electron
temperature at different radial positions (from inside to outside: magenta, green, red and black).
We can observe that the time for the recovering of the electron temperature profile after switching
off one of the two gyrotrons is also the time needed for building up again the bootstrap current.
When the current is large enough so that the resonance is inside the plasma, the MHD activity
starts again and the ELM-like events take place.



times. In fig. 4 we observe the evolution of the MHD activity, the power of the modulated
gyrotron and the ELM-like events in Te. We can also see (in figure 5) the different electron
pressure profiles in the two stages of the discharge, when the two gyrotrons are on, the profile
is broader and the bootstrap current is larger and introduces the resonance into the plasma. On

the other hand, the bootstrap current is
lowered when one of them is switched off
(the pressure profile is more peaked) so that
the resonance gets out of the plasma, or to a
region close to the magnetic axis where
does not lead to MHD activity, and the
ELM-like events disappear.

Discussion and future prospects

The experimental results presented
illustrate how the ELM-like transport
events are triggered by the magnetic
perturbation associated to a resonance. Up
to now, the rotational transform values of
3/2 and 5/3 have been identified.

The main condition for these
resonances to trigger the ELMs are that
they are of a sufficiently low order so that
produce a noticeable (in the Mirnov coils
for instance) perturbation of the
equilibrium. Presently we have not been
able to conclude any condition about the
location of the resonance but we have

observed that the ELMs triggered are larger (higher heat transport) if the resonance is closer
to the density gradient region where the ELM-like event is produced. We have only discussed
here the influence of the resonances in the plasma on the ELM-like events. The features
accompanying the phenomenon have been discussed thoroughly in the references but there is
an open question about the underlying physical mechanism that drive these instabilities. The
fact that it is always located in the steepest density gradient region related to the location
where the ion temperature gradient is larger can give a hint about the nature of the event. The
pressure gradient is not large enough to destabilize resistive ballooning modes and the
overstable solutions found have too small growth rates to be of relevance. We are presently
working on the modelling of non electrostatic ion temperature gradient drift modes as they
fulfil all the necessary experimental conditions to be considered as a candidate to explain
these ELM-like events.
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The Evolution of Stellarator Theory at Princeton

John L. Johnson
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Late in March, 1951, an article appeared on the front page of the New York Times
saying that the Argentinian dictator, Peron, had announced that Ronald Richter achieved
controlled thermonuclear energy production. Lyman Spitzer, chairman of the Princeton
University Department of Astrophysics, who was leaving the next day on his annual skiing
vacation, was alerted by his father-in-law. Spitzer spent his time in the chair lift thinking
about how this could be accomplished. Legend has it that he defined the problem and worked
out most of the details for the stellarator program by the time he returned to Princeton. He
showed that one would have to contain a plasma with T ∼ 108 ◦K, n ∼ 1015 cm−3, and τ ∼ 1
second, with the average particle having a mean free path of 3 km because of the necessity
of having more fusion power retained in the plasma than that lost to radiation. This led
to a magnetic field confinement concept. The desire for steady-state operation made him
discard the pinch and tokamak approaches. Spitzer recognized that charge separation due
to the ions and electrons drifting in opposite directions because of the B ×∇B forces in
the U -bends of a torus would produce an E ×B plasma flow across the field that would
destroy confinement. He showed that twisting the torus into a figure-8 shaped pretzel would
allow current to flow along the field lines to cancel the electric field. He even saw that
particles with little velocity along the field lines would stay in the U -bends long enough to
get lost and predicted that their loss would create a self-healing radial electric field which
would rotate the plasma. In early May a proposal for funding was submitted to the U.S.
Atomic Energy Commission. Further analysis over the next few years included studies of
plasma breakdown, Ohmic heating, classical diffusion in a fully ionized plasma, some studies
of Bohm diffusion and ion acoustic waves, particle orbits in low-density and high-density
stellarators, effects of Pfirsch-Schlüter currents along the field lines that cancel the electric
field, and the properties of high-temperature, fully-ionized plasmas. All of these calculations
were carried out with simple, clearly understandable models, the most restrictive assumption
being that the plasma would be quiescent so that classical diffusion could be achieved.

Spitzer proposed a research program consisting of four devices: Model A, a low field
device to test the efficacy of having a rotational transform on plasma breakdown; Model B,
also with a two inch diameter tube, to test electron and ion confinement, Ohmic heating,
magnetic pumping, and divertor action; Model C, with an eight inch diameter vacuum vessel,
to serve as a quarter-scale prototype for Model D which could be given to industry.

The two theorists, Spitzer and Schwartzschild, sat on the floor of the Astronomy building
in 1952 to wind the coils on the Model A stellarator. It was quickly declared a success and
Model B was constructed. During this time the small theory group continued investigations
on Ohmic heating and various forms of magnetic pumping, transit-time, collisional, and
acoustic heating. Kruskal and Schwartzchild determined the Kruskal-Shafranov limit for
m = 1 kink instabilities driven by Ohmic heating current.

Spitzer borrowed four scientists and engineers from Westinghouse and General Electric
to help him carry through the fusion program’s first reactor study. The August, 1954,
“Model D Report” was based on the assumptions that there would be no anamolous diffusion,



a 50-50 D-T mixture, tritium breeding in a blanket, steady-state operation with a divertor,
scallops in the field to reduce the current along B in the straight sections, and β ∼ 75%. The
high value of β, the ratio of material to magnetic pressure, was required to supply energy for
the magnets. (Later Bob Mills showed that using cyrogenic coils would decrease the energy
consumed so that β ∼ 1% would be acceptable.) The study concluded that a stellarator
with a power output approximately four times that of Hoover Dam would be feasible, and
that the low cost and inexhaustible supply of fuel justified continued work.

Model B suffered badly from impurities and was converted to Model B-1 with stainless
steel walls, augmented by B-2 with a large magnetic pumping port, a well engineered B-
3, and B-64 (a device which looked square from the top and was to be named B-82 until
the AEC objected because the number 8 was secret). Although good confinement was not
achieved on any of these devices, design studies were started on Model C.

At a February, 1955, meeting of fusion scientists, Ed Teller described an interchange
instability that would destroy stellarator confinement. Spitzer canceled work on the Model C
and introduced the idea of using rotating magnets to provide stabilization. The theory group
put an emphasis on developing an energy principle to attack this problem. I had been hired by
Westinghouse the previous summer and was sent to Princeton for a year to work on it. On my
arrival I was given seventy pages of algebra in which Ed Frieman introduced a displacement
vector ξ and expanded the energy of the system to second order in ξ to obtain an energy
principle. By the time the energy principle paper was published the authors had derived it
with the more elegant method of multiplying the equation of motion for perturbations from
an equilibrium by ξ and integrating over the volume of the system. Their biggest problem
was in naming the integral; Spitzer had to referee whether it should be W , δW , or δδW .

Over the next several years we worked out the “stellarator ordering” between the pres-
sure, the amplitude of the perturbation field, and the length of the system, β ∼ δ2 ∼ a/R,
with δ a measure of the distortion of the plasma surface from cylindrical, a the plasma ra-
dius, and R identified with the periodicity length of the system. We showed that Spitzer’s
magnets could be replaced by helical windings which sheared the magnetic field lines. I
remember telling Lyman that a helical winding with six coils, adjacent ones carrying current
in opposite directions, could provide stability if β ≤ δ2 in a straight system. He noted that a
separatrix would limit δ to about 1/3 and assumed that finite gyration effects would double
this, so that β ∼ 20%.

The effectiveness of shear stabilization revitalized the effort at PPPL. Since scaling
considerations predicted that increasing the size of the machine would provide an a2 im-
provement in containment to allow more time for plasma heating, work on Model C was
restarted. Laboratory spirits were high as we prepared for the International Conference in
Geneva in 1958 where world-wide fusion research was declassified.

Many types of problems were attacked by the theory group in the following years.
Greene and I puzzled over the effect of curvature on stability and extended the stellarator
expansion to where we could examine the equilibrium and stability of a toroidal stellarator.
Kulsrud investigated the effect of finite gyration radius on interchange instabilities. Kruskal
and Oberman developed other energy principles containing more physics, Dawson and Ober-
man investigated plasma oscillations, Bernstein and Lenard looked at run-away electrons,
Bernstein, Greene, and Kruskal studied the stability of nonlinear waves, etc. Gradually



the magnetohydrodynamic efforts became centered on the geometric aspects of stellarator
confinement while the more physical models were developed in a slab geometry.

Under Mel Gottlieb’s leadership, the theoretical effort in the next decades was marked
by the presence of many graduate students, postdoctoral fellows, and visiting scientists. The
availablility of computers made it possible to augment the analytic studies with computa-
tional work. Dawson initiated a program of plasma simulation which evolved into a major
area of physics. Kruskal and Zabusky started a study of the Fermi, Pasta, Ulam problem
which ultimately led them to a solution of the Korteweg DeVries equation and the discovery
of solitons. Oberman and Dawson initiated a major effort on ion-wave instabilities, Frieman
pioneered in the development of kinetic models of a plasma, a program that has evolved into
a major part of plasma theory.

John Greene, Katherine Weimer, and I tried to design an unstable high-β stellarator
which could be used to study the behavior of instabilities. We showed that there was a
critical β above which the Shafranov shift of the magnetic axis with respect to the vacuum
vessel would be inward, rather than outward, and that such an equilibrium would be unstable
to an m = 1 axisymmetric shift of the plasma. This mode was responsible for the demise of
the Scyllac high-β stellarator which was built at Los Alamos a few years later.

By the mid-60’s we were designing stellarators with favorable average magnetic field
line curvature, V ′′ < 0, so that interchange modes would be stable. Kulsrud and Coppi
were showing that ballooning modes could be a problem even when this is the case, and
Furth, Killeen, and Rosenbluth showed that resistive instabilities could grow on a time scale
intermediate between that of ideal MHD and transport. We were able to use the stellarator
expansion to obtain the FKR starting equations and put considerable effort into understand-
ing the problem. Transport studies showed that particles trapped in the helical wells in a
toroidal stellarator would have ”super-banana” orbits, drastically limiting confinement. Be-
cause of the dismal theoretical prospects, the poor experimental results, the belief of our
engineers that a stellarator could not be built, and the achievement of high temperatures in
the Russian T-3 Tokamak, the Princeton Plasma Physics Laboratory converted the Model C
stellarator into the ST tokamak and abandoned stellarator research at the end of the decade.

General theoretical studies flourished after we became a tokamak laboratory. Krommes
investigated the basic principles of kinetic theory. Tang began a major program to study
micro-instabilities and their contribution to anamolous transport. Kulsrud and Perkins led
efforts on atmospheric and stellar physics. Much work on the nonlinear development of the
different types of instabilities was done, both analytically and computationally. Park and his
collaborators developed a MHD three-dimensional code for studying the nonlinear evolution
of instabilities which was recently integrated with a gyrokinetic treatment developed by
Lee into a hybrid code. Rutherford followed the growth of nonlinear MHD instabilities
analytically. Much work was done on parametric instabilities in conjunction with plasma
heating. Dawson initiated a program on inertia confinement. Jardin developed an initial
value code for the evolution of plasma in a tokamak which eventually became the TSC
code, much used in tokamak design. Grimm, Greene, and I started work on the PEST code
for design and interpretation of tokamak experiments. Lee’s gyrokinetic simulation model
eliminated the major problem of fast time scales in realistic simulations. Chance and Cheng
showed that GAP modes are important. Chen and White explained fishbone instabilities by



incorporating kinetic effects near a rational surface into the energy principle model.
In 1980, the Garching group was able to reduce the current to zero in their Wendelstein 7-

A stellarator and show that this led to better operation. This led to revitalization of the world
stellarator program. The Oak Ridge National Laboratory built a stellarator and established a
strong program in three-dimensional theory. Furth noted that a helical wire wrapped around
a central conductor could produce a set of detached magnetic surfaces while trying to improve
the PDX tokamak by making the plasma cross section “bean shaped”. This led to the
HELIAC configuration and made stellarator theory acceptable in the laboratory. We built a
stability code around the “stellarator expansion” and used it for studies of the ATF stellarator
at Oak Ridge, the CHS and LHD stellarators at Nagoya and Toki, and the TJ-2 heliac at
Madrid, and for validation of many of the world’s MHD stability codes. Mynick developed a
code using a Balescue-Lenard Collision Operator for stellarator transport studies and White
modified a Monte Carlo guiding center code to three dimensions. Boozer provided a straight
magnetic field line coordinate system which simplifies stellarator analysis. Nührenberg and
his collaborators worked out a new technique for designing stellarators, working from a
description of the plasma surface to determine both the plasma properties and the necessary
coils. They found ways to almost eliminate currents along the magnetic field and developed
the concept of “quasi-symmetric” stellarators, which was further developed by Garabedian.
Reiman initiated work on the PIES code, an iterative procedure to investigate the nature of
the magnetic surfaces in finite-β equilibria. Rewoldt modified the micro-instability code and
Lin did a similar extension of the gyrokinetic simulation code so that they could be applied
to stellarators. Tang has been able to provide service to other groups around the world,
which has enabled him to restore part of our old Postdoctoral program and to reinvigorate
the Theory Department.

More recently the laboratory together with Oak Ridge has proposed a new device, the
National Compact Stellarator Experiment. Neilson encouraged development of design tools
as part of the project and, with the active participation of Peter Merkel, Jürgen and Carolyn
Nührenberg at Greifswald, Tony Cooper at Lausanne, Steve Hirshman at Oak Ridge, and
other scientists and engineers in several laboratories, the group has made dramatic progress.
Monticello and Reiman have succeeded in speeding up the PIES code by about two orders
of magnitude and Hudson has extended a magnetic island correction technique of Cary and
Hanson to finite-β equilibria and incorporated it into PIES. The optimization tools have
been taken to a level beyond that used in the design of W7-X, with the capability of incor-
porating finite-β equilibrium, free-boundary kink stability, ballooning mode optimization,
and transport considerations into the engineering design tools so that they can determine
optimum coil configurations and currents without much human guidance.

It is a pleasure to see the viability of the stellarator effort at Princeton. Princeton Plasma
Physics Laboratory has developed extensive resources for design of devices and interpretation
of experiments and I expect that Rob Goldston and Bill Tang will see to it that our present
expertise will be shared with workers on other stellarators around the world.

Supported by U.S. Department of Energy contract DE-AC02-76-CH03073.
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Abstract: The parameter validating the linear and quasilinear theory for ECRH using the 2 �� harmonic
X-mode is ����������������� � !#"%$&��' (*)+��,-$/.�01�324.65�798 , where ��� and ����� are the time of transit through the
ECRH beam and the bounce time of particles trapped in the wave field, respectively. ��� , ( , ) and,-$ are the beam width, the wave refraction index, the amplitude and the main magnetic field strength,
respectively. One can check that for present day experimental parameters, the condition �:���������<;>= is
violated. Therefore, the problem of wave absorption is treated here taking into account the nonlinear
wave-particle interaction.

1. The model
In the present work, a model with a uniform magnetic field directed along the ? -axis and an
ECRH beam propagating in @ -direction is used. The system is assumed to have a period lengthA

over ? . Two cuts, A and B located on both sides of the rf interaction zone (see Fig. 1) are
introduced. In this geometry, neglecting the effect of cross-field transport, the kinetic equation
can be transformed to a 2-D integral equation (mapping equation) for the particle flux density
through the cuts A and B extended in velocity space, BDC>E 5�F1G . Here, F is the phase space Ja-
cobian, and G is the particle distribution function. The mapping of the particle position in phase
space between the cuts, BHC IJ " IJLK �MB , is incorporated with two propagators, IJ " for Coulomb
collisions and IJLK � for wave-particle interaction. The integral representation of these mapping
relations is given as

B1NPOQE:0SR/E 5 R�TVU�CXWZY$ [ E60 $ W\Y$ [ E 5 $ WZY] Y [ T $L^`_ ] OQE:0 $ R/E 5 $Ma E:0bR/E 5 R�TbcdT $ UVBeNPOQE:0 $ R/E 5 $ R�T $ Uf W Y$ [ E60 $ W $] Y [ E 5 $ W Y] Y [ T $g^ ]`] O%E60 $ R�E 5 $Ma E:0bR�E 5 R�TbcdT $ UhBgi1OQE:0 $ R/E 5 $ R�T $ U (1)

where ^j_ ] is a transition probability density (TPD) from Ek0 $ , E 5 $mlon on cut A to E60 , E 5qp n
on cut A and ^ ]`] is a TPD from E60 $ , E 5 $ p n on cut B to E60 , E 5 p n on cut A. The expressionr

This work has been carried out within the Association EURATOM-ÖAW and under contract P13495-TPH
with the Austrian Science Foundation.
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for Bgi has a similar form. The operator IJLK � is discretized,

B1i����&0SR/E 5�� C YW $�� �	�0
J N�i
���&0bR��	�0 a E 5� BeN����	�0 R/E 5�� R E 5 l n R (2)

BeN����&0SR/E 5�� C YW $ � � �0
J i3N����&0bR�� �0 a E 5� B1i���� �0 R/E 5�� R E 5 p n R (3)

J N i
���&0SR�� �0 a E 5 � C Y���� ��� ��� ����0 c�� �0 f � � � � �0 c�� � � �0 � J ���N�i �VE 5 �
� � � � � � � _ ���0 c�� �0 � � � � �0 c�� � � � �0 � R (4)

where the transition probabilities
J ���N i are numerically obtained by following the particle

orbit in the wave electric field  C ! $ Re "$#&%*O('6U�) � �+*-, ]	.0/ �(1 . Here, ! $ , #324 6587  �7 and%*O(':U C:9<;>= Ohc@?-OQ? 	 fBA 	 U�5DC3U are the wave amplitude, the polarization vector and the form fac-
tor for the Gaussian beam shape, respectively. The Hamiltonian is of the form

E C F $HG 	�I c E �KJML&N ] �0 7 COF $�Pb"%$�Q#$ ��0R7TS NUC O Q#$ cWV�UYX�OZC0F $�Pb"Q$ U L&N ] � 7 G ] 7�%ZO\[ U^]�_a` OZJ 5 ? fcb USc P �&0ed (5)

Here, Q#$ CfC and J 5 C n (perpendicular injection).
b C Qe$<g c P T fBb $ is the wave-particle

phase, g the particle gyrophase, E3�h24)i!j5�O(F $�P U , F $ is the particle mass, and PP"%$ is the gy-
rofrequency at rest. Eq. (5) is the conventional form of the Hamiltonian where the expansion
over a small electron Larmor radius has been used where only the resonant term is retained [2].

For computing the transition probabilities, the phase space is discretized with respect to the
canonical action �M0 by introducing levels � �0 . The TPD

J ���N�i from the band between levels� �0 and � � _ �0 on cut A to the band between the levels � �0 and � � _ �0 on cut B is defined as the
overlapping area of the image of the band from cut B mapped to cut A along the orbits with
the band on cut A normalized with the total band area (Fig. 1). This information is obtained
numerically and stored on a grid of E 5 values. In the considered case, the change of E 5 is
negligible and the Hamiltonian system can be transformed, by neglecting small parameters, to
the form where E 5 is an invariant of motion. Of course, in general the Hamiltonian itself is an
invariant of motion. In the case of the adiabatic model, the

J ���N�i have a simple form,
J ���N�i C�	 O � �a� � f � �a� k N ] � U for J�l � L pnm Ro p J�lep�q and

J ���N i CrV otherwise. Here, � k N0 Cs��0 OQE KtZu0 U withE Ktvu0 being the position of the resonance zone in the linear case and � k�w^x S � k w^yvz0 C{��0 OQE l � L � lep�q0 U
defines the boundaries of the nonlinearly broadened resonance zone.

2. Computation results
The integral equation is solved using the Monte Carlo (MC) algorithm. The propagator IJ " is
sampled with a conventional MC method (see e.g [1]). Examples of transition probabilities,J ���N i , used for sampling the rf propagator are shown in Fig. 1 for particles with a high E 5 when
the quasilinear theory is valid, with a medium E 5 and for particles with a low E 5 when the
adiabatic theory is formally valid. The structure on the right side is due to the particle phase
memory in the beam - an effect discarded by adiabatic theory. In Fig. 3 a typical particle
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distribution function in the nonlinear case is shown. This distribution function is asymmetric
and a plateau-like structure is formed around the resonance zone. Here, unlike in results of the
quasilinear theory, regions with positive derivative with respect to the perpendicular velocity
appear. With such a distribution function, the absorption coefficient (Fig. 4) is computed. It
is given as ?���� C O � � ?

J������ U1O � � ?
	 q:U ]
�
, where 	 q denotes the Poynting flux and

J������
the

absorbed power density. The absorption coefficient is strongly reduced as compared to the
linear theory due to both the distortion of the particle distribution function and the nonlinear
nature of the wave-particle interaction. As a result, the absorbed power profile, for a typical set
of parameters (see [3]), appears to be essentially broader than predicted by linear theory with
an optical depth reduced by a factor of 10.

3. Conclusion
A numerical model for ECRH which consistently takes into account nonlinear wave-particle
interaction has been developed. The results of computations show that the distortion of the
particle distribution function from Maxwellian is strong for parameters typical for present day
ECRH experiments. This leads to a reduction of the absorption, consequent broadening of the
absorption profile and incomplete absorption. The assumptions made within this computation
are not essential and the consideration of a realistic situation is straightforward. Especially, for
realistic magnetic field configurations, the propagator IJ " can be sampled using the mapping
technique [4]. It should be mentioned that the distortion of the particle distribution function is
essentially different from what is expected from the quasilinear theory where a Fokker-Planck
equation is assumed to be valid. The effect of power redistribution in velocity space can espe-
cially be important for current drive. Therefore, the nonlinear rf interaction has to be properly
described.
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At present, neoclassical transport coefficients and equilibrium currents are numerically
computed using kinetic equation solvers. If many iterations of this computations are
needed, e.g. in optimization problems, a faster and simpler method is much more desir-
able. To meet this requirements, new formulas for neoclassical transport coefficients and
equilibrium currents have been obtained within our group. This formulas hold in any
coordinate system and no simplifying assumptions about the magnetic field are needed.
The formulas can be used also for complex magnetic fields which, for actual field coils,
are sometimes only available in real space coordinates. It has to be mentioned that the
numerical effort for such a numerical computation is rather small, since all the results
can be gathered during the magnetic field line integration. Formulas are now available
for transport in the 1/ν regime, in the plateau regime and for equilibrium currents (Boot-
strap and Pfirsch-Schlüter). The coefficients are always expressed in terms of a weighted
integral of the geodesic curvature along the magnetic field line. Up to now there exist two
versions of the numerical realization, one version of the code in real space coordinates
and one in Boozer coordinates.

Minimization of neoclassical transport in the so called 1/ν regime is one of the key
issues in stellarator optimization. Therefore, our transport analysis was applied to ex-
isting configurations as well as to a variety of candidate configurations in international
optimization studies - PPPL, ORNL, CHS-qa - and to the joint effort in stellarator op-
timization of IPP Greifswald, Russian Research Center “Kurchatov Institute” and IPP
at the National Science Center “Kharkov Institute of Physics and Technology”. Within
all this efforts, a clear definition of an effective ripple has been introduced which on one
hand allows to compare various configurations from the point of view of their transport
properties and on the other hand gives a clear link to other definitions of the effective
ripple specific to magnetic coordinates.
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Abstract: Neoclassical transport coefficients and equilibrium currents are numerically computed
using various kinetic equation solvers. In the case when many iterations of this computations
are needed, e.g. in optimization problems, fast and simple methods are very interesting. To
meet this requirements, new formulas for neoclassical transport coefficients and equilibrium
currents have been obtained. These formulas hold in any coordinate system and no simplifying
assumptions about the magnetic field are needed. The formulas can be used also for complex
magnetic fields which, for actual field coils, are sometimes only available in real space coordi-
nates. It has to be mentioned that the numerical effort for such a numerical computation is
rather small, since all the results can be gathered during the magnetic field line integration.
Formulas are now available for transport in the 1/ν regime, in the plateau regime and for
equilibrium currents (bootstrap and Pfirsch-Schlüter). The coefficients are always expressed
in terms of weighted integrals of the geodesic curvature along the magnetic field line. Up to
now, there exist two versions of the numerical realization, one version of the code in real space
coordinates and one in Boozer coordinates.

1. Introduction
In the present paper, using an analytic solution of the linearized drift kinetic equation
in the long-mean-free-path regime, formulas for neoclassical transport coefficients and
for the parallel current density are obtained for stellarator configurations with realistic
magnetic field geometry. As in standard neoclassical theory, for a solution of the linearized
drift kinetic equation, the deviation of the distribution function from a Maxwellian is
expanded into a series with respect to the collision frequency. The leading order term in
this expansion is proportional to 1/ν. This leading term is sufficient to obtain the particle
and energy fluxes in this regime. In [1], this term is calculated taking into account all
classes of trapped particles. Finally, the results are presented in a form containing a line
integral along the magnetic field line and an integration over the perpendicular adiabatic
invariant of trapped particles.

∗This work has been carried out within the Association EURATOM-ÖAW and with financing from the
Austrian Academy of Sciences. The content of the publication is the sole responsibility of its publishers
and does not necessarily represent the views of the Commission or its services.
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For the calculation of the parallel current density, also the next term in the expansion over
the collision frequency is necessary. In contrast to 1/ν transport, where the contribution
of multiply trapped particles within many local magnetic field minima is small, they play
an essential role in the formation of the parallel current density. In [2], a method to
calculate the bootstrap current is proposed which utilizes Boozer coordinates and which
is also based on a line integration along the magnetic field line. Here, this procedure is
generalized in two ways: (i) the contribution of trapped particles is taken into account;
and (ii) calculations can also be done directly in real space coordinates.

The plateau regime of transport in stellarators corresponds to the so called intermediate
region of particle collision frequencies for which the effects related to the 1/ν transport
are yet not important and for which transport coefficients depend only weakly on the
collision frequency. Here, a new formula for the transport coefficients is obtained which
is based upon a solution of the drift kinetic equation. Again, also this formula holds for
conditions corresponding to the plateau regime without any further restriction for the
magnetic field geometry but the existence of intact flux surfaces.

2. Transport and currents in the long mean-free-path regime
The starting point is the linearized drift-kinetic equation in the long-mean-free-path
regime with a Lorentz collision operator which describes pitch angle scattering but does
not conserve momentum,

σ
∂f̃

∂s
+
V ψ

|v‖|
∂fM
∂ψ

= 4νA
∂

∂J⊥

(
|v‖|J⊥
B

∂f̃

∂J⊥

)
, (1)

where σ is the sign of the parallel velocity, s is the distance measured along the magnetic
field line, ψ is the magnetic surface label, V ψ = V · ∇ψ is a radial component of the
drift velocity, v2

‖ = v2 − J⊥B, J⊥ = v2
⊥/B is the perpendicular adiabatic invariant, B is

the magnetic field module, fM = fM(ψ,w) is the Maxwellian distribution function, f̃ is
the correction to the distribution function according to f = fM + f̃ , w = mv2/2 + eΦ
is the total energy, Φ is the electrostatic potential, and νA is the pitch-angle scattering
frequency. As discussed in [2], for small magnetic field modulations within the magnetic
surface, the momentum preserving term will change the resulting value of the average
parallel current by a factor which is weakly dependent on the magnetic field geometry
and, therefore, can be taken from tokamak theory.

The problem in the interpretation of the boundary condition at the trapped-passing
boundary in [2] where the “last” class of trapped particles cannot be identified, does
not appear if instead of an irrational surface one first considers a rational surface. In this
case, the number of classes of trapped particles stays finite, and the boundary conditions
are clearly defined. Then, the irrational surface can be considered as a limiting case of a
“true” rational surface [3] which satisfies the closure condition for the equilibrium currents
(Pfirsch-Schlüter),

YPS(L) = 0, YPS(s) =

s∫
0

ds′
|∇ψ|kG
B2

, (2)
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where
kG = ∇ψ · h×∇ lnB/|∇ψ| = (h× (h · ∇)h) · ∇ψ/|∇ψ|, (3)

is the geodesic curvature of the magnetic field line and h = B/B. With the help of (3),
the radial drift velocity can be presented in the form

V ψ ≡ V · ∇ψ = (v2 + v2
‖)
|∇ψ|kG

2ωc
= −|v‖|

∂

∂J⊥

|v‖|
B
VG, (4)

where

VG = (v2 +
1

3
v2
‖)
|∇ψ|kG
ωc

. (5)

The correction f̃ to the distribution function is expanded into a series over the collision
frequency

f̃ = f−1 + g0 + f0 + g1 + f1 + . . . , (6)

with fk, gk ∼ νk, where fk is constant and gk varies along the magnetic field line. Thus,
the kinetic equation is split into a series of equations. Fulfilling a variety of require-
ments (periodicity, single-valuedness, constraint conditions, boundary conditions), these
equations can be solved, yielding

∂f−1

∂J⊥
= − H

12νAJ⊥I

∂fM
∂ψ

, (7)

g0(s) = σ
∂fM
∂ψ

∂

∂J⊥

s∫
smin

ds′
|v‖|
B

(
VG −

H

3I

)
, (8)

∂f0

∂J⊥
= −σ

I

∂fM
∂ψ

smin+L∫
smin

ds
|v‖|
B

∂2

∂J2
⊥

s∫
smin

ds′
|v‖|
B

(
VG −

H

3I

)
, (9)

where smin is the left reflection point for trapped particles or the point of the global
magnetic field maximum on the field line for passing particles, and

I =
∮ ds

B
v‖, H = 3

∮
ds
v‖
B
VG. (10)

3. Particle and energy fluxes in the 1/ν regime
The expression (7) for f−1 yields particle and energy fluxes in the 1/ν regime [1]. The
definition of the averaged particle flux density, Fn, is given as

Fn =
π

mS

∮
ψ

dS

|∇ψ|
B
∑
σ=±1

∫
dw

∫
dJ⊥f−1

V · ∇ψ
|v‖|

. (11)

The equivalence of surface and field line averaging

〈P 〉
〈Q〉

=
∮
ψ

dS

|∇ψ|
P

∮
ψ

dS

|∇ψ|
Q


−1

= lim
Ls→∞

Ls∫
0

ds

B
P

 Ls∫
0

ds

B
Q

−1

, (12)
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integration by parts over J⊥, changing the order of integration so that the integral over s
becomes the innermost one, integration over energy and reordering of terms, yields

Fn = −
√

8

9π3/2

v2
Tρ

2
L

νR2
ε
3/2
eff

∞∫
0

dz e−zz5/2

A(z)

n

fM

∂fM
∂r

, (13)

where w = zT + eΦ. The quantity εeff is the so-called effective ripple which replaces the
helical ripple, εh, which would present in (13) in case of a standard stellarator, making it
applicable for an arbitrary magnetic configuration.

Here, ψ is the magnetic surface label, and R is the major radius of the torus. The
derivative of fM is taken with respect to a formal radius of the magnetic surface, r, which
corresponds to the definition

∂fM
∂r

=
∂fM
∂ψ

〈|∇ψ|〉, 〈|∇ψ|〉 = lim
Ls→∞

 Ls∫
0

ds

B

−1 Ls∫
0

ds

B
|∇ψ|. (14)

For convenience in the further discussion εeff is presented as

ε
3/2
eff = ε̂

3/2
eff /〈|∇ψ|〉2 , (15)

with

ε̂
3/2
eff =

πR2

8
√

2
lim
Ls→∞

 Ls∫
0

ds

B

−1 B
(abs)
max /B0∫

B
(abs)
min /B0

db′
jmax∑
j=1

Ĥ2
j

Îj
, (16)

and the additional integrals over s

Ĥj =
1

b′

s
(max)
j∫

s
(min)
j

ds

B

√
b′ − B

B0

(
4
B0

B
− 1

b′

)
|∇ψ|kG, Îj =

s
(max)
j∫

s
(min)
j

ds

B

√
1− B

B0b′
. (17)

The averaged energy flux FT can be obtained from (13) by multiplying the sub-integrand
by the factor zT . For a numerical realization, the integral over the perpendicular adiabatic
invariant J⊥ (by means of the variable b′) is solved by summation over a given number of
particles, whereas the integrals over s are computed by solving simultaneously 1st-order
differential equations with the Runge-Kutta-method. Here contributions to the integral
are switched on and off at the respective boundaries s

(min)
j and s

(max)
j . The quantities

s
(min)
j and s

(max)
j within the sum over j in (17) correspond to the turning points of trapped

particles.

For a magnetic field originally available in real space coordinates, there is no necessity in
a field transformation to magnetic coordinates. In this case, formulas (15) - (17) must
be supplemented with the magnetic field line equations as well as with equations for the
vector P ≡ ∇ψ (see Ref. [4])

dPi
ds

= − 1

B

∂Bj

∂ξi
Pj , (18)
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where Bj are the contravariant components of B in real space coordinates ξi, and Pj =
∂ψ/∂ξj are the covariant components of P.

Presentation in Boozer coordinates
To deal with transport processes in configurations with finite beta equilibria, Boozer
magnetic coordinates are often used. This is also the method of choice in all optimization
studies.

The contravariant and covariant representations of B are [5]

B = ∇ψ ×∇θ − ι-∇ψ ×∇ϕ = J∇ϕ+ I∇θ + β∗∇ψ . (19)

Here θ and ϕ are the Boozer angle-like magnetic coordinates, cJ(ψ)/2 and cI(ψ)/2 are
the poloidal (external with respect to the magnetic surface) and toroidal electric currents,
ι- is the rotational transform, and Ψ = 2πψ is the toroidal magnetic flux. The expressions
for the Jacobian and for the line element along the field line are given as

√
g =

1

∇ψ ×∇θ · ∇ϕ
=
J + ι-I

B2
,

ds

B
=
√
gdϕ, θ = θ0 + ι-ϕ , (20)

respectively. With the use of (19), one gets the quantity |∇ψ|kG as

|∇ψ|kG =
1

B2
(B×∇B) · ∇ψ =

1

J + ι-I

(
I
∂B

∂ϕ
− J

∂B

∂θ

)
. (21)

With the Boozer spectrum of B, with the quantities J and I, and with expression (21) for

|∇ψ|kG, the parameter ε̂
3/2
eff in (15) can be computed. So, the quantity ε̂

3/2
eff represents that

part of ε
3/2
eff for which the magnetic field confinement properties are determined through

the Boozer spectrum of B and through J and I.

It follows from (15) that for a full account of the effect of plasma geometry on ε
3/2
eff the

quantity |∇ψ| is also essential. For that purpose, one can directly use the Boozer spectrum
for |∇ψ|. Alternatively, one can use the relation with the normal to the magnetic surface,
N,

∇ψ =
1
√
g

N, N =
∂r

∂θ
× ∂r

∂ϕ
, (22)

yielding

|∇ψ|2 = g11 =
1

g

(
gθθgϕϕ − g2

θϕ

)
. (23)

Here one makes use of the metric tensor gik and therefore of the Boozer spectra for the
coordinates of a magnetic surface. This method is preferred in our numerical realization.

At last, as it follows from (14) and from the equivalence of averages over the magnetic
field line and over the volume between two neighboring magnetic surfaces, 〈|∇ψ|〉 is given
as

〈|∇ψ|〉 = S

(
dV

dψ

)−1

= S

(
2π

dV

dΨ

)−1

, (24)
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with S and V being the magnetic surface area and the volume inside this surface, respec-
tively.

Therefore, the expression for the effective ripple ε̂eff in a Boozer representation can be
written as

ε̂
3/2
eff =

πR2

8
√

2
lim

Lϕ→∞

 Lϕ∫
0

dϕ

B2


−1 B

(abs)
max /B0∫

B
(abs)
min /B0

db′
jmax∑
j=1

Ĥ2
jB

ÎjB
, (25)

and the additional integrals over ϕ (along the magnetic field line)

ĤjB =
1

b′

ϕ
(max)
j∫

ϕ
(min)
j

dϕ

B2

√
b′ − B

B0

(
4
B0

B
− 1

b′

)
|∇ψ|kG, ÎjB =

ϕ
(max)
j∫

ϕ
(min)
j

dϕ

B2

√
1− B

B0b′
, (26)

with |∇ψ|kG taken from (21). To compute εeff , one can use

〈|∇ψ|〉 = lim
Lϕ→∞

 Lϕ∫
0

dϕ

B2


−1 Lϕ∫

0

dϕ

B2

√
g11 , (27)

with g11 taken from (23).

Mono-energetic diffusion coefficient
Another approach to compute an effective ripple is a Monte-Carlo computation of the
1/ν neoclassical diffusion coefficients. These computations are often associated with the
so called mono-energetic diffusion coefficient D(E). According to the definition of D(E)
given by Boozer [6], DB(E), the average flux is given as

Γt = SFn = −
∫ dθ0dϕ

B · ∇ϕ

∞∫
0

DB(E)
∂fM
∂ψ

4πv2dv = −dV
dψ

∞∫
0

DB(E)
∂fM
∂ψ

4πv2dv, (28)

where E = mv2/2 is the particle energy (see Eq.(14) in Ref. [6]). In analogy to this
definition, one can define the mono-energetic diffusion coefficient in arbitrary coordinates
as

Fn = −
∞∫
0

D(E,ψ)
∂fM
∂r

4πv2dv (29)

with the formal radius r defined in (14). Transforming the integration over z = mv2/(2T )
in (13) back to the integration over v, one obtains

Fn = −
√

2

9π

v2
Tρ

2
L

νR2
ε
3/2
eff

∞∫
0

1

A(E/T )

(
E

T

)2 ∂fM
∂r

4πv2dv . (30)

A comparison with (29) gives for the 1/ν regime

D(E,ψ) =

√
2

9π

v2ρ2ε
3/2
eff

νA(E/T )R2
, (31)



7

where v =
√

2E/m and ρ = mcv/(eB0). The pitch angle diffusion coefficient is linked to

ν⊥ from the NRL Formulary according to νA(E/T ) = ν⊥/2.

Peculiarity of Boozer diffusion coefficients
It is well known, that the Hamiltonian of the guiding center motion with constant magnetic
moment shows that the corresponding particle orbits are completely determined by the
structure of B. Therefore, in Boozer coordinates, the guiding center equations do not
contain other metric elements besides

√
g. Evidently, the quantity ∇ψ does not enter

these equations. However, when calculating the particle flux across a magnetic surface,
the geometry of this surface must be taken into account. This leads to the appearance
of ∇ψ in the results in Boozer coordinates. In the work of Boozer [6], the role of the
magnetic surface geometry (function ψ) is eliminated from the Boozer diffusion coefficient
and transferred to the total flux expression (28). From (28) and (29), taking into account
(14) and (24) follows

DB(E) = D(E,ψ)〈|∇ψ|〉2 . (32)

So, the quantity ε
3/2
eff in (15) corresponds toD(E,ψ), whereas the quantity ε̂

3/2
eff corresponds

to the Boozer diffusion coefficient DB(E).

4. Parallel current density
The leading order term in the expansion of the distribution function, f−1 (see Eq. 7), does
not contribute to the parallel plasma current due to its symmetry over σ. Therefore, the
current is determined by the next order corrections to the distribution function, g0 and
f0,

j‖ =
πeB

m

∑
σ=±1

σ

∞∫
eΦ

dw

v2/B∫
0

dJ⊥f̃ (33)

=
πeB

m

∑
σ=±1

σ

∞∫
eΦ

dw

v2/B∫
0

dJ⊥

(
g0 − J⊥

∂f0

∂J⊥

)
.

Here the continuity of f0 at the trapped-passing boundary was used for integration by
parts. Since g0 is given by (8) as a derivative over J⊥, the contribution to the integral
comes from the lower limit J⊥ = 0. Due to the current closure condition (2), H(J⊥) =
4v3YPS(L)ωc/B = 0 for J⊥ = 0. Using the fact that due to Liouville’s theorem H
exponentially decreases with L→∞, one can neglect this quantity in (9). Thus one gets

j‖
B

= −2πe

m

∞∫
eΦ

dw
∂fM
∂ψ

 s∫
smin

ds′
4v3|∇ψ|kG

3Bωc

+

J
(abs)
⊥min∫
0

dJ⊥ lim
L→∞

J⊥
IL

L∫
smin

ds′
|v‖|
B

∂

∂J⊥

s′∫
smin

ds′′
V ψ

|v‖|

 . (34)
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With the definition of the plasma pressure p

p = p(ψ) =
4π

3

∞∫
eΦ

dwv3fM , (35)

and integration over w, one obtains the current density in the following form,

j‖
B

= −c λ‖
1

B2
0

(
dp

dr
+ en

dΦ

dr

)
, λ‖ = λPS(s) + λb, (36)

where c is the speed of light, n is the plasma density and B0 is the reference magnetic
field. The radial derivative of the pressure is given as

dp

dr
≡ dp

dψ
〈|∇ψ|〉 . (37)

Here, the dimensionless quantities λPS and λb in (36) which characterize the magnetic
field geometry are given in Boozer coordinates

λPS(ϕ) =
2

〈|∇ψ|〉

ϕ∫
0

dϕ′
(
I
∂B̂

∂ϕ′
− J

∂B̂

∂θ′

)
/B̂3 , (38)

λb =
3

8〈|∇ψ|〉
lim

Lϕ→∞

1∫
0

dyy2Kb(y)

Lb(y)
, (39)

Kb(y) =

Lϕ∫
0

dϕ′

(
1− yB̂

)1/2

B̂2

ϕ′∫
0

dϕ′′
(
I
∂B̂

∂ϕ′′
− J

∂B̂

∂θ′′

)
/
(
1− yB̂

)3/2
, (40)

Lb(y) =

Lϕ∫
0

dϕ′

(
1− yB̂

)1/2

B̂2
(41)

Here the reference magnetic field is B0 = Babs
max and B̂ = B/B0. The integration along

ϕ has to be started at the location of this global maximum of B on the flux surface. A
representation of λPS and λb in real space coordinates with an arbitrary starting point
of integration is given in Ref. [7]. The integration variable y is defined as y = J⊥B0/v

2

where y = 1 marks the trapped-passing boundary. The integration along the magnetic
field line can be performed simultaneously with the ∇ψ calculation. This is actually done
by solving a system of linear differential equations when integrating along the field line
(see, e.g., [1]).

Contrary to λb, the quantity λPS is a function of ϕ (or s). One can show that the
varying part of λPS which corresponds to the Pfirsch-Schlüter current, is the same as it is
obtained from ideal MHD equilibrium equations. However, those equations do not restrict
the constant part of the parallel current. The missing constant part of j‖/B is given by
an average value of j‖/B. Two definitions of this average are commonly used. The first
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one, more suitable for equilibrium studies, corresponds to the toroidal current density
averaged over the area between two close magnetic surfaces. It is obtained from (36) if
λ‖ is replaced with λb1,

λb1 =
〈λ‖Bϕ〉
〈Bϕ〉

=
〈λPSBϕ〉
〈Bϕ〉

+ λb, (42)

where Bϕ = B · ∇ϕ is the toroidal contravariant component of the magnetic field and
with surface averages defined in (12). The second definition used in [2] corresponds to the
case when the average parallel current vanishes completely in the Pfirsch-Schlüter regime,

λb2 =
〈λ‖B2〉
〈B2〉

=
〈λPSB2〉
〈B2〉

+ λb. (43)

5. Plateau regime of neoclassical transport
It is well known that for sufficiently small collision frequencies ν, particles with small
v‖ give the main contribution to the neoclassical transport as long as the radial electric
field is not to high. On the other hand, if ν is still large enough so that effective particle
trapping does not occur, the plateau regime of neoclassical transport is realized (see,
e.g. [8]). Theoretically this regime was extensively studied either within kinetic theory
for rather simple stellarator magnetic field models (e.g. [8,9]) or within fluid theory in
magnetic coordinates for more general magnetic field models (e.g. [10]). For solving
the drift kinetic equation within this regime, it is convenient to consider the distribution
function f = fM + f̃ as a function of r, w and v‖ (w being the particle energy). With
this, the drift kinetic equation becomes

v‖h · ∇f̃ + V · ∇fM = St(f̃) , (44)

where fM = fM(ψ,w) is the Maxwellian distribution function, ψ is the magnetic surface
label, h = B/B, and V is the drift velocity. In (44), the term −(∂f̃/∂v‖)J⊥h · ∇B/2
(J⊥ = v2/B, v velocity module) has been omitted. This defines the lower limit for
ν > v‖h · ∇B/B in accordance with the usual limit for the plateau regime [8]. In the
general case, the transport coefficients in the intermediate region of particle collision fre-
quencies are monotonic functions of the collision frequency (see, e.g. [11]). However, for a
sufficiently large aspect ratio of the torus it is known that the neoclassical transport coef-
ficients in this regime practically do not depend on the collision frequency. Theoretically
it was shown earlier that the plateau transport coefficients practically do not depend on
details of the collision operator and do not differ for various forms of this operator [8,9].

Therefore, the simplest form of the collision operator in the so called τ -approximation was
chosen [8]. For this approximation of St(f̃), the drift kinetic equation has the following
form,

v‖h · ∇f̃ + V · ∇ψ∂fM
∂ψ

= −νf̃ . (45)

This equation can be written as

∂f̃

∂s
+ pf̃ = − v2B0

2v‖ωc0

(
1 + λ2

) |∇ψ|kG
B

∂fM
∂ψ

, (46)
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with p = ν/v‖, and λ = v‖/v. Computing the single-valued solution of (46) yields the
final result which can be presented in the standard form for the plateau regime

Fn = −
√
πρ2

LvT
8Rι-

Λp

∞∫
0

dz z2e−z
n

fM

∂fM
∂r

, (47)

Λp =
2RB2

0ι-

π〈|∇ψ|〉2
lim

Lϕ→∞

 Lϕ∫
0

dϕ

B2


−1

1∫
−1

dλ
(1 + λ2)

2

|λ|
Z(Lϕ) , (48)

where ρL = mcvT/(eB0) is the mean Larmor radius, and z = mv2/(2T ). Again, the ex-
pression for the energy flux density differs from (47) by a factor zT under the integral.
The integration over λ shows to be insensitive to the lower and upper limits (−1 and 1)
for values of ν which are not too large.

The quantity Z(Lϕ) has to be computed by integrating the following differential equations
over the interval 0÷ Lϕ (for v‖ < 0) or 0÷−Lϕ (for v‖ > 0):

dZ

dϕ
=

|∇ψ|kG
B2

Y , (Z(0) = 0) , (49)

dY

dϕ
=

√
gB

(
|∇ψ|kG
B2

+ p Y

)
, (Y (0) = 0) , (50)

and for v‖ → 0
dZ

dϕ
=
|v‖|
ν

(|∇ψ|kG)2

B4
, (Z(0) = 0) . (51)

For an axially symmetric tokamak with large aspect ratio Λp equals unity. The deviation of
Λp from unity gives the effect of the magnetic field geometry on the transport coefficients.

6. Summary

Minimization of neoclassical transport in the so called 1/ν regime is one of the key issues
in stellarator optimization. Therefore, our transport analysis was applied to existing
configurations (W7-AS, LHD, CHS, HSX, U3-M), to a configuration being build (W7-X),
as well as to a variety of candidate configurations in international optimization studies
- NCSX, ORNL, CHS-qa - and to the joint effort in stellarator optimization of IPP
Greifswald, Russian Research Center “Kurchatov Institute” and IPP at the National
Science Center “Kharkov Institute of Physics and Technology”. Within all this efforts,
a clear definition of an effective ripple has been introduced which on one hand allows to
compare various configurations from the point of view of their transport properties and
on the other hand gives a clear link to other definitions of the effective ripple specific to
magnetic coordinates.

Here, no numerical results are given. At the moment, an extensive benchmarking effort
is under way for 1/ν transport [12] covering a wide variety of configurations. This bench-
marking effort will be extended to plateau and parallel current calculations. In addition,
different CHS configurations - standard, drift-orbit optimized, quasi-axisymmetric - have
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been analyzed using a real space version representation [13]. Preliminary results on paral-
lel currents have been published in Refs. [14,7,15], and on plateau transport in Ref. [16]. A
version of the code NEO utilizing Boozer coordinates is freely distributed among research
laboratories.
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One important ECRH scenario is using the 2nd harmonic electron cyclotron resonance
of the extraordinary mode launched perpendicularly with respect to the main magnetic
field. The applicability of the linear theory of wave absorption and, respectively, of
the quasi-linear theory of the evolution of the distribution function is violated for this
scenario in typical experimental conditions. In particular, the quasi-linear description
of wave-particle interaction remains valid only for particles with relatively large parallel
velocities such that particle flight time through the radiation beam, τf , is small compared
to the oscillation period of particles trapped in the wave, τbE.

On the other hand, the adiabatic theory of nonlinear wave-particle interaction is also
applicable only in a limited region in phase space (small parallel velocities, τf � τbE).
Moreover, calculations of the absorbed power within this theory were performed with-
out taking into account the combined effect of wave-particle interaction and collision
processes on the formation of the electron distribution function.

In the present report, a model of wave-particle interaction for any arbitrary value of
the ratio τf/τbE is proposed and combined with the modeling of collision processes to
compute the electron distribution function numerically using the Monte Carlo method.
The absorbed power is then computed on the basis of the obtained distribution function.
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A Monte-Carlo (MC) method to solve the drift kinetic equation using the stochastic
mapping technique has been proposed in Ref. [1]. A numerical implementation of this
approach has been presented in Ref. [2]. However, two major simplifications were made,
namely the use of a simplified stellarator magnetic field configuration and the neglect of
the quasi-static radial electric field.

Within the stochastic mapping approach, test particle orbits are traced only on those
surfaces where the magnetic field module reaches a minimum along the magnetic field
line, the minimum-B cuts. The full test particle orbit integration needed for the MC
procedure is replaced by mapping of particle positions and velocities between minimum-B
cuts. In this way the integration procedure is speeded up because the information about
the respective particle dynamics is precomputed and stored. However, the complex
topology of minimum-B cuts in realistic magnetic field structures poses a significant
difficulty.

Therefore, for the implementation of the mapping technique, the topology of those cuts
had been kept simple, i.e., only one minimum value of the magnetic field module within
one toroidal field period was allowed. On the other hand, this assumption is not valid
for almost all realistic stellarator magnetic fields. In the present report, more realistic
topologies for stellarator configurations are considered and, in addition, also the effects
of radial electric fields. The results for the transport coefficients obtained from the
stochastic mapping technique are compared to the results obtained from a conventional
MC procedure.
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Abstract: The Stochastic Mapping Technique (SMT), a highly efficient method to solve the 5-D
drift kinetic equation in the long-mean-free-path regime [1,2], is presented in an application to
stellarators. Within this method, the dimensionality of the problem is reduced to 4-D through
a discretization in one dimension. Instead of tracing test particles in the whole phase space,
test particles are followed on particular Poincaré cuts. With this approach, the computation
time is reduced by a large factor compared to direct Monte-Carlo methods. The SMT is
applicable to stellarators with arbitrary magnetic field geometries and topologies. It can be
used for any problem where currently conventional Monte Carlo methods are applied in the
long-mean-free-path regime.

1. Mapping technique
Within the stochastic mapping approach, test particle orbits are traced only on those
surfaces where the magnetic field module reaches a minimum along the magnetic field
line, the minimum-B cuts. The full test particle orbit integration needed for the MC
procedure is replaced by mapping of particle positions and velocities between minimum-
B cuts. In this way, the integration procedure is speeded up, because the information
about the respective particle dynamics is precomputed and stored. In a general case
the topology of minimum-B cuts in realistic magnetic field geometry is rather complex.
They have to be subdivided into regions with simpler topology (see Figs. 1 and 2). The
convenient numbering of these regions can be performed with the help of a 2-D vector
index m = (n,m), where n numbers magnetic field periods andm numbers the cuts within
a single period, ϕn < ϕ < ϕn+1, where ϕ is the toroidal angle. The problem is simplified by
employing a local set of magnetic coordinates xi (see [2,3]) in each magnetic field period.
Two of these coordinates satisfy the magnetic differential equation, B·∇xi = 0, i = 1, 2,
where B is the magnetic field, and the boundary conditions on the “reference cuts” ϕ = ϕn,
x1 = R, x2 = Z, where (R,ϕ, Z) are cylindrical coordinates. The third coordinate is
x3 = ϕ − ϕ(n). Together with the period index n (discrete toroidal coordinate) these
coordinates describe the particle position in space uniquely. When a test particle travels

∗This work has been carried out within the Association EURATOM-ÖAW. The content of the pub-
lication is the sole responsibility of its publishers and does not necessarily represent the views of the
Commission or its services.
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to one of the neighboring periods the change of the local coordinate system is accomplished
with high accuracy with help of the interpolated mapping procedure using bi-cubic splines.

Introducing the coordinates u of footprints of test particle orbits on a minimum-B cut m,
where u1 = x1, u2 = x2, u3 = p, and u4 = λ, yields a unique set of footprint coordinates,
(m,u). Without collisions, each new footprint of a drift orbit, (m′,u′), is determined by
the Poincaré map, m′ = Mm(u), u′i = U i

m(u), where Mm(u) gives the index of the next
cut to be passed by the drift orbit. This can be one of two neighboring cuts, then such
particle is called “passing”, or the same cut for a “trapped” one. The spatial components
of the map can be expressed in terms of the particle displacement from the magnetic field
line ∆x1,2

m (u) with U i
m(u) = ui + ∆xi

m(u). The displacements are well represented by
expansion over the normalized momentum module ρB = p/(mωc), the radial electric field
amplitude ρE = 2eΦ′(ψ)/(pωc), and its derivative, ρE = 2eΦ′′(ψ)/(pωc), as

∆xi
m =

(
∂∆xi

m

∂ρE

)
0

ρE +

(
∂∆xi

m

∂ρB

)
0

ρB +

(
∂2∆xi

m

∂ρB ∂ρEE

)
0

ρB ρEE + (1)

+
1

2

(
∂2∆xi

m

∂ρ2
B

)
0

ρ2
B +

(
∂2∆xi

m

∂ρB ∂ρE

)
0

ρB ρE +
1

2

(
∂2∆xi

m

∂ρ2
E

)
0

ρ2
E,

where Φ is the electric potential and ψ is a flux surface label. Such an expansion reduces
the problem of the map storage from 4-D to 3-D (only the λ dependence in velocity
space remains non-trivial, see Fig. 3) and permits the use of different electric field profiles
without reloading the orbits. The components of the map in the velocity space U3

m and
U4

m need no storage because this mapping is performed with the help of conservation of
energy and magnetic moment.

The account of diffusion in velocity space (Coulomb collisions) is realized by adding
small random displacements δum(u) to the regular map, m′ = Mm(u + δum(u)),
u′i = U i

m(u + δum(u)) thus making it stochastic. In the long-mean-free-path regime be-
ing of interest here, only the variance and deviation of these random displacements have
to fulfill the relations 〈δui〉 = F i

m(u) and 〈δuiδuj〉 = 2D̄ij
m(u), where D̄ij

m and F i
m are

orbit integrated components of the diffusion tensor and the drag force [1,2]. In case of
Coulomb collisions the dependence of these quantities on u3 = p can also be factorized,
and the main care has to be taken to reconstruct the dependence on the pitch (Fig. 4).

2. Results of benchmarking
In the present report the stochastic mapping technique has been benchmarked against
the conventional MC method in regimes with and without electric field and against the
field-line integration method [6] for evaluating transport coefficients in 1/ν regime. For
both MC procedures a simplified Lorentz collision operator describing only pitch-angle
scattering has been used. The long-mean-free-path regime has been considered with
Lc/l = 0.003 where Lc = 2πR/ι and l = v/ν⊥ are the connection length and the mean-
free path, resp.. Here ν⊥ is the perpendicular scattering frequency. The computed dif-
fusion coefficient has been normalized to the mono-energetic plateau diffusion coefficient,
Dplateau

⊥ = πρ2
Lv/(16ιR), where ρL is the gyro-radius. The radial electric field profile was

chosen to keep the electric rotation frequency ωE = c(dΦ/dr)/(rB) close to constant
along the small radius r.
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Fig. 1. Geometry of minimum-B cuts for W7-AS [3]

(xi, local magnetic coordinates).

Fig. 2. Geometry of minimum-B cuts for QHS [4]

(xi, local magnetic coordinates).

Fig. 3. Particle displacements ∆xi
m as functions of

the pitch λ.
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The results for the normalized diffusion coefficient in W7-AS [3] stay in good agreement
for a wide range of ωE (Fig. 5). For benchmarking with the field line integration technique

the “effective ripple amplitude” ε
3/2
eff has been calculated. For an arbitrary stellarator, this

quantity is substituted for the helical ripple amplitude εh in formulas for 1/ν transport
coefficients for the standard stellarator. Here, two magnetic configurations have been
considered, the W7-AS stellarator [3] and the quasi-helically symmetric stellarator QHS
[4]. The first configuration has a rather complicated topology of the minimum-B surfaces,
whereas the second one is very sensitive to the accuracy of particle drift modeling. For
both configurations, a real space representation of the magnetic field has been used. For
QHS, the expansion over the associated Legendre functions has been applied.

In the lower part of Fig. 6, the effective ripple amplitude ε
3/2
eff is plotted versus the major

radius for W7-AS, whereas the result for QHS is given in the upper part. The results from
the mapping approach and from the field line integration stay in very good agreement. It
should be mentioned here that for QHS the computation of 1/ν losses with MC procedures
is rather delicate since, on one hand, very low collision frequencies have to be chosen in
order to avoid symmetric losses and, on the other hand, it has to be ensured that the
interpolation procedures in the SMT code do not destroy the quasi-helical symmetry.

3. Discussion
The stochastic mapping technique has been developed and realized in a numerical code
for the solution of the drift kinetic equation in a stellarator with arbitrary geometry and
topology of the magnetic field, allowing for islands and ergodic magnetic field layers. The
regimes with radial electric field are well reproduced as compared to the conventional
MC method. On the other hand, the mapping procedure is significantly faster (e.g. 160
times in the W7-AS case). Note that the speed of the mapping solver is practically
independent of the complexity and computational cost of the magnetic field, therefore,
the gain will be even more significant for configurations with a broad magnetic field
spectrum. Since the preloading procedure is relatively time consuming, the method is
most effective in a case when ”global” computations of the particle distribution function
are needed, e.g. for the studies of kinetic effects of rf-heating, or for the computation of
profiles of transport coefficients for fixed magnetic configurations.
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                                                ABSTRACT

 The Heavy Ion Beam Probing Diagnostic (HIBP) is an uniqu tool for plasma

researches in fusion facilities. It has been successfilly realized up to now on a number of

different devices with magnetic confinement. In principle, the HIBP gives an opportunity to

measure simultaneously a few main plasma parameters as well as their fluctuations with a

high temporal and spacial resolution.

The stellarator systems have significant features to insallation of the HIBP diagnostic

on these facilities. The main of them : i) the toroidal  magnetic fields may be comparable with

poloidal one; ii) the stray magnetic field is very large, it can reach several hudreds Gs at

distance (2-3) m from diagnostic ports;  iii) number of the magnetic configurations

(operational regimes) to be investigated by HIBP.

This paper presents the  main steps of the HIBP installation on Uragan-2M, Liven’-2

and TJ-II stellarators.  Particular attention allots :

- to optimization of three-dimensional probing particle trajectories and calculated

detector grigs;

-to finding of the optimized geometrical and physical parameters for diagnostic

installation;

- to develope and applicate active beam control system.

On the example of starting  operation of the HIBP on TJ-II stellarator all these

problems have been resolved.
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Abstract. High-power ion cyclotron range of frequency (ICRF) heating was carried out on
LHD and remarkable experimental results were obtained. The maximum ICRF heating power
so far achieved was 2.7 MW. The optimum heating condition was obtained when the ion
cyclotron resonance layer was located at the saddle point of the magnetic field. Most of the
ICRF heating power was absorbed by high energy ions. Several heating modes were
successfully achieved in the ICRF-heated plasma; they were an ICH-sustained mode, an
additional heating to the NBI heated plasma and 2nd harmonic heating. A stored energy of more
than 1 MJ was achieved by the combination of ICRF heating with NBI heating. The pulse
length of the ICRF heated discharge was extended to more than two minutes.

1. Introduction
     Experimental results on an Ion Cyclotron range of frequency (ICRF) heating on
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Fig. 1 Top view of the LHD

Large Helical Device (LHD) [1-4] are described. Remarkable progress has been made
in the 3rd, 4th and 5th experimental campaigns since the last International Stellarator
Workshop. In the 2nd experimental campaign (1998), the ICRF heating was conducted
at the magnetic field strength of B=1.5T with the standard configuration, i.e.,
Rax=3.75m. An increase in the plasma stored energy was observed; however, a
successful result was not attained [5,6]. In the 3rd experimental campaign (1999-2000)
the carbon plates were installed along the helical divertor legs, which were thought to
be useful for reducing the impurity influx to the plasma. In addition to that an inward-
shifted configuration, i.e., Rax=3.6m was employed and consequently significant results
were obtained [7-12]. In the 4th and 5th experimental campaigns (2000-2002) another 4
antennas were added to the one pair of loop antennas and high power ICRF heating up
to 2.7MW was achieved.
    In Sec. 2, an experimental setup is described. In Sec. 3 experimental results are
reported. Then we summarize the ICRF heating experiments on the LHD and mention
the future plan in Sec. 4.

2. Experimental setup

   Figure 1 shows the top view of LHD. The ICRF antennas are installed at the three
sections in the toroidal direction. A pair of antennas consists of two loop antenna
elements and the RF power is fed to each element from each RF generator. The size of
each antenna loop is as follows: 0.6 m in length, 0.46 m in width and 0.17 m in depth.
The antenna has a single layer of Faraday shield and the surface is twisted to fit with
the last closed magnetic surface. The antenna position is changeable in the radial
direction by 0.15 m. Carbon limiters are attached at both sides of the antenna and all
parts of the antenna are cooled by water. Each antenna connects with a liquid stub
tuner system, which was developed for high-power and steady-state operation [13-18].

ICRF 
Antenna

R Cut off Ion Cyclotron
 Resonance

L Cut offTwo-ion Hybrid
 Resonance

        Fig. 2 ICRF heating mode

The maximum ICRF power injected into the plasma has been 2.7 so far. As other
heating systems, Electron Cyclotron Heating (ECH; 82.6, 84 and 168GHz, 1.5 MW)
and Neutral Beam Injection (NBI; three beams, 2-3 MW for each) heating are utilized.



     A minority heating was employed in the Helium plasma with Hydrogen ions as a
minority. The optimum ICRF heating was found at the condition when the cyclotron
resonance layer of the hydrogen ion was located just on the saddle point of the mod. B
surface as shown in Fig.2.

3. Experimental results

     Experimental results and knowledge about the ICRF heating characteristics are
described in 9 sections as follows.

3.1 Optimization of ICRF heating
     The optimum ICRF heating was found from
the data analysis collected from various
experimental results obtained by changing
magnetic field strength and applied frequency.
Two physical parameters were employed to assess
the ICRF heating; one was the enhancement
factor of the confinement time normalized by the
International Stellarator Scaling 95 (ISS95),
τE/τE

ISS95. The other was the heating efficiency,
which was defined as the ratio of the absorbed RF
power to the radiated power from the loop
antennas. The value of τE/τE

ISS95 was 1.5 at the
normalized frequency of ω/ ωci0=0.9~1.0. Here

the applied frequency is f=ω/2π=38.47MHz and
ωci0 is the cyclotron frequency at the magnetic axis.
ω / ωci0=0.9 indicated that the cyclotron resonance
locates on the saddle point of the mod. B surface
as shown in Fig.2. The heating efficiency reached
its maximum of 80~85% again at ω/ ωci=0.9.
However, it was reduced to 50% at ω/ ωci=1.0,
where the cyclotron resonance was shifted to the
magnetic axis.

3.2 ICH sustained plasma
     The plasma was sustained by ICRF heating
power only. The plasma was sustained at the range
of PICH=0.2~2.5MW; plasma parameters were the

average line electron density, ne=0.3~2.7 x1019m-3,
the plasma stored energy, Wp=30~240kJ and the
electron temperature at the magnetic axis,
Te0=0.5~2.0keV. The ion temperature measured
from TiXXI (0.261nm) using X-ray crystal spectroscopy [19] was the same as Te0. The
discharge with the maximum plasma stored energy (240kJ) is shown in Fig.3. The

Fig.3 Time evolutions of the ICH-
sustained plasma parameters with
the large plasma stored energy.

Fig.4 Time evolutions of plasma
parameters of the additional ICRF
heating to the NBI heated plasma
with Hydrogen pellet injection.
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electron density is ne=1.4x1019m-3 with PICH=2.5MW.

3.3 Additional ICRF heating to NBI heated plasma
     ICRF heating was applied to the NBI heated plasma with the hydrogen pellet

injection at the electron density of ne=1.0x1020m-3 as shown in Fig.4. The plasma stored
energy exceeded 1.0MJ with the power of the ICRF and the NBI heating, i.e.,
PICH=2MW and PNBI=5MW. The increase in the plasma stored energy during the ICRF
heating was observed to be 80kJ. To clarify the effect of the additional ICRF heating a
series of experiments was carried out at three different electron densities, i.e., ne=1.0,

2.0 and 3.3x1019m-3. The counter-injection of NBI was used and the port-through
power was PNBI=1.45MW (Einj=130keV). The increase in the plasma stored energy
agreed with the power scaling of ISS95 [12].

3.4 Comparison of ICH-sustained plasma with NBI heated plasma
     The ICH-sustained plasma was compared with the NBI heated plasma at the

same electron density, ne=1.0x1019m-3 and the same heating power, P=1MW. The
plasma parameters were the same: the stored energy, Wp=170kJ and the electron
temperature at the magnetic axis, Te0=2keV. However the fraction of the radiated
power was a little larger in the ICH-sustained plasma than in the NBI heated plasma.
     The energy confinement time of three different plasmas, i.e., the ICH-sustained,
the NBI-sustained, and the ICH and NBI heated plasmas was compared with that of
the ISS95. The enhancement factor of the energy confinement time was found to be
1.4~1.5 times longer than that of the ISS95 [12].

3.5 Second harmonic heating
     Second harmonic heating was carried out
at the magnetic field strength of B=1.3T~1.55T.
The target plasma was an NBI heated plasma. A
typical discharge is shown in Fig.5, where the
NBI power was 2.5MW and the plasma beta
was 0.84%. The increase in the plasma stored
energy was 40kJ and the heating efficiency was
40%. The heating efficiency was found to vary
a little depending on the position of the 2nd

harmonic resonance. The best heating efficiency
was likely to be obtained at just half of the
magnetic field strength of the minority heating,
i.e., B=1.375T, and it was increased with the
plasma beta value in the series of 2nd harmonic
heating experiments. A higher heating
efficiency will be obtained as the plasma beta
value is increased more than 1.5~2%.
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Fig.5 Time evolutions of 2nd harmonic ICRF
heating discharge.



3.6 Steady state operation of ICH-sustained plasma
     The long pulse discharge of the ICH-
sustained plasma was tried in the 3rd and 4th

experimental campaigns. The pulse length
was extended from 1minute to 2 minutes as
shown in Fig.6; the ICRF power range was
0.7~0.4MW, the electron density was

ne=0.8~1.0x1019m-3 and the electron and ion
temperature was Te0=Ti0=1.3~2.0keV. Using
the long pulse discharge the precise
measurement of the Fe impurity behavior
[20] and the velocity distribution of the high
energy ions [21] were carried out by
scanning measurement devices. Up to now
the plasma duration time has been
determined by the RF power source; the
problem is now being solved and achieving
operation of three hours (10,000 seconds) is
a goal of the coming experimental campaign.

3.7 Behavior of high energy ions
     The high energy hydrogen ions were measured up to 250~300keV because the
minority heating was dominant. The tail temperature was the same as the effective
temperature deduced from the Stix formula [22] using the absorbed RF power, the
hydrogen ion number, the electron density and the electron temperature. A butterfly
structure (rabbit-ear or butterfly structure) of the high energy ions was observed by
scanning the measurement angle of a neutral particle analyzer. The measured
anisotropic velocity distribution was that on the magnetic field line at the normalized
radius of ρ=0.75, compared with the velocity distribution calculated from the bounce
average Fokker-Planck equation [23].

3.8 High density operation
     The time evolutions of the high density operation of the ICH-sustained plasma
are shown in Fig.7. The electron density was gradually increased with time for 4
seconds at an ICRF heating power of 1.6MW. The radiated power was abruptly

increased at the electron density of ne=2.7x1019m-3 at the end of the discharge. The
electron density of the ICH-sustained plasma is plotted against the ICRF heating power
range of 0.2 MW~1.7MW in Fig.8. Four solid lines indicate the required RF voltage at
the transmission line. The plasma loading resistance was increased with the electron
density. The larger RF power was able to be injected with the higher electron density.
The electron density was increased with the ICRF heating power. The maximum

density so far achieved is ne=2.7x1019m-3. The minority ratio defined by nH/nHe is a key
parameter for efficient heating. It was deduced by the spectroscopic

Fig.6 Time evolutions of long pulse
operations of ICH-sustained plasma.
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measurement of Hα and HeI. The experimental result showed that a lower minority
concentration was required as the electron density was increased. This tendency was
not understood. A doubled electron density was achieved in the same power range of
the NBI heated plasma.

3.9 Plasma production with a folded waveguide antenna
     A folded waveguide antenna (FWGA) is installed from the horizontal vacuum
port. The FWG antenna was fabricated in collaboration with the Oak Ridge National

Laboratory. A plasma with an electron density, ne=2~3x1018m-3was produced at the RF
power range of 0.3~0.4MW. The electron density increased with the magnetic field
strength; the plasma production mechanism was understood taking into accounts of the
propagation of a shear Alfven wave [24].

4. Summary
The results of ICRF heating experiments on the LHD are summarized as follows:
1. A plasma was sustained by ICRF heating power only. A long pulse discharge was

achieved for more than two minutes. The maximum ICRF heating power was
2.7MW.

2. An additional ICRF heating to an NBI heated plasma demonstrated that the heating
characteristics agreed with the power scaling of the ISS95. The improvement of the
confinement time was 1.4~1.5 times longer than that of ISS95 due to the inward-
shifted magnetic axis. Second harmonic heating was found effective in the high beta
plasma.

3. The most successful heating mode was minority heating; most of the injected RF
power was absorbed by high energy ions. The measured high energy ions were
detected up to 250~300keV. A serious loss of the high energy ions was not observed

  

   Fig.8 Diagram of the electron density vs. ICRF
   heating power using a pair of loop antennas.
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 Fig.7 Time evolutions of high density
 of ICH-sustained plasma.
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and the bulk plasma was efficiently heated by the energy flow from the high energy
ions in the present experiment.
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Standard 1st and 2nd harmonic ECRH at 70 GHz and 140 GHz fails to support high density

operation >1020 m-3, which is necessary to attain detachment at W7-AS island divertor

configuration. ECRH is limited by the O1-cutoff (0.6 1020 m-3) for 70 GHz and the X2-cutoff

(1.2 1020 m-3) for 140 GHz respectively at 2.5T. For the propagation of electron Bernstein

waves (EBW), however, no upper density limits exist, but they have to be generated by the

OXB-mode conversion process from the electromagnetic waves. For this process threshold

densities of 0.6 1020 m-3   (70GHz) and 2.4 1020 m-3  (140GHz) exist. Efficient OXB-heating

with 70 GHz has already been successfully demonstrated at Wendelstein7-AS [1], but the

second harmonic OXB heating with 140 GHz remained unexplored until improved

performance by divertor operation above the critical density of 2.4 1020 m-3 was shown

recently. Initial experiments showed that the heating efficiency is comparable to NBI. The

local power deposition of EBW and the possibility of fast modulation, qualifies EBW-heating

for heat wave generation, temperature profile shaping and fine tuning of power flow through

the separatrix. In addition a high current drive efficiency is predicted for EBW’s [2].

Successful  current drive experiments have been performed with 70 GHz OXB-heating and

compared with theory. Since OXB mode conversion requires an optimal launch angle no

angular scan is possible to investigate the driven current. However the N|| component of the

EBW’s could be varied by both the reversal of the magnetic field or the change of the

magnetic configuration.
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Abstract

Successful heating with 140 GHz EBW’s and current drive with 70 GHz EBW’s was demonstrated at

W7-AS. Further, temperature profiles and heat wave propagation was measured by EBW-emission.

Introduction

Standard 1st and 2nd harmonic ECRH at 70 GHz and 140 GHz fails to support high-density

operation >1020 m-3, which is necessary to attain detachment at W7-AS island divertor

configuration. ECRH is limited by the O1-cutoff (0.6 1020 m-3) for 70 GHz and the X2-cutoff

(1.2 1020 m-3) for 140 GHz respectively at 2.5T. For the propagation of electron Bernstein

waves (EBW), however, no upper density limits exist, but they have to be generated by the

OXB-mode conversion process from the electromagnetic waves [1]. For this process

threshold densities of 0.6 1020 m-3  (70GHz) and 2.4 1020 m-3 (140GHz) exist. Efficient OXB-

heating with 70 GHz has already been successfully demonstrated at Wendelstein7-AS [2], but

the second harmonic OXB heating with 140 GHz EBW’s remained unexplored until

improved performance by divertor operation above the critical density of 2.4 1020 m-3 was

shown recently. Complementarily to EBW-heating, an EBW emission diagnostic [3] was

developed to measure temperature profiles with a high temporal resolution at high densities

inaccessible for the standard ECE. This diagnostic, which is called EBE (Electron Bernstein

wave Emission), makes use of the inverse OXB-process and the black body cyclotron

emission of the EBW’s [4]. With the help a 3D ray-tracing code the temperature profile can

be reconstructed from the emission spectrum.

Heating Experiments

Three 140 GHz Beams with a total power of 1.5 MW were launched into a NBI sustained (up

to 2.5 MW) high-density plasma (up to 3.5 1020 m-3). The rotational transform was matched to

the island divertor operation parameters. The ECRH launch was optimised in respect to the

angular window necessary for efficient EBW generation. Here the optimisation criterion was

the increase of plasma energy shown in Fig.1 and the reduction of the non-absorbed ECRH

stray radiation. Further a magnetic field scan was performed to achieve central power

deposition. Here we could only partially succeed, since the EBW-heat wave analysis with



EBE was not available online. As shown in Fig. 2 we have got a power deposition at an

effective radius of about 4cm. During the EBW-heating the central plasma temperature rises

from about 270 eV to 310 eV. The temperature profile was also broadened implying a

transition from detachment to attachment due to the increase power flow across the separatrix.

This explanation is assisted by the divertor measurement. The plasma energy content is

increased during EBW-heating by about 40% as shown in Fig.1. It was estimated that about

half of this energy increase is due to the profile change at the detached-attached transition.

Although with 140 GHz second harmonic EBW heating off-axis power deposition could be

achieved only, the EBW heating efficiency was comparable with NBI. Even more, EBW

heating becomes more effective with increasing density. In further experiments the EBW

heating could successfully substitute NBI-heating with comparable power without degrading

the plasma performance.

Current Drive

EBW’s offers also the possibility to drive current. Even more, due to their electrostatic

character the parallel component of the refractive index can become even larger than 1

implying a high EBW current drive (EBCD) efficiency [5]. Since the CD efficiency scales

like T ne e/  the experiment were performed with 70 GHz first harmonic EBW-heating at a

density of 1.2 1020 m-3. An ECRH beam with 0.45 MW power was launched in a current free

sustained NBI (0.5 MW) sustained target plasma. The magnetic field was adjusted to 2.15 T

in order to get central power deposition. Here the large N|| component of the EBW’s requires a

stronger reduction of the resonant magnetic field than for standard ECCD. Since OXB mode

conversion needs an optimal launch angle no angular scan is possible to investigate the driven

current. However the N|| component of the EBW’s could be varied by both, the reversal of the

magnetic field and the change of the magnetic configuration, which means to have a local

minimum or maximum of the magnetic field at the EBW launch position. In the current free

discharges all plasma currents are compensated by the inductive current. The loop voltage is

then a gauge for the plasma currents. U R I I Iloop Plasma Bootstrap NBI ECCD= + ±( ). For co- and

counter-ECCD the contribution to the loop voltage changes its sign, while the other currents

remain unchanged. Hence, the difference of the co- and counter-CD is

∆U R I Iloop plasma co CD Counter CD= +− −  shown in Fig.3. In the case of EBCD a current of 2 kA ± 0.5

kA (co + counter current) and was estimated. The highest CD efficiency was achieved in the

case of co-EBCD (see Fig 4). Here with 450 kW a current of 1.85 (+1,-0.5) kA was driven. In

a similar discharge, but with zero loop voltage, the plasma current rises above 1.2 kA during

the EBW-heating as shown in Fig.4.

Summary and Conclusions
Successfully heating of extreme high-density plasma, which are achievable now for divertor

operation at Wendelstein7-AS, was demonstrated with 140 GHz second harmonic electron

Bernstein waves. This ECRH frequency is foreseen for the large Wendelstein7-X experiment,

which is in construction now. The reason for the high OXB-mode conversion efficiency is



mainly the extremely steep density gradient in the high-density target plasma at Wendelstein7-

AS. Complementarily, an electron Bernstein wave emission diagnostic was developed, which

extend the operational range of the standard ECE to densities far above the cut-off.

Further, current drive with the 70 GHz first harmonic Bernstein waves was demonstrated for

the first time.
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Figures

Fig 1 Increase of plasma energy due to second harmonic Bernstein wave heating (B2)

with 140 GHz.
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Fig. 2: Heat wave amplitude and phase generated by off-axis 140 GHz B2-heating and

reconstructed from first harmonic EBE. The reason for the apparent asymmetry of  the power

deposition is due the strong Shafranov shift of the plasma, which could no be taken into

account completely in the EBE temperature profile reconstruction.

Fig. 3: Loop voltages for co- and counter EBCD . The ECRH  was switched on at 0.4 s. The

temperature was  700 eV.
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Fig.4 Discharges with maximum driven current.

Left : A net current free discharge, where the  EBCD current is compensated by the loop

voltage.

Right: A discharge with free running plasma current. For both discharges the plasma density

was 1.2 1020 m-3.
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  The Flexible Heliac TJ-II [1] has a wide range of accessible magnetic configurations,
depending on the currents flowing by the external coils. Experiments with plasmas have
explored an extensive area of the whole range of configurations, and in this experiment
we have covered this area in vacuum and at low field.
A set of about 50 configurations was selected for this experiment, with the aim focused
on configurations actually operated in plasma experiments. The magnetic field was
scaled to be a 10% of the nominal field with plasma operation.
  The main goal of the experiment has been to validate the vacuum B field model used
as a first approximation of the field structure in the presence of plasma The
experimental set-up detects the transits of an electron beam across a plane section of the
vacuum chamber [2] and it has been simulated by the calculations. The model is based
on integration of field line equations after many turns around the torus, and determines
the intersection with the detection plane.
  The comparison between measured and computed magnetic surfaces has been carried
out looking, for a definite set of coil currents, at these characteristics:
a) Presence of magnetic islands associated to low order rational values of the iota.
b) Magnetic axis location.
c) Plasma shape and size.
Low order natural islands are obtained in the calculations at iota values of 4n/m. For
small m the islands are broad enough to be resolved by the detecting system. An
excellent agreement is found between measured and calculated islands. A slight coil
misalignment produces field errors that originate no-natural islands at ι/2π = n/m, n not
being multiple of 4. The observed islands are well reproduced for the same coil currents
by considering small coil shifts in the calculations. As different combination of field
errors could give rise to very similar island shape and phase, it is not possible to
determine the actual error, but only an estimate of it.
  The experimental results strongly support the model used to describe the vacuum
magnetic field structure of TJ-II.
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Abstract.
A campaign of TJ-II magnetic surface measurements was carried out at the end of 2000. Consistency
with previous measurements has been verified. Comparison with vacuum field line calculations shows
good agreement with an adequate modelling of the HX coil. The presence of low order magnetic
islands and the axis location are the characteristics used to validate the B field model used in TJ-II
calculations.

Introduction.
The Flexible Heliac TJ-II [1] has a wide range of accessible magnetic configurations,

depending on the currents flowing by the external coils. There are four electric currents which
independently can be fed on the coils: a) Icc, the current of the central circular coil, b) Ihx, of the
helical coil, c) Itf, of the toroidal field coils, which are fed in series, and  d) Ivf, the current
flowing through the vertical field coils. In plasma operation with ECRH, the condition of EC
resonance for |B| restricts the overall independence of the four current sets. In this case Itf is
determined once the remaining currents are given. The set (Icc,Ihc,Ivf) characterizes the
operating TJ-II configurations.

The first measurements of magnetic surfaces, performed in Dec. 1996 [2], were aimed to
validate the assembly of the device and check the closeness of the real and designed structure
of magnetic surfaces. Even if the final adjustment of the TF coils was still not finished, the
main result of that experiment was that the construction and assembly of TJ-II was accurate
enough to carry on plasma experiments. Magnetic islands were observed with coil currents near
those for which the calculations predict a rational value for ι/2π. Moreover, the discrepancies
could be attributed to the helical coil, the closest to the plasma.

Since then, several elements around the machine have been installed or modified, which
could affect the magnetic field structure.  Also a great number of new configurations have been
explored in plasma operation, which were not measured in the first campaign. In the new
campaign, carried on in Nov. and Dec. 2000, a set of about 50 configurations were measured,
with the magnetic field scaled to be a 10% of the nominal field for plasma operation. Five of
them are common to both experiments, to look for possible discrepancies in the magnetic
configuration as measured in the first or the second time.

B-field calculations.
The vacuum magnetic field of TJ2 is of heliac type [3]. It is basically the superposition of

a "poloidal" field produced by the central conductors, and a "toroidal" field produced by the set
of TF coils [1]. The field they create has a magnetic axis with a strong helical swing and
typically bean shaped magnetic surfaces. Magnetic islands may appear when resonant modes



are present, at rational values of ι/2π. The vertical field allows to shift radially the magnetic
axis, Together with the whole magnetic configuration.  The role of the helical winding is to
provide a strong additional control of the rotational transform [4].

The magnetic field, calculated by superposition of all the coil fields, using the Biot-Savart
law, and assuming the coils to be filamentary, was used to address both the physics and
engineering issues faced with at the design and assembly phases. Field line integration,
continued many turns around the torus, provides Poincare sections (constant φ sections) of each
configuration magnetic surfaces. From them, sections by arbitrary planes are obtained by
interpolation. When first measuring the magnetic surfaces, this model appeared to be fairly
consistent with the experimental data, in the sense that the extension and bean shape of
magnetic surfaces was very similar in both cases. When calculations predicted a low order
rational iota, the experiment showed evidence of it with current values that were different about
10%. The most significant parameter affecting the discrepancy is Ihx, the helical coil current.
Other things being the same, when lowering this current in the range 8 - 13%, depending on the
case, calculations find the rational value encountered in experiment. This fact is observed at the
rational values 1/1, 4/3,3/2 and 4/2, [2].

A plausible reason for it is that the HX coil requires a more complex modelling because
its proximity to the plasma and its strong influence on the iota profile. A first feature to
consider is its actual thickness. To have it in account, the initial filament is split up in several
ones, regularly distributed on the normal cross section, of rectangular shape.
The current is equally shared among them. A rectangular array of 4 rows and 6 columns is the
best approximation to the real winding. An array of 2x5 was fixed as a compromise between
computational time and iota profile accuracy, having the 4x6 array as reference.
Rotational transform profiles corresponding to different arrays are shown in figure 1a.
The iota profiles calculated with 1 and 10 filament models are shown in figure 1b, for two
configurations exhibiting M=2 islands in the experiment. The rational value ι/2π = 3/2 appears
in the 10 filament case and not with one filament. Similar situations occur for other low order
rationals. With the 10 filament model there is no need to modify the coil currents to obtain the
observed low order rational values of the rotational transform. It is the model used in the
following calculations.

Experimental method.
The coil currents were scaled down to 10% of their nominal value for plasma operation,

producing the same scaling in |B|, but leaving invariant the magnetic surfaces.
The pulse length was of 45 s. The detecting system, described in [2], is based on imaging the
spots produced by an electron beam when intersecting an array of fluorescent rods that
sweeps the vacuum vessel cross section. The experimental resolution is estimated to be 2 mm.
The electrons, as they follow the B-field lines, describe the magnetic surfaces and the
detecting system records an image of the intersection of a surface, (the one generated by the
gun location), with the detecting plane. Three LEDs, located at the same cross section where
the image is formed, are used as a reference for measuring positions at the detecting plane.
The images are recorded with a CCD camera looking perpendicularly to the image plane and
processed by means of an image integrator [5].

Results.
The magnetic surface structure is obtained by superposition of single surface images.

They are sections of 3D toroidal surfaces by a vertical plane. The measured section is
compared with a calculation using the 10-filament model for the HX coil. There is an
excellent overall agreement between measured and calculated surfaces as the coil currents are



varied. In particular, magnetic islands are found when calculations predict values ι/2π = N/M,
with integer N and M. For lower order rationals, only N = 4n islands, (natural islands), should
appear in the configuration, when the transform ι/2π = N/M, if the fourfold symmetry is
incorporated in the calculations, (no field errors). Other N islands show up as result of field
errors. Natural N=4, M=3, islands have been observed at predicted coil currents in excellent
agreement with calculations, as figure 2 demonstrates. Experimental evidence of lower M
natural islands is also obtained, although the gun stops the electron beam in few transits
because the proximity of ι/2π to an integer value. Non natural islands are clearly visible for
the cases 3/2, 5/3 and 7/3. If M is larger, broken surfaces with M single spots are obtained, as
shown in figure 3 for the case N=8,M=5.

When non-natural islands are present, field errors must be included in the calculations.
A 1.5mm. horizontal offset of the central structure accounts for sizes and poloidal location of
3/2, 5/3 and 7/3 islands. In figure 4 we show the good agreement between experiment and
calculation for the 3/2 case. This result cannot be an assessment of the actual field errors, but
only an estimate of its magnitude. An offset of one thousandth of TJ-II major radius can
explain the observed islands. This field error has been used in all the calculations. A scale
down of the coil currents to a 5% of the nominal B field was carried out for magnetic surfaces
close to a separatrix. No influence was detected, meaning that if there are external stray fields,
they are unimportant.

The magnetic axis location is represented in figure 5 as a function of Ihx for a sequence
of cases for which Icc=10kA. The agreement is also very good, even with some systematic
deviation of the horizontal position, which could indicate an error of some millimetres in the
placement of the detection plane.

Other measurements, like plasma border diagnostics [6], reinforce the good agreement
with the calculations presented here.
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Quasi-poloidal stellarators with very low plasma aspect ratio (<R>/<a> ~ 2.6, 1/2-1/4 that of

existing stellarators) are a new magnetic confinement approach that could ultimately lead to a

high-beta (<beta> = 7-15%) disruption-free compact stellarator reactor.  In this approach the

dominant components in the magnetic field spectrum are poloidally symmetric in flux

coordinates.  This leads to small B x grad B drifts out of a flux surface and reduced neoclassical

transport at low collisionality.  The magnetic configuration may also have reduced poloidal

viscosity, allowing poloidal flows for possible shear damping control of anomalous diffusion.

The quasi-poloidal structure and relative insensitivity of the magnetic configuration to

increasing beta are similar to that in the W7-X approach, but at 1/4 the plasma aspect ratio.  In

contrast to W7-X, a self-consistent bootstrap current is included in the configuration

optimization and a different physics mechanism is responsible for the reduced neoclassical

transport.

An experiment, the Quasi-Poloidal Stellarator (QPS), is being developed to test the main

features of this approach.  QPS has <R> = 0.9 m, <a> = 0.35 m, <B0> = 1 T for a 0.5-s pulse,

and Pheating = 1-3 MW.  The experiment is designed to study regimes in which either

anomalous transport or neoclassical transport is dominant and to test ballooning stability

limits at <beta> ~ 2.5%, the configuration dependence of the bootstrap current, and

equilibrium robustness at finite beta.  Kink and vertical modes are stable at <beta> ~5%

without feedback or close conducting walls.  The stellarator rotational transform and

bootstrap current should suppress magnetic islands and neoclassical tearing modes.  The talk

will address the physics basis for the QPS approach, the relationship with other stellarator

concepts, the key features of the proposed QPS experiment, and the connection to higher-beta

quasi-poloidal-stellarator configurations.
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Abstract.  QPS is a very-low-aspect-ratio quasi-poloidally-symmetric stellarator with <R> = 0.9 m,
<a> = 0.33 m, <Baxis> = 1 T for a 1-s pulse, and Pheating = 1-3 MW.  Quasi-poloidal symmetry leads
locally to small B x grad B particle drifts out of a flux surface over most of the plasma cross section,
minimum flow damping in the direction of Er x B, trapped particles localized in low curvature regions,
and properties that improve with increasing β.  The paper describes the confinement and MHD
stability properties, the engineering design, and the status and plans for the QPS experiment.

I.  MAGNETIC CONFIGURATION

A quasi-poloidal stellarator with very low plasma aspect ratio (<R>/<a> ~ 2.7, 1/2-1/4 that of
existing stellarators) is a new magnetic confinement approach that could ultimately lead to a high-
beta (<β> = 7-15%) disruption-free compact stellarator reactor.  Here <R> and <a> are the
average major and minor radii of the non-circular and non-axisymmetric plasma.  An experiment,
the Quasi-Poloidal Stellarator (QPS) [1] shown in Fig. 1, is being developed to test key features   

Fig. 1.  Top (left) and side (above) views of the
  QPS plasma and the modular coils that
  create it.  The colors indicate contours of
 |B| in T on the last closed flux surface.
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Fig. 2.  Cross sections of the QPS flux surfaces at three toroidal angles: 0 deg. (left), 45 deg.

  (middle), and 90 deg. (left).  The colors indicate the same contours of |B| in T as in Fig. 1.

of this approach.  The main QPS parameters are <R> = 0.9 m, <a> = 0.33 m, <Baxis> = 1 T for a
1-s pulse, and Pheating = 1-3 MW.  Figure 2 shows that the shape of the QPS flux surfaces varies
from bean-shaped at the higher-field ends to D-shaped in the middle of the long straight sections.
A helical variation of the magnetic axis is also indicated in Fig. 1.

In this approach the dominant components in the magnetic field spectrum are poloidally symmet-
ric in flux coordinates.  For exact poloidal (θ) symmetry, the canonical angular momentum pθ is
conserved and: (1) orbit excursions from a flux surface are limited to the gyroradius in the toroidal
magnetic field ρT rather than in the poloidal magnetic field ρp (the banana width) where ρT << ρp;
(2) there is no flow damping in the poloidal direction; and (3) the bootstrap current is reduced by
ι /N where ι  is the rotational transform (= 1/q) and N is the number of field periods.

Figure 3 shows contours of |B| on two flux surfaces in
flux coordinates in which the magnetic field lines are
straight.  The degree of quasi-poloidal symmetry varies
with plasma radius r.  In the plasma core (r/<a> < 1/2)
the magnetic energy in non-poloidally symmetric field
components is <10% of that in the poloidally symmetric
field components; that fraction rises to ~30% at the
plasma edge.  B and ∇ B are more closely aligned than is
possible with other forms of symmetry; this reduces
radial particle drift and banana width.  Quasi-poloidal
symmetry leads locally to small B x grad B particle drifts
out of a flux surface over most of the plasma cross
section rather than close alignment of globally averaged
drift surfaces and flux surfaces (quasi-omnigenity) as in
Wendelstein 7-X (W 7-X).  However near the edge,
quasi-omnigenous features also occur in QPS that help to
reduce neoclassical transport.

Quasi-poloidally-symmetric stellarators also have some
other unique features.
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Fig. 3. QPS |B| contours & field lines.

*  There is minimum flow damping in the direction of Er x B.  Flow shear could be self-
sustained through Er driven by ambipolar diffusion or externally produced.
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*  Trapped particles are localized in low curvature regions; this should improve stability to
dissipative trapped electron modes.

*  Properties improve with increasing β: access to a second stability region, omnigeneity, and
thermal and fast ion confinement.  The configuration becomes relatively insensitive to
increasing β and the bootstrap current becomes nearly independent of β at higher β.

II.  TRANSPORT AND STABILITY

A measure of the reduction in neoclassical
transport is shown in Fig. 4.  For Er = 0 in the
low-collisionality limit, the neoclassical ripple-
induced heat diffusivity is proportional to
εeff

3/2 where εeff is the effective ripple in a
single helicity 1/ν transport model that gives
the same transport as a full 3-D calculation in
this limit.  QPS has similar transport to that in
the W 7-X configuration, but at 1/4 the plasma
aspect ratio.  Reducing εeff

3/2 further in QPS
would not be effective since the implied energy
confinement time due to purely neoclassical
losses would greatly exceed the ISS-95
stellarator scaling, and other losses would
likely be dominant.  The degree of quasi-
poloidal symmetry and the reduction in
neoclassical transport increase as β (and the
plasma current) increases.  The high degree of
quasi-poloidal symmetry and the reduced
effective field ripple may also reduce the poloi-
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Fig. 4.  Coefficient of thermal diffusivity in the
   1/ν regime for different stellarators (gb4
   and gb5 are earlier versions of QPS).

dal viscosity, enhancing the naturally occurring E x B poloidal drifts and allowing larger poloidal
flows for possible shear damping reduction of anomalous transport.

While the QPS experiment is designed to study regimes in which either anomalous transport or
neoclassical transport is dominant, it can also test stability limits, the configuration dependence of
the bootstrap current, and equilibrium robustness at <β> ~ 2.5%.  The QPS magnetic
configuration is relatively insensitive to increasing β, similar to that for W 7-X.  However, a self-
consistent bootstrap current is incorporated in the QPS configuration optimization.  The plasma
is Mercier stable for <β> ~ 2.5%, although experiment and recent theory indicate that this is not a
limit.  Infinite-n ballooning modes are also stable up to <β> > 2%, as shown in Fig. 5 (a) for an
earlier QPS configuration.  The plasma current required for equilibrium in these free-boundary
calculations is consistent with the bootstrap current, as shown in Fig. 5(b).  Infinite-n ballooning
modes are unstable for <β> = 2.5-5.5%, but stable for higher β (second stability region).  Kink
and vertical modes are stable at <β> ~5% without feedback or close conducting walls.  The
stellarator rotational transform and bootstrap current should suppress magnetic islands and
neoclassical tearing modes.
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Fig. 5.  (a) Normalized ballooning growth rate vs. flux (∝  {r/a}2) and (b) near alignment of the
   equilibrium (open circles) and bootstrap currents (closed circles) for different values of <β>.

III.  ENGINEERING DESIGN

The QPS coil set shown in Fig. 1 has two field periods with 8 modular coils per period.  Due to
stellarator symmetry, only four different coil types are needed.  The coils are connected in four
circuits so like coils are independently powered for maximum flexibility.  The space in the central
bore has been chosen to allow a center stack (Fig. 6) containing the central legs of twelve toroidal
field (TF) coils for configuration flexibility and coils for driving up to 150 kA of plasma current.

A cutaway view of QPS in its bell jar vacuum tank is shown in Fig. 7 and the main QPS device
parameters are given in Table 1.  The open coil geometry allows good access between the coils for
heating and diagnostics.  The two rectangular winding packs that form the coils are separated by a   

Modular
coils

Fig. 6.  QPS center stack

Fig. 7. Cutaway view of QPS coils in the vacuum tank.
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thin stainless steel structural "T" except in the center
of the long section in Fig. 1 where the two winding
packs are allowed to follow independent paths to
improve the magnetic configuration properties.
These modified coils have a wider "T", as seen in
Fig. 7.  In addition, there are three sets of poloidal
field coils for driving plasma current and for plasma
shape and position control.

All coils are cooled using helium gas and have a stain-
less steel vacuum-tight case since they share the
same vacuum as the plasma.  The buildup of neutral
pressure in the vessel will be minimized through
local concentration of recycling.  Poincaré plots
show that field lines (particles) leave the plasma pre-

Table 1.  QPS Device Parameters

Ave. major radius <R>
Ave. plasma radius <a>
Plasma aspect ratio
<R>/<a>
Plasma volume Vplasma

Central, edge rotational
transform ι 0, ι a

Average field on axis
from modular coils
Auxiliary toroidal field
Ohmic current Iplasma

ECH power
ICRF heating power

0.9 m
0.33 m

2.7

2 m3

0.21, 0.32

Bmod = 1 T
for1-s pulse

± 0.2 T
≤ 150 kA

0.6-1.2 MW
1-3 MW

dominantly at the top and bottom of the bean-shaped cross sections where recycling neutrals will
be confined mechanically by divertor baffles (indicated in Fig. 7) and then be largely reionized by
the boundary plasma.  Mechanical baffling and local recycling with reionization should lead to
high-recycling divertor operation and low electron temperatures at the divertor plate.  Connection
lengths in the scrapeoff region are long enough for effective island divertor operation.  Large areas
are available in the top and bottom of the bell jar for titanium getter pumping, providing 4-5 x 105

l/s pumping speed (including conductance to the pumping region).

Additional neutrals control will be achieved by boronization.  Thermal insulation blankets and
heaters will be added to the bell jar to provide bakeout capability with a temperature goal of    
150 C and helium glow discharge cleaning will also be used during operation.  There are twelve 61-
cm-diameter ports around the midplane of the vacuum tank for heating, diagnostics, and
maintenance access, and numerous smaller ports for coil services and instrumentation
feedthroughs.

V.  STATUS AND PLANS

The QPS project is now in the conceptual design phase.  A successful physics reviews was held
in April 2001.  The plans are to further improve the plasma and coil configuration, complete
assessment of the QPS physics properties, assess the configuration flexibility obtained with the
VF, TF, and OH solenoid coils, and improve the engineering design and cost/schedule estimates.
A final design, cost and schedule review is scheduled for Spring, 2003, with the remaining R&D,
design and construction in the 2003-2007 period.  First plasma operation is planned for mid-
2007.
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The proposed Quasi-Poloidal Stellarator, QPS, is a low-aspect-ratio (<R>/<a> = 2.6), concept

exploration experiment with a non-axisymmetric, near-poloidally-symmetric magnetic

configuration.  The nominal QPS design parameters are <R> = 0.9 m, <a> = 0.35 m, and <B0>

= 1 T for a 0.5-s pulse.  The facility includes the stellarator core, the plasma heating,

diagnostics and data acquisition systems, the power supplies and cooling systems, and the

test cell.

The stellarator core consists of the modular coil set that provides the primary magnetic field

configuration, auxiliary coils including vertical field and toroidal field coils and an ohmic

heating solenoid, machine structure, and an external vacuum vessel.  The modular coils

represent the most difficult part of the core design and fabrication.  The coil set has two field

periods with eight modular coils per period.  Due to symmetry, only four different coil types

are required.  Several fabrication options are under consideration, but the baseline concept uses

flexible copper cable conductor wound on a form and vacuum impregnated with epoxy.  The

coil form also provides the support features that allow the coils to be connected into an

integral structure.

The vacuum vessel is an existing, external bell-jar , with the modular coil set and vertical field

coils in the same vacuum region as the plasma.  This approach has been successfully used on

other experiments, such as the MAST spherical torus and the H-1 heliac.  The coils must be

canned for compatibility with the vacuum, but inside the vessel there is excellent access

between the modular coils for plasma diagnostics and heating.

The QPS device would be located at ORNL, where existing plasma-heating systems (1.2-MW

ECH, 3-MW ICRF), power supplies (>40 MW), de-mineralized water system, and other

equipment are available for the experiment.

The QPS device is estimated to require four years from start of design to first plasma in

September 2006.  The status of the engineering design and analysis are described.
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abstract

After moving CHS to Toki-site the experiment has restarted.  Its main objectives

consist of 1) exploration of improved mode (ITB, high electron temperature mode due

to potential bifurcation) based on the electron root, 2) MHD stability study of finite β

plasma, and so on.  For these studies HIBP has been operational and the second HIBP

is under preparation, which will provide us  with more detailed information of the

potential.  We are going to study ion confinement in the high Te mode.  Two NBIs

with co-injection and IBW with 9MHz for the target plasma production have been

operational.  The average value <β> of 1% has been obtained at the magnetic 1ield of

0.75 Tesla.  Dependence of MHD instabilities on the magnetic field configuration

(degree of magnetic hill) and plasma current will be studied.  In CHS-qa the bootstrap

current flows in the direction to augment the external rotational transform, the CHS

experiment on MHD instabilities will give useful information for CHS-qa.
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The boundary-island, discrete open-divertor approach foreseen for the Wendelstein stellarator
line of development - in particular for W7X being built in Greifswald - has been studied on
W7-AS in the past using a 3D edge plasma transport code (EMC3-EIRENE) and with
preliminary experiments using inner sector limiters. W7-AS is small in comparison to W7X
(a/R ~0.15/2m vs. 0.5/5.5m) but island dimensions at the edge are comparable in radial extent
(~6cm), so that results from W7-AS have some direct relevance to W7-X in addition to
providing a basis for development of edge codes.

Now, divertor modules are in place. Intensive studies of diverted plasmas since March 2001
have shown the way to an enhanced regime of operation: High NBI-power discharges
(~1.3MW absorbed, Prad~0.25Pabs) can be controllably maintained > 1 sec at an average line
density ~ 3x1020 m-3 - with the divertor plasma still attached. Previously, such high-power,
high-density conditions provoked core radiation collapse after 200-300ms.

Increasing the density leads to stable radiation levels Prad up to ~ 0.8 Pabs, with energy
confinement times considerably in excess of the international stellarator scaling. The radiation
is largely concentrated at the edge – hence core confinement is only marginally impaired –
and discharge times under these circumstances in excess of 0.5s are routine. For such high Prad
substantial partial plasma detachment is observed over a large fraction of the target plates,
with small areas remaining attached. The upstream densities near the separatrix are typically
around 6x1019 m-3, while in the attached/detached regions Te~30/<10eV and ne~3x1019 m-3

prevail. Thus, detached conditions appear to be attained without going though a high-
recycling regime, in contrast to the situation on tokamaks. Subdivertor pressures range as high
as 4x10-3 mbar, more than that expected to be necessary for good particle control once the Ti-
gettering pumps are activated, while main chamber pressures are at least a factor of ten
smaller.

In addition to global aspects of W7-AS divertor operation, details of edge/divertor
experimental observations for attached/detached scenarios will be presented and brought into
relation to modeling attempts using EMC3-EIRENE. Principal diagnostics are: (a) an edge-
dedicated upstream Thomson scattering system, (b) the Li-beam for ne(r, t), (c) divertor
bolometer arrays, (d) a spectrometer observing the divertor detachment front in CII, and CIII,
(e) a set of 2D cameras monitoring H α (upper and lower divertors), Hγ (recombination
monitor) and CII at the target plates, (f) 2D IR camera for power flux, (g) Langmuir probe
arrays, and (h) pressure gauges in the main chamber and subdivertors.

The open-divertor configuration inherent in the island divertor concept brings with it the
necessity of high separatrix densities nes. At the same time, nes increases at a slower rate than
the core density – perhaps a corollary of confinement scaling with ne – implying that
particularly high core densities are necessary to drive detachment. The interrelationship of
core-edge parameters will be discussed for a variety of scenarios leading to partial plasma
detachment at the divertor.

Category: 6. Divertors and Impurity Control/Transport Prefer Talk
e-mail: gkm@ipp.mpg.de
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A promising new plasma operational regime on the Wendelstein stellarator W7-AS has been
discovered. It is extant above a threshold density and characterized by flat density profiles,
high energy- and low impurity-confinement times and edge-localized radiation. Impurity
accumulation is avoided. Quasi-stationary discharges with line-averaged densities ne to
4x1020m-3, radiation levels to 90%, and partial plasma detachment at the divertor target plates
can be simultaneously realized. Energy confinement is up to twice that predicted by a
conventional scaling.

1. Introduction: The poloidal field divertor is the favored tokamak concept for particle

control and mitigation of plasma-wall interaction [1]. This paper reports on advances

associated with the realization of the island divertor concept on the Wendelstein stellarator

(W7-AS: major radius R=2m, minor radius aeff≤0.16m, toroidal magnetic field Bt≤2.5T),

which represents an equivalent solution, and is similar in major aspects to that of the

Wendelstein 7-X stellarator (R=5.5m, aeff~0.5m) now under construction [2]. In particular, an

exciting new confinement regime exhibiting high energy- and low impurity-confinement has

been discovered (here abbreviated IC for "improved confinement"). The IC regime enables

attainment of very high densities (up to 4x1020 m-3) under controlled, quasi-stationary

conditions - with substantial reduction of power- and particle-fluxes to material surfaces

(partial detachment), an enhancement of the energy confinement time τE up to a factor two

above τE
ISS95 [3], and a significant reduction of the impurity retention time τimp. These are

essential elements of any confinement concept, potentially making IC the preferred platform

for future operation in helical systems.

Section 2 gives machine details on W7-AS, including a synopsis of diagnostics which have

been implemented since the advent of divertor operation. Section 3 considers plasma

characteristics of normal confinement (NC) discharges in addition to the IC regime. Features

of the core plasma are described, then the plasma edge and finally the divertor. The discussion
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section summarizes salient aspects of divertor-based studies to date, with some speculation

for the future.

2.1 Machine Description: W7-AS is a modular, low-shear stellarator with 5 magnetic field

periods. Over one period the plasma shape varies from a standing ellipse (φ =36 o) to a triangle

(φ=0o) and back again (Fig. 1). Depending on the rotational transform ιa the plasma is

bounded either by smooth flux surfaces or by a separatrix formed from naturally occurring

magnetic islands (at edge iota values ιa = 5/m with m=8,9,10...). Control coils act to enhance

or reduce the radial extent of the edge islands, thereby altering the plasma radius as well as

influencing the field line pitch inside the islands [4]. Thus, great flexibilty is realized for

detailed studies of island-diverter physics with a view towards gaining direct experience for

W7-X, as well as to validate stellarator-specific edge physics codes.

The five (top-bottom) divertor module pairs, installed summer 2000, provide an all-graphite

plasma-target interaction region for the first time in W7-AS and are optimized for ιa =5/9.

(The vessel walls are of stainless steel.) Fig. 2up shows a typical 5/9 magnetic field

configuration in the elliptical plane with schematic divertors, and Fig.2down is a photo of a

lower divertor module. The modules have a length of about 700mm, so they cover only about

25% of the toroidal circumference, i.e. the bundle divertor concept entails the use of discrete

elements and creates a very 3D edge environment. For particle control, titanium gettering

behind the inner baffle region has been prepared, but has not yet been activated, nor found to

be necessary for the most part.

Plasma heating is provided either through 140GHz ECRH (cutoff density for 2nd harmonic is

1.2x1020 m-3) or up to 4MW neutral beam co-injection (NBI). Since most divertor-relevant

plasmas exploit densities considerably in excess of 1020 m-3, NBI-heating is the mainstay of

the program. Thus far, only hydrogen plasmas have been investigated.

2.2 Diagnostics: An entire arsenal of new diagnostics has been installed for the divertor

phase. These cover the edge on closed flux surfaces as well as the scrape-off layer (SOL)

down to the divertor. At the edge one speaks of "upstream", meaning that side of the

boundary  island facing the core plasma, whereas "downstream" refers to that portion of the

target plate which is in contact with the island. Most divertor-specific diagnostics are

concentrated in one up-down module pair.

Several diagnostics are dedicated to upstream measurements: a) ne(r,t) profiles in the SOL and

core gradient region are registered via an energetic Li-beam (δt~0.2ms), further - it is now

also feasible to measure C6+ concentrations on a routine basis near the plasma edge for local

densities ne<5 1019 m-3,  b) two spatially-swept, single-stroke Langmuir probes yield ne(r),

Te(r) across the SOL and inside an island, c) a new 15J, single-pulse, ruby Thomson system

measures ne and Te (δr=4mm) across an island and into the core over 120mm; it is the only
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diagnostic delivering both ne and Te over this range, and d) a multi-channel spectroscopic

system investigating passive BIV line radiation at the edge determines Ti, poloidal rotation

velocity vpol, and the radial electric field Er (δt~3ms).

Central to successful SOL modeling of a given discharge is knowledge of the power flowing

from the core into the upstream SOL (Psol = Pheat-Prad), the power radiated in the SOL (Psol,rad),

and the power deposited at the target plates (Ptarg). Five bolometer systems are foreseen to

address the core and divertor radiation: a) In the φ=0o plane, i.e. outside the divertor module

region, two 32-channel bolometer arrays interrogate the upper and lower halves of the plasma

to provide the total radiated power Prad as well as tomographic reconstructions of the Prad

pattern. Another three new arrays are placed in a poloidal plane intersecting one of the

divertor modules - with 16 channels viewing the entire plasma through the target plate, 20

channels again viewing the entire plasma but from above the divertor module and 8 channels

arranged parallel to the plates.

2D temperature contours of the target plate regions are delivered for the up-down module pair

by two IR cameras, with frame rates varying from 10kHz (line scan) to 315Hz (full frame) for

the new 14-bit camera and 50Hz for the older 12-bit camera, with δr~1-4mm. A 3D finite-

element program is used to solve the heat diffusion equation to arrive at actual power

deposition patterns. The time-integral thermal loading of individual target tiles (17 per

module) is registered via a thermocouple embedded in the tile back side. Six modules are

completely equipped; the other four have two tiles each with thermocouples. These signals are

particularly useful to check toroidal symmetry around the machine.

Three 12-bit CCD (30Hz full-frame) cameras provide complete 2D images of the bottom

target in the light of Hα, Hγ and CII - to register particle flux (Hα), onset of recombination, i.e.

Te<2eV (from the Hα / Hγ ratio) and carbon production. Hα is covered at the upper target plate

by a 4th camera of the same type. A 4kHz line-scan camera monitoring Hα across one tile

accompanies the camera viewing the upper divertor. Two other very fast cameras – an 8-bit

40kHz full frame and 14-bit 1kHz full frame can alternatively also be trained on this divertor.

Two other 12-bit cameras (40Hz full frame) interogate another up-down divertor pair in Hα

(toroidal symmetry check), where a 2nd line scan camera is also located. Experience with

CMOS cameras (large dynamic range) is also being gained with a dedicated toroidal view of

one divertor. Single-chord viewing lines, directed at the core plasma and measuring Hα & CIII

at the same point, monitor fluxes to the plasma surface and also yield symmetry information.

The global Hα-CII radiation emanating from the plasma-target interaction region is also

registered for an up-down divertor pair.

Two systems are available to probe the plasma directly in front of the target plates: a) A

spatially-swept Langmuir probe plunging through a target plate gives ne(z), Te(z) profiles

roughly along a vertical chord. Poloidal resolution is possible by tilting the probe in a poloidal
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plane on a shot-by-shot basis, b) A helium pulse through another target plate in combination

with a multi-chord optical array viewing parallel to the plates provides ne(z), Te(z) along the

helium beam.  The Langmuir probe system is only now being installed. However, the 18-cm

spectrometer viewing the He-beam, with lines of sight parallel to the target plate reaching

from the target plate to past the x-point, has been useful even without the beam: Study of

Stark-broadened Balmer lines yields information about high-density regions directly in front

of the target plate, for example. Another spectrometer, viewing the target plate region head-

on, interrogates a radial cut across the region seen by the He-beam spectrometer. Finally an

Echelle spectrometer is being set up to view another lower target plate – molecular spectra,

Stark-broadening lines will be some of the items of interest.

ne, Te and Jsat at the targets of an up/down divertor module pair are provided by flush-mounted

Langmuir probes (δt≥1ms). They are arranged in four poloidal rows per target with 9 probes

per row on tiles 5-6 and 13-14. (The probes in tiles 5-6 can be seen in Fig. 2.) The spacing is

15mm, but since the rows are offset with respect to each other the effective poloidal

resolution is ~7.5mm. These probes, together with tile calorimetery from the thermocouples

and power loading from IR thermography form the absolute backbone of the divertor

diagnostic group.

Finally, the neutral compression ratio can be determined from pressure gauges placed within

the main vessel and the divertor subvolumes. Five gauges are situated in one sector of the

main chamber, on the inner and outer walls above a lower divertor ("Pside"), another at the end

of the divertor ("Pend") and the remainder at inner-outer wall positions removed from the

divertor regions. Four gauges are in subdivertors, with one behind a lower divertor (Pdown) and

three behind upper divertors (Pup).

3. Plasma Characteristics: On W7-AS in the past, it has been impossible under limiter

conditions to produce high-power, high-density, quasi-stationary neutral beam injection (NBI)

discharges with edge densities adequate for acceptable plasma-wall interaction scenarios

scalable to a reactor [5, 6]. Since τE and τparticle as well as τimp usually increase with density [3,

8], such discharges tended to evince impurity accumulation, lack of density control and

subsequent radiation collapse [9]. Note, the emphasis is on "high performance" discharges

either in attempts to produce separatrix densities nes high enough to drive divertor detachment,

or to probe β-limits at low Bt. There are no difficulties with ECRH discharges – although the

trends  of increasing τparticle and τimp with higher ne are evident – or with NBI discharges at the

0.5MW power level.

3.1 Core/Edge-Plasma Behavior: The IC regime is accessible only via NBI since the

transition density threshold ne
thr lies above the cutoff density (1.2x1020 m-3) for the

conventional 140GHz electron cyclotron resonance (ECRH) heating system (2nd harmonic X-

mode). Fig. 3 displays characteristic quantities for two discharges, with line-integrated density
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ne=1.5x1020m-3 < ne
thr (Normal Confinement, NC) and ne=1.63x1020m-3>ne

thr (IC), for an

absorbed NBI-power of Pabs~0.7MW. For IC the constancy of total plasma radiation

Prad(t>0.32s) with time and the higher energy content W is evident – whereby the faster

attainment of stationarity of W(t) in comparison to Prad(t) is typical, and presumably reflects

the impurity redistribution time. The entrance phase into IC is accompanied by Hα-bursts at

the plasma edge. Magnetic activity is also initially detected by Mirnov coils (Fig. 4, for 2MW

NBI). This, as well as a sheared poloidal plasma flow (~4km/s at the maximum) and

associated radial electric field Er  (Fig. 5) is characteristic of entrance into an ELM-free H-

mode (H*) on W7-AS [6,7]. The extraordinary difference is the total lack of concomitant

peaking of radiation and subsequent radiation collapse, which normally materializes in an H*-

phase. This is underlined by Fig. 6 which gives impurity spectra for an NC and IC discharge.

For NC the increase of Fe-line intensities and those of other impurities with time is manifest,

as well as the long dwell time of laser-ablated aluminum. In IC the total absence of Fe-

radiation and stationarity of other lines, in addition to the very short decay time of ablated

aluminum is remarkably different. A further contrast to H*, which is accessible within ne-

ramps, is that the operational scenario to reliably enter the IC-regime requires a rapid density

buildup by gas puffing at the very start of the discharge during NBI initiation.

Of major import is the radical change in impurity accumulation as expressed in radiation

profiles Prad(r) measured by a bolometer array (Fig. 7): NC is afflicted by peaked Prad(r),

whose magnitude increases in time. In contraposition, radiation profiles for IC are

concentrated at the very plasma edge for moderate densities (attached conditions) and move

gradually inwards when partial detachment sets in at higher ne [4]. They remain strikingly

stationary with time. Of note is that tomographic recontructions of Prad indicate a symmetric

radiation pattern around the circumference for attached discharges. An asymmetry in Prad at

the plasma edge – outside the confinement region - is characteristic during detachment (Fig.

7, below). This strongly radiating domain is entirely reproducible and remains spatially

stationary at constant intensity throughout the discharge...it is not a MARFE. To generate the

detached Prad profiles of Fig. 7 only the symmetric part of the radiation is considered – this

being largely without consequence for description of radiation on closed flux surfaces. The

dedicated 8-channel bolometer viewing the edge/SOL plasma in a lower divertor finds Prad

peaked near the target plate for attached cases, with little radiation during detachment (Fig. 8),

supporting the picture gained from tomography.

Attendant to IC is a dramatic flattening of the ne-profile with a sharp gradient at the edge,

whereby the separatrix density nes is also considerably augmented. Te(r) is enhanced but

retains its shape. Fig. 9 juxtaposes ne- and Te-profiles for NC and IC discharges, for

Pabs~1.4MW (ne=1.5 & 2.4x1020m-3, respectively). The general profile forms of IC are not

dissimilar to those found on H* discharges of the past. Accompanying the NC->IC transition

is a change in stored energy from W~8 to ~20kJ, owing to profile changes as well as higher
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peak values of Te and ne (due to higher ne).  For situations where the NC-IC transition can be

monitored with little difference in ne, such as in Fig. 3, the peak density actually decreases at

the transition, along with an increase in Te. Thus the central plasma pressure changes only

marginally.

Study of the spatiotemporal behavior of highly ionized states of laser-ablated aluminum

provides an indication of impurity transport over the core region  (discharges of Fig. 9). The

NC regime is characterized by an impurity diffusion coefficient D~0.07-0.1 m2/s and an

inwards convective velocity v~ -10(r/aeff) m/s. The IC regime yields D~0.08-0.11m2/s and v~ -

(2-3.5)(r/aeff) m/s, i.e. D(IC)~D(NC), but v(IC)<v(NC). The NC-values for D and v are similar

to those found for NBI-heated plasmas previously investigated on W7-AS [10]. They are also

comparable to the v/D ratio found on tokamaks in ELM-free H-mode phases [11]. During IC

the reduced inwards pinch evidently causes diffusion to dominate over convection, leading to

a reduction of impurity peaking. We note here that earlier studies on W7-AS have shown

background ions to display similar confinement behavior to impurities in terms of D [12]. In

the present study, the flat ne-profiles, as well as the realization of density control in IC are

congruous with H+-transport being related to that of impurities. Definitive statements about

transport in the ne-gradient region are difficult to make: The observation that the density

falloff length ne /(dne/dr) near the separatrix remains constant over the NC->IC transition

(from Li-beam ne-profiles) is consistent with an invariant D, in contrast to a transition to H*.

Fig. 10 summarizes the behavior of the energy confinement time τE =W/Pabs and residence

time τ imp of laser-ablated aluminum obtained from ne-, PNBI-scans for quasi-stationary

discharges of duration ≥0.5s as a function of the line-averaged density ne. The apparent jumps

of τE at ne~1.5, 1.8 and 2.1x1020m-3 (for PNBI=1, 2 & 3.5MW, respectively) mark the threshold

densities ne
thr for transition into IC at each power level. τE-values in NC follow the scaling

τE
ISS95=0.26 ιa

0.4 Bt
0.83 a2.21 R0.65 ne

0.51 Pabs
-0.59 [3], whereas for IC one finds τE ~2 τE

ISS95, except

during detachment where Prad profiles begin to encroach into the core plasma (cf. Fig. 7). We

note that τE is also greater than a dedicated W7-AS scaling [3]. An outstanding feature of IC is

that with the increase in τE a large mitigation in τimp transcends, whereby at high ne τimp

approaches that of τE. This dramatically contrasts with NC where τimp can be thirty times that

of τE.

Fig.11 depicts τE and τimp once again along with the normalized radiated power Prad/Pabs and

separatrix density nes. Prad/Pabs grows smoothly with ne until Prad/Pabs ~0.5, when higher values

associated with the appearance of asymmetric edge radiation materialize, leading to onset of

partial plasma detachment at the target plates. The separatrix density nes shows an increase at

the NC->IC transition point. nes then continues to climb with ne, saturates at nes
max ~4, 6,

8x1019m-3 (for PNBI=1, 2 & 3.5MW, respectively) before dropping at partial detachment. τE

mirrors the general behavior of nes.
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3.2 Upstream and Divertor Plasma Behavior: Fig.12 shows the spatial variation of the

power flux (from IR thermography) as the plasma passes from an attached to two detached

states (ne  = 2.6, 2.85 & 3.65 1020 m-3 respectively).  The strike zones where the plasma fan

intersects the target plates are evident during attachment. Apparently, unloading of the plates

is nonuniform with increasing density.  This phenomenon is considered in Fig. 13 where two

target tiles at opposite ends of the divertor (cf. Fig. 12) are considered. The peak power flux

Ptar
peak and the integral power loading Etar are given as a function of ne. Significant is that both

power fluxes are reduced before the onset of detachment. However, tile #15 exeriences most

of its drop before or at detachment, whereas #3 suffers only a 30% decrease up to detachment

and then continues its decline as detachment deepens. The final reduction in Ptar
peak is at the

10-20% level. The asymmetric power unloading distribution over the target plate is

systematic. Fig. 14 shows the ratio of the power at tile 3 to that at tile 15 vs. density (data

points in NC are included, as well as a larger IC dataset). The ratio changes smoothly with

density, experiencing some discontinuity only at initial detachment – hence, the toroidal

asymmetries over the target plate are clearly related to plasma physics effects (rather than a

misalignment of the modules, for example).

Accompanying the transition from an attached to a detached state is a large reduction in the

upstream Tes, measured by Thomson scattering on the inboard side of the triangular plane

(away from the divertor modules). Fig. 15 shows that Tes varies from over 100eV just after IC

has been established, down to around 50eV just before detachment and then to 10eV

afterwards. The ion temperatures determined by the passive BIV diagnostic (cf. Fig. 5) at

another toroidal position are much in excess of Tes in detachment. It is not yet clear if this is a

convincing indication of a poloidal/toroidal asymmetry in Tes.

Fig. 16 displays positions of the flush-mounted Langmuir probe arrays. The Hα light intensity

bears an obvious relationship to the power flux contours of Fig. 12top. The toroidal

asymmetries along the target plate seen in power fluxs are verified by the Langmuir data:

Region "D" (for detachment) exhibits a large drop both in particle flux and Ted (down to 5eV)

in detachment, whereby region "A" (for attachment) experiences only a moderate decrease in

flux and Ted
peak is in the 20-30eV range. The variation of ned

peak and Ted
peak for tiles 5-6 and 13-

14 with ne are shown in Fig. 18, where it is consistently the case that in detachment "D" has

temperatures less than 10eV and "A" around 25-40eV. Such high temperatures are not

consistent with the measured upstream Tes of ~10-20eV (Fig. 15).  This may be further

supportive evidence that a toroidal/poloidal asymmetry in Tes exists. However, it may also be

related to an in-out power flux asymmetry from the core plasma into the boundary islands:

Region "A" is more connected to the outer islands, and "D" to the inner. Hence, should the

outer power flux be higher, then region "A" would be expected to behave differently than

"D". In any case, core Thomson measurements as well as x-ray tomography point to a

Shafranov shift of the magnetic axis by about 3cm. Qualitatively, this alone should lead to
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higher power fluxes to the outside. Other potential effects promoting enhanced turbulent

transport, such as field curvature, would also contribute in the same direction.

Referring to Fig. 18, it is of note that the Langmuir probes measure densities less than nes,

meaning that detachment is obtained without going through the high-recycling regime typical

for tokamaks [4]. The 3D edge modeling code EMC3-EIRENE [13,14] generally predicts

such trends, i.e. the lack of a high-recycling regime as well as the drop of fluxes to the target

plate already at moderate densities.  Fig. 19 is a generic example where Psol and nes are taken

from experiment in order to compute ned. In this study, since the actual magnetic configuration

is not reproduced in detail and no attempt is made to use other than reasonable transport

coefficients, the agreement between the predicted and experimental ned is remarkable.

A discharge dynamically driven into detachment via gas puffing during the discharge is

depicted in Fig. 20. Of note is that detachment is attained on W7-AS (also for the steady-state

discharges of Fig.11) through a combination of increasing nes (but decreasing in detachment)

and Prad. Ultimately, it is the increase in Prad at the edge, leading to a reduction of power flow

to the target plates which drives the discharges into partial detachment. Fig. 20 also conveys

the temporal behavior of neutral pressures measured in lower and upper subdivertor volumes

as well as regions outside the divertors (Fig.2  depicts the positions).  A large up-down

asymmetry in subdivertor pressure is seen in detachment. The reproducibility of this

phenomenon is such that it serves as a "detachment indicator", without having to consult the

Langmuir probes. Fig. 21 illustrates the point, where detachment is marked by the ratio

Pdown/Pup falling somewhat below one. The drop of Pdown in detachment is not surprising since a

detached divertor plasma is expected to provide less baffling of subdivertor neutrals. The

increase in Pup must indicate the presence of an enhanced neutral source in the upper divertor.

This seems to be correlated with the appearance of the asymmetry in Prad, although the trend is

present over the entire density range. Measurements of Balmer-line broadening by the He-

beam spectrometer in the upper divertor also suggests the existence of a high-density region

just in front (but not at) the target plate. Hα/Hγ measurements additionally support the

presence of a "density condensation" in the upper divertor. Nevertheless, more definitive

study is necessary. (Field reversal experiments are planned to investigate the potential role of

drifts.) Finally, subdivertor neutral pressures in the 10-3 mbar range are attained at high

densities (Fig. 22top)  – predicted to be more than sufficient for effective neutral pumping

once Ti-gettering is activated. Neutral pressures near the wall are typically in the 10-4mbar

range for IC. Fig. 22 illustrates that neutral decompression in the subdivertor volumes occurs

as the density is increased, i.e. the main chamber neutral pressure rises faster than the

subdivertor pressure, so that in detachment the compression factor is only 10-20%.

All discussion thus far has concentrated on discharges where the x-point distance to the target

plate was about 39mm. Nonetheless, detachment behavior is universal in nature with respect
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to diverted discharges as long as the distance δx between the separatrix and target plates

(adjusted via control coils) is greater than 2.4cm. For 0≤δx<2.4cm the IC-regime can also be

established, albeit with the caveat that at high ne an oscillatory radiation collapse replaces

controlled detachment. Fig. 23 summarizes this experience, where density scans were carried

out for various δx at PNBI=2MW.  Here the upstream-downstream connection length CLwas

maintained around 100m.  Reduction of CL enables controlled detachment even for δx <

2.5cm. On the other hand, increase of CL  can lead to radiation collapse in situations otherwise

stable. Exploration of operational δx /CL-space has only begun, but these few results indicate

that changes in island geometry effected through the control coils will enable fruitful

exploration of boundary-island physics phenomena, and provide a basis for definitive tests of

EMC3/EIRENE modeling.

For high-β studies on W7-AS, the natural islands are compensated by control coils to produce

a smooth surface with maximum plasma volume. NBI heating at 3.5MW (Pabs=3MW) with

Bt~0.9T, ιa~0.52 and ne=2.2x1020m-3 yields a volume-averaged β of <β>=3.1%, with a value

of ~6.4% in the plasma center (ne~2.3x1020m- 3, Ti=Te=260eV). This represents an

enhancement in <β> by 50% over the previous record, whereby here the principal benefits of

IC are a reduction in impurity radiation and capability of quasi steady-state operation. As in

former studies [15], no evidence of a β-stability limit is found. Only low MHD-activity is

seen, particularly in the range of maximum β. On the other hand, preliminary studies of 5/9

divertor discharges at 1.25T have proven to be disappointing. The decrease in plasma energy

with Bt is faster than scalings would predict, and although IC discharges can be maintained,

their existence range appears very limited. Studies of smoothed islands at 5/9 have also been

performed, where the plasma was limiter-bounded. Due to the impurity influx the IC regime

could not be established at the 2MW heating power before radiation collapse lead to

termination. Increasing the power to 3.5MW permitted attainment of IC.

Discussion:  For separatrix-bounded plasmas, the path to IC at the beginning of the discharge

(and also the backtransition, if present) is often accompanied by H-mode phenomena. In

particular, the buildup of an edge-localized transport barrier is evident as well as its

intermittent breakdown, manifested in ELMs. IC itself is absolutely ELM-free. The IC regime

exhibits similarities with the enhanced Dα-regime (EDA) found on the Alcator C-Mod

tokamak (higher τE & higher Dα at the transition, no impurity accumulation) [16]. As in that

case, the transition physics are not yet well understood. However, on W7-AS it is plausible

that the threshold density ne
thr for entrance into IC increases with PNBI as a result of the need to

strike a balance between central fueling and edge density buildup by gas puffing and neutral

recycling. Thus, higher PNBI implies higher central fueling, which must be counteracted by

higher gas puff rates, resulting in a higher ne
thr. Another relationship may exist between the

existence regime of IC and heating power level: On W7-AS the density threshold for

attainment of the H-mode increases with power. If IC is some variant of the H-mode, then it



10

would be only natural to have to increase the density to reach the IC regime for higher PNBI.

Due to the potential H-mode nature of IC, the acronym "HDH" (High Density H-Mode) has

been proposed. In principle, further experiments need be carried out before such a connection

is firmly established, which is the reason for using "IC" rather than "HDH" within this article.

Recapitulating, a new NBI-heated confinement regime – with some H-mode-like properties -

has been established which develops beyond a critical density and can be maintained for at

least 50 energy confinement times (mostly limited by the NBI availability). It exits under a

wide variety of magnetic field configurations (separatrix- and limiter-bounded), power levels

(1-3.5MW, corresponding to absorbed power densities of ~1.2-4MW/m3 averaged over the

plasma volume), and magnetic fields (0.9-2.5T). The density profiles are flat, with a steep

gradient near the plasma edge, and show high separatrix densities (important for detachment).

Energy confinement is in excess of τE
ISS95 over the entire �ne-range. Impurity confinement is

poor, related to reduction of the inwards pinch velocity (a prominent effect in NC discharges),

with τimp approaching τE at the highest densities. The impurity radiation profiles are hollow,

with edge radiation levels up to ~50% of Pabs yielding little degradation of τE, and up to 90%

with acceptable deleterious effects on _τE  An important aspect of this confinement regime is

its quiescent quasi-stationary state even close to operational boundaries, i.e. Prad/Pabs up to

90%, or <β> to 3.1%.

In terms of relevance to larger fusion devices, the core plasma is on one hand in a marginally

collisionless regime, i.e. ν* is less than one (ν*~0.2, at Ti=400eV, ne=2x1020 m-3; ν*=ratio of

the ion-ion collision frequency νii to the banana bounce frequency νb~ιa vT/R), but ν* will be

at least a factor of ten lower on future devices at similar densities. (Note, for the example of

Fig. 9, ν* for impurities ranges over 8 – 28 for C6+, Al11+ or Fe16+ for both NC and IC

conditions, i.e. they are firmly in the Pfirsch-Schlüter regime.) On the other hand, if the

competition between edge and central fueling is a prominent aspect of reaching an IC state,

then the fact that edge fueling always occurs locally under collisional plasma conditions is

promising. In any case, our results – successful operation of an island divertor in combination

with the discovery of the IC regime - render excellent prospects for W7-X, the successor

experiment of W7-AS. Fig. 24 provides a scaled comparison of W7-AS against W7-X,

showing that at least in terms of island width, there are great similarities.
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Fig. 1: Vacuum field magnetic field configuration at ιa = 5/9 for five toroidal positions within

one magnetic field period.

Divertor geometry in 7-AS: boundary islands

R  = 2 m, a ≤ 0.16 m, B ≤ 2.5 T, non-planar coils, five field periods

one of five magnetic field periods

- can be operated with large magnetic islands at the edge

- rad. position can be varied by adjusting the rot. transform

- rad. width can be varied by special control coils

            R = 2m, aeff ≤ 0.16m, Bt ≤ 2.5T
- radial extent of island and plasma radius is determined by control coils
- connection length upstream/downstream ~ 50-200m
- x-point distance to target plate ≤ 4cm
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Fig. 2: Top: Cross section through field configuration in the elliptical plane, with schematic

divertor modules. Bottom: Photo of a lower module.
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Fig.3: NC-IC discharges (dashed & solid, respectively). Time traces of absorbed NBI-power Pabs,

total radiated power Prad, line-averaged density ne, plasma energy W, gas puff rate, Hα intensity and

peak (negative) electric field within the core plasma.  The spikes in Prad around 0.4s originate from

laser-ablated aluminum.
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Fig.4: Mirnov coil signals for discharges exhibiting NC and IC, near the beginning of the

discharges where ELM activity is apparent. Note that IC becomes very quiescent.

Fig. 5: Ti  and radial electric field vs. a local diagnostic coordinate. The peak in Er is near the

maximum density gradient in the core plasma.

Plasma performance at high density: H-m o d e?
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Fig.6: Line spectra from quasi-stationary discharges exhibiting the NC & IC regimes. Note

the presence of Fe in NC, and the increase of signals with time, whereas IC has no Fe and all

signals are stationary. The decay time of laser-ablated aluminum is much shorter in IC.

Normal Confinement
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Fig.7: Top: Radiation profiles from a bolometer array. One NC-discharge and three IC-

discharges are depicted at four time points each over t=0.4-0.7s. ne [1020m-3] is given in

parenthesis. Associated Prad/Pnbi are NC(0.12-0.3) and IC(0.3, 0.6, 0.8) in order of increasing

ne. Bottom: Tomographically reconstructed Prad distributions. PNBI=2MW hydrogen beam

injection into H+ plasma (Ho->H+), Bt=2.5T, δx=3.3mm.
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Fig. 8: Left: The experimental layout for the 8-channel bolometer setup in a lower divertor.

Right: Radiation intensity along each diagnostic chord with line-averaged density as a

parameter. The top right picture gives behavior up to detachment. The bottom right picture

shows the step from an attached to progressively detached states.
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Fig. 9: Te- and ne-profiles for normal confinement NC and IC. The separatrix is positioned

around reff~12cm. Circular points are from the central- and triangular points from the edge-

Thomson scattering system. ne-values from the Lithium-beam system are crossed. The ne-

profile changes are particularly spectacular.
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Fig.10: From left to right for PNBI=1, 2 & 3.5MW it is shown: (a) τE (circles) and τimp (crossed

squares) with τE ISS95 (solid curve) and τE W7AS (dashed curve); The scalings for τE
ISS95 and

τE
W7AS are indicated.
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Fig.11: From left to right for PNBI=1, 2 & 3.5MW it is shown: (a) τE (circles) and τimp (crossed

squares) with τE ISS95 (solid curve) and τE W7AS (dashed curve); (b) radiated power fraction

Prad/Pabs; (c) separatrix density nes. Attached plasmas have open symbols, detached are solid.

The dashed vertical line marks the NC->IC boundary. Note the remarkable increase of τE and

nes at the transition, in contrast to the decline of τimp. The influence of IC on Prad is

conspicuously evident at 3.5MW. δx~3.8cm. Bt=2.5T.
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Fig.12: Power flux contours for three densities, ne = 2.6, 2.85 and 3.65 1020 m-3 with the latter

two representing progressively detached states. Note the different scales for each picture.
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Fig. 13: Energy deposition and peak power flux to two target tiles (see top drawing) vs. ne.

δx~3.3cm. PNBI=2MW Ho->H+, Bt=2.5T. Each point represents one stationary discharge; Green-shaded

points are attached. Yellow-shaded are detached.
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Fig. 14: Ratio of the average power to tile 3 to that of tile 15. The systematic shift of the

power loading vs. density is apparent. 2MW NBI.
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Fig. 15: Upstream: separatrix density nes, electron temperature Te measured by the edge-

dedicated ruby Thomson system situated in the inboard triangular plane, and ion temperature

Ti determind from passive BIV measurements at another position vs. line-averaged density.

2MW NBI.
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Fig. 16: View of lower divertor, seen in the light of Hα for a 5/9 configuration. The Langmuir

probe arrays are indicated.
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Fig. 17: Ion saturation currents and Ted measured by flush mounted Langmuir probes in a

lower target plate. The central picture indicates the position of each array.
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Fig. 18: Variation of ned and Ted at tiles 13 and 5 vs. density over the NC-IC regimes into

detachment (shaded areas).

Fig. 19: Comparison of experimental values of ned vs. those computed from EMC3/EIRENE

using experimental Ps0l and nes as input parameters.
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Fig. 20: Temporal behavior of diamagnetic energy, absorbed NBI power, total radiated power,

line-averaged density showing the density ramp, nes, Prad contour plot vs. reff, movement of CII

radiation zone away from target plate as detachment proceeds, and neutral pressure signals in

the main chamber and up-down subdivertor volumes.
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Fig. 21: Variation of the ratio of the subdivertor neutral pressures Pup/Pdown vs. the normalized

total radiation. The bottom tomographic reconstructions indicate typical radiation patterns in

attached and detached conditions.
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Fig. 22: Top: Average up-down subdivertor neutral pressure vs. line-averaged density.
Bottom: Ratio of chamber pressure (side manometer) to the average subdivertor pressure. The
increase of the ratio with density indicates that pressure decompression increases with higher
density.
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Fig. 23: Existence diagram of NC – IC – partial detachment – radiation collapse regions as a
function of the x-point distance to the target plate (shown above). Energy confinement times
are indicated, as well as the Sudo density limit.
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Fig. 24: Scale comparison of W7-AS vs. W7-X. Table giving further comparisons.
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Abstract

A direct technique is described for the design of “optimal” auxiliary
coils. Because the coil is always explicitly represented in a physically
realisable form (as a filamentary polygon), the engineering aspect of
coil design is faithfully considered at each stage of optimisation. The
basis of the technique is a fast evaluation of the vacuum configuration.
The speed of this step allows us to search a large number of coil
designs, and together with a nonlinear optimisation algorithm, we can
allow the coil to explore many qualitatively different shapes.

The vacuum field evaluation step consists of a perturbative eval-
uation of vacuum field parameters. Important vacuum parameters
include rotational transform, magnetic well, and the quality of mag-
netic islands. This makes the method suitable for problems with a
known base configuration of the vacuum magnetic field.

As an example, we present a rediscovery of the “flexible heliac”
winding (as implemented at H-1NF). Because the optimisation algo-
rithm is robust against local minima, we were able to show that the
“flexible heliac” winding is close to a global optimum in terms of rota-
tional transform generation. We also present other “flexibility” coils
generated for H-1NF.
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Abstract:
A direct technique is described for the design of “optimal” coils. Because the coil is always explicitly present as a
filamentary polygon, the engineering aspect of coil design is faithfully considered at each stage of optimisation.
The basis of the technique is a fast evaluation of the vacuum configuration. The speed of this step allows us to

search a large number of coil designs, and together with a nonlinear optimisation algorithm, we can allow the coil
to explore many qualitatively different shapes.

The vacuum field evaluation step consists of a perturbative evaluation of vacuum field parameters such as
rotational transform, magnetic well, and the size of magnetic islands. This makes the method suitable where there is

a known base configuration of the vacuum magnetic field.

As an example, we present a rediscovery of the “flexible heliac” winding (as implemented at H-1NF). Because the
optimisation algorithm is robust against local minima, we were able to show that the “flexible heliac” winding is
close to a global optimum in terms of rotational transform generation. We also present other “flexibility” coils

generated for H-1NF.

Background:
Closed magnetic field lines are the basis of magnetic confinement of plasma, ultimately for the
production of fusion energy from the heavy hydrogen in water.
It is important that the closed lines twist around each other (rotational transform), and form closed,
nested magnetic surfaces, in the shape of a torus.
Plasma confinement and stability are related to the rotational transform (twist per turn around the
torus).

Perturbation Calculation of surface quantities:
We would like to calculate how the vacuum field will deform as an auxiliary coil is switched on. In order
to achieve this, we have developed a first order perturbation technique for field line tracing. For a field
line p we have the field line tracing equation:

The perturbation to this path is given by:

The algorithm for finding a perturbed field line path is as follows:

• Find a nearby rational surface by iteration ~ middle order say ~ 30 circuits

• Store B and derivatives along this closed path

))((ˆ)( spB
ds

spd r
r

=
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~p1:r ~B0(~p0) + ~B1(~p0)

j ~B0(~p0)j

� B̂0(~p0)
B̂0:(~p1:r ~B0(~p0) + ~B1(~p0))
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• Find the perturbing field, and integrate the path perturbation along the original field line path.

Now we have a field line in the perturbed system, and together with the total field, we have enough
information to find many surface quantities. For example, the change in transform can be found by
looking at how much the perturbation has opened the field line.

The cBLINE code – An implementation of the perturbation technique
The cBLINE code (screenshots below) is an interactive computation and visualisation environment for
vacuum magnetic field analysis. It allows a speedy, interactive exploration of vacuum field structure of a
stellarator. Additional computational routines allow a determination of flux surface quantities such as
cross-sectional size and rotational transform. Optimisation routines allow for evaluation and design of
auxiliary windings.

Computer Optimization of Transform:
Two approaches to optimised, flexible stellarators:

Start with a coil design, and modify it:

Coil designs such as the canonical stellarator,
torsatron, and heliac have relatively simple coil
designs. These machines often perform well from an
engineering point of view:

• Good coil separation, and simple support structure
leads to good access for diagnostics and heating
equipment.

• Coils are ‘simple’, and  thus inexpensive  to
construct.

Even though good physics  performance is
achievable from these designs, there are many
senses in which the base configurations will be non-
optimal.
By using ‘flexible  windings’, it is possible to move
to quite different regimes of plasma structure. Often
this dramatically improves (or degrades) plasma
criteria. The extent to which this can be achieved is
limited by the base design.

Start with a desired plasma shape, and
find a set of coils which produce it.

This technique aims to find a modular set
of coils which accurately reproduce a
given plasma shape. There are several
successful examples of this kind of
design, utilising highly complex, three
dimensional coil sets.  Examples include
W7X and NCSX. They offer considerable
potential to push the bounds of plasma
pressure and confinement beyond
traditional stellarators, and represent one
of the most exciting developments in
fusion devices.

Although considerable effort has been
expended in optimising the engineering
aspects of these machines, there may be
some room for improvement. In terms of
accessibility and simplicity of
construction, the ‘old school’ stellarator
has some advantages.

This modular stellarator (left) was computer optimized by a
much lengthier, more complete process taking into account
plasma pressure.  These coils have not been optimised from
an engineering viewpoint:  although they have the important
property of not linking any other coils (for disassembly,
maintenance), their shape could be smoothed.

The ideal machine would be easily accessed, relatively
simple, and have ‘almost optimal’ plasma shapes.



Optimisation method:
Simulated annealing:
! virtual temperature T
! accept a new configuration even if slightly worse (up to T)
! “heat” to explore new configurations
! “cool” to “home in” on optimum

• Annealing more tolerant of occasional anomalies in “goodness” function, e.g. local minima or
discontinuities (resonances)

• Speed is increased by:
- use of perturbation technique for calculating transform
- incremental changes in conductor locus - only two elements change
- 3-fold and up/down symmetry speed up by a factor of 6x.

• Minimization by steepest descent less suitable - highly multi-variate - typically 30-1000 variables,
similarity to travelling salesman problem.

Optimised coil compared to analytic helical coil at two different stages of optimisation.

Optimization of iota reproduces flexible heliac:

Given an existing coil set, what is the most efficient way to add rotational transform (twist-per-turn)?

• existing conductor set is a “standard heliac”

• Constraint: additional conductor lies anywhere inside a torus, periodicity N=3

– (actually end-point and middle point fixed in each period)

• Seek maximum in transform/(length × current)
Result is very close to the “flexible heliac” configuration proposed for transform and well control by
Harris et al, 1985

Quantitative results:
The ‘helical coils’, which lie quite close to the plasma, have a much larger transform effect that coils
which wind around the outside of the machine. The annealed helix is about 3% more efficient at



generating transform that the implemented ‘helical coil’. We can therefore state that the ‘helical coil’ is
very close to being optimal in this sense.

We also demonstrate that an optimisation criterion which explicitly includes coil length generates a coil
(‘rollercoaster coil’) which is almost twice as efficient as a coil directed purely at plasma criteria
(‘sawtooth coil’).

Conclusions:

• Rotational transform can be determined using a fast perturbation technique.

• We can design simple perturbative coils which effectively generate transform.

• The speed of this technique is evident: Typically takes ~20mins on a normal PC

• Technique has room for generalisation.

Our technique has demonstrated the ability to produce auxiliary coils satisfying simple optimisation
criteria and a range of constraints. Generally the shape of the candidate coil changes radically during an
optimisation run. This is important where we have no strong idea about the approximate trajectory of an
optimum coil. Thus, we can move the focus from computational optimisation to computational
exploration. Realistic engineering criteria can produce many local optima, and in such a ‘hilly’ coil space,
exploration is necessary to find a global optimum.

By developing a language for describing symmetries and constraints, we should be able to implement
realistic engineering criteria. Additional vacuum quantities should also be determined for a more detailed
and realistic optimisation.
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The 3D global ideal MHD stability code CAS3D can now also be used in a newly implemented
response version so that the MHD spectrum of 3D equilibria can be studied in a comfortable
way: Forced free-boundary perturbations are excited by applying an external periodic magnetic
field. The external field can be generated by a periodic current distribution (antenna) placed
between the plasma-vacuum interface and a conducting wall, or can be an arbitrary magnetic
field containing sufficiently many poloidal and toroidal harmonics so that modes of interest can
be excited.
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Fig.1: Peaks in the measure indicate global eigenmodes of a high-� high-mirror W7-X-type
equilibrium: TAEs (toroidicity-induced), and HAEs (helicity-induced) with one or no radial
nodes and dominant toroidal Fourier indices belonging to the N = 1 mode family.

In Fig.1 a frequency scan of the lower part of the stable spectrum of a W7-X-type configuration
is shown [1]. The sharp peaks indicate global eigenmodes. The global eigenmodes are discrim-
inated from the continuous spectrum by an appropriately chosen measure which accounts for
both the amplitude and the smoothness of the eigenmodes and suppresses the radially singular
continuum modes.
The method and applications to W7-X-type configurations are presented.
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Edge Plasma Characteristics Observed in ECH Experiments of Heliotron J 
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This paper reports the edge plasma characteristics observed in the ECH (PECH � 400 kW) 
experiment of Heliotron J (an L = 1 / M = 4 helical axis heliotron device).  

In Heliotron J, the edge field topology can be varied from a helical-divertor to an 
island-divertor type configuration. The standard configuration of Heliotron J provides a 
typical helical divertor type configuration. The footprints of “divertor” field lines on the wall 
surface are localized not only in the poloidal direction but also in the toroidal direction. This 
exhibits a striking contrast to that of the conventional helical divertor field in Heliotron E and 
LHD, where the divertor trace runs along the torus continuously and helically. The position of 
the footprint depends on the direction of the field trace, suggesting that the parallel and 
anti-parallel plasma flows diffused from the core region reach to the different positions on the 
wall. As for the island-divertor type configuration, the size and phase of the edge islands can 
be controlled by changing the current ratio of the coil sets (a helical coil, two types of toroidal 
coils and three pairs of poloidal coils). 

The edge plasma was monitored with three Langmuir probe systems. One is a movable 
array at � = 247.5� for the SOL plasma, which consists of three cylindrical triple-probe sets. 
Therefore, data at three radial positions are obtained in a single discharge. The other two are 
fixed probe arrays near the footprints on the wall for the diverted plasma. These arrays are 
installed at the geometrically up-down symmetric positions, � = 67.5� (top) and 112.5� 
(bottom). Each fixed-probe array has 28 pins (7 along the poloidal direction � 4 along toroidal 
direction) on the 21.5 cm � 4.4 cm plate.  

For 53 GHz ECH discharges in the standard configuration, the SOL density and electron 
temperature were in the range of 1�5�1018 m-3 and 30�50 eV, respectively. The density 
characteristic length was Ln ~ 3�4 cm. The fluctuations of the density and floating potential in 
the SOL were analyzed and broadband (� 200 kHz) fluctuations were observed. A 
preliminary estimation of the fluctuation-induced radial particle flux, �fluc� indicates that the 
higher frequency component of �fluc diminishes as decrease of the distance from the LCFS. 

Near the divertor footprints, the plasma profiles are basically consistent with that expected 
from the connection length, Lw, profile of the divertor field lines. Relatively higher values of 
Te

Div and Is
Div were obtained in the longer Lw region. However, precise comparison of the 

Is
Div- and Vf

Div-profiles on the two (top and bottom) probes arrays showed that each profile has 
some different characteristics, respectively. These peculiarities observed in the each probe 
position were turned over when the direction of the confinement field was reversed.  
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Abstract: The edge plasma characteristics of 53 GHz second harmonic ECH (PECH � 400 kW) discharges in 
Heliotron J are reported. In the standard configuration of the device, the SOL plasma density and electron tem-
perature were in the range of 1�5�1018 m�3 and 30�50 eV, respectively. The SOL density characteristic length 
was Ln ~ 2�4 cm depending on the distance from the last closed flux surface. The fluctuations of the SOL den-
sity and floating potential showed a broadband turbulent character. Near the divertor footprints, the plasma pro-
files are basically consistent with that expected from the divertor field line calculations. However, the compari-
son of the Is- and Vf-profiles at the two geometrically (up and down) symmetric positions showed that the pro-
files at each position had some different characteristics, respectively. These asymmetric profiles observed in each 
position were turned over when the direction of the confinement field was reversed. 

1. Introduction 

To understand the edge plasma behavior is one of crucial issues to obtain a better plasma per-
formance in a magnetic confinement system since the edge plasma is an “interface” between the high 
temperature core plasma and so-called plasma-facing materials (PFM). Besides the characterization of 
the radial profile of the edge plasma, a study of plasma turbulence is important to understand the 
transport properties in the vicinity of the last closed flux surface (LCFS). Recently, the influence of 
magnetic islands in the edge transport, especially in the formation of transport barriers, has attracted 
attention [1, 2]. In order to clear up this influence mechanism, it would be necessary to accumulate the 
data from many devices where experiments are performed in each device changing the field configu-
ration (with and without islands configurations). On the other hand, near the PFM, toroidal and pol-
oidal distributions of diverted plasma particles and heat flux and their dependence on the field topol-
ogy are important from the viewpoint of divertor and PSI control. The existence of “divertor asymme-
try” in actual discharges is well known in tokamaks. Also in helical devices, unexpected asymmetry of 
divertor flows is also reported by Heliotron E [3] and Uragan-3M [4] groups. Although many works 
have been performed to understand this asymmetry, the physical mechanism is still not so clear. 

Heliotron J is a new medium sized L = 1 / M = 4 helical-axis heliotron device [5]. As for the edge 
field configuration, this device can change its field topology from a helical- to an island-divertor type 
configuration [6]. Although the standard configuration provides a typical helical-divertor type con-
figuration with a so-called whisker structure, the footprints of “divertor” field lines on the wall surface 
are localized not only in the poloidal direction but also in the toroidal direction. This exhibits a striking 
contrast to that of the conventional helical divertor field in Heliotron E [7] and LHD [8], where the 
divertor trace runs along the torus continuously and helically. The position of the footprint depends on 
the direction of the field trace, meaning that the parallel and anti-parallel divertor plasma flows reach 
to the different positions on the wall. Owing to these unique features of Heliotron J, the edge plasma 
study in this device is useful to understand the important topics mentioned above. As the first step of 
the edge plasma study in Heliotron J, this paper reports the edge plasma characteristics observed in the 
53 GHz second harmonic ECH experiment under the standard field configuration of Heliotron J.  
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2. Experimental Setup 

The details of Heliotron J is described elsewhere [5, 9]. In this experiment, current-free plasmas 
were produced and heated only by the second harmonic ECH (53.2 GHz) from three gyrotrons at |B| � 
0.95 T in the standard configuration (STD) [5]. The maximum injection power and the typical pulse 
length of microwaves are PECH � 400 kW and � 40 ms, respectively. The edge plasma was monitored 
with three Langmuir probe systems (see Figs. 9 and 13 in [10]). One is a movable array at � = 247.5� 
(the toroidal section number #11.5) for the SOL plasma, and the other two are fixed probe arrays near 
wall surface for the diverted plasmas.  

The movable probe consists of three cylindrical triple-probe sets with an interval of ~ 9 mm in the 
radial and ~ 5 mm in the toroidal directions, respectively. Each “triple probe” set consists of four elec-
trodes (Mo) to simultaneously monitor the edge plasma parameters; ion-saturation current Is electron 
temperature Te, and floating potentials Vf at two different poloidal positions. These four electrodes are 
aligned in the same poloidal cross section and the separation of adjacent electrodes is ~ 4.5 mm.  

The fixed-probe arrays are installed at the geometrically up-down symmetric positions, � = 67.5� 
(#3.5, top) and 112.5� (#5.5, bottom), where a part of the whiskers crosses the wall surface. Each 
probe array has 28 dome-type electrodes (7 along the poloidal direction � 4 along toroidal direction) 
on a 21.5 cm � 4.4 cm plate (see Fig. 3). The bias voltage for these electrodes were swept with a 
sweep frequency of 200 Hz and Is, Te and Vf near the wall were evaluated. 

3. SOL Plasma Characteristics 

For the 53 GHz second harmonic ECH discharges in the STD configuration, the SOL density and 
electron temperature were in the range of 1�5�1018 m�3 and 30�50 eV, respectively. An example of the 
time-trace of the SOL plasma parameters and their radial profiles are shown in Fig. 1, where the inten-
sity of H� observed near the probe section (left bottom) and the fluctuation level of the density, Ĩs/Is, 
and potential, Ṽf/kTe (right bottom) are also plotted. The SOL density characteristic decay length was 
Ln ~ 2 cm near the LCFS and increasing with the distance from the LCFS (Ln ~ 4 cm at R = 1.39 m)� 
The characteristic decay length of Te seems to be longer than Ln as shown in Fig. 1. Although Vf de-
creases near the LCFS and the radial gradient of Vf becomes positive, the radial gradient of the plasma 
space potential evaluated as Vs � Vf + 3�Te is still negative (Er >0). 

The fluctuations of the density (Ĩs) and potential (Ṽf) in the SOL have been analyzed neglecting 
the temperature fluctuation effect. Figure 2 shows an example of the power spectra of density and po-
tential fluctuations. As shown in Fig. 2(a), these fluctuations show a broadband turbulent character. 

Fig. 1. A time-trace of the SOL plasma parameters (left) at R = 1.361m (�R ~ 1.5 cm) and their radial profiles 
(right) at t = 208-210 ms. The normalized fluctuation levels of Is and Vf are also plotted in the right figure. 

Is (mA)

Gas-Puff

3673, STD

0
50

100
150

Te (eV)

0

50

H� (a.u.)

ECH

time (ms)
170 180 190 200 210 220 230
0

0.2

0.4

Vf (V)

0

100

R (m)

Fl
uc

. L
ev

el

LCFS

Vf
~/kTe

Is
~/Is

1.35 1.36 1.37 1.38 1.39 1.4
0

0.2

0.4

I s 
(m

A)

3667-3673, 208-210ms

0

50

100

V f
 (V

)

0

50

100

T e
 (e

V)

0

20

40



 3

The frequency dependence of the spectral power 
P(f) � f�� had indexes of �n ~ 1.2�2.0 for ñ (Ĩs) 
and �V ~ 1.7�2.6 for Ṽf for the frequency range 
of f ~ 80�200 kHz in the measured SOL region. 
The fluctuation levels of Ĩ s/Is, Ṽ f/kTe (f < 
300 kHz) are almost the same as shown in Fig. 1. 
The estimation of the fluctuation-induced radial 
particle flux, 	, was preliminarily tired for this 
dataset. The main out-flux is concentrated on 
the lower frequency range (< 100 kHz) and, at 
least for this particular dataset, different fre-
quency dependences 	(f) were observed de-
pending on the different distance from the LCFS. In order to understand the edge plasma turbulence 
and to examine the relationship between the core plasma confinement and these fluctuations, it is nec-
essary to accumulate not only the data for various discharges but also the data from different points of 
the torus.  

4. Profile of Diverted Plasmas  

Figure 3 shows the calculated footprints of the di-
vertor field lines on the #3.5 probe set, where the foot-
prints on the wall surface near the probe are also plotted 
by blue dots. In the “private region” (the no-dots region 
on the right side in Fig. 3), the connection length of the 
field line, Lw, rapidly decreases. On the left side, how-
ever, Lw is kept long (~ 40�100 m) up to the end of this 
probe set.  

As reported in the previous paper [10], the diverted 
plasma profiles (the profiles of Is

Div (ne
Div), Te

Div) are ba-
sically consistent with that expected from the connection 
length profile (see Fig. 14 in [10]). Relatively higher 
values of Te

Div and Is
Div were obtained in the longer Lw 

region. The values of Te
Div and ne

Div in the longer Lw re-
gion were close to those observed in the SOL. This Lw 
dependence of the divertor plasma profile is much clear 
at #5.5 (top) section. At #3.5 (bottom) section, however, 
ne

Div did not decrease so much even in the private region 
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as shown in Fig. 4. This up-down asymmetry seems different from that observed in Heliotron E [3] 
since the values of Te

Div and ne
Div themselves were almost the same as those observed at #5.5 section.  

The up-down asymmetry of the divertor plasma was observed also in the floating potential pro-
files. At #5.5 (bottom) section, Vf

Div rapidly dropped near the boundary to the private region (the right 
bottom figure in Fig. 4). On the other hand, at #3.5 (top) section, the change was rather smooth along 
R and Vf

Div was positive in the private region (the left bottom in Fig. 4). These peculiarities observed 
in each probe position were turned over when the direction of the confinement field was reversed.  

Taking account this field-direction dependence of the asymmetry in the divertor plasma profile, the 

B drift motion of charged particles might cause the observed up-down asymmetry. An examination 
of the drift effect on the divertor plasma profile is performed based on a guiding center trace calcula-
tion. A preliminary numerical study shows that the asymmetric density profile and its reversal with the 
magnetic field are reproduced in the calculation model. This 
B-drift effect will work also to any 
other heating scenario. Indeed, recent 70 GHz ECH experiments also indicate the existence of the 
similar asymmetric profiles of the divertor plasmas. In addition to this simple model, in order to un-
derstand the physics of this up-down asymmetry, we should pay attention to other possible factors 
such as the asymmetric distribution of the “upstream” plasmas or resultant asymmetric electric field 
near the LCFS including the higher energy trapped particle effects since a strong vertical ripple 
asymmetry is theoretically predicted also in Heliotron J configuration [11].  

5. Summary 

The probe measurements of the edge plasmas were performed for 53 GHz 2nd harmonic ECH 
discharges in the Heliotron J standard configuration. The observed characteristics are summarized as 
follows. 

(1) The SOL plasma density and electron temperature were in the range of 1�5�1018 m-3 and 
30�50 eV, respectively. 

(2) The SOL density characteristic decay length was Ln ~ 2�4 cm. 
(3) The fluctuations of the density and floating potential in the SOL showed a broadband turbulent 

character.  
(4) Near the divertor footprints, the plasma profiles are basically consistent with that expected from 

the divertor field line calculations.  
(5) However, the Is- and Vf-profiles at the two geometrically (up and down) symmetric positions had 

some different characteristics, respectively.  
(6) These asymmetric profiles observed in the each position were turned over when the direction of 

the confinement field was reversed. 

To understand the relationship between the core and edge plasmas and to clear up the edge field 
topology effects on the edge plasma behavior, more detailed experiments will be performed. 
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Confinement of high-energy electrons in helical magnetic field has been studied by using a
modified stellarator diode method [1]. The purpose is to simulate experimentally alpha particle
confinement in helical fusion reactors. In this method, an anode is placed in front of a cathode and bias
voltage is applied between them. Thus, by measuring the electron currents into the vessel wall and/or
the anode, we can evaluate confinement of the electrons with defined energy and a birth point.

We have applied this method to the Heliotron DR which is a conventional l=2 heliotron/torsatron
device (major radius = 0.9m, the average plasma minor radius ~0.07m, [2]). The experiment has been
conducted at the toroidal confining field of B0=(0.03~0.05) T. The electron gun has a cylindrical (3mm
dia.) mesh anode. The bias voltage between the cathode and the anode, VB has been changed from 10V
to 800V. Thus, the electron Larmor radii normalized by the plasma minor radius can be equivalent
with those of alpha particles in fusion reactors. The typical electron beam current is ~100µA.

In the previous experiments, we have observed two phenomena that are difficult to be understood.
The first one is that the electron confinement seems to be improved with a decrease of the beam
energy at VB=(0~50) V. The second one is that the confinement seems to be improved at some specific
radial positions.   

In the present study, we have proposed some models to explain the above phenomena and verified
experimentally their validity.  With respect to the first item, the space charge accumulated between
the electron gun anode and the vessel wall might affect the confinement of electrons. When VB is
lowered than this space potential, the electrons, which have passed through the anode, cannot reach to
the vessel wall and are finally brought back to the anode. Thus, the confinement seems to be improved.
We have measured the space potential by a Langmuir probe and confirmed the validity of this model.

Concerning the second phenomenon, the electrons launched on rational magnetic surfaces might be
captured by the anode after several circulations around the torus. Thus, the confinement also seems to
be improved on the rational magnetic surfaces. We have observed that the radial positions, where the
confinement seems to be better, shift depending on the rotational transform of the confining magnetic
field. We also discuss an equivalent electrical circuit model for this method. 

[1] S.Morimoto et al, Proc. of the 26th EPS Conference, Vol.23J (1999) 445.
[2] S.Morimoto et al, Nuclear Fusion, Vol.29 (1989) 1697.
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Abstract: A modified stellarator diode method has been applied to Heliotron DR to investigate high-
energy particle confinement in helical systems. The electron gun has a mesh anode (at the grounded
potential) and the accelerated electrons of E = (10~800) eV are launched from the gun. The
experiment has been conducted at the toroidal confining field of B0  = (0.03~0.05) T.  The measured
space potential has suggested that the electron confinement is overestimated at low energies of E =
(0~50) eV due to the space charge effect. The experiment has also shown that the confinement is
overestimated on the rational magnetic surfaces. It is considered that the anode currents increase and
therefore the wall currents decrease on these surfaces. The effect of a perturbing helical field on the
electron confinement is also investigated.
  
1. Introduction
 

The stellarator diode method has been
used in many helical devices to explore their
magnetic field structures [1,2]. Confinement
and control of fast ions are also important to
realize helical fusion reactors. From this
viewpoint, we have studied confinement of
energetic (E < 1 keV) electrons at relatively
low magnetic field intensity (B0 = 300~500
G) in Heliotron DR using a stellarator
tetrode method [3,4] and a modified diode
method [5]. In the conventional diode
method, the anode is not equipped and a
small voltage (10~20 V) is applied between
filament and vacuum vessel and the
impedance between them is measured as a
function of the filament position. Therefore,
information on magnetic field structure is
obtained. In the new method presented here,
a screen anode is placed in front of the
filament and a defined bias voltage VB is

applied between them (Fig.1). By measuring
the electron currents flowing into the
vacuum vessel and/or the anode, we can
evaluate confinement properties of the
electrons with defined energy and birth point.

Fig. 1. Principle of the modified Stellarator
　diode method.
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beam energy even at low bias voltages of VB

= 0~50 V. The second one is that the
confinement seems to be improved at some
specific radial positions. In the present study,
we have discussed some models to explain
the above phenomena and verified their
validity experimentally. We have also
investigated using this method the effect of
the n/m = 2/3 (m and n are poloidal and
toroidal mode numbers, respectively)
perturbing magnetic fields on the electron
confinement.

 
2. Experimental principle and procedure 
 

The experiment has been done in
Heliotron DR which is a conventional l = 2
heliotron/torsatron device with a planer
magnetic axis (major radius R0 = 0.9 m, the
average plasma minor radius a ~ 0.07 m,
central and edge rotational transform ι/2π =
0.8 and 1.9) [6]. This device has also the
toroidal coils so that rotational transform can
be changed by changing the value of α*
(defined as the ratio of toroidal field
intensities on the minor axis produced by the
toroidal coils to the helical coil). The
electron gun has a tungsten filament (0.1
mm dia.) and a cylindrical (3 mm dia.)
stainless steel mesh anode (transparency
~50 %). It is driven horizontally from
inboard side to outboard side of the torus in
10~20 s. The bias voltage between the
filament and the anode, VB has been
changed from 10 to 800 V.  Thus, the
electron Larmor radii normalized by the
plasma minor radius can be equivalent with
those of alpha particles in fusion reactors.
Although the electrons are supposed to be
emitted from the filament in all directions,
their pitch angle distribution would not be
uniform when they pass through the anode.
However, the calculation shows that the
pitch angle distribution is rather uniform at
the high bias voltages of VB ~ 800 V [1].
The experiment has been done at the

emission currents from the filament IT

∼ 100 µΑ and the background pressure in
the vacuum vessel po < 0.7x10-6 torr. As
shown in Fig.1, a part of the electrons
emitted from the filament flows directly into
the anode (current IA0) and the remaining
electrons pass through the mesh anode
(current IB, IB = IA0 = IT/2 in the present
experiment). Of which, unconfined electrons
flow into the vacuum wall (current IW).
Confined electrons continue to circulate the
torus, however, they are finally captured by
the anode (current IA1). We measure the total
anode current, IA (= IA0 + IA1) and use IA/IT as
an index of the electron confinement. It is
detected more easily than the wall current IW.
The relation between IA/IT and the number of
the toroidal circulation of electrons, N is
expressed as IA/IT = 1 - 0.5 T(r)N, where T(r)
is an effective transparency of the anode for
the circulating electrons.  It is expressed as
T(r) = 1 - D/L(r), where D is the thickness of
the anode and L(r) is the circumferential
length of elliptical magnetic surfaces. It is a
function of the minor radius, r. 

Figure 2 shows an equivalent electrical
circuit for the present diode method. RW and
RA are resistances and supposed to depend
on the lengths from the anode to the vessel
wall (for unconfined electrons) and to the
anode (for well-confined electrons),
respectively. In the present experiment, IA/IT

is expressed as IA/IT = 1 - 0.5 RA/(RA + RW).
Thus, when RA = RW, IA/IT becomes 0.75,
which corresponds to T(r)N = 0.5.

Fig. 2. An equivalent electrical circuit for the
　modified diode method.
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3. Results and discussions
 
Figure 3 shows a typical result obtained

in the previous experiment indicating the
wall current IW versus radial electron gun
position, R at different bias voltages VB. We
can see that with increase of VB, the electron
confinement becomes worse in the
peripheral regions. It is also noted that the
confinement property changes even at low
VB region of VB = 10~50 V. A possible
reason for this result is build up of space
charge and negative potential between the
anode and the vessel wall. When the beam
energy (VB) is lowered than this potential,
the electrons, which have passed through the
anode, cannot reach to the vessel wall and
are finally brought back to the anode. Thus,
the wall current decreases and the
confinement seems to be improved. To
check this model, we have measured the
space potential of the electron ring against
the vessel wall by a Langmuir probe.

Fig. 3. Radial distributions of the wall currents
　IW  at different bias voltages VB. 

(B0=300[G], α*=0)

Fig. 4. Space potential Vp at R = 88 cm vs bias
      voltage VB. (B0=500[G], IT=100[µA])

Figure 4 shows a dependence of the
potential Vp on the bias voltage VB. The
absolute value of Vp decreases with increase
of VB at VB = 50~100 V, but saturates at Vp

= -(30~40) V for VB > 100 V. This result
indicates that the space charge may affects
the confinement properties at low electron
beam energies.

In Fig. 3, we also see that IW decreases
at R ~ 83 cm as if the confinement is
improved there. This phenomenon might be
due to the existence of the rational magnetic
surfaces. When the electrons are launched
on such surfaces, they are captured by the
anode after several circulations around the
torus. In other words, the effective
transparency T(r) becomes extremely low on
the rational magnetic surfaces. Most
electrons flow into the anode and thus the
confinement seems to be improved. Figure 5
shows the experimental results measured at
different magnetic configurations (α*). The
rotational transform decreases with increase
of α*. We can see that the peak of IA/IT

shifts according to the position of ι/2π = 1.
These peaks are not seen clearly at the
inboard side of the torus. It might be related
to phase of the remaining n/m = 1/1
magnetic island. The peaks become clear
near the O-point of the island, but not near
the X-point.

Fig. 5. Radial distributions of the normalized
　anode current IA/IT at different magnetic

configurations(α*).
(B0=300[G], VB=100[V])
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Figure 6 shows the effects of the n/m =
2/3 magnetic perturbations. In this case, α*
= 0.4 and the ι/2π = 1 surface is shifted to
the peripheral region. The perturbing coil
currents of ±100A are applied which
corresponds to the n/m = 2/3 Fourier
component of ~ 1 G at the ι/2π = 2/3 surface.
The n/m = 2/4 component is also produced
as a side band.  We can see that the electron
confinement gets worse except for the
central core region. The peaks of IA/IT are
again observed around the ι/2π = 2/3 surface
and their positions are reversed each other
by changing the polarity of the perturbing
coil current. We have calculated magnetic
surfaces in this configuration and the
Poincaré plot is shown in Fig. 7.

Fig. 6. Radial distributions of the normalized
　anode current IA/IT under the n/m = 2/3
　magnetic perturbations. (B0=300[G], 

α*=0.4, I1/1=11[A], VB=100[V])

Fig. 7. Poincaré plot of the magnetic lines of
　force in the same configuration as in
　Fig. 6. (α*=0.4, B=300[G],I2/3=100[A])

The nested magnetic surfaces are created
only in the central part and the outer region
seems to be ergodic. However, it is noted
that the magnetic lines of force are not fully
ergodic in this region. The existence of IA/IT

peaks in Fig. 6 might be due to this effect.
  
4. Summary
   

A modified stellarator diode method has
been developed for studying electron
confinement in helical devices.  It has been
shown that the space charge affects the
evaluation of electron confinement at the
low bias voltages. The confinement index
IA/IT is also affected by the existence of the
rational magnetic surfaces. The confinement
deterioration has been observed under the
n/m =2/3 perturbing magnetic fields. It is
qualitatively in agreement with the
calculation of the magnetic surfaces.
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Introduction of LHD Spectroscopy 
 

S.Morita, M.Goto, S.Muto and LHD experimental group 
National Institute for Fusion Science, Toki 509-5292, Japan 

 
 Since experiments in Large Helical Device (LHD) were started three years are past.  
During the years much effort has been done for construction of spectroscopic instruments for 
LHD.  Recently, most of the instruments were installed and yielded good results and 
preliminary data.  Then, we would like to introduce our instruments and discuss about the 
diagnostics and some of data.  Main issues of the diagnostics are; 

1. Impurity behaviors, its quantitative analysis and impurity control 
2. Neutral particle behaviors 
3. Edge plasma diagnostics (Ti, Te, Vθ etc.) 
4. Central ion temperature and toroidal rotation Vφ 
5. Particle transport (incl. edge and ergodic layer) 
6. Atomic physics 

 
The following instruments are introduced with typical results from LHD; 
1.Visible spectroscopy 
 * Toroidal array (Hα(φ), HeI(φ), CIII(φ), Iimp(φ)) 
 * Poloidal array: horizontal and vertical array (Hα(z), Iimp(z), Hα(R), Iimp(R)) 
 * High-resolution visible spectroscopy: Zeeman spectroscopy (nHe(r,θ), VHe(r, θ)) 
 * Visible bremsstrahlung (Zeff(r)) 
2. VUV spectroscopy 

* Impurity monitor: 9 20cm normal incident monochromators, 1 multichannel 
spectrometer, 1 grazing incidence spectrometer (Iimp(t)) 

* Spatial resolved VUV: 3m normal incidence spectrometer (Iimp(r), Ti(r), Vθ(r)) 
3. X-ray spectroscopy 
 * 3m Crystal spectrometer (Ti(0) and Vφ (0) for Ar, Ti, Cr and Fe x-ray lines) 
 * X-ray pulse height analyzer: Si(Li) detectors (Te(r), Imetal(r)) 
4. Impurity pellet injector 
 * Impurity pellets: <400m/s, <1mmφ (B, C, Ti etc.) 
 
 
 
 
8.Diagnostics 
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Behavior of Central Ion Temperature and Toroidal Rotation 
 in ECH, NBI and ICRF Discharges of LHD 

 
S.Morita, M.Goto, S.Kubo, S.Murakami, K.Narihara, M.Osakabe, T.Seki, Y.Takeiri, K.Tanaka, 

H.Yamada, H.Funaba, H.Idei, K.Ida, K.Ikeda, S.Inagaki, O.Kaneko, K.Kawahata, A.Komori, 
R.Kumazawa, S.Masuzaki, J.Miyazawa, T.Morisaki, O.Motojima, S.Muto, T.Mutoh, 

Y.Nagayama, Y.Nakamura, K.Nishimura, S.Ohdachi, N.Ohyabu, Y.Oka, T.Ozaki, B.J.Peterson, 
S.Sakakibara, R.Sakamoto, M.Sasao, K.Sato, T.Shimozuma, M.Shoji, H.Suzuki, K.Toi, 

T.Tokuzawa, K.Tsumori, K.Y.Watanabe, T.Watari, I.Yamada and LHD experimental group 
National Institute for Fusion Science, Toki 509-5292, Japan 

 
 Ion temperatures at the plasma center have been measured from Doppler broadening 
of TiXXI x-ray line (2.61Å) using a crystal spectrometer in ECH, NBI and ICRF plasmas of 
the Large Helical Device (LHD).  The ion temperature obtained in a range of 0.6 and 3.5keV 
was analyzed with electron densities and compared with electron temperature.  As a result, 
we could see that a condition of Ti>Te was clearly achieved in low-density (ne<1013cm-3) 
two- ion hybrid ICRF discharges (H: minority, He: majority) operated in ion-heating regime 
(Pion>Pe), whereas the ion temperature was roughly equal to the electron temperature in NBI 
discharges operated in electron-heating regime (Pion<Pe).  The ion temperature in ECH 
discharges becomes equal to the electron temperature at electron densities near 1x1013cm-3, 
although the electron temperature is much higher than the ion temperature at ne<1x1013cm-3.  
This can be explained by the relation between energy confinement time, τE, and electron- ion 
energy exchange time, τei. 

The ion temperature in the ion-heating regime was correlated with heating power 
over electron density (P/<ne>).  Most of the ion temperatures ranged between 1.5*(P/ne)0.5 
and 2.2*(P/ne)0.5.  Considering the ISS-95 scaling, we can obtain a relation of 
1.44*P0.41/ne

0.49 under the assumption of Te=Ti with parabolic profiles.  However, the ion 
temperature is distributed in a range between 1.44*P0.41/ne

0.49 and 2.3*P0.41/ne
0.49.  This result 

suggests an improvement of 50% for ion heating efficiency in ICRF discharges compared 
with NBI heating discharges.  The ion temperature in NBI+ICRF discharges also showed a 
continuous increment for the P/<ne>, although it saturated in the electron-heating regime of 
NBI discharges.  These results demonstrated the achievement of successful ion heating in the 
ICRF and ICRF+NBI discharges and pointed out the importance of direct ion heating to 
increase the ion heating efficiency (ICRF: PH/(Pe+PH)∼0.9, NBI: Pion/(Pe+Pion)∼0.2), and also 
suggested a new direction for helical experimental research. 

Toroidal rotation has been also measured from the Doppler shift of TiXXI spectra.  
In ECH plasmas no toroidal rotation is observed.  In NBI cases it is roughly 4km/s for 
Pabs=1.0MW and 7km/s for 1.6MW at ne=1x1013cm-3.  Further analysis is being carried out.   
 
 
7.Plasma heating 
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Achievements in LHD and Future Direction of Heliotron Line 

 
O. Motojima, H.Yamada and the LHD experimental group 

National Institute for Fusion Science, Toki 509-5292, Japan 
 
The Large Helical Device (LHD) project is aimed at the clarification of physical mechanisms 
in net current- free plasmas close to the reactor condition as well as demonstration of 
technology for steady-state operation of the heliotron concept. The physical and engineering 
achievements have been accumulated since the first plasma on 31st in March,1998. The major 
achievements of great importance in this early phase of the project are the outstanding 
management of confinement, in particular, fast-ion confinement with MHD stability and the 
establishment of reliable operation of a large superconducting system. These successful 
accomplishments have proved the value of LHD with intrinsic physical merits and careful 
integration of engineering. The magnetic configuration with the inward shifted magnetic axis 
had been considered to lie in the unfavorable regime due to serious MHD instability. The 
experimental observation, however, has indicated that the plasma does not represent 
significant degradation of confinement even in the Mercier unstable region and the energy 
confinement in this inward shifted configuration has been proved to be comparable to the 
ELMy H-mode in tokamaks.  Consequently, the beta value has been pushed to 3% and the 
stored energy has exceeded 1MJ by NBI of 5MW and ICH of 2MW. The fact that ICH alone 
(2.3 MW) has realized 240 kJ at moderate density also demonstrates sufficient confinement of 
highly energetic trapped particles. The superconducting system provides a steady-state 
magnetic field close to 3 T during the experimental campaign for more than 4 months a year. 
The increase of heating power to get higher performance will continue in the near term. The 
active particle control with the local island divertor(LID) combined with repetitive pellet 
injection and the intensive wall conditioning by boronization are also planned. In the next 
experimental phase, we plan the employment of super-fluid helium cooling to enhance 
capability of magnetic field up to 4T and deuterium operation for clarification of the isotope 
effect. Regarding to the road map towards a fusion reactor, the tokamak line certainly runs 
ahead. However, the issue of circulating power for the current drive has been discussed for a 
long time and also the external stabilization of the neoclassical tearing mode and restive wall 
mode is raising an additional requirement. The heliotron concept, which is essentially free 
from these issues, is intrinsically expected to have high fusion gain (Q). Two further points 
have been highlighted towards an attractive heliotron reactor, i.e., the ideas of the force-free 
helical coils and the Flibe blanket. The future direction of the heliotron line to an attractive 
reactor is reviewed based on the recent achievements in LHD. 
 
 
1. Recent experimental projects 
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       Exploration of Stellarator Configuration Space with Global Search Methods 
 
                                          H.E. Mynick and  N. Pomphrey 
                 Princeton Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, USA 
 
  The search for attractive stellarator designs has been greatly enhanced by the 
development of optimization codes which search configuration space z using a specified 
cost function C. The NCSX design team has relied heavily on such an optimizer 
(Stellopt),[1] which uses a Levenberg-Marquardt (LM) algorithm. This is a “local” 
method, i.e., it makes use of local derivatives in C to decide in which direction to move 
along a single trajectory in z . While efficient in suitable cases, the LM algorithm and 
other local methods can become trapped in local minima of C, in the large and sometimes 
highly corrugated z -space.  This makes human involvement an essential part of the 
optimization loop, in which the system position or the weights in C are adjusted to 
dislodge Stellopt  from local minima. To overcome this difficulty, we have implemented 
a variant (Stellopt-DE) of Stellopt, which uses a “differential evolution” (DE) 
algorithm[2], and thus permits a more robust, though more time consuming, exploration 
of configuration space. With the DE method, the evolution is of a population of system 
points, rather than of a single point along one trajectory, and the DE evolution can thus 
provide a less myopic map of  the z -space topography. Obtaining this global map is 
useful, both to improve the optimization strategy, and also for understanding. It is 
providing insight into the earlier searches using Stellopt-LM, including the relative 
postion of interesting candidate configurations, the taxonomy of genuinely different 
classes into which these configurations fall, and their distinguishing features. 
 
[1]A. Reiman, et al., European Physical Society Meeting on Controlled Fusion and 
Plasma Physics Research, Maastricht, the Netherlands, June 14-18, 1999 (European 
Physical Society, Petit-Lancy, 1999). 
 
[2]R. Storn, K. Price, U.C. Berkeley Technical Report TR-95-012, ICSI (March, 1995) 
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      Exploring Stellarator Configuration Space with  Global Search Methods 
Mynick, H., 1  Pomphrey, 1  N.,  Ethier, S. 1 

1Princeton Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, USA 
E-mail: mynick@pppl.gov    
Abstract: An exploration of stellarator configuration space z for quasi-axisymmetric stellarator (QAS) designs is 
discussed, using methods which provide a more global view of that space. To this end, we have implemented a 
“differential evolution”  (DE) search algorithm in an existing stellarator optimizer, which is much less prone to 
become trapped in local, suboptimal minima of the cost function χ than the local search methods used previously. 
This search algorithm is complemented by mapping studies of χ over z aimed at gaining insight into the results of 
the automated searches. We find that a wide range of the attractive QAS configurations found previously fall into a 
small number of classes, with each class corresponding to a basin of χ( z). We develop maps on which these earlier 
stellarators can be placed, the relations among them seen, and understanding gained into the physics differences 
between them. It is also found that, while still large, the region of z space containing practically realizable QAS 
configurations is much smaller than earlier supposed. 
 
Introduction 
 
 The search for attractive stellarator designs has been greatly enhanced by the 
development of optimization codes which search configuration space z using a 
specified cost function χ(z). Such codes have been used extensively in the design of 
W7-X,[1]  HSX,[2]  and more recently, for designing the proposed  quasi-
axisymmetric stellarator (QAS) NCSX.[3] Here, we discuss an exploration of  z space 
for QASs using methods which provide a more global view of that space than earlier 
`local' search methods, such as the  Levenberg-Marquardt (LM) method[4] used in the 
present NCSX optimizer Stellopt.  To this end, we have implemented a "differential 
evolution" (DE) search  algorithm[5] into Stellopt, yielding an optimizer "Stellopt-
DE" which is much less prone to become trapped in local, suboptimal minima of χ(z) 
than those using local methods. This search algorithm is complemented by mapping 
studies of χ over z aimed at gaining insight into the results of the automated searches.   
A fuller discussion of the studies described here is given in [6]. 
 
 The DE algorithm is similar to genetic algorithms,[7] but suited to exploration of a 
continuous space.  Unlike local methods, these do not require taking  derivatives, but 
evolve a sequence of generations g=0,...gmax,  each generation comprised of an 
ensemble of Np system points  zi(g) distributed over z space,  and with a simple rule 
for obtaining the (g+1)th generation from  the g th. Because the evolution is of a cloud 
of system points,  rather than of a single point along one trajectory, the evolution of  
the DE population can provide a less myopic map of the z space  topography 
compared with that from traditional local algorithms.  
 
  Obtaining such a map of z space is important, both for understanding, and for 
finding optimal designs. Up to now, the  LM optimizer (Stellopt-LM)  has obtained 
promising QAS configurations after a complicated sequence of optimizer runs and 
human adjustments, and there has been little knowledge of how many different types 
of good QAS designs there may be and what their distinguishing features are.  By 
mapping χ over z space, we find that a wide range of the  attractive QAS 
configurations previously studied falls into a small number of classes, with each class 
corresponding to a  `basin' of χ.  The maps also indicate that, while the  full z space is 



 

 

2

in principal enormous, the  region of that space containing configurations which are 
practically realizable is much smaller than one might have supposed (though still 
large).  
 
Stellopt-DE Applications  
  
  The cost function χ(z) is given in Stellopt by  χ2 =Σi χi

2 = Σi wi
2 χ̂ i

2, where the wi are 
the weights of the various contributions  χ̂ i

2 to χ2.  Equilibria are computed with 
VMEC, and then additional codes are called to compute the different χ̂ i

2, including 
Terpsichore for the kink component χK

2, and COBRA for the ballooning component 
χB

2. Confinement quality is gauged by the quasisymmetry measure   
χ2

Bmn≡< Σ_m,n≠0Bmn
2/B00

2>s, where the Bmn are the Fourier amplitudes of magnetic 
field strength B.  
 
 To illustrate the features of a DE search, we show a DE study paralleling a series of  
LM studies done[8]  to investigate the operational flexibility of the reference NCSX   
configuration LI383, using the "M1017" set of modular coils.  This calculation thus 
uses VMEC in free-boundary mode, and z space  has dimension D=11. For j=1-9,  
zj=Ij are the currents in the 4 distinct types of modular coils, in the 1 set of auxiliary 
TF coils, and 4 equivalent currents for the multipole fields used to represent the PF 
contribution to B. Following the heuristic rules as in [5] we take the number Np of 
members in a generation ≈ 7 x D =80.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
 
 In Fig.1(a-c) are shown projections of the DE population onto  2 particular zj, j=6 and 
8,  (a) for generation g=0, (b) for the superposition of generations g=0-49,  and (c) for 
g=49. The choice of zj used for plotting is arbitrary, and the appearance is similar for 
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other pairs. The initialization randomly selects zj values between 0.8 and 1.2 times  
those for LI383, producing the rectangular filled region  in Fig.1a.  Between g=0 and 
g=49, the ensemble spreads as the algorithm  searches z space, as seen in Fig.1b. This 
is followed by a  dimensional contraction to the nearly 1-D form shown in Fig.1c. 
Finally, in Fig.1d is shown the cost function value χ(z) versus z_6 for g=49, with the 
boundary line showing the locus of the cloud of values which would appear for the 
same superposition of generations as in Fig.1b. One sees that the DE evolution thus 
far has produced a range of configurations, all having cost χ comparable to the single 
value found by the Stellopt-LM runs, and with best value χb≈6.41, slightly better than 
the best χLM≈6.43 produced by the LM searches.  
 
 From the numerous searches with Stellopt-LM carried out by the NCSX team, a 
number of different fixed- boundary QA configurations with promising  
characteristics have been identified.  One would like to know how these (and other)  
configurations are related to each other, how different they are from each other, and 
whether there might be other QA configurations in z space, as yet undiscovered, 
which are comparably or perhaps more attractive than those already found.  In 
addition to the current NCSX reference configuration LI383,[8] here we shall also 
make use of 4 additional QAS  configurations, all having Nfp=3 field periods and 
fairly low aspect  ratio:  PG2, a QAS developed by P. Garabedian to achieve good  
stability through a deep magnetic well, C82, an earlier reference configuration 
constrained to fit inside the PBX vacuum vessel,  II75, a configuration obtained 
starting from LI383 with a greater target value of edge transform  [ιa(II75) ≈ .75 at 
β=4%,  versus ιa(LI383)≈ .65], and A4k2, a configuration obtained starting from C82 
but with enhanced elongation, which improves  kink stability. 
 
 For brevity, we refer to the resultant stellarators as configurations 1a-5a, in the order 
just given.  These were developed targetting different objectives,  and thus are local 
optima for differing sets of weights {wi}. To compare them, we choose a single set 
{wi}, and reoptimize  using Stellopt-LM, resulting in configurations 1c-5c, which 
resemble 1a-5a, and lie near them in z space.  This convergence of Stellopt-LM to 5 
distinct minima when started from 5 different locations in z illustrates the tendency of 
local methods mentioned in the Introduction to become trapped in local, suboptimal 
minima. 
 
 As a second DE application, we now take the D=5 subspace spanned by  these 5 
`seed'  configurations z1c-5c,  and allow Stellopt-DE to search this space. The selection 
of the space  makes use of knowledge found using the LM optimizer, but the search 
within  this space is unbiased, i.e., the DE optimizer has no information on where 
these optima lie.  From a best cost value  χb(g=0)=42.1 at generation g=0, χb falls to 
3.53 by  g=16, and thereafter remains quite flat, reaching 3.47 by g=52, about 94% 
and 59%, respectively of χ(LI383_c)=3.66 and χ(A4k2_c)=5.84, the lowest 2 of the 5 
seed values. The configuration with the lowest χ for g=52 just mentioned lies  only 
1.0 cm from LI383_c and 1.9 cm from the related II75_c (the 2  lowest-χ c-
configurations), versus 17.1 cm from A4k2_c,  where we introduce the simple norm  
|z| ≡ (Σ'j zj

2) 1/2. Thus, without information on the locus of the LM optima,  the DE 
method modestly improves on the 5 local minima found previously by LM plus 
human interaction. 
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Taxonomy and Mapping Studies 
 
 Configurations 1c and 4c lie quite near each other (unsurprising because 
configuration 4a derives from 1a),  and these and 2c have a bullet-like shape with 
positive triangularity at  ζ=π, while the remaining 2 seeds, 3c and 5c also lie near each 
other (again unsurprising because 5a derives from 3a), and have negative  
triangularity and are indented around θ=0. (See Fig.2.) Thus, the ζ=π cross section  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
 
shapes suggest a division into 2 classes of configurations. A refinement of this simple 
picture is  suggested by the ι profiles for these 5 stellarators:  as opposed to the larger 
value ιa (s=0) ≈ .4 of 1c and 4c, 2c instead has the smaller value 0.2 of 3c and 5c.  An 
overall taxonomy suggested by these two characteristics is thus 1c and 4c  in class A, 
2c in hybrid class B, and 3c and 5c in class C.  
 
 Selecting one member of each of the related pairs results in 3 seed vectors 
representing each of these classes. Selecting 1c and 3c, we thus  plot χ over the 2-D 
space spanned by  
z=z1c+ a1(z2c - z1c)+a2(z3c -z1c)    
for all values of coefficients a1,2. 
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Figure 3 
 
Accordingly, in Fig.3 is shown a contour plot of χ over the (z10,z20) plane. The choice 
of z10  and z20 is again arbitrary, and does not affect our conclusions.  Choosing z5c 
instead of z3c as a basis vector also leaves the picture qualitatively the same. One 
observes a central `ridge' running roughly vertically,  with peak values around χ ≈ 
300. Configurations 1c and 2c lie in a  triangle-shaped valley to the left of this ridge 
(χ in the range 0-50),  and 3c lies in a second valley to its right.  No values are given 
outside the curve bounding all the contours shown,  because  VMEC or sometimes 
TERPSICHORE fails to converge there. The configurations in this region are too 
exotic  (and thus probably less realizable) for these codes to operate successfully. 
Thus, while Stellopt-LM has been searching an in-principle unbounded z space, that 
space is bounded, and far smaller than one  might have supposed, if one regards 
failure of VMEC or TERPSICHORE as a good indicator that the configuration is 
impractical. Moreover, across the limited range of practical configurations,  one notes 
that χ manifests only a few maxima and minima. This 2-D picture provides  an 
explanation for the small number of attractive QAS classes which previous search has 
uncovered, included in the  taxonomy just discussed.  
 
 Some insight into the physical origin of the topography of χ may be seen from the 
breakdown into its component parts. One finds that χK is by far the dominant factor,  
and thus that the central ridge is due to increased kink instability as  configurations 
pass from the positive to negative triangularity form, with χBmn having a significant 
role only in the  flat triangular valley of near kink stability. 
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Discussion 
 
As expected, we have found that Stellopt-DE is much less inclined to become trapped 
in local suboptimal minima than Stellopt-LM. A single run takes appreciably longer 
(typically a factor of 7-10) that a single LM-run. However, the LM optimizer typically 
must be run several times, with human adjustment between runs, in order to arrive at a 
good optimum. For the applications studied thus far, Stellopt-DE has found 
configurations improving modestly on those developed by the Stellopt-LM searches. 
We regard this as providing additional confidence that the LM+human approach the 
NCSX team has used to date to find good QAS configurations is working. 
 
 By examining a subspace which contains a range of quite different 
candidate configurations found earlier, we find a taxonomy of a small 
number of QAS classes into which the optimization runs fall, and  
a map on which this taxonomy and all the configurations examined  
can be placed, and the relationship among them viewed. We find 3 
principal QAS classes, designated A, B and C, lying on the 2  
sides of a ridge in χ, which is produced by enhanced kink instability as the 
configurations deform from the positive triangularity at ζ=π of classes A and B to the 
outward-indented, negative triangularity of class C.  Class A is typified by LI383, the 
current NCSX reference design, class B by PG2, a design developed by Garabedian, 
and class C by A4k2 or C82, an earlier reference design. 
 
 This map indicates that the extent in components zj over which one finds realizable 
configurations is not very large, when measured by the typical scale length Lj for χ to 
go from a maximum to a minimum. This implies that the number of different QAS 
classes, as defined by the number of principal basins of χ over the realizable region of  
z   space, is also not large, consistent with the small number (3) of main classes found 
in the present study.  While further study is needed to solidify this picture, it is 
consistent with the accumulated record of searches thus far for attractive QA 
stellarators, and offers the possibility of a large reduction in the uncertainty and 
complexity of our understanding of stellarator configuration space.
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In Heliotron J, L=1/M=4 helical axis heliotron device, currentless plasma is produced and 

heated by an electron cyclotron heating system of 53.2GHz frequency, 400kW total injection 
power and 50msec pulse length. The axisymmetric TE02 mode is injected into the Heliotron J 
vacuum chamber from three- injection port located outside of the torus. To investigate the 
plasma production window in the magnetic field strength, the B-dependence of the plasma 
breakdown has been examined under the fixed configuration. The experiment has shown that 
the plasma production range is rather wide, 0.44<ω0/ω<0.76 (0.83T<B(0)<1.44T), compared 
to plane-axis helical devices. The upper limit is determined by maximum operational 
magnetic field of the Heliotron J device. The plasma breakdown effectively occurs even when 
no resonance layer exists within the last closed flux surface. The fundamental resonance layer 
outside of the last closed flux surface may contribute to the plasma breakdown. 

Two effective heating regimes have been found when scanning the magnetic field under 
the fixed magnetic configuration. While one regime around ω0/ω=0.5 is related to the second 
harmonic extraordinary (X-) heating, another one cannot be explained by the conventional 
electromagnetic resonant heating, since the resonance layer is located only at the edge region 
(r/a>0.8). The second harmonic ECE measurement has shown that the central electron 
temperature rises up around ω0/ω=0.76, and no time delay is observed in all the channel of 
radiometer, indicating that the power is deposited directly at the core region. One possible 
explanation is an X-electrostatic Bernstein (B) mode conversion heating. The slow X-mode, 
which propagates into the plasma across the fundamental resonance, reaches the upper hybrid 
resonance layer, and then converted into the B-mode. The window for the mode conversion is 
open in the limited toroidal angle due to the three-dimensional magnetic field structure in 
Heliotron J. The optical depth of this converted B-mode is so large that the B-mode can fully 
be absorbed. The strong inhomogeneity of the magnetic field makes the parallel refractive 
index larger than unity, resulting in the strongly Doppler shifted resonance condition located 
midway between the upper hybrid resonance and the electron cyclotron resonance. This 
makes it possible to heat the core region. 
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Abstract: Electron cyclotron heating (ECH) experiment has been performed in the helical-heliotron 
device, Heliotron J. The magnetic field range for plasma production is fairly wide compared to that in 
that plane-axis helical system. The breakdown occurs even when no resonant layer exists within the 
last closed flux surface. The effective core heating has been observed under the condition that no 
resonant layer for electromagnetic waves exists in the core region. One possible explanation is 
presented using an extraordinary to electron Bernstein mode conversion process. 
 
1. Introduction 

Heliotron J is a medium-sized plasma experimental device with major radius, R=1.2m, 
averaged plasma minor radius, a=0.1-0.2 m, low shear rotation transform, ι/2π=0.3-0.8, and 
magnetic well depth, 1.5 % at the plasma edge [1]. The magnetic field is asymmetric along 
the toroidal direction. The flux surfaces are triangular-shaped and the B contour forms a 
tokamak-like profile at the corner section (the toroidal angle, φ=45 deg), while the flux 
surfaces are bean-shaped and the B-contour forms a saddle-type profile at the straight section 
(φ=0 deg). Current-free plasmas have successfully been produced by 53.2 GHz or 70 GHz 
ECH. For the 53.2 GHz ECH, the high power millimeter waves up to 400 kW power and 50 
msec pulse duration are injected at the toroidal angles, φ=23 deg and 39 deg. Since the 
injected mode is the axisymmetric TE02 mode, the single pass absorption is not so high or 
localized in a specific region that the remaining power may be absorbed after the 
multi-reflection from the chamber wall, resulting in the uniform power distribution. On the 
other hand, the 70 GHz ECH system launches a focused Gaussian beam up to 400 kW power 
and 200 msec pulse duration from the corner section. In this paper, we present two topics 
related to the ECH plasma experiment in Heliotron J. The performance of the plasma 
production using the fundamental and second harmonic ECH is shown. The effective heating 
under no electromagnetic resonance condition in the core region and its possible reason is 
described. 

 
2. Plasma Production 

The experiment of scanning the magnetic field strength has been performed to investigate 
the accessible field range for plasma production. Figure 1 shows the dependence of the 
plasma breakdown on the magnetic field strength in the standard configuration (see Ref.[1] 
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for the definition of the standard configuration). The delay time of an initial Hα peak caused 
by the ionization process after the ECH turn-on is measured as a measure of the plasma 
breakdown characteristics. We can see that the plasma production is successive in the 
magnetic field scan, and the field range is fairly wide, 0.39<ω0/ω<0.65. Here ω0 is the 
electron cyclotron frequency on axis at the straight section, and ω is the wave frequency. The 
upper field has been extended to ω0/ω=0.75 in the other shots, which is limited by the 
maximum operational magnetic field. The plasma starts up fast and the peak Hα intensity is 
large when the magnetic field is set as ω0/ω=0.48-0.5 at the 53.2 GHz unfocused ECH. This 
condition corresponds to the situation in which the resonance layer is located on magnetic 
axis at the straight section, φ=0 deg as shown in Fig.2. On the other hand, the fast plasma 
start-up at the 70 GHz focused ECH is obtained at ω0/ω=0.45-0.49 where the injected 
Gaussian beam crosses the resonance layer on axis in the single pass. It is noted that the 
magnetic field on axis at the corner section is a little larger than that at the straight section. In 
the poloidal angle scan, the delay time is shortest when the injected beam crosses the 
magnetic axis. These experimental results indicate that the single pass absorption, which 
generates high energy electrons at the resonant layer, has an important role on the plasma 
breakdown. The CCD camera measurement has shown that in the low B regime, the plasma is 
produced around the magnetic axis first in the snake-like form, then expands to the plasma 
edge region as is observed in the second harmonic ECH on Heliotron E [2]. This snake-like 
plasma cannot be seen in the high B regime. In the second harmonic ECH, the plasma 
breakdown is associated with the confinement of trapped high-energy electrons generated by 
EC resonance [3][4]. The plasma breakdown is possible if seed cold electrons interact with 
the waves in a nonlinear fashion and undergo energy excursions that are larger than the 
ionization potential of a few tens eV. The resonance layer should be tuned in the central 
region so that the accelerated electrons can be confined well.  

When the magnetic field is larger, ω0/ω>0.52, the plasma start-up is faster with an 
increase of B in spite of the outward shift of the second harmonic resonance layer. The same 
tendency has been observed in the basic field configuration. The fundamental resonance 
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appears within the last closed flux surface (LCFS) only when ω0/ω is larger than 0.7 at the 
basic configuration. This may indicate that the fundamental resonance contributes to the 
plasma breakdown even when it is located outside the LCFS. This is contrast to the B 
dependence in the conventional plane-axis helical system such as Heliotron E, that is, the 
magnetic field range for plasma production was discrete for fundamental and second 
harmonic ECH, and the fundamental resonance did not work for plasma breakdown when it 
shifts outside the LCFS [5].   
 
3. Non-Electromagnetic Resonant Heating 

The magnetic field has been scanned under the fixed standard configuration to study the 
B dependence of the core heating. Figure 3 shows the B dependence of the global stored 
energy, Wp. The store energy is measured with a double diamagnetic loop. One peak is 
obtained when the resonance layer for the second harmonic X-mode is located around the 
magnetic axis. Although the density control is not optimized in this experiment, the stored 
energy of 0.7 kJ is obtained, which corresponds to the averaged beta of 0.2 %. The other peak 
appears as the magnetic field is increased. The maximum stored energy of 0.8 kJ is obtained 
at the available magnetic field, ω0/ω=0.75. This peak cannot be explained by the conventional 
electromagnetic wave heating, because the second harmonic resonance layer for the 53.2 GHz 
ECH is outside the LCFS, and the fundamental one is located only at the edge region, r/a>0.8, 
even at the maximum magnetic field. The averaged electron density measured with a 
microwave interferometer reaches 3.8×1019m-3 without radiation collapse. This value exceeds 
the cut-off density of the second harmonic X-mode, 1.75×1019m-3, and that of the fundamental 
O-mode, 3.5×1019m-3. Shown in Fig. 4 is a radial profile of the second harmonic ECE 
intensity in the core region. The frequency from 67 to 83 GHz is measured with using a 
multi-channel radiometer. As the magnetic field exceeds B=1.32 T, the central Te rises up, and 
its profile becomes peaked. No time delay of the ECE signals after turning off the 53.2 GHz 
ECH power has been observed. Although the absolute Te profile is not measured yet in the 
experiment, the relative power absorption profile is estimated from Te/τdecay just after the ECH 
turn-off. Here τdecay is the ECE decay time measured during 1 msec just after the ECH turn-off. 
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This relative power absorption profile is not localized but broad in the measurement region. 
These indicate that the ECH power may be absorbed directly in the core region or transported 
from the edge resonance through non-diffusion process.  

One possible explanation for this effective core heating is an X-electrostatic Bernstein (B) 
mode conversion process [6]. The fundamental resonance exists within the LCFS when the 
magnetic field is larger than 1.29 T. The slow X-mode, which may be generated by the 
reflection of unabsorbed waves at the chamber wall, can propagate into the plasma across the 
fundamental resonance layer, and then reaches the upper hybrid resonance (UHR) layer. 
Around the UHR layer, the perpendicular component of the refractive index rapidly increases, 
resulting that the phase velocity of the waves slows down. As the phase velocity gets close to 
the electron thermal velocity, kinetic effects are so substantial that the X-mode is not absorbed 
but is converted into the electrostatic B-mode. The optical depth of this converted B-mode is 
so large even in low Te (∼10 eV) that the B-mode can fully be absorbed unless it encounters 
the UHR layer again and is converted back to the X-mode. 

The accessible window for the mode conversion is open in the limited toroidal and 
poloidal angles around the corner section because of the three-dimensional magnetic field 
structure in Heliotron J. The strong inhomogeneity of the magnetic field makes the parallel 
refractive index larger than unity during the propagation in the toroidal direction, resulting in 
the strongly Doppler shifted resonance condition located midway between the UHR and the 
electron cyclotron resonance. The absorption position may be changed during the plasma 
discharge since the UHR layer position depends on the electron density and the magnetic field. 
Systematic experimental study is necessary to clarify whether or not the X-B mode 
conversion is a dominant heating mechanism. A ray tracing code taking into account the 
three-dimensional magnetic field structure and the complex flux surfaces is under 
development in order to evaluate where the B-mode power is deposited. 
 
4. Conclusion 

The magnetic field range for plasma production using the fundamental and second 
harmonic ECH is fairly wide in the helical-axis heliotron device, Heliotron J. The plasma 
breakdown occurs even when no resonance exists in the confinement region. The effective 
core heating has also been observed without the resonance layer for electromagnetic waves in 
the core region. One possible physical process is an X-B mode conversion heating. The 
detailed experimental and theoretical study is left for future to clarify the heating mechanism. 
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Free boundary MHD equilibrium properties of Heliotron J (H-J) plasmas are investigated by the 
VMEC code and the PIES code, and ideal MHD stability properties are studied by the Mercier criterion, 

the ballooning mode equation and the CAS3D global stability code. Heliotron J is an L=1/M=4 
helical-axis heliotron device and its equilibrium was obtained mainly by the VMEC with fixed boundary 
constraint for simplicity. However, it is suspected that the Shafranov shift of an entire plasma column and 

the change of plasma boundary shape is not negligible in H-J even for a low beta plasma because the 
magnetic shear is weak and the effective toroidicity is not small. To see the change of plasma boundary 
due to the finite plasma pressure, free boundary calculations by the VMEC with field line tracing around 

the plasma boundary are performed. These results can also be applied to the particle orbit analysis in a 
finite-beta plasma including the vacuum region. The PIES code, which can calculate a three-dimensional 
equilibrium without assuming existence of nested flux surfaces, is also used to verify the results by the 

VMEC and to see the island formation in a core plasma region due to the finite beta. In particular, the 
effect of position control via vertical field on the free boundary equilibrium will be discussed. 

A standard configuration of H-J has deep magnetic well or favorable average magnetic field line 

curvature on every flux surface and the Mercier criterion shows that the equilibrium is stable against the 
interchange mode up to the numerical equilibrium beta limit at least. The detailed local analysis using the 
ballooning mode equation is performed to see the possibility of the ballooning instability in the 

equilibrium. The analysis shows that the ballooning mode can be unstable in the region where the field 
line curvature is unfavorable and the local shear is weak, though the region of strongly favorable 
curvature stabilizes the mode whose structure is spread over a flux surface. Since the bumpy field 

component (toroidal mirror ratio) produces the region of favorable curvature mainly, the ballooning mode 
shows non-axisymmetric feature inherently. Quantumization about the toroidal mode number is 
impossible because of strong dependence of the eigenvalue on the field line label, but the result from the 

local analysis suggests that the perturbation is extended along the flux tube and toroidal mode coupling of 
the eigenmode is substantial. These characteristics of the ballooning mode in H-J are verified by the 
CAS3D global stability code. The result by the CAS3D code also suggests that the low n (n<4) ideal 

MHD mode is stable in H-J. 
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Abstract 
Free boundary MHD equilibrium properties of Heliotron J plasmas are investigated by the VMEC 
code and the PIES code, and ideal MHD stability properties are studied by the Mercier criterion, the 
ballooning mode equation and the CAS3D global stability code. Since a plasma in the standard 
configuration of the device has relatively small rotational transform (~0.55) and weak magnetic shear 
and its effective toroidicity is comparable to the inverse aspect ratio, difference of the rotational 
transform profile in the fixed boundary equilibrium and in the free boundary equilibrium is not small 
even in a low beta plasma because of the Shafranov shift of an entire plasma column. In the free 
boundary equilibrium obtained by the PIES code, magnetic islands corresponding to the ι/2π = 4/7 
resonance appear above β0 ~ 1%. In the standard configuration, the local analysis by the Mercier 
criterion and the ballooning mode equation shows that the ballooning mode can be unstable even in a 
low beta plasma, though the interchange mode is stable up to the numerical equilibrium beta limit. The 
relation between the local analysis by the ballooning equation and the global analysis by the CAS3D 
code and the properties of the ballooning mode in 
a Heliotron J plasma are discussed.  

1. Introduction 

Heliotron J (H-J) is an L=1/M=4 
helical-axis heliotron device whose averaged 
major radius is 1.2m and minor radius is 
0.1~0.2m (Fig.1) [1,2].  

In the previous studies [1], analyses of the 
MHD equilibrium, stability, particle orbit, and 
neoclassical transport in a H-J plasma were 
performed by using the equilibrium obtained 
by the VMEC [3] code with fixed boundary 
constraint for simplicity. However, it is 

Fig.1  The helical coil, toroidal coils, inner 
vertical coils and a plasma in the standard 
configuration of Heliotron J. Two sets of 
toroidal coils are shown only in one field 
period. Colors on the plasma surface show 
the normal curvature (red shows bad 
curvature region). 



 

suspected that the Shafranov shift of an entire plasma column and the change of plasma 
boundary shape is not negligible in H-J even in a low beta plasma because the edge rotational 
transform is small (~0.55), magnetic shear is weak, and its effective toroidicity is comparable 
to the inverse aspect ratio. In the present study, therefore, free boundary equilibrium of the 
"standard" configuration [2] is calculated by the VMEC and the finite beta island formation is 
investigated by the PIES code [4].  

To understand the basic properties of pressure driven instabilities in Heliotron J plasmas, 
linear ideal MHD stabilities are studied for fixed boundary VMEC equilibria of the "standard" 
configuration. The "standard" configuration has deep magnetic well at every flux surface and 
the Mercier criterion shows that the equilibrium is stable against the interchange mode. 
However, the detailed local analysis solving the ballooning mode equation shows that the 
ballooning mode can be unstable. Comparison between the local analysis and the global mode 
analysis by the CAS3D code [5] is discussed. 

 
2. MHD Equilibrium in a Heliotron J Plasma 

From the comparison between the fixed boundary equilibrium and the free boundary 
equilibrium obtained by the VMEC code, it is found that the rotational transform in the free 
boundary equilibrium is larger than that in the fixed 
boundary equilibrium due to the larger Shafranov 
shift. Since the position of the low order rational 
surface is important in a weak shear configuration, 
this will affect the island formation in a finite beta 
plasma. In order to verify the results by the VMEC 
and to see the finite beta island formation in a core 
plasma region, PIES code, which can calculate a 
three-dimensional equilibrium without assuming 
existence of nested flux surfaces, is applied to 
Heliotron J plasmas. The PIES code is an iterative 
MHD equilibrium solver [4] and can obtain both 
fixed and free boundary equilibria. In this study, 
however, we calculate free boundary equilibria only, 
because the shape of the boundary or the last closed 
flux surface is complicated in Heliotron J (see Fig.2) 
due to the influence of the field line structure in the 
vacuum region. Because of the same reason, we use a 
zero beta equilibrium expanded or extrapolated to the 
vacuum region which is obtained by the VMEC with 
reduced Fourier harmonics as background 
coordinates in a free boundary PIES calculation. The 

 

 
Fig.2 Puncture plots of magnetic 
field lines in the vacuum field 
(above) and in the equilibrium of 
βaxis~1% (below) calculated by the 
PIES code for the "standard" 
configuration of Heliotron J. 



 

puncture plots of the magnetic field lines in the vacuum field and in the equilibrium with βaxis 

~ 1% are shown for the "standard" configuration [2] of Heliotron J in Fig.2. The dotted lines 
around puncture plots denote the control surfaces (computational boundary for Poisson solver 
in PIES) which is the interface between internal and external solutions. It can be seen in Fig.1 
that the shape of the last closed flux surface is clearly changed and the magnetic islands 
corresponding to ι/2π = 4/7 begin to be formed at βaxis ~ 1%. The rotational transform profile 
is comparable to the free boundary VMEC results.  

 
3. MHD Stability of a Heliotron J Plasma 

It is found from the local analysis solving the ballooning mode equation that the ballooning 
mode can be unstable in the region where the field line curvature is unfavorable and the local 
shear is weak, though the region of strongly favorable curvature stabilizes the mode whose 
structure is spread over a flux surface (i.e. interchange mode). Since the bumpy field 
component (toroidal mirror ratio) has an important role on the production of the favorable 
curvature region on a flux surface, the ballooning mode shows non-axisymmetric feature 
inherently [6]. The result from the local analysis suggests that the perturbation of the 
eigenmode is extended along the flux tube and the toroidal mode couplings between Fourier 
modes of the perturbation are substantial.  

These properties of the ballooning mode in Heliotron J are verified by the CAS3D code [5]. 
Typical contour map of the perturbation obtained by the CAS3D on a flux surface is shown in 
Fig.3. It can be seen from Fig.3 that the perturbation is localized in a flux tube and is extended 
along the field line The eigenmode structure shows strong toroidal mode couplings as is 
expected. This property is clearly different from the interchange mode or the tokamak-type 

ballooning mode and is typical in the 

 
 
Fig.4  Global and local eigenvalues at βaxis= 
1% (circles), 1.2% (triangles), 1.4% (squares), 
and 1.6% (diamonds) as functions of the 
maximum  toroidal mode number used in the 
CAS3D, nmax. 

θ 

ζ 

Fig.3 Contour map of perturbation ξ s 
calculated by the CAS3D on a θ - ζ 
plane (β0=1.0%, s=0.7). 



 

helical-type ballooning mode. Since the strong toroidal mode coupling is essential for the 
helical ballooning mode to be localized in a flux tube, this mode becomes stable if we use 
insufficient number of toroidal modes in CAS3D calculation. When nmax denotes the 
maximum of toroidal mode number used in CAS3D, nmax > 10 is necessary for the mode to be 
unstable in H-J standard configuration. In Fig.4, 1/nmax dependence of the eigenvalue of the 
global mode and the local eigenvalues are shown. If we increase nmax, the eigenvalue of the 
global mode approaches to the local eigenvalue. Good agreement of the eigenmode structure 
along the field line in the local and the global analyses can also be seen. The relation between 
the interchange mode or tokamak-type ballooning mode and the helical-type ballooning mode 
in the local and global analyses will be shown. Control of the magnetic shear is found to be 
important for the ballooning mode stability in Heliotron J [7].  

Fig.5 Eigenmode structures along the field line. 

nmax=62 

nmax=22 

local analysis
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   The superconducting Large Helical Device (LHD) is suitable to study the plasma physics

and technologies for steady state operation. Since the LHD came into operation in 1998, long

pulse experiments were started by extending the pulse duration of NBI with an injection

power of 1 MW, and big progresses have been made in discharge duration and operational

density regime. The NBI heated plasma was sustained up to 80 s and a steady-state ICRF

heated plasma with the discharge duration of 2 minutes was achieved. In addition, the

operational density regime was extended up to 6 x 1019 m-3 for NBI heated plasmas.

   In this paper, we present the confinement properties of long pulse discharges and particle

control with gas puffing and wall pumping. Moreover, impurity behavior in long duration

discharges is presented. The confinement performance of long-duration NBI and ICRF heated

plasmas was equivalent to that for short pulse discharges, in which a significant improvement

compared with the ISS95 expression by a factor of 1.5 has been obtained. In LHD, high

performance plasmas (nτT ~ 1.5 x 1019 keVm-3s) can be sustained in a steady state without

great efforts. The plasma density can be controlled by external gas puffing on account of

strong wall pumping. Although the wall particle loading increased with the plasma density,

the wall pumping was still effective for a high-density long-pulse discharge (  n e  = 5 x 1019 m-3,

τd = 10 s). As for impurity behavior, the evidence of impurity accumulation was found in a

narrow density window of around 2 x 1019 m-3. Spectroscopic and soft x-ray measurements

show an increase of radiation from metal impurities (mainly iron). A significant increase of

core radiation was observed in radiation profiles from bolometry measurements. This

impurity behavior may be explained by the change of impurity transport in the core plasma.

The impurity flux estimated by neoclassical theory is directed radially inward in the plasma

density window.

Topic: 5. Particle and power handling
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Abstract: The superconducting machine LHD has conducted long pulse experiments for three years to

achieve long-duration plasmas with high performance. The operational regime was largely extended in
the discharge duration and the plasma density. The plasma characteristics in long pulse discharges are

described in this paper. Confinement studies show that the global energy confinement times can be
expressed by the ISS95 scaling and the experiments in the inward shifted configuration indicate an

improvement by a factor of 1.5 in the energy confinement time, as seen in short-pulse discharges.
Long sustainment of high performance plasma, which is superior to the previous achievement, was

demonstrated. Long pulse discharges enable us to investigate impurity behavior with a long time
constant. Impurity accumulation was observed in a narrow density window for only pure hydrogen

discharges. The observed impurity behavior is qualitatively explained by neoclassical impurity
transport.

1. Introduction

   Demonstration of high confinement, long-duration discharges is one of the most

challenging issues for magnetic fusion research. This is illustrated by Fig. 1 which shows

plasma performance (through the usual criterion nτETi0) versus pulse duration, and where the

present results stand with respect to ITER objectives. The achievement of this goal requires

the development of heating scenarios (also current drive scenario for tokamaks) as well as

solving particle and heat flux problems in steady state. Such investigations are particularly

appropriate for the superconducting Large Helical Device (LHD) (major radius R = 3.6 – 3.9

m, minor radius a = 0.6 m, toroidal field on axis B < 2.9 T) research program which is aimed

at the study of long-duration and high-performance plasmas.

   This paper summarizes the recent results, obtained on LHD, which pave the way for the

realization of enhanced confinement and long-duration discharges. Long pulse experiments



2

have been carried out extending the pulse duration of heating power (ECH, NBI and ICH)

since the LHD came into operation in 1998, and big progresses have been made in discharge

duration and operational density regime. The NBI heated plasma was sustained up to 80 s and

a steady-state ICRF heated plasma with the discharge duration of 2 minutes was achieved. In

addition, the operational density regime was extended up to 6 x 1019 m-3 for NBI heated

plasmas. The next section reports on the progress towards long pulse operation in LHD.

Confinement properties in long-duration discharges are discussed in section 3. Finally,

impurity behavior in long-duration discharges (impurity accumulation in a narrow density

window) is described in section 4.

2. Progress in long-pulse operation

   Our efforts towards long-pulse operation have been mainly devoted to the extension of

discharge duration using both NBI and ICRF heating systems. The progress of the long-pulse

discharge is summarized in Fig. 2. The discharges obtained during the 1998-1999

experimental campaign are described in details in Ref. [1, 2], including the historical

description and the development of heating system. In the first campaign (1998) of long-pulse

experiment by NBI, since the divertor plates were made of stainless steel, the plasma density

was limited by a minor radiative collapse in the peripheral region (expansion and contraction
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   Fig. 1  Plasma performance versus pulse duration
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of the core plasma), which is called ‘breathing’ [3, 4]. This oscillation was triggered by

plasma cooling due to the penetration of metallic impurities into the core plasma [5]. Before

the 1999 campaign, all the strike points at the divertor legs were covered with graphite tiles,

and then no breathing oscillation appeared for helium discharges even in the same magnetic

configuration (R = 3.75 m, B = 1.5 T) as in the 1998 campaign. This enabled us to enlarge the

operational range of density and duration to a great extent. On the other hand, ICRF long-

pulse experiments with H-minority heating in helium plasmas have been made smooth

progress in extending the discharge duration. Once the coupling of ICRF with the plasma was

optimized by scanning the magnetic field, the applied frequency and the minority ion

concentration, it was very easy to extend the discharge duration except for a minor trouble in

the RF power source. In fact, a 68 s long-pulse discharge in the 1999 campaign was achieved

after only several long-pulse shots since the first trial for long pulse operation. In the 2001

campaign, a two minute long-duration discharge was also demonstrated with only a few trials.

2.1 Operational density and discharge duration

   In LHD, the plasma vessel was cooled by water for the capability of steady-state operation

with an injection power of 3 MW. The graphite divertor plates were fixed to cooling pipes

through copper heat sinks. The heat removal capability was 0.3 MW/m2, i.e., 3 MW of

conducted power. Thus the LHD device itself was available for steady-state operation with a

total injection power of 3 MW. However, the available power of heating systems (NBI, ICRF)

was limited for long-pulse operation as shown in Fig. 3, where the discharge duration and the

operational density are plotted for the injection power on data until the last experimental
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campaign. One more tangential negative-ion-based neutral beam line was installed after the

last campaign and the NBI heating system consists of three beam lines. Two of them are

available for long pulse operation. The power source was supplied with a flywheel generator

for high power operation and the maximum injection power was about 3.5 MW for short-

pulse operation (τd < 3 s). Although the power source was possible to use for 100 s, the

limitation on the injection power for long-pulse operation was caused by the temperature

increase of molybdenum protecting plates at the injection port, which was not directly cooled

by water. Then the NBI injection power was reduced so that the temperature became to be less

than 500 oC. For the 80 s discharge, for instance, the maximum temperature of the

molybdenum plates was 310 oC. In NBI discharges, it was easy to raise the plasma density in

comparison with the ICH discharges. A high-density discharge with a maximum density of

n me = × −6 7 1019 3.  was sustained for 10 s with a NBI power of 2 MW. The density was limited

by radiation collapse. This may be related to the density limit in helical plasmas, which has

been investigated with short-pulse discharges in various helical devices [6]. For ICH

discharges, the injected radio frequency (rf) energy from a pair of loop antennas was restricted

by the heat-up of rf amplifiers. In the two-minute discharge, since only one loop antenna was

available, the radiated power was less than 0.4 MW. The plasma density achieved with ICH

remained at n me = × −1 15 1019 3.  even for high power operation (1.1 MW, 5 s). The maximum

density is very low compared to that ( n me = × −5 9 1019 3. ) obtained with the corresponding NBI

power. This density limit may be due to some reason different from the usual density limit in

the case of NBI, which is one of major concerns of ICH experiment in future.

1.2 Long-duration discharges

   Figure 4 shows long-duration discharges with each NBI (PNBI = 0.5 MW) and ICRF (PICH
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= 0.35 MW) alone. The NBI heated plasma was sustained for 80 s with the density of around

1.7 x 1019m-3 and the electron temperature of 1.8 keV from ECE signals (Fig. 4(a)). The ion

temperature was around 1.5 keV, which was measured from Doppler broadening of TiXXI

(0.261 nm) using an x-ray crystal spectrometer. For long-pulse operation, helium gas was

often used on account of the relative ease of density control compared with hydrogen. In this

discharge, the amount of gas puffing was manually controlled by an operator watching a

tangential view of the plasma through a CCD camera. This is the reason why the discharge

has a small density oscillation. The total radiation as well as the impurity line emissions (CIII,

OV) was kept almost constant during the discharge. Spectroscopic and soft x-ray

measurements show that there was no impurity accumulation of metal. For the ICRF heated

discharge (Fig. 4(b)), the helium plasma with minority hydrogen ions was sustained for 120 s

with the density of 0.75 x 1019m-3 and the temperature of 1.2 keV. The amount of helium gas

puffing was also manually controlled by an operator watching a density signal from a far-
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infrared (FIR) interferometer. The radiation power was less than 0.1 MW and no significant

increase of impurity lines was observed.

   The profiles of density and temperature were maintained unchanged during the long-

duration discharge as shown in Fig. 5, where the profiles at t = 3.3 s are compared with those

at t = 40.3 s. In this discharge, the averaged electron density n me = × −1 2 1019 3.  was

comparatively low and the density profile was peaked in comparison with that for high-

density discharges. In the electron temperature profile, there exists a pedestal structure at the

plasma edge (ρ = 0.9) as seen in short-pulse discharges [7] and it remains until the end of the

discharge.

3. Characteristics of global energy confinement

   The energy confinement characteristics of net current free plasmas in LHD have been

mainly investigated using short-pulse discharges with τd < 3 s [8]. Here we summarize the

results in brief. The LHD experiments in the standard configuration (R = 3.75 m) showed that

the global energy confinement time τE could be expressed by the international stellarator

scaling 95 (ISS95), which was derived from the experiments in medium-sized helical devices.

This scaling also describes L-mode plasmas on large tokamaks as well. In comparison with

data for the medium-sized heliotrons/torsatrons (Heliotron E, ATF and CHS), a systematic

enhancement was observed in the energy confinement time. This may be due to the broad

temperature profile with a high edge value in LHD plasmas [7]. Moreover, the experiments in

the inward shifted configuration (R = 3.6 m) indicated an improvement by a factor of 1.5 in τE.

Although the significant enhancement can be primarily attributed to a substantial reduction of
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neoclassical transport due to helical ripples, some mechanism suppressing anomalous

transport in the inward shifted configuration is also required [8]. In addition, the experiments

on scanning of the magnetic axis and modification of the plasma cross section showed that the

plasma performance was optimized in the inward shifted magnetic configuration (R = 3.6 m)

with toroidal averaged circular cross-section [9].

   It is of great concern whether the improved LHD plasmas could be maintained over a

period of long time. This issue was primarily investigated using 10 s hydrogen discharges

with NBI heating in the magnetic configuration with R = 3.6 m and B = 2.75 T. Figure 6

shows the dependence of normalized plasma stored energy on the line averaged electron

density. The experimental range of the NBI heating power and the average electron density

are 0.5 < Pdep < 2 MW and 1.8 x 1019 m-3 < ne < 6.2 x 1019 m-3, respectively. The open circles

represent the plasmas in the initial stage of the discharge (t = 2 ~ 3 s) and the solid ones the

plasmas at the end of the discharge (t = 8 ~ 10 s). A scaling of the normalized stored energy

can be derived from the ISS95 scaling: W P np dep e/ .  . .0 41 0 510 11=  where Pdep is the NBI

deposition power calculated by using a shine-through power, which was measured with

calorimeter arrays embedded in beam facing armor plates. The plasmas at the initial stage

showed the ISS95 scaling with an enhancement factor of 1.4. As a matter of course, the

enhanced confinement can be compared with that in the short-pulse discharges. On the other

hand, a significant decrease of the store energy was observed after about 10 s in the density
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range of n me = × −2 4 1019 3~ . When the density was kept constant in this region during the

discharge, the plasma performance was remarkably degraded with time and the stored energy

decreased up to 68 % at the end of the discharge (t = 10 s). This degradation of plasma

performance can be related to the energy loss caused by the radiation due to metallic impurity

accumulation, which will be described in Sec. 4. Figure 7 shows a relationship between the

enhancement factor in τE and the radiation emissivity at the plasma center in the density ramp-

up discharge (shot 17093). The radiation profile was measured by bolometer arrays. When the

density increased with time, the central radiated power increased remarkably with increasing

the density, thereby leading to the reduction of enhancement factor. In the high-density region,

the central radiated power decreased and the plasma performance was recovered rapidly with

the decrease of the radiation. The radiated power density corresponds to about 40 % of the

deposited power density for electrons as shown in Fig. 8, where the deposition profiles

calculated for electrons and ions are indicated together with the total deposition power and the

measured radiation profile. Since electron conduction is a primary loss channel, the power

balance of core plasma may be affected by the strong central radiation.

   Long-pulse operation for more than 10 s has been carried out with helium gas, including a

slight amount of hydrogen for ICRF H-minority heating or hydrogen beam particles for NBI
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heating. In these discharges, there was no fatal impurity accumulation and the impurity level

was maintained constant until the end of the discharge as described in Sec. 2. Therefore, the

initial high plasma performance remained unchanged during the discharge. Both NBI and

ICRF heated plasmas indicated an enhancement factor of 1.5 relative to the ISS95 scaling in

the inward shifted configuration (R = 3.6 m) as shown in Fig. 9, where the energy

confinement times in long-duration discharges are compared with the prediction from ISS95.

In addition, the reduction of enhancement factors in the standard magnetic configuration (R =

3.75 m) was also observed for long-duration discharges. In LHD, high performance plasmas

can be sustained without the degradation of confinement over a period of long time and a new

regime in producing high confinement and long-duration discharges will be developed in

future long pulse experiment (Fig. 1).

4. Impurity behavior in long pulse discharges

   As described in the previous section, plasma performance is largely affected by impurity

accumulation, leading to energy loss due to radiation. Therefore, it is very important to

understand impurity behavior in long pulse discharges for steady state operation with high

performance plasma. In a variety of long pulse discharges, we found that metallic impurity

accumulation was observed in only NBI heated pure hydrogen discharges in a narrow density
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window of around 2 x 1019 m-3. Figure 10 shows a typical long pulse discharge with impurity

accumulation and come-out. The plasma was initiated by ECH and heated with a neutral beam

line with the injection power of 1.5 MW. The gas puff with a constant rate was applied until 8

s and then the plasma density increased with time during the gas puffing. A remarkable

increase of central radiation (ρ = 0) is observed despite of almost constant radiation level at

the peripheral region (ρ = 0.945). This increase of central radiation causes a significant

decrease of central electron temperature and a reduction of plasma stored energy (degradation

of energy confinement) as shown in Fig. 10 (a) and (b). The low-Z impurity emission (CIII)

originating from the edge plasma varies with the plasma density. On the other hand, the time

evolution of heavy metallic impurity emission (FeXVI) reflects impurity behavior in this

discharge (Fig. 10 (d)). Spectroscopic and soft x-ray measurements indicated that the main

metallic impurity was iron, which is an element of the plasma wall material. Another

important result can be seen in the end of the discharge. In the high-density region

( n me > × −3 1019 3 ), the central radiation decreases despite of the density increase. This implies

that the metallic impurities accumulated in the core region come out in the high-density
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region. Then the plasma performance is recovered by the reduction of central radiation.

   In addition, clear evidence of impurity accumulation and come-out was observed in the

profiles of iron density estimated from the radiated power density as shown in Fig. 11. In the

initial stage of the discharge (t = 2 s), the radiation profile is hollow as seen in short pulse

discharges [10]. However, the profile becomes peaked with time or with increasing the

density (Fig. 11 (a)) and a strong core radiation is observed at t = 7. 3 s. The iron density

profiles are calculated by coupling a 1D impurity transport code (MIST) with measured

plasma density and temperature profiles. Assuming that the radiation in the core region is due

to only iron impurities, the radiation profiles from bolometry measurements can be

reproduced by the MIST code with an appropriate diffusion coefficient and a convection

velocity. Then the iron density profiles were obtained for the corresponding radiation profiles.

As indicated in Fig. 11 (b), a strong peaking of iron density is observed at t = 5.5 s and the

profile returns to a flat one at t = 7.3 s when the central radiated power density is nearly at the

top. The time lag of the evolution between the central radiation and iron density is due to a

strong temperature dependence of cooling rate for irons in the range of Te = 1 ~ 2 keV. Figure

12 shows the dependence of the central iron density on the line-averaged electron density in

the density ramp-up discharge (shot 17090) together with those in constant density discharges.

From this figure, we can find a density window of impurity accumulation for NBI heated pure
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Fig. 11  Profiles of (a) radiation and (b) iron density at each time (t = 2, 5.5, 7.3 s) for

the discharge in Fig. 10. The lines in the radiation profiles indicate the fitting curves

calculated from the impurity transport code MIST.
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hydrogen plasmas with the injection

power of 1.5 MW. In the low-density

region ( n me < × −1 1019 3 ), there is no sign

of impurity accumulation even for long

pulse discharges with the duration of

more than 10 s. When the plasma density

exceeds 1 5 1019 3. × −m , a significant

increase of central radiation due to metal

impurities is observed and the impurity

contamination becomes severe with

increasing the density. However, when

the plasma passes through the density

window of n me = × −1 3 1019 3~ , the

accumulated impurities come out and the impurity density decreases remarkably. In the high-

density region ( n me > × −4 1019 3 ), there is no sign of impurity accumulation as well as in low-

density region. We have also carried out long pulse discharges keeping the plasma density

constant in the density window. In this case, the accumulation behavior was also observed in

spectroscopic and bolometry measurements. The density range of impurity accumulation was

slightly changed by the NBI power and the density window was shifted to higher density

region with increasing the power.

   In order to understand the density dependence of impurity accumulation, we tried to

represent the impurity behavior in a n-T diagram by taking into account various impurity

transport regimes based on neoclassical impurity transport theory. In Figure 13, the plasmas in

a variety of long pulse discharges are plotted with the density and temperature at the plasma

center, and classified by the impurity behavior. The solid circles indicate the plasmas with

impurity accumulation and the open squares the plasmas without impurity accumulation. The

open circles indicate the plasmas with the decrease of impurities or without impurity

accumulation. The solid line represents the transition between the plateau regime and the

Pfirsch-Schlüter regime for iron impurity. The broken line represents the transition between
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the electron root and the ion root for background plasma. On the whole, the impurity behavior

obtained in long pulse discharges is in qualitative agreement with the neoclassical impurity

transport. In the low density and high temperature region, the high-Z impurities may be

expelled by a positive radial electric field or diffused out because of nearly zero electric field.

As indicated in Fig. 13, it is not so easy to obtain the electron root in the plasma core, but it is

possible to obtain in the peripheral region [11]. Furthermore, small positive electric fields

were observed even in the density range of ion root near the transition to electron root [11, 12].

The boundary of impurity accumulation in the low collisionality regime may be shifted to

higher collisionality regime. In the intermediate regime with negative radial electric field (ion

root), the high-Z impurities are accumulated in the central plasma due to the electric field in

the 1/ν regime or the ion temperature gradient in the plateau regime. When the impurities

enter in the PS regime, the accumulated impurities come out by the screening effect of the

dominant ion temperature gradient term because of the flat density profile and the parabolic

temperature profile as usually seen in LHD plasmas.
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5. Summary

   Big progresses towards long pulse operation have been made in LHD experiments for

only three years. Long pulse operation with high plasma performance has been demonstrated

with both NBI and ICRF heating. The long pulse experiments on LHD enable access to a new

regime in producing high confinement and long-duration discharges. The discharge duration

was restricted by the temperature increase of some components of heating devices and we

could expect further progress in long pulse discharges by solving the hardware problems.

   Confinement characteristics of long-duration plasmas were completely similar to those in

short-pulse discharges. A broad pressure profile, which is a special quality in LHD, was

sustained until the end of discharge and the global energy confinement times were expressed

by the ISS95 scaling. In addition, a superior confinement in the inward shifted configuration

was also observed for long-duration plasmas. As a result, it was demonstrated that the

improved plasmas with an enhancement factor of 1.5 in comparison with the ISS95 scaling

could be maintained over two minutes without great efforts in LHD.

   Long pulse experiments showed clear impurity behavior with a long time constant, which

is difficult to observe in the normal conducting machines. Accumulative behavior for high-Z

impurities observed in only NBI heated pure hydrogen discharges. The intrinsic metallic

impurities (mainly iron) were accumulated in a specific range of the operational plasma

density ( n me = × −1 3 1019 3~ ). The observed impurity behavior was in good qualitative

agreement with neoclassical impurity transport. For the case of low collisionality, the impurity

flux is dominated by the convection component due to a positive radial electric field and the

impurities tends to go outward. In the high collisionality regime, the dominant contribution of

ion temperature gradient, so-called “temperature screening”, drives the impurities outward. In

the intermediate regime, the high-Z impurities are accumulated in the central plasma due to a

negative electric field or the ion temperature gradient in the plateau regime.
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NCSX is a medium-scale (1.4m), low aspect ratio (4.3) stellarator that is currently in
conceptual design.  The device has a field on axis of up to 2T and a nominal plasma current
of 175kA.  It is optimized around a 3-period reference quasi-axisymmetric plasma that is
stable at β=4%, while providing flexibility in configuration properties (e.g., internal and
external transform, shape, ripple) that affect the physics so that physics models can be
tested. Co- and counter-injected neutral beams will be used to heat the plasma.  Provisions
will be made to accommodate RF heating as an upgrade.  An extensive complement of
diagnostics is planned. The engineering design of the stellarator core has evolved to address
these needs and requirements. A magnet system consisting of 18 modular coils of three
different shapes, with additional toroidal field (TF) and poloidal field (PF) coils controls the
magnetic configuration.  A conformal inconel vacuum vessel is used. A stand-alone liner
composed of formed carbon fiber composite (CFC) panels will provide power and particle
handling.  The liner accommodates local pumped divertors and is bakeable to 350C. Key
features of the design are described in detail.  The rationale for the design choices is
presented.
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The NCSX is a medium-scale (1.4m), low aspect ratio (4.3) quasi-axisymmetric
stellarator facility being designed to study the physics of compact stellarators.
The device has a magnetic field on axis of up to 2T and a nominal plasma current
of 175kA.  It has 18 modular coils optimized around a 3-period reference plasma,
and toroidal and poloidal field coils to provide flexibility needed to test the
physics. Co- and counter-injected neutral beams will be used to heat the plasma.
Provisions will be made to accommodate future RF heating launchers on the
high-field side  An extensive complement of diagnostics is planned. The
engineering design of the modular coils is based on a structural winding form and
flexible copper conductor operated at liquid nitrogen temperature. A conformal
inconel vacuum vessel is used. The concept for plasma-facing components
consists of a stand-alone liner ormed carbon fiber composite (CFC) panels
bakeable to 350 C.

The National Compact Stellarator Experiment (NCSX) is being designed to study the
physics of high-beta, quasi-axisymmetric (QA) stellarators. Its goals are to develop
physics solutions for disruption avoidance and steady-state operation in magnetic fusion
systems, and to broaden understanding of 3D plasma physics. The NCSX is a hybrid
which uses both plasma current and externally-generated helical fields to provide
rotational transform, 3D plasma shaping to stabilize limiting MHD modes at high beta
without the need for a conducting wall or feedback, and quasi-symmetry (low effective
helical ripple along the magnetic field) to achieve transport-related properties as good as
those of tokamaks.



The NCSX design parameters (size, magnetic field strength, heating power, and pulse
length) and the geometry of the main components (coils and vacuum vessel) are set by the
requirement to be able to access high-beta (β = 4%) and low collisionality (ν* ≤ 0.25)

conditions starting from vacuum magnetic surfaces. The magnet design is based on an
eighteen-coil modular coil array (Fig. 1), with three distinct coil shapes, that is optimized
to target physics and engineering objectives simultaneously. This design satisfies
engineering criteria including compatibility with smooth geometry of major structures,
≥ 16 cm minimum spacing between coil centers, ≥ 10.5 cm minimum bend radius, and
≥ 37 cm opening for neutral beam access as shown in the figure. The coils produce a free-
boundary plasma equilibrium (shown in red) that produces required physics properties
(aspect ratio, high-beta stability, and ripple).

Plasma heating will be mainly provided by an existing 6 MW, E = 50 keV neutral beam
system formerly used on the PBX-M tokamak. The four beams are arranged in a balanced-
injection configuration (Fig. 1) to be able to cancel beam-driven currents during startup.
The requirement for adequate confinement of the injected beam ions during slowing down
is satisfied by the chosen design point R = 1.4 m, B = 1.2 - 2.0 T.  This range of magnetic
field provides flexibility to explore high beta and low-collisionality plasmas. The magnet
set includes a central solenoid (not shown) capable of rapid current ramping (3 MA/s) to
facilitate access to a hollow-profile high-beta states within the 0.3 pulse length of the
heating beams.

The NCSX design provides magnetic configuration flexibility and excellent diagnostic
access, necessary for enabling researchers to investigate compact stellarator physics. The
modular coils are electrically arranged in three circuits, each consisting of six like-shaped

Fig. 1. NCSX modular coils, TF coils, neutral beams, and reference plasma.



coils in series, which can be powered independently. There is a poloidal-field coil system
(not shown) consisting of six up-down symmetric coil pairs and a toroidal-field coil set
consisting of eighteen coils, one centered on each modular coil, as shown in Fig. 1. The
modular and TF coil configuration are all centered off the six symmetry planes, allowing
good diagnostic access at those planes, which are favored by stellarator physicists for ease
of interpretation of diagnostic signals.

The modular coil design concept consists of flexible cable wound on a precision structural
support. The concept is shown in Fig. 2. Each coil is wound on one of eighteen segments
which combine to form a structural shell. The shell segments are formed by casting
followed by machining of those surfaces which control accuracy of the winding. The
conductor is a very flexible cable which is wound directly on the support structure which
acts as a winding form. Cooling plates and passages, insulation, ground wrap, and support
clamps complete the winding pack, which is then vacuum impregnated with epoxy to form
a monolithic coil. The advantage of this design that it provides a robust support structure
to handle the thermal and electromagnetic forces and to control accuracy. The flexible
cable is easy to wind in spite of the large excursions and tight bends in the coil geometry.
The resulting high operating current density (12 kA/cm2) in the restricted conductor cross
section area will be accommodated by pre-cooling the entire structure to liquid-nitrogen
temperatures before each pulse and allowing the coils to warm up adiabatically (by
≤ 40 C) during the pulse.
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Fig. 2. Modular coil concept. Left: structural shell segment showing manufacturing sequence.
Right: winding pack design.



The vacuum vessel is a conformal structure placed between the modular coils and the
plasma. The concept is shown in Fig. 3. The vessel is shaped to make the volume as large
as possible (to maximize space for internal experimental hardware such as trim coils,
plasma-facing components, and high-field-side radiofrequency wave launchers), subject to
the limitation that the modular coils be able to fit over the vacuum vessel during assembly.
The vessel has about 90 ports, providing good access for diagnostics, heating, and
personnel entry, including large ports adjacent to and above and below the neutral beam
ports. Inconel alloy is specified for its low permeability when welded and its high
resistivity, facilitating control of magnetic field perturbations and eddy currents,
respectively, which are key physics requirements. The vessel provides a high vacuum
environment (2×10-8 torr) and is bakeable to 150 C.

The vessel is segmented in three periods which have flanges at each end for bolting
together. Each period is made from formed panels (nominally 3/8-in. thick) which are then
welded together. Press and explosive forming processes are under consideration. Ports are
welded onto port stubs during the machine assembly process. A flexible plasma-facing
component concept based on large carbon-fiber composite panels mounted to poloidal
support ribs and bakeable to 350 C, has been developed. This allows for staged
implementation of first-wall hardware including an eventual pumped divertor and the
possibility of 100% wall coverage with graphite if needed.

The NCSX will be sited in the C-Site test cell at the Princeton Plasma Physics Laboratory.
For cost savings, it is planned to use existing power supplies from the former TFTR
experiment to power the magnets, the PBX-M neutral beams and rf sources for plasma
heating, and existing infrastructure and facilities. A conceptual design review will be held
in May, 2002, and the project is expected to start in October, 2002, with the
commencement of Title I design. First plasma is projected for March, 2007. The project
cost is expected to be $69M.

  
Fig. 3. Vacuum vessel design concept. Left: manufacturing process for a single-period
weldment. Right: complete field period.
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Optimizations with respect to a set of physics objectives of stellarators with three periods have
been obtained for a quasi-axisymmetric stellarator [1] and a quasi-isodynamic stellarator with
preliminary results [2].
Here, both optimizations are completed on the same technical level and a detailed comparison
will be presented. In particular, the collisionless�-particle confinement is analyzed.

[1] S. Gori, J. Nührenberg, R. Zille, S. Okamura, K. Matsuoka, 12th Int. Stellarator Workshop,
Madison 1999; Pl. Phys. Contr. Fus.43 2001, 137.
[2] R. Zille, J. Nührenberg, S. Gori, Theory of Fusion Plasmas (Varenna 2000), Editrice Com-
positori, Bologna (2000), 393.
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The programmed mission of Heliotron J is to explore, understand and optimize helical-axis heliotron 

plasmas to provide a new knowledge base for the design of the attractive magnetic confinement system in the 

heliotron line. The experimental program is focused on the high-level compatibility between good particle 

confinement and MHD stability with a small bootstrap current as well as with a divertor. The first plasmas 

obtained in 2000 were characterized by the diamagnetic plasma energy content Wp<0.7 kJ or <β><0.2% with 

400 kW ECH at B=0.95 T. This paper reports on the recent progress made since the last IAEA conference. 

Magnetic configuration effects of Heliotron J have been studied with special regard to the magnetic 

surface quantities by changing the coil current such as the auxiliary vertical field coil (AV) current under 

conditions where the electron density is controlled with hydrogen gas puff. Because the change of the AV 

current shifts the magnetic axis as well as the surface quantities with reference to that of the basic configuration 

(BSC) in this experimental series, the magnetic field strength B on the axis was maintained to be 0.95 T (2nd 

harmonic resonance field) in order to attain the central 400 kW ECH heating. The experiment revealed that (i) 

the configurations of the outward axis shift (ι/2π >0.53) introduced a gradual decrease in the attainable plasma 

energy content, (ii) the configurations of the inward shift (ι/2π <0.53) introduced a rapid decrease in the energy 

content, and that (iii) the maximum energy content 0.7 kJ in this scan was obtained at the BSC (ι/2π=0.53). 

Physics interpretations of these results should be made on the basis of the confinement dependences 

not only on the particle orbits in relation to the axis shift, but also on the key surface quantities such as plasma 

radius, rotational transform, bumpiness, magnetic shear, magnetic well, etc. From this viewpoint, it was noted 

that the energy content decreased under conditions when the low-order rational surface such as ι/2π=1/2 was 

included in the confinement region, raising an important question whether the magnetic islands were actually 

formed due to the low-order rational surfaces or not. The plasma current effect is also a future subject to be 

studied. In addition, the plasma-wall interactions should be clarified under the axis -shift conditions since the axis 

shift can easily cause a partial contact of the confining plasma with the chamber wall of Heliotron J.  

Thus, further experiments are needed to clear up these questions, but it was found that the initial 

plasmas in Heliotron J addressed the sensitive energy content dependence on the selected magnetic configuration, 

then providing enough opportunities to get experimental insights into its optimization. 
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Abstract: Recent experiments in Heliotron J are reported with special regard to the 53.2-GHz/70-GHz
ECH plasma confinement. The energy content of the hydrogen plasma up to ~ 2 kJ has been obtained
with 70-GHz, 0.4-MW second harmonic ECH at B = 1.24 T. At low electron densities of (0.2–0.5)
×1019 m–3, the collisionless hydrogen plasmas have been successfully produced, which allows us to
study the 1/ν electron transport in Heliotron J. The magnetic configuration effects are also studied,
showing a sensitive dependence of the attainable energy content on the selected configuration.

1. Introduction
  Heliotron J is a flexible helical-axis heliotron that was designed and constructed at Kyoto
University as the new concept exploration experiment to optimize the helical-axis heliotron
device [1]. The main characteristics of Heliotron J are the strongly modulated helical variation
of its magnetic axis, the resultant reduction of the neoclassical 1/ν transport, the favorable
MHD characteristics with its edge magnetic well and the operational capability of studying
the island divertor as well as the helical divertor [2]. The selected device parameters are as
follows: the major radius of the torus R = 1.2 m, the minor radius of the plasma a = 0.17–0.18
m, the helical coil pole number L = 1, the pitch number M = 4, the pitch modulation α = –0.4,
the rotational transform ι/2π = 0.3~0.8, the edge well depth 1.5%, and the magnetic field on
the axis B ≤  1.5 T. In addition to present working ECH systems, the plasma heating systems
such as NBI (1.5 MW), and ICRF (2.0 MW) are being prepared.
  Before the plasma experiments, the vacuum magnetic flux surfaces were measured at low
magnetic fields (~300 G) using a fluorescence rod to check the flawless coil construction. The
experimental data for the shearless basic (BSC) and standard (STD) configurations showed a
basic agreement with the field line tracing calculations taking account of the earth magnetic
field and the ambient magnetic field near the torus [3]. After the experimental certification of
the sound configurations of the BSC or STD magnetic flux surfaces, ECH plasma production
and heating studies were carried out using three 53.2-GHz gyrotrons. The microwave mode,
the pulse width and the maximum power were TE02, 40–50 ms and 0.4 MW, respectively. As
for the breakdown characteristics for Heliotron J, it was found that there exists a relatively



wide range of the setting magnetic field strength as compared with that of Heliotron E [3].
The optimal heating condition was found to be in a general agreement with that situation
where the second harmonic resonance layer could be located near the magnetic axis in the
straight section of the torus. On the other hand, the highly efficient ECH was found to exist in
the high magnetic field region of more than B(0) = 1.4 T, where no resonance layer for 53.2-
GHz waves exists in the plasma core region. This heating mechanism remains to be studied in
relation to the strong heat pinch or the electron Bernstein wave heating with the edge
fundamental resonance layer [4].
  The initial results on the plasma
experiment with the newly installed 70-GHz
ECH system will be presented in relation to
the 53.2-GHz ECH results in the next
section. The magnetic configuration effect is
discussed with the results by changing the
rotation transform and the axis shift in Sec.
3. The edge and divertor plasma properties
are described in Sec. 4.

2. Electron Confinement Studies with
53.2-GHz or 70-GHz ECH
  A new 70-GHz, 0.4-MW ECH system
was installed in Heliotron J in order to study
the confinement relating to the localized
heating of ECH as well as the magnetic field
dependence. The diameter of the injected beam (TEM00 mode) is about 40 mm in e2-folding
power at the magnetic axis position in the perpendicular injection scheme. A steering flat-
mirror is used in the launching system as a final
mirror to change the injection direction, which
has the steering range of ±15° and ±25° in the
toroidal and poloidal directions (over 0.7 in r/a),
respectively.
  The initial results of the plasma heating with
this ECH system are shown in Fig. 1 in
comparison with the case of 53.2 GHz under the
STD configuration. Under the second harmonic
condition, the stored energy of the 70-GHz ECH
plasmas reached 2 kJ while the store energy of
the 53.2-GHz ECH plasmas was less than 1 kJ.
The stored energy increased with the density in
both cases. The toroidal symmetry is assumed
when the stored energy is estimated. Heating of
the 70-GHz ECH system is effective below the
X-mode cutoff density (3.0×1019 m–3).
  At the low density of (0.2–0.5)×1019 m–3, the
electron temperature measured by an SX absorber
foil method was Te ~ 1 keV as shown in Fig. 2,

Fig. 2. Time evolutions of the electron
temperature by an SX absorber foil
method and the line averaged density.

Fig. 1. Plasma internal energy Wp as a function
of the line averaged density en  under the
condition of the 53.2/70-GHz, 0.4-MW ECH for
the STD configuration.
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indicating the production of the collisionless plasmas of ν*<<0.1 in the core region, where ν*
= ν/(ve/πR0q). According to the DKES-code calculation [5], the neoclassical diffusion
coefficient in this low-ν* regime is expected to become comparable to that of the equivalent
tokamak. These low-ne high-Te plasmas are expected to provide good opportunities to
examine the benefits of the bumpiness on the collisionless transport in the helical-axis
heliotron.

3. Configuration Effects
  Magnetic configuration effects of Heliotron J have been studied with special regard to the
magnetic surface quantities by changing the coil current such as the auxiliary vertical field
coil current (IAV) under conditions where the electron density is controlled with hydrogen gas
puff. Because the change of IAV shifts the magnetic axis as well as the surface quantities such
as its rotational transform with reference to that of the basic configuration (BSC) in this
experimental series, the magnetic field strength B(0) on the axis was maintained to be 0.95 T
(the second harmonic resonance field for 53.2-GHz ECH) in order to attain the central 0.4-
MW ECH heating. As shown in Fig. 3, the experiment revealed that (i) the configurations of
ι/2π > 0.53 introduced a gradual decrease in the attainable plasma energy content, (ii) the
configurations of ι/2π < 0.53 introduced a rapid decrease in the energy content, and that (iii)
the maximum energy content (0.7 kJ
in this scan) was obtained at the BSC
(ι/2π = 0.53).
  Physics interpretations of these
results should be made on the basis of
the confinement dependencies not
only on the particle orbits in relation
to the axis shift, but also on the key
surface quantities such as plasma
radius, rotational transform,
bumpiness, magnetic shear, magnetic
well, etc. From this viewpoint, it was
noted that the energy content
decreased under conditions when the
low-order rational surface such as
ι/2π = 1/2 was included in the
confinement region, raising an
important issue of the experimental
confirmation of the sound magnetic
surface structure at rational values of
the rotation transform. The plasma current effect is also a future issue to be measured and
studied. In addition, the plasma-wall interactions should be clarified under the axis-shift
conditions since the axis shift can easily cause a partial contact of the confining plasma with
the stainless steel wall of Heliotron J.
  Thus, further experiments are needed to clear up these questions, but it was found that the
initial plasmas in Heliotron J addressed a sensitive energy content dependence on the selected
magnetic configuration, then providing enough opportunities to get experimental insights into
its optimization.
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Fig. 3. Plasma internal energy Wp as a function of the
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B(0) = 0.95 T.



4. Edge and Divertor Plasma
  In the STD (or BSC) configuration of Heliotron J, a part of the whisker- field lines outside
the confinement region crosses the wall surface of the vacuum chamber, forming the divertor
legs. The divertor legs have localized distributions around the torus. The diverted plasmas
come to one of the divertor legs depending on their flow directions.
  The SOL and divertor plasma properties have been studied using stationary or movable
electrostatic probes. The typical plasma parameters near the last closed flux surface in the
SOL region were Te  ~ 40–50 eV, ne ~ (1–5)×1018 m–3. The charged particle fluxes in the
divertor were also measured, and the result was found to be in general agreement with the
divertor footprint prediction.
  It was found that unexpected asymmetric profiles of density and floating potential were
present at the geometrically symmetric upper and lower divertor legs. It was also observed
that this up-down asymmetry was turned over as the direction of the confinement field was
reversed [5]. A possible explanation of these observations is that the ∇B-drift causes the
asymmetric particle flow. A preliminary numerical study shows that the asymmetric density
profile and its reversal with the magnetic field are reproduced in the calculation model.
  More detailed stud ies of the SOL and divertor plasma behavior is important to investigate
the possibility of the core confinement improvement through the SOL/divertor plasma control
in the helical-axis heliotron device.

5. Summary
   The electron confinement studies of Heliotron J have been carried out using 53.2-GHz or
70-GHz ECH with special regard to the change of the power deposition profile and the
magnetic configuration. In 53.2-GHz ECH, a new effective heating region was found in the
higher magnetic field, where there are no resonance layers for electromagnetic waves in the
core region. The obvious configuration effects of plasma confinement were observed in
relation to the variation of the surface quantities such as the rotational transform, but their
definite interpretation still needs more experimental information such as the mapping data at
high fields. A new 70-GHz ECH system which allows us to study the operation at B(0)=1.25
T has been commissioned and the relevant heating experiment has been begun in comparison
with that of 53.2 GHz at B(0) = 0.95 T. The stored energy of ~2 kJ was obtained using 70-
GHz system under the second harmonic condition, which is higher than that obtained so far in
the 53.2-GHz second harmonic ECH. It was found that 53.2-GHz and 70-GHz second
harmonic ECH could provide collisionless plasmas in the core region, thus allowing us to
examine the detailed 1/ν electron transport in the helical-axis heliotron. The edge and divertor
plasma properties are being clarified in relation to the drift-orbit characteristics as well as the
field line structure in the SOL.
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Recently, toroidal asymmetries in the plasma edge emissivity of the TJ-II stellarator [1]
have been observed. This effect occurs in different magnetic configurations and working
with or without poloidal limiters. In the experiments reported here, plasmas were produced
with 300 kW of ECR, f = 53.2 GHz in perpendicular injection. The edge emissivity was
monitored with Hα detectors and bolometers.
It has been found that, depending on the value of the electron density at the axis, the Hα
emissions in the vicinity of the microwave injection port may show the opposite time
evolution than the signals detected by bolometers and Hα detectors 45 degrees away from
there. In particular, for a slight decrease of the electron density and constant input power, a
strong increase of the Hα signal near the injection port together with a reduction of signals
from equivalent detectors, located at different positions around the torus, are seen. At the
same time, the electron temperature profile peaks, the soft x ray emissivity drastically
drops, mainly from the plasma center, and a flux of x rays, with energies ranging from 20
to100 keV is detected far from the gyrotron port.
This kind of transition is interpreted in terms of a local enhancement of the wall desorption
produced by a sudden increase of the trapped particles losses as the input power density
increases. This fact must be taken into account to perform power balances: not only the
radiation losses term can be wrongly evaluated, depending on the toroidal position, but also
the absorbed power should be somehow substituted by an effective absorbed power in the
power balance equation.
In this report we present examples of the mentioned transition in helium and hydrogen
plasmas. The influence of the electron density profile and the possible role of singular
surfaces within the confinement region are discussed.

[1] C. Alejaldre et al., Plasma Phys. Control. Fusion 41 , A539 (1999).

Topic 2, Poster  YES
E-mail address: ma.ochando@ciemat.es



13th INTERNATIONAL STELLARATOR WORKSHOP

Sawtooth-like Activities in the Large Helical Device

S. Ohdachi, S. Yamamoto*, K. Toi, S. Sakakibara, K.Y. Watanabe, H. Yamada
and LHD Experimental Group

National Institute for Fusion Science, Toki 509-5292, Japan
*Dep. of Energy Eng. and Science, Nagoya University, Nagoya 464-8603, Japan

Abstract

     Sawtooth-like internal relaxation phenomena have been found in the Large Helical
Device (LHD). In LHD, fairy high density plasmas ( line averaged electron density ne > 1020

m-3 ) are produced by sequentially-injected hydrogen ice pellets[1]. The density profile becomes
hollow at first, because the deposition is localized in the edge region under our experimental
conditions, then, it becomes peaked gradually after the last pellet. Sawtooth-like events are
observed by Soft X-ray (SX) detector arrays in this transient period where the electron density is
being decreased and peaked and the stored energy is being rapidly increased. It is similar to the
sawteeth in tokamaks: sudden decreases of signals of center viewing SX channels together with
the increase in the edge viewing channels and the Halpha signals. One event takes several
milliseconds and it repeats 4-6 times until the saturation of the stored energy with an interval of
several tens of milliseconds. Unlike tokamak sawtooth, this events do not take place around the q
= 1 surface. The inversion radius suggests that they are localized on the rational surface of 1/q =
1 / 2  and/or 1/q = 2 / 3 surface. It is consistent with the mode analysis of magnetic fluctuations,
whose bursting begins 1 ~ 2 ms before the events and lasts for about 10 ms.

     Since pressure gradient at the 1 / q = 1 / 2 rational surface is larger than maximum
values in the normal discharges where the hydrogen gas puffing is used for fueling, the pressure
driven instabilities, e.g. the interchange mode, are the candidates for this events. However, we
also observed coherent magnetic fluctuations　which are saturated rapidly under similar gradient
at the rational surface. The conditions whether magnetic fluctuations saturate or lead to
sawtooth-like events will also be investigated.

[1] S. Sakamoto, H.Yamada, K. Tanaka, K.Narihara , el. al., Nucl. Fusion, 41 (2001) 381
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Abstract

Sawtooth-like events are found in pellet-induced high-density plasma in LHD. This events
occur with certain level of pressure gradient, dβ/dρ ∼ 1.5−2.0 %/m at ρ ∼ 1/2. They affect the
electron temperature profile in the core region but their effects on plasma performance is small.

1 Introduction

In Large Helical Device (LHD), experiments with different magnetic axis position Rax have
been made. The highest stored energy and the highest volume averaged beta are achieved with
inward-shifted configuration, Rax = 3.6m. The inward shifted plasma is characterized by the
favorable orbit of the charged particles; it is close to the magnetic flux surfaces and we expect
a good confinement of particles with the high energy. It is, in contrast, not good for MHD
stability. Because the magnetic hill region is formed not only in the outer region but also in the
core region, pressure driven modes such as interchange modes are exited easily and stabilized
neither by the magnetic well nor the magnetic shear. We have observed MHD instabilities in
this configuration. However, serious deterioration of the confinement from instabilities has not
been found [1].

Several kinds of MHD instabilities that result in relaxation of plasma have been found in
LHD recently. Among them, sawtooth-like periodic events are the most prominent ones, which
are similar to the instabilities observed in smaller helical devices, e.g. Helton-E[2, 3, 4] and
fishbone-like burst modes in Compact Helical System[5]. Here we report the characteristics of
the instabilities and their effects on plasma confinements.

2 Experiments

LHD is a m = 2, ten field period Heliotron type device. The rotational transform profile is an
increasing function, typically from 0.4(center) to 1.3(edge). Instabilities are suppressed mainly
by the magnetic well in the core region and by the magnetic shear in the peripheral region. The
magnetic well region is almost lost in inward-shifted configuration.

Fairy high density plasmas ( line averaged electron density ne > 1020m−3 are produced by
sequentially-injected hydrogen ice pellets[6]. Sawtooth like oscillations are observed in this



type of discharges with the toroidal magnetic field from 1.3 T to 2.8 T. Typical time evolution
of the plasma parameters with pellet injections is shown in Fig. 1. The density profile is hollow
at first, because the deposition is localized in the edge region under our experimental conditions,
then, it decreases and becomes gradually peaked (Fig. 1 (D), (E)). Together with the peaking
of the electron temperature (Fig.1 (B)), the pressure profile becomes peaked after at 1.2 – 1.3
s (Shaded area in Fig. 1). Sawtooth-like events then starts; measurement by 40ch Soft X-ray
(SX) detector arrays[7] are shown in Fig. 1 (C). Unlike tokamak sawteeth, this events do not
take place around the rational surface of 1/ ι = q = 1. (q: safety factor). Comparison of the soft
X-ray radiation profile just before the events ant just after the events shows that the events are
localized around ρ = 0.5 where the rational surface there is ι ∼ 1/2.

Each event takes 2-4 milliseconds and it repeats several times to several tens times until
the stored energy decreases. Though magnetic fluctuations with m/n = 2/1 are continuously
observed after the pressure gradient becomes steep ( 1.2 s ), clear burst-like fluctuations syn-
chronized with the events are not usually observed. When pre-cursor like slow oscillations are
observed in a low magnetic field experiments, we observe the bursts of the magnetic fluctua-
tions with m/n ∼ 4/2. It is consistent with the observation ι = 1/2 rational surface plays an
important role. When a pre-cursor like oscillations appears in soft X-ray’s signal, the signals
from inboard and outboard (and up and down) are in phase (even poloidal mode). This fact
also supports that this events is related with MHD instabilities with m/n = 2 / 1. Pre-cursor like
oscillations continue after the events with smaller amplitudes and become bigger befor the next
events.

The change in the soft X-ray radiation, ∆Isx/Isx is not larger than 5%. The effects of heat flux
with these events on global plasma parameters, such as the stored energy, are small. However,
the profile is affected by this event significantly. Figure 2. shows the electron temperature
profile with and without sawtooth-like events. The heating condition is almost the same. With
sawtooth-like events electron temperature profile within ι = 1/2 is flat suggesting an enhanced
mechanism of the electron transport.

3 Discussion

Sawtooth events appear when the pressure profile is peaked than those in usual conditions
with gas puffing. Since pressured driven mode, e.g., interchange mode are the candidate for this
event, pressure gradient at the rational surface are studied. Pressure gradient at ι ∼ 1/2 surface
are shown in Fig. 3(a) with and without sawtooth-like events. It is clear that sawtooth like
events occur when the pressure gradient exceed certain value( dβ/dρ = 1.5 ∼ 2.0 %/m. And
the critical value decreases with the increasing the plasma current.

To study the effect of the current on the stabilities, the rotational transform profile is esti-
mated assuming that the current density profile is a parabolic one, i.e. i(ρ) = i0(1− ρ2). Though
the total plasma current is less than 20kA and the modification of the ι profile is very smallin
th is high density regime using the pellet injection scheme, change in the shear at the ι = 1/2 is
not negligible. Estimation of the square of the magnetic shear s(= q′/q) are shown in Fig3(b).
Considering the Mercier criterion, the change, s2 = 1.0 ∼ 1.2 f , is comparable to the term which
represent the driving force from pressure gradient. The effect of the plasma current on the criti-
cal value of the pressure gradient can be understood qualitatively. Further stability analysis for
low-n mode should be needed.

For summary, sawtooth-like events are found in LHD. In low-β inward shifted plasma where
the magnetic hill region expand toward the core. Sawtooth-like events occur with certain level of
pressure gradient suggesting the important role of the pressure driven mode on ι ∼ 1/2 rational
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Figure 1: Time evolutions of the plasma parameters with sawtooth-like events(A)-(C). The
stored energy wp, the line averaged electron density ne are shown in (A), the electron temper-
ature at ρ ∼ 0.0( closed circle ) and at ρ ∼ 0.75 (open triangles) are shown in (B). Estimated
pressure gradient dβ/dρ at the rational surface of ι ∼ 0.5 are also shown in (B). Time evolution
of soft x-ray radiation are shown in (C): shadow area in graph (C) indicates the sawtooth-like
activity. Profile of the electron temperature (open triangles) and estimation of the density profile
( closed circle ) are shown in D(1.2s) and E(1.95s).

surface. It affects the electron temperature profile in the core region, the effect to the total
confinement is not large.
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The LHD experiment started on April 1998 and since then rapid progress has been 
made. During the last three years, key hard ware systems have been upgraded (B≤  2.9T, 
NBI (= 5.2 MW), ICRH (= 2.7 MW),ECRH (= 1 MW). The carbon tiles have been 
installed as divertor plates. With these systems, we have achieved the plasma 
parameters: (i) maximum stored energy Wp

 dia = 1.03 MJ, (ii) the maximum average beta 
<β>dia ~ 3.0 % at B = 0.5 T,  (iii) high confinement discharge [τE = 0.3 s, Te(0) = 1.1 
keV at <ne> = 6.5×1019m-3 and Pabs = 2.0 MW].  

The energy confinement times in the LHD inward shifted discharges (Rax = 3.6m) are 
consistent with ISS95 scaling with an enhancement factor of ~1.5. This enhancement is 
attributed to formation of a mild pedestal or low thermal diffusivity in the edge region, 
which leads to very broad temperature profile. The enhancement factor was found to be 
fairly sensitive to variation in the magnetic axis (Rax). It is optimum at Rax ~ 3.6m. The 
inward shifted configuration (Rax ~ 3.6m) has the largest volume and the good particle 
orbit properties, but it is a configuration with magnetic hill geometry existing in the 
entire region, With this configuration, however, we achieved average beta of ~3 % at B 
= 0.5 T without any serious MHD fluctuations even though the linear MHD theory 
predicts that the localized interchange modes are unstable. This is the most significant 
finding in the LHD experiment so far, i.e., compatibility of good confinement and good 
MHD stability in the inward shifted configuration.  

In the collisionless (ν*<1.5) LHD plasmas with finite beta, the externally imposed 
island (n/m=1/1) as large as 10 % of the minor radius can be suppressed by the plasma 
effect. With the collisional plasma in the inward shifted configuration (particularly Rax 
=3.5 m), however, the island size is enhanced significantly. This can be avoided by 
making the vacuum island small enough. The CXRS measurement shows that the 
transition from ion to electron root appears, as is predicted by neoclassical transport 
theory. Pellet injection is effective in raising the operational density up to 1.5 ×1020m-3 
and is also helpful in achieving higher stored energy. With ICRH heating, a long pulse 
discharge (duration time of 120 sec) was achieved.  
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Abstract:
  Steady progress has been made in the first four years of LHD experiment. Several encouraging results
have emerged. The most significant finding is that MHD stability and good transport are compatible in
the inward shifted configuration. The observed energy confinement is consistent with ISS95 scaling with
an enhancement factor of 1.5. This enhancement is attributed to high edge temperature. We find that
plasma with average of 3 % beta is stable in this configuration even though the Mercier stability condition
is violated.

  The Large Helical Device (LHD) is a large heliotron type device with divertor, the largest super
conducting fusion device. The major goal of the LHD experiment is to demonstrate high
performance of helical plasmas in a reactor relevant plasma regime. In the first four years of
experiment, we have made good progress in achieving high quality plasmas. The plasma parameters
achieved so far are listed in Table I. Recently high central electron temperature of 10 keV has been
obtained by localizing ECRH power deposition (a total of 1.2 MW) within ρ = 0.2 .

  Global ene rgy confinement: The energy confinement times in the LHD inward
shifted configuration (Rax=3.6 m) are consistent the ISS95 scaling with an enhancement
factor of ~1.5 and are comparable to those in ELMy H-mode discharges (tokamaks). It
is a factor of 2 higher than those of smaller heliotron devices such as CHS, Heliotron E,
ATF. This enhancement is attributed to high edge temperature. The enhancement factor
over the ISS95 scaling is found to be sensitive to variation in the magnetic axis
(Rax)(Fig. 1). It is optimum at Rax = 3.55-3.6 m and decreases with increasing Rax. For
Rax = 3.9 m, it is as small as 0.6. Furthermore, deterioration of the confinement occurs
for Rax = 3.75 and 3.9 m when the plasma becomes collisionless (ν* < 1). This is
believed to be due to neoclassical transport. For inward shifted discharges with good
particle orbit properties and hence low neoclassical transport, the enhancement factor is
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independent of ν* and hence the anomalous transport dominates over the neoclassical
transport.
  High edge temperature: The temperature profiles in the LHD discharges are very
broad with high edge temperature. The edge temperature gradient at ρ = 0.9 is typically
3-4 times greater than that in the core (at ρ  = 0.5). The estimated total thermal
conductivity (ne_) there is fairly low, typically 1.0-4.0_1019 m-1s-1. A mild discontinuity
in ∇Te often appears around ρ = 0.85 (where ι/2π is unity) and it is probably caused by
some mechanisms involving island. When an error field (n/m=1/1) is minimized by
external perturbation coils, the profile becomes close to parabolic shape for a wide
range of the plasma parameters. The LHD density profile is generally very flat. High
density gradient exists in the ergodic region, just outside of the LCFS (ρ=1) where the
electron temperature is kept low by high electron parallel heat transport. This is not
surprising since cold ions are well confined in the open edge region where the
connection length is longer than 300 m. This is quite a contrast to the tokamak H-mode
discharges, which is characterized by very sharp density gradient just inside LCFS. The
broad temperature profile always appears whenever appreciable power reaches the
divertor plates. Considering these observations, the present LHD discharges are not H-
mode discharges. The edge temperature and density (at ρ  = 0.9), however, are
comparable to those of the comparable H-mode tokamaks, but the edge pressure
gradient is milder. The edge pressure gradient is not limited by the MHD instability as
in tokamaks.  For high β (2-3%) discharges, the normalized pressure gradient defined as

ρβ dd /  becomes as high as 0.07 at the middle of the steep gradient, which exceeds the
Mercier stability limit. High edge temperature gradient also lead to a transition from ion
root (negative radial electric field) to electron root (positive one) for the low density
discharges (n< 1x1019m-3). This transition, however, has not resulted in reduction of the
edge anomalous thermal diffusivity.
  ITB: Enhancement of the confinement is the major research ef forts in the LHD
program. AS discussed above, the temperature profile in the normal LHD discharge is
fairly stiff and close to parabolic. However, when the ECRH power is absorbed in the
central region (ρ < 0.2) of the counter-beam heated discharges, ITB appear, as shown in
Fig. 2. This ITB profile is obtained when the ECRH power exceed a threshold value.
This threshold increases with increasing density and decreasing NBI power. The
location of “ foot of ITB” i.e., discontinuity in ∇T is found to be around ι/2π = 0.5
surface. In the ITB region, the positive electric field is seen, indicating its role in
formation of ITB. On the other hand, the profile becomes triangle shape when ECRH
power is injected into co-beam heated discharge. It is under investigation why co- and
counter-beam injections, seemingly small difference in terms of plasma heating produce
two different profiles. Even though enhancement of the global energy confinement is
not observed because of core localization of the improvement, we believe that this is an
encouraging sign of the global confinement enhancement.
  MHD Stability: We achieved average <β> of ~ 3 % at B = 0.5 T. The <β> value was
limited by the available heating power. It is achieved in the inward shifted configuration
(Rax ~ 3.60 m), in which magnetic hill exists in the entire region. In these discharges,
the pressure profile is flat in the core and high-pressure gradient exists in the edge. The
observed pressure gradient (dβ/dr) exceeds the Mercier stability limit in nearly a half of
the plasma-confining region. At ρ = 0.9 (ι/2π = 1), it becomes Mercier unstable when
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<β> exceed 1.8 % and is even unstable to low n mode theoretically when <β> exceeds
2.1 %. On the other hand, at ρ = 0.5 (ι/2π = 0.5), the observed pressure profile is
unstable up to <β>= 2 %. But it becomes stable when <β> increases further (the second
stability). The observed magnetic fluctuations, which generally increase with <β> do
not lead to any serious MHD phenomenon which degrades the confinement time. It is
significant and very encouraging that the MHD stability is demonstrated in the inward
shifted configuration, which has good transport properties.
  Island Suppression: In the toroidal systems, formation of island is a major concern since it

degrades the confinement and sometime leads to a disruption. We find that finite beta collisionless

plasmas reduce the size of the externally imposed island significantly. In our experiment, the

vacuum island (island without plasma) is generated mainly by a perturbation field produced by a set

of external coils and partly by error field. The parameter space for the island suppression for a case

(Rax = 3.6 m, wex (vacuum island full width in terms of ρ) = 0.085, B = 2.8 T) is shown in Fig. 3. We

believe that temperature and density at the ι/2π =1 surface are important parameters for the island

suppression mechanism. The points (o) correspond to the cases with undetected island (which means

that w < 0.5 wex) and the points (•) correspond to those with a clear island with exww ∪ .

Suppression of the island occurs in the higher electron temperature and lower density region (region

II). Instead of electron temperature and density, it may be more appropriate to use the dimensionless

quantities β and ν∗ [=νε(2π/ι](R/ve
th)(Zeff/ε

3/2)] at ι/2π =1. The parameter space for suppression of the

island is ν∗<1.7 and β > 0.09 % (region II). For low β_ plasma (region I, IV), the island sizes are

found to be close to those of the vacuum island, as expected. Data obtained so far shows that the

collisionless (ν∗<1) and finite β  (> 0.1 %) plasma suppresses the island, hopefully leading to

stabilization of the most unstable mode (n/m=1/1), which is predicted to appear at high beta.  On the

other hand, a significant enlargement of the island (w ≥ 2wex) occurs when the plasma parameter is

located far right in the region III (i.e., collisional finite beta plasma). But this enlargement can be

avoided by making the vacuum island small.
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Physics and engineering design policies and its consequences of a quasi-axisymmetric
stellarator CHS-qa are presented.  We referred to the experimental observations in the low
aspect ratio (Ap = 5) helical device CHS for various physics aspects and tried to find the best
design of CHS-qa by improving good features of CHS and reducing unfavorable parts.  Lower
aspect ratio (Ap = 3.2) was strongly preferred to obtain larger plasma size with a given major
radius R=1.5 m.  The toroidal period number N = 2 was selected mainly for this reason.  Such
a low aspect ratio design illustrates a possibility of a compact stellarator reactor concept similar
to tokamak condition.

Configuration optimization was made basically for the quasi-axisymmetry (low ripples)
and MHD stabilities (Mercier and ballooning mode).  Because of reduced ripple levels (1.5 %
of toroidal field at a half radius) a two order improvement was obtained in the Monte Carlo
calculation of the diffusion coefficients for low collisionality regime.  MHD stability at 4%
average beta was obtained for a global ideal mode analysis.  Neoclassical bootstrap current is
calculated for a self-consistent equilibrium.   External kink mode is stable for high density
operations of 4% beta.  The stability of clear magnetic surfaces was confirmed up to 3.3% beta
in a free boundary HINT code calculation.

Favorable features of CHS-qa design for the confinement improvement study were
examined.  The neoclassical parallel viscosity was compared for CHS-qa and CHS.  Two
orders of reduction is obtained for CHS-qa which is expected to stimulate the spontaneous
plasma rotation connected to the transport barrier formation.  Low aspect ratio design profits
this aspect.  The maximum-J criteria is also examined in the relation with a drift reversal
concept against trapped particle instabilities.  The controllability of this feature is given by the
optional poloidal coils equipped in the CHS-qa engineering design.  The comparison of the
stellarator type transport barrier observed in CHS with a conventional tokamak type is also
planned by controlling the helical ripple level.
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Abstract: CHS-qa is designed as an advanced compact stellarator with the quasi-axisymmetry. Low
helical ripples and the good linear MHD stability are realized. Main objective of the experiment is to
study the confinement improvement physics. From this aspect, the controllability of the axisymmetry
and the maximum-J condition are investigated.

1. Introduction
A quasi-axisymmetric stellarator was designed in the National Institute for Fusion

Science as a candidate for the post-CHS experiment. Large part of the design policy of this
new device comes from the experimental results obtained in the CHS experiment. Basic pro-
cedure to design the configuration is the boundary shape optimization for the aimed physical
properties instead of the adjustment of the continuous coil winding law which had been used
in the design of CHS device. Four important confinement characteristics are successfully
included in the CHS-qa configuration design, (1) very small helical ripples which makes a
good neoclassical transport close to tokamak level, (2) good stability for the linear MHD
modes largely due to the magnetic well over all plasma radius, (3) low aspect ratio compara-
ble to tokamaks which is necessary condition for the compact fusion reactor concept, and (4)
small neoclassical viscosity for the plasma rotation which is favorable for the transport barrier
formation with the flow shear.

Even though the neoclassical transport is the fundamental element for the toroidal
plasma confinement, the issue of the anomalous transport becomes more important when we
aim at high plasma parameters (temperature, density and beta) in the experiment. We can
discuss several special characteristics of quasi-axisymmetric configuration as favorable fea-
tures for finding the improved confinement modes in the experiment. The equivalence in the
magnetic field structure of the quasi-axisymmetric configuration could bring the similar im-
proved modes of confinement which have been found in tokamak experiments. The achieve-
ment of the improved confinement and the study of its physical mechanism are the major
objectives of the CHS-qa experiment.

Since H-mode was found in 1982, many types of improved confinement have been
found in tokamaks. Also in stellarator experiments, number of improved modes were found so
far, some are similar to tokamak case and others are different. Because the quasi-axisymmet-
ric configuration has both characteristics of tokamak and stellarator, it can give a good cir-
cumstances for obtaining the comprehensive understanding of the confinement improvement
physics of the toroidal system.



Paper No. OV:7　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 2

2. Configuration and MHD stability
The number of toroidal periods is two and the average aspect ratio is 3.2. The vacuum

rotational transform is between 2/6 and 2/5 avoiding low order resonances. The quasi-axisym-
metry is evaluated with the Fourier components of the Boozer spectrum and the largest non-
axisymmetric component is 3% at the edge and 1.5% at the half radius in the amplitude
relative to the toroidal magnetic field. The variation of quasi-axisymmetry is negligible for
plasma beta change if the plasma position is fixed by the vertical field control.

In the configuration optimization process, we evaluate local ballooning stability to
determine the direction to which the plasma boundary shape should be modified for getting
better stability. Although we know, in three dimensional configuration, that the local balloon-
ing criterion and the result of global mode analysis for the ideal MHD stability give different
beta limit, we believe that the dependence of stability on the configuration of the plasma
should be approximately the same. It should be noted that the ballooning stability has never
been experimentally studied yet in helical systems. We obtained so far in the ideal MHD sta-
bility analysis with Terpsichore code that the beta limit is about 4% with bootstrap current.
The mode analysis includes kink, vertical and ballooning modes. We didn't owe to the wall
stabilization effects because we set the position of the conducting wall in the code sufficiently
far from the plasma boundary.

2. Neoclassical transport
The improvement of the neoclassical

transport is confirmed by calculating the transport
coefficients using the Monte Carlo calculation of
particle orbits with collisions in comparison with
conventional stellarators. Figure 1 shows the
transport coefficients calculated by DCOM code
for CHS, LHD and CHS-qa. The diffusion co-
efficients are calculated for 1 keV electrons using
the magnetic field strength and the machine size
of individual device. Coefficients are normalized
to the theoretical plateau values of circular toka-
maks equivalent to each device. The plots for
"CHS Rax = 92.1 cm" and "LHD Rax = 3.75 m"
are the transport coefficients for the standard
configurations of heliotron/torsatron type devices.
The increase of transport coefficients for the low
collisionality regime is a typical feature of con-
ventional stellarators with helical ripples. These
transport coefficients can be reduced for the configuration with inward shifted magnetic axis
shown by the data "CHS Rax = 87.7 cm". The LHD configuration with Rax = 3.6 m has
similar characteristics.  Although the transport level is significantly reduced, the transport
coefficient is still increasing in the low collisionality regime. On the other hand, the transport
coefficient for CHS-qa decreases in the low collisionality regime which is similar dependence
to tokamak.  The small increase of the coefficients for very low collisionality regime is
caused by the residual ripples. Figure 1 shows also the coefficient for CHS-qa with bootstrap
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current which shows a small improvement of the neoclassical transport.

3. Controllability of axisymmetry
We found already the neoclassical ITB in CHS [1], which is caused by the radial struc-

ture of the neoclassical non-ambipolar currents. If the residual ripples of CHS-qa remains to
be important in determining the force balance of the plasma rotation, the similar kind of ITB
would be observed in CHS-qa. On the other hand, there is possibility of finding different
types of ITB which have been observed in tokamak experiments, if the axisymmetry of CHS-
qa is good enough to reduce the non-ambipolar current below the ineffective level for the
dynamics of the plasma rotation. Because the structure of plasma rotation shear, namely the
profile of the radial electric field, is determined by the force balance of the plasma rotation
driving term and the damping mechanism, we can compare the neoclassical non-ambipolar
current caused by the helical ripples with other equivalent radial currents corresponding to the
various driving force and the rotation damping mechanism, such as the external momentum
input, the neoclassical viscosity, charge exchange ion energy loss, etc. Although our under-
standing of these physics are not sufficient to give a clear quantitative prediction, if we take
typical quantities from the existing tokamak and helical experiments, the residual helical
ripples of CHS-qa is just at the intermediate level. Therefore it is necessary to have the
controllability of the axisymmetry in order to obtain the clear understanding of the ITB
formation mechanism for axisymmetric and non-axisymmetric toroidal confinement.

It is planned in CHS-qa to add the mirror
ripple as a controlling knob of the axisymmetry.
The magnetic coil design of CHS-qa has 20
modular coils. Because the number of toroidal
periods is two and owing to the stellarator sym-
metry, they are divided into four identical
groups of 5 modular coils. The mirror ripple can
be created by reducing the currents in two of
five coils. In order to estimate the non-axisym-
metry produced by the mirror ripple, we take a
modelling by M. S. Smirnova for the averaged
helical ripple in the multi-helicity configuration
[2]. Figure 2 shows the dependence of the aver-
aged helical ripple at the normalized radius (r/a)
= 0.5 on the ratio of the currents in two groups
of modular coils. It is possible to increase the
ripple 10 times larger by changing the current
ratio of modular coils. We expect this level of
ripples will make CHS-qa configuration com-
pletely non-axisymmetric from the aspect of the
rotation force balance dynamics.

Such mirror ripples enhance also the neoclassical viscosity for the toroidal plasma
rotation. Figure 2 shows also the averaged variation of the magnetic field strength γ for
poloidal and toroidal flow directions. The neoclassical viscosity is roughly proportional to γ 2.
For the toroidal direction, the neoclassical viscosity can be increased by about two orders of
magnitude with mirror ripple control. We hope this controllability is also useful in studying

Fig. 2  Dependence of averaged helical
ripple on the ratio of current in two groups
of modular coils. Averaged variation of
magnetic field in poloidal and toroidal di-
rection are also shown.
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the ITB formation physics.

4. Maximum-J criterion
In the relation with the anomalous transport, the drift reversal condition for the trapped

particle instability has been discussed in tokamak research and other axisymmetric toroidal
confinement. Many theoretical analyses tell that, when the toroidal direction of the preces-
sional motion of the trapped particles is opposite to the direction of diamagnetic drift, the
trapped particle instability is stabilized. The drift reversal condition has been examined for
CHS-qa with a scope of controllability of the condition in the experimental flexibility [3]. The
favorable condition to give the drift reversal can be written by dJ/dr < 0, where J denotes the
second adiabatic invariant. If we can find a radius at which the J value takes the maximum
value, the area outside of that radius is supposed to be the stable region for the trapped par-
ticle instability. This condition generally holds for the magnetic well region if the rotational
transform is increasing towards the plasma edge (stellarator shear). One example is the
reversed shear operation of tokamaks. Although helical systems have normally stellarator
shear, this condition is not usually held in the conventional heliotron/torsatron type stel-
larators because of the magnetic hill condition.

Figure 3 shows an example of the controllability of the maximum-J condition for the
CHS-qa configuration with zero beta. The contour plot of J is shown as a function of minor
radius and the toroidal angle. The calculation of J is made by following the particle orbits
starting from the outboard side of the torus with different toroidal angles. ζN = 0 corresponds
to the vertically elongated cross section and ζN = 0.5 to the horizontally elongated cross
section. Fig. 3(a) shows a standard configuration without additional vertical field. There is a
maximum point of J near the plasma edge at the normalized radius (r/a) = 0.8. Boundary area
outside of that radius satisfies the maximum-J condition. For the experimental study of the
effect of this condition on the confinement, it is important to have the controllability of this
condition. With an additional vertical field, such an area can be expanded and the gradient of J
is increased for the outward shifted configuration shown in Fig. 3(b). It is also possible to
reduce the area by shifting in the plasma position.

References
[1] A. Fujisawa et al, Phys. Rev. Lett. 82, 2669 (1999).
[2] M. S. Smirnova: Phys. Plasmas 8, 885 (2001).
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Fig. 3  Contour plot of adiabatic invariant J for (a) standard configuration and (b) outward
shifted configuraiton.  Shaded area satisfies maximum-J criterion.
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Abstract  
 
In order to achieve the scientific goals of the NCSX mission, the NCSX device must be capable of supporting a 
wide range of variations in plasma configuration about a reference baseline equilibrium. We will demonstrate the 
flexibility of NCSX coils to support such configuration variations, and demonstrate the robustness of performance 
of NCSX plasmas about reference design values of the plasma current (Ip), beta (β), and profile shapes. The 
robustness and flexibility calculations make use of free-boundary plasma equilibrium reconstructions using a 
combination of non-axisymmetric modular coils, and axisymmetric toroidal and poloidal field coils. The primary 
computational tool for the studies is STELLOPT, a free-boundary optimization code which varies coil currents to 
target configurations with specific physics properties, such as good quasi-axisymmetry (QA) and stability to kink 
and ballooning modes. Among various numerical experiments that will be reported are (1) An investigation of 
plasma performance as β and Ip are varied with fixed profile shape – stable configurations with low effective 
helical ripple, εh, are found over a wide region of the Ip – β plane, with a stable path from a vacuum state to a full 
current high–β configuration with β > 6.5%; (2) An examination of plasma performance when plasma profiles are 
varied about reference forms at fixed Ip and β – a wide range of configurations is found whose β-limits exceed 
3.0% and which have good QA, including configurations with finite current at the plasma edge; (3) An 
examination of the ability to control the external transform, ι(s), by varying coil currents while constraining the 
toroidal field and plasma current to be constant – substantial changes in ι(s) can be achieved, demonstrating an 
important control knob for transport and stability experiments on NCSX; (4) A demonstration of the ability to 
control the degree of QA-ness while maintaining plasma stability – providing a means to systematically explore 
the role of QA in improving the transport properties of stellarator plasmas; 5) A demonstration of the use of 
STELLOPT in defining experiments which elucidate the role of  3-D shape (stabilization in setting the β-limits 
separately for kink and ballooning modes. 
 
 
 

 
Introduction 
 
To achieve the scientific goals of the NCSX mission, the NCSX device must be 
capable of supporting a wide range of variations in plasma configuration about the 
reference baseline equilibrium. We demonstrate the flexibility of NCSX coils to 
support such configuration variations and demonstrate the robustness of performance 
of NCSX plasmas for substantial variations about reference design values of the 
plasma current, β, and profile shapes. 
 
 
The robustness and flexibility calculations make use of free-boundary equilibrium 
reconstructions of NCSX plasmas. Most of the calculations reported here use a 21-
modular coil design named M1017 which contain 7 coils per field period including a 
coil on the v=0 symmetry plane (the bean-shaped cross section). The 21 modular coils 
are grouped into four circuits, one circuit for each distinct coil shape. Like-shaped 
coils are connected in series and circuit currents are controlled independently. Figure 
1 shows a rendition of the coils. A supplementary toroidal field coil set provides a 
weak (± 0.3 T at R = 1.4 m) 1/R field that can be in either direction relative to the 
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modular coils. It provides the capability to vary the external rotational transform at 
fixed toroidal field. A poloidal field coil  system provides inductive current drive and 
low-order axisymmetric multipole fields for additional shape flexibility. Several 
design variants have been obtained subsequent to M1017, including an attractive 18-
modular coil (3 independent coil shapes)/5-poloidal field coil design. We have 
verified that this 18 coil design has comparable flexibility to that of M1017. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The primary computational tool for the flexibility studies is STELLOPT, a VMEC-
based free-boundary optimizer which varies coil currents to target configurations with 
specific physics properties, such as stability to kink and ballooning modes and good 
quasi-axisymmetry(QA). Essential code modules within STELLOPT include an 
equilibrium solver (VMEC1), stability analysis codes (TERPSICHORE2 for kink 
modes, COBRA3 for ballooning modes), and a QA analyser (NEO4 which evaluates 
QA-ness by calculating the effective helical ripple, εh).  
 
Plasma Performance as ββββ and Ip are varied    
 
First, we verify that coil currents can be found which produce stable plasmas with 
good QA as Ip and β are varied from their reference values. It is important, for 
example, to demonstrate that there are stable paths which connect low-β states (e.g., 
the vacuum “s1” state with Ip = 0 kA, β = 0%) to high-β states (e.g., the reference full 
current “s3” state with Ip = 174 kA, β = 4.2%). For these calculations, bootstrap-
consistent reference profiles of pressure and current (see curves labelled α = 0.0 and γ 
= 0.0 in Figures 2a and 3) were used, and the free-boundary optimizer was asked to 
seek stable configurations with low εh over a matrix of Ip, β values. Table 1 shows that 
14 of 18 optimized configurations obtained with different Ip, β values were stable with 
respect to kink and ballooning modes. The remaining 4 configurations were stable to 
ballooning modes and had small kink eigenvalues. Our experience shows that re-
optimization with adjusted weights will probably stabilize these cases. Each 
configuration is, by construction, marginally stable at the given Ip, β (since the 
optimizer was run in a mode which provides a cost function penalty for instability but 
no reward for stability margin), showing that configurations with low β-limits are 
easily dialled. In almost all cases, good QA-ness was obtained, measured by effective 
ripple amplitudes εh < 1.5% at the magnetic surface with normalized toroidal flux 

Figure 1: M1017 modular coils used for flexibility studies. Independent coil types are labelled 
1 – 4 (primed numbers are stellarator-symmetric coils) 
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value s=0.5. A stable configuration with β = 5.0% was found with Ip = 174kA and BT 
= 1.7T.  The modular coil current variation was < ± 15% over the Ip – β plane. The 
auxiliary TF field variation was less than ± 0.10 T. 
 
 
 

β[%]  
 
Ip[kA]  

0.0 1.0 2.0 3.0 4.0 5.0 

43.5    εh  = 2.11%   εh  = 1.30%  εh  =1.30%  εh = 0.86%  
 

87  εh = 1.56%   εh  = 1.60%  εh  =1.28%  εh = 0.86%  

130.5  εh = 0.77%   λK
0 =  -6.0e-5 

λK
1 =  -2.7e-5 

εh  = 0.84%  

λK
0 =  -8.8e-6 

λK
1 =  -2.2e-5 

εh  =1.14% 

εh = 0.67%  

174 εh  = 0.79%  λK
0 =  -1.9e-5 

λK
1 =  -2.0e-5 

εh = 0.81%   

λK
0 =  -2.3e-5 

λK
1 =  -2.3e-5 

εh  =1.43%   

εh  = 0.79%  εh  =1.29%  εh =1.66%  

 
 

Table 1: Ip - β scan results (BT = 1.7 T) 
• Blue boxes => Kink and Ballooning modes are stable at this Ip,β. 
• Red boxes => Kink is unstable with small λK, but ballooning modes are stable.  
NOTE: Config with Ip = 174 kA, β = 5.0% is stable!  (Stable plasmas with β up to 
6.5% have been found for a related coilset). 

 
Plasma Performance as profiles are varied 
 
We now examine plasma performance (β-limits, QA measure εh) when plasma 
profiles are varied about reference forms at fixed Ip, BT. Here we wish to verify that 
the reference design configuration is not sitting atop a pinhead optimum so that as the 
profiles are varied the performance drops precipitously. A 1-parameter sequence of 
J.B profiles, labelled by parameter α, describing the effect of varying the current in 
the core of the plasma is shown in Fig. 2a. As α is increased from 0 → 1, the J.B 
profile varies from the reference (hollow) bootstrap profile to a peaked current profile 
with a toroidal flux dependence of 1-s2. Using the reference p(s) and Ip = 174 kA, BT 
= 1.7 T, STELLOPT finds stable configurations with β ≥ 3.0% for 0 ≤ α ≤ 0.5, with  
εh ≤ 1.3% at s=0.5.  
 
A second sequence of current profiles is displayed in Fig. 2b. Here, we vary the 
current in the edge region of the plasma by adding a term δ s8 to the reference J.B(s) 
with different values of δ.  Using the reference p(s) and Ip = 174 kA, BT = 1.7 T we 
know there are coil currents for which a configuration with β = 5.0% is stable (see 
Table 1). Remarkably, keeping β = 5.0% and the coil currents fixed as δ is increased, 
stability is maintained as J.Bedge/J.Bmax is raised to 50%! One of the fundamental 
issues confronting Advanced Tokamak physics is how to deal with the tendency for 
tokamak β-limits to degrade as current builds in the edge region (e.g., as bootstrap 
current develops due to an edge temperature pedestal). This stability of stellarators to 
edge currents is in contrast with tokamak behavior (as pointed out by M.I. Mikhailov 
and V.D. Shafranov5) and leads to the intriguing possibility that H-mode profiles may 
be beneficial to NCSX. 
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Figure 2: 1-parameter profile variations of current: 
(a) α controls J.B variation in core region (α = 0.0 corresponds to reference J.B profile) 
(b) δ controls J.B variation in edge region (δ = 0.0 is reference profile). 
 
Finally, a 1-parameter sequence of pressure profiles is shown in Fig. 3. The profiles 
are parameterized by γ ∈ (0,1) with increasing γ corresponding to increasing 
peakedness of the pressure profile. Using STELLOPT, we find the stable range of 
profiles is 0 ≤ γ ≤ 0.8 (with γ = 1.0 stable at β = 2.5%). Low εh values are obtained in 
almost all cases, with maximum coil current variations ~ 50 kA.          
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: 1-parameter profile variations of pressure: γ controls peakedness of pressure 
profile (γ = 0.0 is reference profile). 
 
 
Flexibility to Control External Transform 
 
We now demonstrate the important capability of NCSX coils to effect substantial 
changes in the external field contribution to ι(s). This will be an important control 
knob in the experiment, allowing tests of the importance of avoiding low-order 
rational surfaces in the plasma region and will provide a significant means for 
controlling discharge evolution. The iota flexibility experiments shown here assume 
fixed BT and Ip, and induce ∆ι by causing appropriate changes in plasma shape . 
(Increasing/decreasing ι(s) by changing BT and Ip is trivial). We seek to determine the 
maximum change in ιext. that can be induced by the coils without regard for the actual 
plasma performance produced by the variations. Of course in the actual experiment 
the iota flexibility will be exploited in specific ways, most of which will require stable 
plasmas to be generated (unless stability boundaries are being explored). 

(a) (b) 
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Figure 4 shows results from a series of numerical experiments where STELLOPT was 
used to program changes in iota while keeping the shear essentially constant. As a 
baseline plasma we choose an “s2” state with Ip = 174 kA, β = 0.0%. Axis and edge 
iota values are ι(0) = 0.44, ι(1) = 0.65. The figure shows plasma boundaries and 
calculated iota profiles for cases where ι(0) and ι(1) were programmed to change by 
±0.1 and ±0.2 from the baseline s2 values. As expected, a substantial change in 
boundary shape is required to induce the large changes in ∆ι (up to 50% of ιref(0) and 
30% of ιref(1)). For ∆ι = +0.2 coil currents vary by ~120 – 150 kA-t and the maximum 
supplied BT

Aux ≈ -0.1 T. 
 
Figure 5 shows results from a similar calculation where global shear is programmed 
to change by constraining ι(0) to remain fixed at the reference s2 value ι(0) = 0.44, 
while asking for the edge value to increase/decrease from the reference ι(1) = 0.65 by  
 ±0.1 and ±0.2. For this sequence we find maximum coil current variations of ≈ 80kA-
t, with ∆BT

Aux ≈ +0.4 T for ∆ι = −0.2. 
 
Clearly the NCSX coilset has a substantial capability to scale the iota profile or 
change the shear, a capability that will be exploited in transport and stability 
experiments. We have found similar flexibility to change the ι(s) profile for s1 states 
with Ip = 0 kA, a flexibility that can be used to control ι(s) in high-iota startup 
scenarios. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ιιιιref 

Figure 4: Plasma boundaries and iota 
profiles for iota-flexibility studies where 
coil currents are asked to change in such a 
way as to induce specified changes in ι(s). 
Here ι(s) is raised/lowered while preserving 
the shear. 

1st wall 
boundary
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Flexibility to vary QA-ness 
 
The ability to generate configurations with good QA is an essential requirement for 
NCSX. For a systematic exploration of the role of QA in improving the transport 
properties of stellarator plasmas it is necessary to have the ability to control the degree 
of QA-ness while maintaining plasma stability.  
 
Figure 6 shows a plot of helical ripple amplitude, εh, as a function of normalized 
toroidal flux, s, for three NCSX configurations with Ip = 43.5 kA, β = 3.0%. Among 
the configurations, εh varies by a factor of 9 at s = 0.25 (r/a ≈0.5), and by a factor of 4 
at s = 0.5. Each configuration is stable to kink and ballooning modes. Also shown is 
the variation in each of the stellarator coil current. At the time of these calculations 
the operating version of STELLOPT did not target a specific value of εh. Instead,  εh 
was minimized. In order to obtain the highest εh case, we used intuition gained 
through many optimization runs and artificially pinned the coil current of modular 
coil # 4 at –281 kA-t. STELLOPT was allowed to vary the three other modular coil 
currents. In spite of this restriction, the kink and ballooning modes were able to be 
stabilized. 
 

Figure 5: Plasma boundaries and iota 
profiles when the shear is programmed to 
increase/decrease at fixed ι(0).  
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Figure 6:  
(a) Effective helical ripple, εh(s), for three different configurations. 
(b) Currents in each of the four modular coils for the three configurations with                 
different degrees of quasi-axisymmetry. 
 
 
Flexibility to Explore 3D Shape Stabilization 
 
The final set of flexibility experiments we describe illustrate the type of experiment 
that can be run on NCSX aimed at understanding the physics that determines stability 
boundaries and the role of 3D shape stabilization. First, we re-state that each stable 
free-boundary configuration in the Ip – β scan (Table 1) lies at a point of marginal 
stability with respect to kink and ballooning mode stability for the given profiles. Two 
such configurations are: 
 
C1) Ip = 43.5 kA, β = 1.0%, ι(0) = 0.44, ι(1) = 0.50 and 
C2) Ip = 43.5 kA, β = 3.0%, ι(0) = 0.40, ι(1) = 0.44. 
 
Overlays of the plasma boundaries for configurations C1 and C2, and of the 
corresponding iota profiles is shown in Fig. 7. Beta limits are βlim = 1.0% for C1, and 
βlim = 3.0% for C2. Marginal stability is verified by raising β at fixed plasma 
boundary shape and noting the appearance of an unstable mode.  
 
The ι(s) profile for C1 is ι(1) = 0.50. The question naturally arises whether the 
reduced β-limit of this configuration, relative to C2, is due to the de-stabilizing 
influence of the ι(1) = ½ rational surface. The previously demonstrated capability  of 
the NCSX coilset to change the iota profile can be used to test such a question. 
STELLOPT was re-run for the case Ip = 43.5 kA, β = 1.0% with the additional 
constraint that the plasma shape be consistent with coil currents such that ι(1) = 0.44, 
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C1 - has ιι ιι(1) ≈≈≈≈ 0.5  

the same edge value as C2. A successful solution, C1-mod, was found and is shown in 
Fig. 8. Stabilization of C1-mod relative to C2 is clearly due to 3D shaping. 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 7: Overlay of plasma boundaries and iota profiles for the cases  Ip = 43.5 kA, β = 
1.0%  and Ip = 43.5 kA, β = 3.0% used to illustrate MHD stabilization by 3D shaping. 
 
 

 
Figure 8: Overlay of plasma boundaries and iota profiles for the ι(1) = 0.44 constrained Ip = 
43.5 kA, β = 1.0% configuration and the Ip = 43.5 kA, β = 3.0% configuration. With 
ambiguity of ι(s) = ½ surface removed, stabilization is seen to be due to 3D shaping.    
 

C1 (black) 
ββββlim = 1.0% 
 
C2 (red)  
ββββlim = 1.0% 

C2 

C1-mod 

C2 
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Conclusions 
 
The performance (β-limits, QA-ness measure εh) of NCSX plasmas is robust with 
respect to substantial variations of Ip and profile shapes about reference design 
values. The NCSX coil system has considerable flexibility to support the wide variety 
of experiments required by the NCSX mission.  
 
A more complete description of flexibility and robustness calculations for NCSX can 
be found in Chapter 9 of the “NCSX Physics Validation Review”, which can be 
accessed at http://www.pppl.gov/ncsx/pvr/pvr.html 
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Abstract

Magnetic probes have been used for Fourier analysis of instabilities in the H-1NF Heliac. Initial scans in magnetic field showed
small but clear coherent modes in Hydrogen/Helium plasmas at and about 0.5 Tesla. Analysis is currently underway on results
from parameter scans to determine their true nature.

Recent research has focused on configuration scans through n.h (ratio of helical to main poloida! currents), where a greater range
of rotational transforms t are available. Initial work on wire grid tomographic magnetic surface reconstruction is also presented.

1 Introduction

1.1 H-1NF: The Australian Heliac
The H-l National Facility (H-1NF) is a three field period helical axis stellarator with major radius R = 1.0m and average minor
radius a =s 0.2m. In a fixed configuration, the coil sets (toroidal field, poloidal field, helical, inner vertical and outer vertical)
are connected in series to ensure invariance of the magnetic geometry with field strength. For variable configurations, either
the helical or outer vertical coils are controlled by a synchronised secondary power supply. The ratio of secondary to primary
currents is denoted by K^ (helical) or KV (vertical).

Plasma conditions for the present data are B ~ 0.5T with Hydrogen/Helium gas with mixing ratio ~ 3:2. Heating is via
40-50kW 7MHz ion-cyclotron resonance.

1.2 Magnetic probes in the H-1NF

Several sets of magnetic coils have been used in H-1NF. Currently there are two sets of coils installed, a set of 5 above the plasma
at toroidal angle </> = 35.2° and a set of two beneath the plasma at (j> = 347°. The results of section 2.3 were obtained using a probe
temporarily installed at <j> = 7.23°. This probe has 2 degrees of freedom, radial translation and rotation about the probe axis, and
has coils orientated radially and tangential to the flux surface.

$:'\'«?:* " ' ••".*., . v. i. :Z\ ,

(a) <t> = 35.2° (b) <f> = 7.23°

Figure 1: Probe locations, standard configuration (KV = 1, Kh, = 0)

(c) <j> = 347°

1.3 Configurations of the H-l Heliac
Parameter scans in KJ, and «„ have been conducted on H-1NF. A major advantage of having such a configurable system is the
wide range of rotational transform (t,) values accessible.

The mapping of «-parameters to rotational transform was computed using the HELIAC code.1'2 For the K/, scan KV = 1, and
Kh = 0 for the KV scan.



Rotational transform for different helical configurations. Rotaiiona! transform for different vertical configura

1,24 1.26 1.28

(a) scan

1.24

1.22
'77|

1.22 1.24 1.2?

Figure 2: Variation of i profiles with configuration

1.3 1.33 1.34 1.36 1.38

R(m)

(b) KV scan

2 Results of configuration scans

2.1 Density and magnetic fluctuations

The effects on the plasma of the K^ scan, and especially of the rational values of u (magnetic islands), are clearly evident in the
electron density (line-average) profiles. Shown below is the electron density at 50ms during 60ms pulses at 0.5 Tesla. Attempts
were made to replicate the exact same conditions for separate scans, which are distinguished by different markers on the plot.

Electron density (at t=50 ms) vs. Kappa helical

0.5 0.6 0.7

Kappa helical

Figure 3: Configurational dependence of electron density

Finite-pressure effects on t, profiles (Figure 2) are assumed to be negligible. However the HELIAC code alone cannot accu-
rately predict the position of the plasma boundary, and therefore cannot determine the rotational transform at the plasma edge,
t-a-

An accurate mapping of Kh to ia will require further investigation into field line tracing (see section 5). The major dips in the
density / Kh profile appear consistent with low order rational values of to (rotational transform at the axis, as plotted in Figure 3).

The following frequency spectra are typical of the K^ scan. The spectra change only marginally with K^ and are only weakly
coupled to the density profile in the region ia > 4/3. The spectra are more erratic in the region 5/4 < ua < 4/3, where an
anomalous process at ~ 40ms determines the profile giving a wider range of density for a given configuration. Sharp mode
transitions are common for ia < 5/4, sometimes to fluctuations with many harmonics. The fluctuations shown here (1-125 kHz)
have magnetic components, B, of order 100 milligauss.

(a) Kh = 0.170 (b) Kh = 0.320 (c) Kh = 0.585 (d) Kh = 0.890



Figure 4: Frequency spectra for different configurations

2.2 Mass dependence of fluctuations

The observed frequencies of the fluctuations are in the MHD regime, and so there are several candidate instabilities to consider.
Many 0.5 Tesla pulses showed fluctuations which scale quite well with p~ *, which is consistent with the Alfven wave:

J = klVl, VA = (S2//M1/2.

However, the calculations of the toroidal wavelength give A| | ~ 200m, much greater than the scale of the machine.

2.3 Radial scans

Radial and «„ parameters have been simultaneously scanned using the <p = 7.23° probe. A glass tube was used to avoid inducing
radial currents through the conductive probe, and to maintain vacuum. The level of plasma disturbance due to the insertion of
the probe is roughly quantified by the density measurements (Fig 5a). Low disturbance levels for Rprobe ^ 1280mm were also
observed in 2D density profiles and in the RMS signal from the magnetic probe fixed at <j> = 35.2° (Fig 5b).

Electron density far different vertical conjurations during a magnate probe radial s( Fixed magnetic probe signal amplitudes for deferent vertical conftgurafions.

1200 1220 1240 1260 12E 1300 1320 1340 1360 1200 1220 1240 12f 1300 1320 1340 13f

(a) Electron density (b) Fluctuations at (0 = 35.7)

Figure 5: Plasma disturbance during radial magnetic probe scan.

Figure 6 show the RMS probe signals for the radial and tangential coils. The peak shifts in the radial measurements are
mostly consistent with the location of the t = 7/6 rational surface as it shifts with configuration, suggesting a relationship with
a magnetic island. Another possibility is that the fluctuations are due to the probe and the shifting of the peaks is due to the
movement of the plasma column with configuration. This can be clarified with a similar scan proposed in «/,, which spans a
wider range of i with less shift in the plasma position. The tangential probe signals do not have sufficient spatial resolution to
observe the peak shifts.

Radiai magnetic probe signal amplitudes for different vertical configurations. Tangential magnetic probe signai ampiiludas for different vertical configurations.

1200 1220 1240 1260 1280 1300 1320 1340 1360

(a) Radial magnetic probe

1200 1220 1240 1260 1280 1300 1320
R(mm)

1340 1360

(b) Poloidal magnetic probe

Figure 6: Fluctuation strength vs. radial position

3 Coherence and mode numbers

Phase differences a^- between probe signals were calculated using:3

Q-M = tan~1l|f>



subject to sufficient coherence between the signals, where 7^ is the frequency resolved coherence function, Gy = FiF* is the cross
power spectrum and Fj(a>) is the frequency spectrum of the probe signal fi(t). The angle brackets represent an average over a
suitable number of spectra.

An example is shown in Figure 7 (the same pulse as Figure 4(d)). The probes at <j> = 347° have Aphase~ 100°, giving poloidal
mode number m ~ 3. Due to calibration problems the toroidal phase difference, and therefore the toroidal mode number n,
cannot yet be resolved.

1.05 11 1.15 1.2 1.25 13 1.35

R(m)

(a) Phase between probes

4 Magnetic surfaces

(b) Kh = 0.890, </> = 347°

Figure 7: Phase between probes at <f> = 347°

H-1NF is equipped with a wire grid tomography diagnostic4 for vacuum field line tracing. Configuration scans using the wire
grid to determine the accuracy of computational results are planned. Especially, this will give accurate measurements of the edge
rotational transform and of the last closed flux surface. Figure 8 shows preliminary results of the tomographic reconstruction
technique.

Figure 8: Initial wire-grid imaging of magnetic surfaces
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A 20-channel spectroscopy diagnostic has been designed and set up to measure line 
emission of the radiation dominated plasma in the H-1 heliac. The paper describes the 
diagnostic setup as well as experimental results of the time evolution of plasma parameter 
profiles in low temperature discharges. 
 
A 2x10 matrix of optical fibres is imaged into the plasma such that each fibre collects 
light of a 5 mm diameter chord covering a plasma range of 50% in the radial direction. 
The two sets of 10 fibres are optically coupled to two monochromators, which measure 
different spectral lines simultaneously. The output images of the monochromators are 
coupled to 20 photomultiplier tubes using optical fibres. The system bandwidth is  
100 kHz, thus allowing fast phenomena to be studied. 
 
We have set up and used the diagnostic in low electron temperature argon and helium 
plasmas. In the presence of neutrals the diagnostic is capable of producing temporally and 
spatially resolved information on the electron temperature, electron density and neutral 
density in helium plasma. In argon the electron temperature is measured using Langmuir 
probes, so that the electron and neutral densities are derived from the line intensity 
measurements. 
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Abstract: 
The poster describes a multi-channel spectroscopy diagnostic setup used for time 
resolved profile characterization in the radiation dominated plasma in the H-1 heliac. 
This includes the design features, the diagnostic techniques and measurement results. 

 
The spectroscopy diagnostic was designed to measure line radiation in the visible range 
and generate radially and time resolved chord averaged emissivity signals. The setup is 
capable to simultaneously measure the emission of two different spectral lines. The 
following block diagram show the principle arrangement.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diagnostic Features: 
Main features of the setup are 20 channel (2x10 matrix, see Fig.1) chord averaged 

spectral line emission measurements, the variable field of view using zoom lenses, the 
fibre optic coupled flexible and modular arrangement and the high temporal resolution of 
the simultaneous measurement of two spectral lines. 
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Experimental Applications: 
The flexible spectroscopic arrangement can be used to study a number of different 

plasma parameters such as: 
 filter spectro- meter plasma parameter 
line radiation spectroscopy  ¶ ¶ ne(r,t), no(r,t) ⇒∇n(t), Γ(r,t) 
spectral survey  ¶ λ 
localization of impurity lines ¶  λ (r,t) 
intensity line ratio technique ¶ ¶ ne(r,t), Te(r,t) ⇒ ∇n(t)  
cross-correlation spectroscopy ¶ ¶ ñe(r,t) 

 
Light Collecting Geometry and Hardware: 

A 2x10 matrix of optical fibres is imaged into the plasma such that each fibre collects 
light of a 11 mm diameter chord covering the full plasma in the radial direction. We use a 
camera zoom lens (f=35-105 mm), which gives us the flexibility to change the field of 
view without modifications in the hardware setup. The two sets of 10 fibres are optically 
lens coupled to two interference filters (or optional to two spectrometers, not shown on 
Fig.1), which screen two different spectral lines simultaneously. The output images of the 
interference filters are coupled to 20 photomultiplier tubes using quartz optical fibres. 
The pre-amp and anti-alias low pass filter bandwidth is limited to 120 kHz allowing fast 
phenomena to be studied with temporal resolution of up to 10µs. 

 
Diagnostic Principle: 

The spectral line emission of an excited single ionzed plasma (using corona 
approximation applicable to low temperature, low density discharges) is given by: 

 
 
where C1 combines atomic constants (transition probability, line oscillator strength), ne 

and Te are the local electron density and temperature as a function of the plasma radius r 
and 1(p,q) is the excitation coefficient of the transition p-q. 
Using the assumption of constant plasma parameters ne and Te for a given flux surface 
the chord averaged line intensity can be inverted to local density ne(r).  

 
 
To determine the constant C1 and scale the radial ne profile we use the central chord 

averaged density measurement of the 2mm interferometer. 
The availability of a second spectral line offers a simultaneous measurement of the 
particle flux Γ. Using the continuity transport equation we can relate the particle source 
term S to the particle flux Γ through: 

 
In a cylindrical coordinate system during steady state (dn/dt=0) we can simplify this 

equation to: 
     where 
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In our case recombination processes (index R) are small compared to the ionisation term 
(index I) which allows to skip the 2nd term.  

If we invert the chord averaged emissivity of an excited neutral spectral line we gain an 
expression for the local neutral density no(r): 

invert 
⇒ 

 
To determine the constant C0 and scale the flux profile we use an electrostatic probe and 
measure ne and Te at the last closed flux surface (LCFS). The measured ion saturation 
current is used to determine the local ne at the plasma edge (ne(LCFS) ∝ Is*(Te+Ti)^1/2) in 

regimes of low ion temperature. We can finally calculate the particle flux Γ to: 
 
 

 
 
Profile Reconstruction and Time Resolution: 
Comparing the original measured chord averaged line integral Ei (Fig. 2) with the 
reconstructed line integral (Fig 4.) shows good agreement: 

 
 

      invert    reconstructed 

       ⇒            ⇒ 
 

 
 

 
The diagnostic is capable of high temporal resolution density profiles (t<10ms). The time 
resolved plots below show the electron density evolution at 100 ms sample intervals. 

 
 
 
 
 
 
 
 
 

 
 
The chord averaged ne as measured by the 2mm interferometer (Fig. 5) shows a 
bifurcation to a higher confinement mode. Fig. 6 shows the measured chord averaged 
emissivity profile of an excited ion spectral line which is used to reconstruct the time 
resolved ne profile evolution (Fig. 7).
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Argon Plasma Measurements: 
The following section shows measurement results in the typical H-1 Argon plasma 

discharges at low magnetic fields.  
As shown in figure 8 the reconstruction of typical 

density profiles show flat central density in case of  
L-modes and hollow density profiles in case of  
H-modes. Typical plasma parameters are magnetic fields 
B=0.03-0.13T, background gas pressure po=10^-5 torr 
and 40-70kW RF heating power with a pulse length of 60-
80ms.   
 

 
 
 

 

ne profile modifications during confinement transitions: 
Transitions between different confinement modes show clear changes and their density 
profile characteristics.  
 
 
 
 
 
 
 
The density evolution in figure 5 as measured by the 2mm interferometer increases in 
discrete steps. The superposition of reconstructed ne profiles at different times of the 
discharge (Fig. 9) reveals a tendency to more peaked and less hollow profiles during the 
evolution of the discharge. 
ne parameter dependencies: 
L- and H-mode confinement regimes distinguish themselves in terms of ne gradients and 
their density scale lengths Ln as shown in the magnetic field scans below.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 shows the regions of L- and H-mode density scale length values Ln. Scans of 
the magnetic field (Fig. 14, 15) at different power levels (Plow=80%⋅Phigh) also show a 
significant shift of the critical magnetic field threshold for L- to H-transitions. 
The analysis of the acquired data of an excited neutral Argon line and the determination 
of the particle flux Γ is the current focus in the framework of transport analysis studies. 

e-mail: Horst.Punzmann@anu.edu.au 
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Fig. (13): density scale length 
Ln = f(B) (H-modes: asterisk, 
L-modes: squares) 
 

Fig. (14): ne gradient at 
reduced RF power (H-modes: 
asterisk, L-modes: squares) 
 

Fig. (15): ne gradient at high 
RF power (H-modes: asterisk, 
L-modes: squares) 
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An overview of the electron cyclotron resonance heating (ECRH) system on the H-1 
National Facility is presented. The system will be used on the H-1 heliac for the 2nd harmonic 
X-mode heating at B = 0.5 T (first experiments) and later plasma will be produced and heated 
at the fundamental harmonic O-mode at B = 1.0 T.  

The system is based on the 28 GHz VGA-8050A gyrotron (CPI, Microwave Power 
Products Division, California, USA). Typical peak power is up to 220 kW in the TE02 with a 
maximum pulse length of up to 40 ms. The gyrotron and the power supply are on loan from 
NIFS (Toki) and Kyoto University. The tube has recently been refurbished and tested by CPI.  

A new microwave transmission line consists of the mode converters, corrugated 
waveguides, mitre bends with rotatable reflecting polarizers, silicon nitride vacuum window 
and in-vacuum quasi-optical launcher. Mode converter has been designed and manufactured 
by General Atomics (J. Doanne). It converts the output TE02 mode using waveguide 
converters in following steps: TE02=>TE01=>TM11=>HE11. Then the power (HE11 mode) 
is coupled into the corrugated waveguides (~9 meters total length). We use 2 mitre bends with 
rotatable reflecting polarizers (Kyoto University design) to generate linearly polarized 
Gaussian beam. Polarizers allow fine tuning of the wave polarization from E⊥ B0 (X-mode) to 
E||B0 (O-mode). The beam is launched into H-1 from an open end of the corrugated 
waveguide through a silicon nitride vacuum window (NIFS) and is then focussed into the 
plasma using two in-vacuum quasi-optical mirrors (beam diameter in the plasma ~50 mm).  

Power absorption efficiency has been modelled in the three-dimensional magnetic 
geometry of H-1 using a ray tracing code “H-ray” developed in collaboration with Kyoto 
University. Modelling results indicate that the 2nd harmonic X-mode heating should be very 
efficient: up to 80% in the single pass absorption, even at low electron density and 
temperature (ne (0) = 2x1018m-3, Te(0) = 500 eV) if the launching geometry is optimised. A 
low field side launch from the open end of the corrugated waveguide also gives reasonable 
absorption: up to 60 % for the same plasma parameters. Fundamental harmonic O-mode 
heating appears to be less efficient: around 20%, though the accessible density is higher by a 
factor of two. 
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A 28 GHz ECH system has been used at 2nd harmonic to examine the effects of the 
magnetic field spectrum on the confinement of the breakdown electrons in HSX. The 
breakdown time (τb) is defined as the time it takes the density to rise to a small, 
detectable level (2 x 1011 cm-3 line-averaged density) at fixed RF power (~50 kW) and fill 
pressure (3 x 10-5 torr). A set of auxiliary coils can add a toroidal mirror term to the 
magnetic field spectrum to break the symmetry of the quasi-helically symmetric (QHS) 
configuration.  Scans of τb as a function of the magnetic field strength were made in the 
QHS and mirror modes. The breakdown time is plotted as a function of distance of the 
resonance location from the magnetic axis. Both curves show a minimum with the 
resonance near the magnetic axis. On the high field side, where trapping is not 
significant, the data are similar. As the resonance is moved to the low field (outboard) 
side, where trapping is significant, τb increases significantly for the mirror mode, 
indicative of more rapid electron loss. The QHS τb appears symmetric between high and 
low field side heating. When the phase of the toroidal mirror term is changed to provide 
the deepest magnetic ripples at the toroidal launch location of the ECH, the breakdown 
time increases even more. This indicates that the ripple structure at the ECH launch 
position is important in the breakdown process. 
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A 28 GHz ECH system has been used at second cyclotron harmonic to examine the effects of the
magnetic field spectrum on the confinement of the breakdown electrons in HSX.  A set of auxiliary coils
can add a toroidal mirror term to the magnetic field spectrum to break the symmetry of the quasi-helically
symmetric (QHS) configuration.  At fixed RF power and fill pressure, the breakdown time, τb, is plotted as
a function of the resonance location in the QHS, Mirror, and Anti-Mirror modes.  Both curves show a
minimum when the resonance is near the magnetic axis.  On the high field side, the QHS and Mirror mode
data are similar.  On the low field side, where trapping is significant, τb is considerably greater for the
Mirror mode than the QHS mode.  τb is a maximum when the deepest magnetic ripples are placed at the
toroidal ECH launch location, indicating that ripple structure at the launch position is important in the
breakdown process.

1.  Introduction

The Helically Symmetric eXperiment [1] is the first stellarator to possess a quasi-helically
symmetric (QHS) magnetic spectrum.  This symmetry can be broken with a set of auxiliary coils
to produce a variety of magnetic topologies.  Two topologies of interest are the Mirror and Anti-
Mirror modes, where an n = 4, m = 0 perturbation is added to the QHS mode.  The Mirror and
Anti-Mirror configurations have the same magnetic spectrum, but the modes are rotated
toroidally by 90°.  This rotation allows the minimum |B| of the Anti-Mirror mode to be directly in
front of the ECH launch mirror.  The effects of these symmetry breaking modes on plasma
formation are determined by comparing the plasma breakdown times in QHS, Mirror, and Anti-
Mirror modes.  Hydrogen plasmas were created using a single 28GHz gyrotron operating for
25ms, 50kW pulses.  Plasma breakdown time is defined as the time between the beginning of a
gyrotron pulse and the time when a density of 2x1012 (cm3) is measured with the central chord of
a 9-chord microwave interferometer [2].

2. Plasma Breakdown and Resonance Location

Breakdown time, τb, was measured for a wide range of resonant heating locations at a fixed
neutral gas pressure.  The resonant heating surface in HSX was adjusted by varying the current
for the main and auxiliary coils.



In the QHS and Mirror modes, breakdown is nearly symmetric about the central resonance
position, indicating there is little difference between launching a particle at minimum |B| and
launching a particle at maximum |B| (Fig. 1,2).  In the Anti-Mirror mode, however, the τb of on
the high field side is significantly shorter than breakdown on the low field side (Fig. 3).  This
difference can be attributed to a greater number direct-loss orbits in the Anti-Mirror configuration
than in QHS mode.  Additionally, the significance of magnetic field structure at the microwave
launch position is evident by comparing the Mirror and Anti-Mirror mode breakdown with
aligned resonance locations.  Both modes have the same magnetic field spectrum, but the Anti-
Mirror case with minimum |B| directly in front of the ECH source, has significantly longer
breakdown times in low field side heating compared to high field heating.

3. Plasma Breakdown and Fill Pressure

The plasma breakdown time, τb, was also measured for different fill pressures for central
resonance heating in QHS and Anti-Mirror modes (Fig. 5).  Fill pressure was controlled with a
needle valve and could provide pressures ranging from 10- 3 mtorr to 1 mtorr.  No plasma
breakdown was observed for fill pressures less than 10-3 mtorr.  Breakdown times for pressures

Fig. 1  τb :  QHS mode resonance

Fig. 3  τb: Anti-Mirror resonance

Fig. 2  τb: Mirror resonance scan

Fig. 4  τb: QHS, Mirror, Anti-Mirror with

central resonance regions superimposed.



higher that 1 mtorr were not attempted because of
arcing at the window of the vessel and microwave
waveguide interface.  Minimum breakdown times
for both QHS and Anti-Mirror modes occurred at
pressures of approximately 0.4 mtorr.

4. Modeling of Second Harmonic Breakdown

A model for second harmonic ECH breakdown has
been proposed in [3, 4].  In this model, heating is
achieved primarily by nonlinear wave-particle
interactions.  An electron in a resonance region
will have an energy behavior described by

E
E
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2
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and ν εωrf ≈ 0 4. .  Here, ε is a small, dimensionless parameter given by ε ω≡ −2e E m ce , |E-| is

the modulus of the right-hand circularly polarized electric field, ω  is the frequency of the
microwave heating source, e is the electron charge, me is the electron rest mass, and c is the speed
of light.

In order for a plasma to breakdown, the average
energy gain for a particle between collisions must
be greater than the ionization potential.  This can

be achieved if ν en E
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ν en is the electron-neutral collision rate for
hydrogen gas, ν en x P≈ 3 3 106.  (s-1) [3], and P is the
neutral gas pressure in millitorr.  By observing the
maximum pressure for plasma breakdown, the
minimum value of |E-| can be estimated from Fig.
6.  The maximum breakdown pressure from Fig. 5
corresponds to an |E -| of approximately 6000
(V/m).

Another method for estimating |E-| is to consider
the vacuum vessel to be an over-sized waveguide

[5].  The electric field can then be approximated by E
P

A x f AT c

− −
≈
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ρ
.  Pµ is the

total input microwave power to the cavity, Ac is the total cavity area, AT is the area through
which microwaves will be transmitted out of the cavity in m2, f is the source frequency in GHz,
and ρ is the cavity wall resistivity in µΩ⋅m.  A rough estimate for HSX yields |E-| ≈ 6300 (V/m),

with AC ≈ 9 m2, AT/AC ≈ 5%, ρ = 0.5µΩ⋅m, and P = 50kW.

Fig. 5  τb: neutral pressure scan for QHS,

A ti Mi d

Fig. 6  A maximum observed

breakdown pressure corresponds to a

minimum value of |E |



Once |E-| is determined, an estimated growth
rate for the plasma can be calculated.  Figure 7
represents a typical growth rate for a plasma
with HSX parameters.  The curve displays a
steady rise in growth rate until ν νen rf~ , when

the growth rate drops rapidly.  The growth rate
is proportional to 1/τb and reaches a maximum
at approximately 0.35 mtorr, which is
consistent with the measured breakdown data.

5. Conclusions

Plasma formation in the HSX stellarator has
been studied for QHS, Mirror, and Anti-Mirror
magnetic configurations at different resonance
locations and fill pressures.  The minimum
breakdown time was observed to occur at
central resonance for all three modes of operation.  When the central resonance positions are
aligned, all three modes exhibit similar breakdown times when heating on the high field side .
When heating on the low field side, the QHS mode exhibits breakdown times that are symmetric
about the central resonance.  The Mirror and the Anti-Mirror modes exhibit longer breakdown
times, but breakdown in the Anti-Mirror mode takes a significantly longer time.  Since the Anti-
Mirror mode has minimum |B| directly in front of the microwave launching mirror, the location
of the heating source with respect to local magnetic field structure is important for global
breakdown properties.

Plasma breakdown times vary when the fill pressure is scanned.  In the QHS and Anti-Mirror
modes it has been observed that minimum breakdown times occur at approximately the same fill
pressure values.  Breakdown times have also been observed to increase significantly as the fill
pressure increases or decreases.  This is consistent with the second harmonic breakdown model
which suggests that breakdown is governed by particle loss rates in the resonance region at low
fill pressures and by the electron-neutral collision rate at high pressures.  Future work with this
breakdown model should include a more accurate representation of the hydrogen ionization chain
[6], as well as better estimates for the effects of particle trapping due to HSX geometry.
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Abstract

The stability of the ion-temperature gradient mode has been examined in the short wavelength

region by using a two fluid reactive model. The model includes first order FLR (finite larmor

radius) effect as well as parallel ion dynamics in the electrostatic limit with Boltzman electrons.

Second order eigenvalue equation is obtained from ion continuity, ion energy and parallel momen-

tum equations. The ballooning mode formalism is applied that reduces the three-dimensional

eigenvalue problem to a one-dimensional problem along a field line. The problem is solved nu-

merically in H-1NF magnetic field configuration using a shooting code technique and applying

the WKB type boundary conditions. Numerical calculations have been presented on field line

of reference at θ = ς = 0 on the magnetic surface s = 0.4. Increase in the threshold of ηi and

decrease in the growthrate in stellarator as comparison to tokamak is observed, this is due to

the nature of shear in stellarators. The upper stability regime for flat plasma density profile is

also found. The flat plasma density profile prevails over the large portion of the plasma radius,

which means that the new regime is dominant and radically changes the prediction of drift wave

theory. The parameter b which controls the magnitude of the perpendicular wave number has

also been scanned. For small b the mode rotates in the ion diamagnetic direction of the electrons

drift direction. On the other hand for sufficiently large b the growth rate of the ion-temperature

gradient mode decreases and the real frequency first increases and then becomes almost constant,

this is also consistent with the corresponding tokamak studies. Furthermore, the stabilizing effect

of small and large temperature ratios have also been observed.
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The magnetohydrodynamic (MHD) ballooning stability of a compact, quasiaxially symmetric stellarator 
(QAS), expected to achieve good stability and particle confinement is examined with a method that can 
lead to estimates of global stability. Making use of fully 3D, ideal MHD stability codes, the QAS beta is 
predicted to be limited above 4% by ballooning and high-n kink modes. Here MHD stability is analysed 
through the calculation and examination of the ballooning mode eigenvalue isosurfaces in the 3-space (s, 
α, θk); s is the edge normalized toroidal flux, α is the field line variable, and θk is the perpendicular wave 
vector or ballooning parameter. Broken symmetry, i.e., deviations from axisymmetry, in the stellarator 
magnetic field geometry causes localization of the ballooning mode eigenfunction, with new types of 
non-symmetric, eigenvalue isosurfaces in both the stable and unstable spectrum.   The isosurfaces around 
the most unstable points in parameter space (well above marginal) are topologically spherical.  In such 
cases attempts to use ray tracing to construct global ballooning modes lead to a k-space runaway. 
Introduction of a reflecting cutoff in |k⊥|  to model numerical truncation or finite Larmor radius (FLR) 
yields chaotic ray paths ergodically filling the allowed phase space, indicating that the global spectrum 
must be described using the language of quantum chaos theory. However, the isosurface for marginal 
stability in the cases studied are found to have a more complex topology, making estimation of FLR 
stabilization more difficult. 
 
Introduction 

Understanding of ballooning mode stability boundaries may lead to performance 
improvement of toroidal devices through control of disruptions.   Toroidally localized ballooning 
modes have been found as precursors to high beta disruptions on TFTR arising in conditions of 
n=1 kink mode asymmetry. Recent optimization has shown that magnetohydrodynamic stability 



      -2- 
as well as good particle confinement are likely to be achievable in the proposed National 
Compact Stellarator Experiment  (NCSX), a compact, quasiaxially symmetric stellarator  (QAS) 
for values of the plasma near  β = 4%.1       The configuration, with a major radius of 1.42 m, an 
aspect ratio of 4.4, a toroidal magnetic field 1.2-1.7 T and 6MW of neutral beam heating, is 
stable to MHD instabilities, with β  expected to be limited by high-n kink and ballooning modes.  
This paper describes the ballooning eigenvalue isosurfaces obtained for NCSX above the design 
beta, the first step in examining kinetic stabilization of the ballooning beta limit using a hybrid 
WKB approach.2,3   
Eigenvalue Isosurfaces of the Quasiaxially Symmetric Stellarator 

The VVBAL module of the TERPSICHORE code suite4 has been used to calculate the 
ballooning instability for several NCSX equilibria (Fig. 1) above the design point (β  = 4.1%). 
The displacement of the flux surface grows with growth rate γ; ξ ∝ exp (iω t) ∝ exp (γ t).  We 
define the eigenvalue λ = -ω 2; positive values of λ denote instability, while negative values 
denote stability.  For β = 4.3% and β = 6.8% we have assembled a datacube of ballooning 
eigenvalues λ(s,α,θk), of size (126,101,21).   s is the toroidal flux, α is the field line variable. 
Roughly, within ±π , the ballooning parameter θk determines where the eigenfunction is a 
maximum. Figure 2 shows the plasma iota of the two equilibria. These are weak shear plasmas, 
with vanishing shear near the edge.  

The isosurfaces of λ constrain the possible trajectories of rays of the eikonal equation.  
Consequently they help determine the quantization conditions that are used to find the maximum 
wave vector, and thereby kinetic stabilization of the ballooning mode at the beta limit.  The QAS 
isosurfaces are found to exhibit unusual topologies for the two equilibria. Distinct and unique 
structures at 4.3% β  occur for different ranges of λ in the stable spectrum for Alfven waves: a) at 
λ = −0.15, a helical structure is found near the plasma edge, rotating about an axis nearly parallel 
to the θk axis and open toward the plasma center; b) at λ = −0.45, cylinders are found nearly 
constant in θk, localized in s and α.  At β  = 6.8%, similar structures in the stable spectrum occur, 
although more global in extent. 

The unstable spectra are less complex, consisting primarily of planes and topologically 
cylindrical and spherical isosur faces near the outer edge of the plasma, where shear goes to zero 
and the instability is more easily driven.  In general, there is a weak dependence on the 
ballooning angle θk, stronger dependence on the field line α and quite strong dependence on the 
radial parameter s. At β  = 4.3% topologically spherical isosurfaces are found for the maximum 
eigenvalues, indicative of strong quantum chaos.2  This description “quantum chaos” for the 
paths of rays of the ballooning equation does not mean that the plasma behavior is chaotic, but 
that the mathematics of a quantum chaotic scattering problem can be used for instabilities for 
high values of λ, far above the marginal point of the equilibrium.  As the eigenvalue λ drops to 
zero, isolated unstable cylindrical and planar isosurfaces conjoin and the isosurface is no longer 
simply connected.  At 6.8% β , the surfaces break up at maximum eigenvalues. The configuration     
is Mercier stable at both values of β .  Comparison with a related tokamak shows that the rich 
structure of the QAS spectra arise from the complexity of the magnetic configuration. 
Finite Larmor Radius Stabilization of the Ballooning Mode at the Beta Limit 

In practice, only finite-n modes can be unstable due to finite ion Larmor radius (FLR) 
stabilization,  so that the infinite-n ballooning calculation may underpredict the actual MHD 
limiting beta. The validity of the hydrodynamic, fluid model for MHD breaks down and kinetic 
corrections are required if the condition  (k⊥ ρi)2 <<1 is not satisfied.   Here k⊥ is the wave vector 
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perpendicular to the field line, and ρi is the ion Larmor radius, which for the QAS is ~ 1cm.     
Finite-n ballooning mode stability calculations with a 3D linear MHD code for a two-field period  
QAS configuration showed that the finite-n ballooning modes (n~20) are significantly more 
stable than the infinite-n results.   For H1 and for a 10 field period stellarator,  finite-n ballooning 
modes have been examined by applying the WKB ballooning formalism and semi-classical 
quantization or quantum chaos theory, depending on the topology of the isosurfaces.2,3   Near the 
QAS beta limit the ballooning rays at the marginal point (λ=0) will propagate on an isosurface 
having a new and complex topology, determining k⊥. It remains to be determined whether the ray 
orbits are regular, and how to use the orbit results to estimate k⊥ via the Einstein-Brillouin-Keller 
semiclassical quantization or the quantum chaos method.3   
Anderson localization 

Toroidal localization of the ballooning mode in stellarator plasmas has been identified for 
H13, LHD5 and HSX6. This localization is analogous to Anderson localization7 of electron 
eigenfunctions in condensed matter.   For the QAS, we find that localization increases toward the 
edge of the plasma where the ballooning potential is increasingly aperiodic (Fig. 3) and there is 
stronger effective field ripple (Fig. 4).  Each flux surface has a different shape, changing the 
poloidal angle, θk, at which the eigenfunction is maximized.  The most localized modes in this 
geometry occur in the region where global magnetic shear is weakest, including at the shear 
reversal surface itself, demonstrating the existence of Anderson localization in the QAS. 
Conclusion 

We find Anderson localization of the ballooning mode in the QAS and have obtained 
eigenvalue isosurfaces with which to examine kinetic stabilization of β . A new method of 
regularizing the eigenfunction to estimate k⊥ may be needed for the QAS at the beta limit, 
because of the complex topology of the marginal point isosurfaces.3  The WKB method of high n 
ballooning stability calculations may break down for the QAS at the marginal point, requiring 
fully 3D, ideal or resistive MHD codes such as CAS3D, TERPSICHORE and Spector3D. 
Finally, while drift orbit optimization has allowed neoclassical particle transport to be kept low 
in the QAS, the detailed relationships between the isosurface structures and drift mode growth 
rates need to be examined.  Microinstability-based drift wave calculations for LHD and QAS 
configurations can already predict drift mode growth rates in the electrostatic limit8,9. The 
toroidal dependence of anomalous transport will be sensitive to the localized ballooning 
structures.  An investigation of stable magnetosonic structures would require relaxation of the 
incompressibility condition and integration of a 4th order system of equations. Further work will 
be needed in all these aspects of stellarator configuration design. 
1. A. H. Reiman, et al. Phys. Plas. 8, 2083 (2001). 
2.  R. L. Dewar, P. Cuthbert, R. Ball, Phys. Rev. Lett. 86, 2321 (2001). 
3. P. Cuthbert, R. L. Dewar, Phys. Plas. 7, 2302 (2001). R. L. Dewar, paper OII.4, this 
conference. 
4. W. A. Cooper, Plas. Phys. Cont. Fus. 34 (1992) 1011.  
5. J. Chen, N. Nakajima, M. Okamoto, Phys. Plas. 6 (1999) 1562. 
6. C. Hegna, S. Hudson, Phys. Rev. Lett. 87, 035001 (2001). 
7. P. W. Anderson, Phys. Rev. 109, 1492 (1958). 
8. G. Rewoldt,  et al. Phys. Plas. 7 (2000) 4942. G. Rewoldt, et al. Phys. Plas. 6 (1999), 4705. 
* Research supported by U. S. DOE Contract DE-AC02-76CH0373.
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 The reference plasma configuration for the U.S. National Compact Stellarator 
Experiment (NCSX) has been designed through an optimization procedure that adjusts the 
plasma boundary shape to target quasi-axisymmetry and stability to kink, ballooning and 
Mercier modes, as well as other desired physics and engineering properties.  A set of coils 
has subsequently been designed to achieve this optimal boundary.  Flux surfaces have been 
evaluated for the corresponding fixed and free-boundary equilibria using the PIES code.  
Substantial differences are seen in the flux surface quality of fixed boundary equilibria for 
candidate configurations, and this has played a role in the choice of configuration.  The coil 
design process targeting the desired boundary has been found to produce substantial resonant 
field components at low order rational surfaces, resulting in large islands.  A code has been 
developed for modifying the coil design to preserve good flux surfaces. 
 The NCSX design studies have identified two types of quasi-axisymmetric configurations 
with desirable stability properties.  One type of configuration has relatively small externally 
generated transform near the axis.  The external kink mode is stabilized through a 
combination of externally generated shear and stabilizing three-dimensional shaping.  The 
vaccum field has a magnetic hill.  A small amount of externally driven seed current is 
required near the magnetic axis to generate rotational transform there.  A second type of 
configuration has larger externally generated transform in the interior, and a vacuum 
magnetic well.  The isosurfaces of local shear have a helical structure that has been 
associated with improved kink mode stability.  No seed current is required, and the 
associated hollow current profile generates a strong shear, so that little externally generated 
shear is required.  Fixed boundary equilibrium calculations with the PIES code have 
generally found better flux surface quality in configurations of the second type, and the 
NCSX reference configuration that has been chosen is of this type. 
 To preserve good free-boundary equlibrium flux surfaces for the  NCSX reference 
configuration, it has been found necessary to target the island widths directly in the coil 
design process.  Starting from an initial coil set designed to target the desired boundary 
shape, a series of PIES calculations is used to measure the response of the interior magnetic 
island widths to small variations of the parameters specifying the shape of the modular coils.  
For this purpose, a new diagnostic based on the construction of quadratic flux minimizing 
surfaces has been incorporated in the PIES code for the accurate measurement of small 
changes in the island widths.  An influence matrix is constructed, and is inverted using 
singular value decomposition methods to determine desired changes in the coil shapes to 
reduce the island widths.  In practice, it is found that once the resonant components of the 
coil field have been removed in this way for a single configuration, good flux surfaces are 
obtained for a range of configurations.  Good surfaces are seen in free-boundary equilibria 
for which the currents in the individual coils have been varied to adjust the  quasi-
axisymmetry and stability, and for various magnitudes of the pressure and current.  
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Abstract

A procedure for modifying stellarator coil designs to eliminate magnetic islands in
free-boundary full-pressure magneto-hydro-dynamic (MHD) equilibria is presented. Islands

may be removed by making small changes to the coil geometry and also by variation of trim
coil currents. Configurations and a coil design relevant to the National Compact Stellarator

Experiment (NCSX) is used to illustrate the technique.

I Introduction
The NCSX design adopted the 'reverse-
engineering' technique [1]. The plasma
boundary is designed to achieve desired
physics properties. Subsequently, coils are
designed to produce the optimal boundary.
This process does not guarantee good flux
surfaces in the plasma interior, and fur-
ther adjustment of the coil design is needed.
This paper describes a. procedure that ad-
justs the coil shapes to produce good flux
surfaces.

The NCSX plasma design study con-
sidered compact, stellarator configurations
with good transport and stability properties
[2]. Quasi-axi-symmetry is used to obtain
good drift trajectories which in turn provide
good transport properties. Good ballooning
stability is produced by imposing a strong
component of axi-symmetric shaping, with
advanced tokamak designs used as a guide,
and the rotational-transform profile is con-
strained to be monontonically increasing for
neo-classical tearing stability. Kink stabil-
ity is produced by a combination of shear
a«d a stabilizing three-dimensional shap-
ing of the boundary. The three-dimensional

shaping is determined using a Levenbcrg-
Marquardt optimizer which incorporates
the various physics requirements, doing so
by adjusting the non-axi-symmetric compo-
nents of the boundary to produce the de-
sired rotational-transform profile, to ensure
kink and ballooning stability, and to opti-
mize quasi-axisymmetry.

Two different families of quasi-axi-
symmotric configurations with attractive
stability and transport properties have been
found. One has small externally generated
transform on axis and a large externally
generated shear. This type of configuration
requires an externally driven seed current
on axis. The other has a substantial ex-
ternally generated transform on jixis, allow-
ing it, to have a fully bootstrap-consistent,
current profile, with the current density go-
ing to zero on axis. The larger externally
generated transform in the interior allows
the vaccuum field to have more favorable
magnetic well properties, and PIES calcula-
tions indicate improved flux surface quality.
The NCSX reference plasma configuration,
named H383. is a 3 field period configuration
of the second type. The nominal design ,6



is 4% and the rotational-transform profile is
shown in Fig. 1.

After a satisfactory boundary is deter-
mined, a set of coils that match the bound-
ary, and satisfy certain engineering con-
straints, is designed. To correct potential
construction errors and to assist elimination
of dangerous resonances, trim coils are in-
cluded in the design.

The three-dimensional nature of stellara-
tors guarantees that magnetic islands will
in general exist. Sufficiently large magnetic
islands will result in loss of confinement.
'Island-healing' techniques have been ap-
plied to stellarator vacuum fields [3]. To
heal finite-/? configurations a method of
computing full-pressure free-boundary equi-
libria is required. The MHD equilibria used
in the optimization process are computed
using the VMEC code [4] which assumes
that nested magnetic surfaces exist every-
where; therefore, additional analysis is re-
quired to address the existence of magnetic
islands and such analysis is performed with
the PIES code [5]. An earlier paper [6] con-
sidered the island content of fixed-boundary
Ii383 equilibrium and presented a method to
eliminate magnetic islands by making small
changes to the boundary. This article ex-
tends the analysis to free-boundary equilib-
ria and makes small variations to the coil
geometry to remove magnetic islands in full-
pressure equilibria. Additionally, trim coil
currents are varied to heal an intermediate
plasma state.

In Sec. II, the method by which coil sets
are derived and the iterative procedure of
PIES code is described. The island elimina-
tion procedure and results for a NCSX rele-
vant coil set are presented in Sec. III. and in
Sec. IV an extension of the method is used
to determine optimal trim-coil currents for
healing intermediate plasma states.

II COILOPT and PIES
The coils are designed to minimize the mag-
netic field normal to the reference plasma
surface subject to various constraints on
the coil lengths, minimum coil radius of

Figure 1: Rotational-transform of vacuum
(solid), ft ~ 3% case (dashed) and H383
(dotted) plotted against the square root of
toroidal flux.

0.0 0.2 I O

curvature, coil separation, current density,
and engineering access. To do this, the
COILOPT code [7] uses a parametric rep-
resentation of the coils placed on a winding
surface R = ^Ricos(mi6 + njAT<£),Z =
52i2<8in(mj0 + njMp), with each coil hav-
ing a toroidal variation

<fc = £ [&:*.«' co8(M') + fa, sin(M')], (1)
k

and ff = 0 + £., 0Jsin(j0). A coil set with
7 coils per period, named 0907. is derived
and used in the island elimination procedure
below.

To calculate free-boundary equilibria
for a given coil set, the PIES lixed-
boundary solver has been combined with
the NESTOR[8] vacuum code to create a
free-boundary finite-pressure MHD equilib-
rium solver for general stellarator magnetic
fields. The fixed-boundary and vacuum so-
lutions are interfaced on a boundary outside
the plasma with the requirement that the
fields be continuous. PIES iteratively finds
solutions to Vp = J x B, starting from a
VMEC initialization.

Calculating the equilibrium consistent
with the 0907 coils shows significant is-
land chains Fig. 2. In this plot, about
100 iterations have been performed; as the
PIES iterations continue, this equilibrium
further degrades. In all other Poincare plots



shown. PIES has been iterated to conver-
gence which typically requires 300-400 iter-
ations. The convergence properties of the
free-boundary PIES calculation depend on
the pressure and current profiles, the coil
field, and the field initialization. If the
coil field matches a boundary that is con-
sistent for an equilibrium without islands,
then PIES will rapidly converge if it is ini-
tialized by that fixed boundary VMEC equi-
librium.

The dangerous islands for Ii383 are the
(3.6) and (3,5). These may be removed by
making small variations to the coil geometry
as described in the following section.

Ill Island healing.
Magnetic islands are caused by resonant ra-
dial magnetic fields where the rotational-
transform is rational. The resonant fields.
B, at selected rational surfaces are consid-
ered a vector function of the coil geometry
parameters, r. and related via a coupling
matrix C
B(r0 + 8r) = B(r0) + C • Sr + ... (2)
The coupling matrix is simply the matrix of
first, partial derivatives (computed numeri-
cally) of the resonant fields, which are cal-
culated via the construction of quadratic-
flux minimizing surfaces [3]. The singular
value representation C = UwVr enables C
to be inverted and an iterative Newton pro-
cedure will find the parameter set elimi-
nating resonances : 6ri+i = — Vw~'UTB,.
Ideally, each PIES calculation would be iter-
ated to convergence, but this requires exces-
sive computational time and a fixed num-
ber, A;, of iterations is performed. Applying
the method to the coil set. 0907, and refer-
ring to Eqn(l), the set {0u-.e; <t>i,k,» '• V*; k =
5,6,10} is chosen to the independent vari-
ables set. This amounts to 21 independent
variables. The resonant fields 83,5, B3.e are
selected. Even though Fig. 2 shows the
(3. C) island to be small, if it is not in-
cluded in the resonance elimination, the
changes made to the coils may cause this
island to grow. In addition, a parameter,
^ = Hi(/>« ~ A))2' which represents the vari-

3

Figure 2: The 11383 equilibrium with the
original 0907 coils (above) and with the
'healed' 0907h coils (below).

N 0.0
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-0.2 -

-0.4 -

ation of the radial coordinate, pi. along a
magnetic field line from its starting loca-
tion, po, is included to minimize the dis-
tortion of the edge with respect to the ref-
erence boundary. Note that this parame-
ter is strictly non-negative. Its inclusion
complicates the Newton procedure as the
minimum of A must in general be located.
Care must be taken to update the coupling
matrix as the iterations proceed, achieved
using Broyden's method, and small singu-
lar values must be deleted. The resonant
fields and 6 are scaled by their initial val-
ues and PIES is terminated after N = 20
iterations. The following reduction is ob-
served, where Sr is the magnitude of the
total change made to the independent vari-
ables.

*3,6 6r
0 1.0000 1.00000
1 0.3067 0.09258
2 0.2779 0.04495
3 0.2481 0.00060

1.00000 0.00000
-1.10797 0.00603

0.01287 0.00649
-0.05112 0.00748

Subsequent iterations fail to reduce the
magnitude of the target vector; neverthe-
less, the reduction is satisfactory. Using the
'healed' coil set, 0907h, and iterating PIES
to convergence, an equilibrium with greatly



improved flux surface is obtained Fig. 2.
The total change made to the coils in real
space is about. 1.7cm.

IV Trim Coils
The island-elimination method described
above does not guarantee elimination of is-
lands at plasma states connecting the vac-
uum to the full-pressure state. For this,
trim coils, designed to couple to selected
resonances on interior plasma surfaces, are
used. Sets of 4 m=5 coils and 4 m=6 coils
are designed to provide effective control of
the m=5 and m=6 resonances.

A plasma state intermediate to the vac-
uum and full-pressure state, with 3% ft and
rotational-transform profile shown in Fig. 1,
is considered. A large (3,6) island exists
Fig. 3. Considering now the coil geometry
fixed and varying the 4 rn=6 trim coil cur-
rents, the currents required to cancel the
(3,6) and (6,12) resonant fields are itera-
tively determined as

'3,6 #6,12

0 -0.99910 0.04249 0
1 -0.01181 0.00077 3606
2 -0.00019 0.00001 3651
3 0.00000 0.00000 3652

The resonant fields are normalized so ini-
tially the squares summed is equal to unity,
and / is the magnitude of the total current
vector in the m=6 trim coils. The reso-
nant fields are reduced by 108! The island
content in the converged equilibrium is very
small Fig. 3. The trim coil currents required
are 2AkA,-1.5kA,2.3k.A and -34A

V Comments
A practical method to design *md 'heal' coils
has been presented. Islands have been dra-
matically reduced in size. Since this work
was performed, improved coil sets have
been developed to which the coil-healing
method has been applied, but with mixed
success. Reduction of resonances is typ-
ically achieved at N iterations; however,
there is no guarantee that PIES has con-
verged at this point nor that the configura-
tion remains 'healed' as the iterations con-

Figure 3: The ft = 3% equilibrium without
(above) and with trim coils (below).

o.* -

N 0.0

-0.4 -

2.2

tinuc. Nevertheless, healed coil sets have
been constructed for the full pressure, inter-
mediate pressure and vacuum (not shown)
and work on this topic is continuing, as is
work investigating the physics of island for-
mation as discussed by [9].
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Fully kinetic assessments of the stability properties of toroidal drift modes have
been obtained for cases for the Large Helical Device (LHD) and for cases obtained
in the course of the design process for the quasiaxisymmetric National Compact Stel-
larator Experiment (NCSX). This calculation employs the comprehensive linear mi-
croinstability code FULL[1, 2], as recently extended for nonaxisymmetric systems[3].
The code retains the important effects in the linearized gyrokinetic equation, using the
lowest-order “ballooning representation” for high toroidal mode number instabilities
in the electrostatic limit. These effects include those of trapped particles, FLR, transit
and bounce and maagnetic drift frequency resonances,etc., for any number of plasma
species. Results for toroidal drift waves destabilized by trapped electrons and ion
temperature gradients are presented, using numerically-calculated three-dimensional
MHD equilibria. For LHD these are reconstructed from experimental measurements.
The effects of helically-trapped particles and helical curvature are investigated.
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Abstract: Fully kinetic assessments of the stability properties of toroidal drift modes have been ob-
tained for cases for the Large Helical Device (LHD). This calculation employs the comprehensive linear
microinstability code FULL, as recently extended for nonaxisymmetric systems. The code retains the
important effects in the linearized gyrokinetic equation, using the lowest-order “ballooning represen-
tation” for high toroidal mode number instabilities in the electrostatic limit. Results for toroidal drift
waves destabilized by trapped electrons and ion temperature gradients are presented, using numerically-
calculated three-dimensional MHD equilibria. These are reconstructed from experimental measure-
ments.

A comprehensive kinetic code for linear microinstabilities in tokamaks, the FULL code, has
been generalized to nonaxisymmetric geometry for application to stellarators. This extended
version has previously been applied to LHD for a single case. Here we apply it to two matched
pairs of LHD discharges. This version is interfaced with the three-dimensional MHD equilib-
rium code VMEC, which works in VMEC coordinates. The FULL code numerically locates all
of the particle turning points along the magnetic field line, so that all classes of trapped parti-
cles are included automatically, including both toroidally-trapped and helically-trapped classes.
The current nonaxisymmetric version of the FULL code finds linear growth rates and real fre-
quencies in the electrostatic, collisionless limit for any unstable root, and also calculates the
quasilinear fluxes of particles and energy for each included plasma species.

We employ experimentally reconstructed MHD equilibria for LHD, with experimentally
derived density and temperature profiles, for discharge 11369 att = 2:2 s and discharge 16727
at t = 1:1 s. Discharge 11369 is inward-shifted withRma ' 3:60 m, while discharge 16727
is standard withRma ' 3:75 m. Shot 11369 has better total transport than shot 16727. The
neoclassical transport can account for most of the difference in the core region (s ' (r=a)2 <
0:65). In other words, the anomalous transport in the core may be comparable in the two shots.
The better transport in shot 11369 in the peripheral region (s > 0:65) cannot be explained by
the neoclassical transport differences. We choose ballooning parameter�0(= �k) = 0 for all
of the cases here; this choice maximizes the linear growth rate. The dependence on the field
line label� � � � q� is weak and we choose� = 0. The major difference in profiles is that
�e
i
= �e is high in the edge region for shot 11369 (= 2.6 ats = 0:79), while �e

i
= �e is smaller

for shot 16727, (= 1.0 ats = 0:79). All of the calculations here include electrons, background
hydrogen ions, carbon and oxygen impurity ions, and hot hydrogen beam ions with a slowing-
down equilibrium distribution function. All of the eigenfunctions are mainly localized within
the toroidal magnetic field well around� = 0, and overlap only a few helical wells.

�Work supported by U.S. Department of Energy Contract DE-AC02-76-CHO-3073



2
Results are shown for the linear growth rate and the real frequency!r versus�e

i
= �e

for collisionless electrostatic toroidal drift modes (including trapped-electron (TEM) and ion
temperature gradient (ITG) modes), in Fig. 1(a) fors = 0:61 for shot 11369, and in Fig.
1(b) for s = 0:625 for shot 16727. In these figures, the total pressure gradient is held fixed
as�e

i
= �e varies, so that the density gradient decreases as the electron and ion temperature

gradients increase, and vice-versa. Roots are found for each shot corresponding to a TEM-
ITG hybrid mode for shot 11369, and to separate TEM and ITG modes for shot 16727. The
variation of with k?(� = 0)�i or n is shown in Fig. 1(c) for the TEM-ITG mode for shot
11369 and for the ITG mode for shot 16727, with the experimental values of�e

i
and�e. The

eigenfrequency has a growth rate peak fork?(� = 0)�i ' 0:2 for both shots. The behavior
of  with s for both shots is shown in Fig. 1(d). The modes are radially localized to the
outer part of the cross-section for both shots, where the density gradient has its normal sign,
but are stable in the inner region, where the density gradient is reversed. The FULL code
also calculates quasilinear particle and energy fluxes for each species. For ratios of fluxes, the
unknown nonlinear saturation level for the mode divides out. Flux ratios are shown in Fig. 1(e)
for shot 11369 and Fig. 1(f) for shot 16727. The electron heat flux is dominant at low�e

i
= �e,

and the main ion heat flux at high�e
i
= �e. There are reversed particle fluxes for shot 11369

at high�e
i
= �e. The hollow density profile for shot 11369 reducesp0 in the interior, below

its critical value, because the density gradient and the temperature gradient offset. Artificial
variation of the pressure gradient is shown in Fig. 1(g), showing the approach to the marginal
value, which is above the experimental value.

For the other pair of cases, we use experimentally reconstructed MHD equilibria for LHD
shot 11849 att = 2:565 s and shot 17120 att = 4:000 s. Shot 11849 is a pellet shot, and shot
17120 is a non-pellet shot for comparison, both withRma = 3:6 m. The major difference in
profiles is that the hollow region in the electron density, which reduces the pressure gradient,
is much wider for the non-pellet shot, so that the pressure gradient stays large much further in
from the edge for the pellet shot than for the non-pellet shot. Results are shown for the linear
growth rate and the real frequency!r versus�e

i
= �e in Figs. 2(a) and 2(b), fors = 0:51

for both shots. One root is found for pellet shot 11849, corresponding to a TEM-ITG hybrid
mode, and two roots for non-pellet shot 17120, corresponding to separate TEM and ITG roots.
The variation of and!r with k?(� = 0)�i or n is shown in Figs. 2(c) and 2(d) for the TEM-
ITG mode for shot pellet 11849 and for the ITG-TEM mode for non-pellet shot 17120, for the
experimental values of�e

i
and�e. The behavior of with r=a (i.e.,

p
s) for both shots is shown

in Fig. 2(e). The modes are again radially localized to the outer part of the cross-section for
both shots, but are stable in the inner region. However, the mode extends in further radially for
pellet shot 11849. The flux ratios are shown in Fig. 1(f) for pellet shot 11849 and Fig. 1(g) for
non-pellet shot 17120. Again, the electron heat flux is dominant at low�e

i
= �e, and the main

ion heat flux at high�e
i
= �e. There are reversed particle fluxes for both shots at high�e

i
= �e.

We have converted the existing tokamak (axisymmetric) linear microinstability code FULL
to a stellarator (nonaxisymmetric) code, with the same kinetic effects included, in the elec-
trostatic limit. Results have been obtained for collisionless electrostatic toroidal drift modes
for LHD cases. Unstable TEM and ITG roots have some properties in common with tokamak
results. The differences in results for shots 11369 and 16727 do not account for all of the exper-
imental differences in confinement. Differences in results for pellet shot 11849 and non-pellet
shot 17120 show a wider region of instability for pellet shot, with some other differences. Fu-
ture extensions may include a fully electromagnetic version, inclusion of a rotation model,etc.
We will apply the nonaxisymmetric FULL code to additional cases for NCSX, LHD,etc.
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The Variational Moments Equilibrium Code (VMEC [1]) provides data of magnetic field
configurations in flux coordinates. However, for different applications one needs input
data in a different representation, e.g., the stochastic mapping code [2] uses input data in
real space coordinates, or the neoclassical transport code [3] uses input data in Boozer
coordinates [4]. Therefore, the output data of VMEC need to be postprocessed, in
particular they have to be transformed to different coordinate systems. However, such
coordinate transformations are sensitive to the ill behaved VMEC output data near the
magnetic axis, in particular the spectral representation for the cylindrical coordinates
R and Z. In fact, this behaviour leads to locally ill behaved Fourier amplitudes of the
coordinates R and Z.

A way to cure this problem is to smooth all Fourier amplitudes using a specially designed
smoothing spline method while enforcing a leading dependence on small values of the
flux surface label s. Any smoothing procedure causes at least a slight variation of the
equilibrium. Therefore, the equilibrium is recalculated in a consistent way based on the
rotational transform ι- and smoothed Fourier amplitudes for R and Z.

As a result of this computation one obtains now the consistent stream function λ [5],
which is a quantity introduced in VMEC for improving the convergence of the Fourier
series for R and Z on each magnetic surface. Therefore, the magnetic field, currents and
pressure are obtained consistent with radial component of pressure balance equation
and are smooth functions of s in flux coordinates, in cylindrical coordinates, as well as
in Boozer coordinates.
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Abstract: In MHD equilibrium codes which use a spectral representation of cylindrical coordinates
R =

∑
Rmn(s) cos(mθ − nϕ) andZ =

∑
Zmn(s) sin(mθ − nϕ), the Jacobian is zero at the mag-

netic axis, which causes some convergency problems near the axis. A postprocessing of VMEC output,
in particular smoothing of the Fourier components of the cylindrical coordinates and a consistent recal-
culation of the equilibrium data, is done to get smooth equilibrium data, e.g. smooth Fourier components
of R andZ, near the axis.

1. Introduction
The Variational Moments Equilibrium Code (VMEC [1]) provides data of magnetic field con-
figurations in flux coordinates. However, for different applications one needs input data in a dif-
ferent representation, e.g., the stochastic mapping code [2] uses input data in real space coordi-
nates, or the neoclassical transport code [3] uses input data in Boozer coordinates [4]. Therefore,
the output data of VMEC need to be postprocessed, in particular they have to be transformed to
different coordinate systems. However, such coordinate transformations are sensitive to the ill
behaved VMEC output data near the magnetic axis, in particular to the spectral representation
of the cylindrical coordinatesR =

∑
Rmn(s) cos(mθ− nϕ) andZ =

∑
Zmn(s) sin(mθ− nϕ)

where(s, θ, ϕ) are radial, poloidal and toroidal flux coordinates.

A way to cure this problem is to smooth all Fourier amplitudes ofR andZ using a specially
designed smoothing spline method while enforcing a leading dependence on small values
of the flux surface labels. Any smoothing procedure causes at least a slight variation of
the equilibrium. Therefore, the equilibrium is recalculated in a consistent way based on the
rotational transformι- and smoothed Fourier amplitudes forR andZ.

2. Basics
VMEC solves the MHD equilibrium equations for nested flux surfaces[7]. The geometric coor-
dinatesR andZ are expanded in Fourier series in both a poloidal angle variable and a toroidal
angle variable. The coefficientsRmn andZmn are functions of the normalized toroidal fluxs,
wheres = 0 represents the magnetic axis ands = 1 gives the outermost closed flux surface.

∗This work has been carried out within the Association EURATOM-ÖAW and with financing from the Aus-
trian Science Foundation. The content of the publication is the sole responsibility of its publishers and does not
necessarily represent the views of the Commission or its services.
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But there is a well known convergency problem near the magnetic axis which cause ill behaved
Fourier amplitudes of the coordinatesR andZ. This behavior may cause problems in particular
if one needs a transformation from flux surface coordinates which are used in VMEC to other
coordinates. Therefore, it is necessary to postprocess the output of VMEC.

The basic quantitiesRmn and Zmn for reconstructing the equilibrium are splined with a
specially designed smoothing spline (see 3). The recalculation of equilibrium quantities is
shown in 4. These quantities together withι- allow the calculation of the components of the
magnetic field in cylindrical coordinates (see 5) and Boozer coordinates (see 6).

3. Spline
The near axis expansion causes integer powers of

√
s in the coefficientsRmn and Zmn.

Due to this, an ordinary3rd or 5th order spline can not reproduce the function with high
accuracy. In fact, this gives unphysical magnetic fields, e.g. with oscillations around the
magnetic axis (see Fig. 2). Therefore, a test functiont(s) is added to the spline. The
coefficientsRmn and Zmn may contain kinks nears = 0. This problem can be solved
with the use of a smoothing spline. To create a spline with all these properties, one
starts with a usual3rd order splineP (s). Multiplication with a test functiont(s) gives
Sp(s) = t(s)P (s) with t(s) = sm/2 and m = 0, 1, . . ., which is given from the near

axis expansion. Now a smoothing term likeξ
(
P

′′′
(s)

)2
and a least squares approximation

1
2

∑N−1
i=1

{∑
j

[
t(sj)

(
ai + bihj + cih

2
j + dih

3
j

)
− yj

]2
}

+ 1
2
[t(sN)aN − yN ]2 in between the

nodes are added. This gives the following function, which has to be minimized:

Sp =
1

2

N−1∑
i=1

∑
j

[
t(sj)

(
ai + bihj + cih

2
j + dih

3
j

)
− yj

]2

 +
1

2
[t(sN)aN − yN ]2

+
1

2

N−1∑
i=1

ξid
2
i +

N−1∑
i=1

[
αi

(
ai + bihi + cih

2
i + dih

3
i − ai+1

)
+βi

(
bi + 2cihi + 3dih

2
i − bi+1

)
+ γi (ci + 3dihi − ci+1) ]

+χ1 (µ1b1 + ν1c1 + σ1bN + ρ1cN − κ1) + χ2 (µ2b1 + ν2c1 + σ2bN + ρ2cN − κ2)

The last two terms give a complete flexibility in using boundary conditions. It should be noted,
that it is quite difficult to find a proper value for the smoothing parameterξi. If the values forξi
are too large, the equilibrium will be changed too much, and for too small values the smoothing
is not strong enough to obtain a good equilibrium. For comparison of the results, the same
procedure was also done for a5th order spline. It has been seen that the spline reacts more
sensitive to the smoothing parameter and that there has been no improvement of the equilibrium.

4. Recalculation of Equilibrium Quantities
The starting point for recalculating the equilibrium is the Clebsch representation of the magnetic
field B = ∇s×∇ν [1], with ν = ψ′θ−χ′ϕ+λ. Hereψ andχ are the toroidal and the poloidal
flux, respectively, the prime denotes the derivative with respect tos, andλ is the so called stream
function.
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Internally, VMEC computes an additional stream functionλ to optimize, dynamically and at
every radial surface, the convergency rate in Fourier space for the spectral sum

∑
(R2

mn +Z2
mn).

In VMEC however,λ is not fully consistent. For consistent recalculation of this internally
computedλ, one has to ensure(∇ × B) · ∇s = 0. This says that the current-density lines
lie in constants surfaces. This gives a linear elliptic second order differential equation forλ.
This equation is solved using the technique of Fourier transformation. The comparison of a
particular Fourier coefficient forλ from VMEC output and the consistently calculated one is
shown in Fig. 1. With givenλ andB, the poloidal currentJ =

∫
longway Bdl =

∫
Bϕdϕ and the

toroidal currentI =
∫
shortway Bdl =

∫
Bθdθ can be calculated [6]. The radial force balance

givesp′ = (I ′χ′ − J ′Ψ′)/V ′ where the prime denotes the derivative with respect to normalized
toroidal fluxs. Integration gives the pressure profilep(s).

5. B-Field Components in Real Space Coordinates
After transformation to cylindrical coordinates the components of the magnetic field
are BR = [(χ′ − λ,ϕ)R,θ + (ψ′ + λ,θ)R,ϕ]/

√
g, Bϕ = (ψ′ + λ,θ)R/

√
g and

BZ = [(χ′ − λ,ϕ)Z,θ + (ψ′ + λ,θ)Z,ϕ]/
√
g with

√
g = R(R,θZ,s − R,sZ,θ) andχ′(s) = ι-(s)ψ′.

When|B| is computed with the smoothing spline including the test functiont(s) for Rmn and
Zmn and the consistently calculated stream functionλ, |B| is well behaved and smooth, as can
be seen in Fig. 2. If|B| is computed without the test functiont(s) strong oscillation around the
magnetic axis appear.

6. Transformation to Boozer Coordinates
To do the transformation from flux coordinates(s, θ, ϕ) to the Boozer coordinate system [5],
the following relationsθB − ι-ϕB = θ − ι-ϕ + λ and IθB + JϕB = Iθ + Jϕ + ω have to
be solved. The single valuedness of the magnetic fieldB with respect toθ andϕ has to be
taken into account, it is expressed throughθB = θ + θ̃(s, θ, ϕ) andϕB = ϕ + ϕ̃(s, θ, ϕ). θ̃
and ϕ̃ are periodic functions with respect toθ andϕ. Substituting the equation forθB and
ϕB into the first equations in this paragraph, one finds that the functionsθ̃ andϕ̃ are given by
θ̃ = (ι-ω + Jλ)/(J + ι-I) andϕ̃ = (ω− Iλ)/(J + ι-I). These equations provide the prescription
for a transformation from the general magnetic coordinate system(s, θ, ϕ) to the Boozer
coordinate system(s, θB, ϕB).

7. Summary
If a B-field, based on an equilibrium calculated with VMEC, is to be transformed to real
space coordinates, unphysical effects appear around the magnetic axis. To avoid these effects
a specially designed spline is used for splining the coefficientsRmn andZmn. This causes
slight variations of the equilibrium. Therefore, the stream functionλ has to be recalculated
consistently before other quantities like currents, components of theB-field and the pressure
profile may be computed. Further on,R andZ as well as|B| are transformed to Boozer
coordinates. Now a tool is available, which allows a postprocessing of the VMEC output
and provides improved equilibria in three coordinate systems. The code is useful in various
applications where a representation of the magnetic field in real space is desired, such as
ray-tracing or computation of high energy ion orbits with taking Larmor gyration into account.
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Unstable resistive MHD modes are shown to generate strong potential and density 
fluctuations in the H-1 heliac, leading to large fluctuation-produced particle fluxes. These 
fluxes are non-ambipolar and thus generate radial currents, which affects radial electric field1. 
Such an ability of fluctuations to generate plasma flows (for example, through Reynolds 
stress) is being discussed in the literature as a possible mechanism in the formation of a self-
regulating system of zonal flows and drift waves2 . In this picture fluctuation-generated zonal 
flows control the level of fluctuations through the random shearing process. 

In this paper we present experimental results indicating that the time-varying flows, 
which possess many of the characteristics of zonal flows, are readily generated by strong 
fluctuations in the H-1 plasma. It is shown that these flows are non-linearly coupled to other 
fluctuating quantities and are responsible for significant modifications in the structure of the 
fluctuation-driven transport, including its intermittency. 

 

1 W. M. Solomon and M. G. Shats. This conference 

2 P.H. Diamond et al., 17th IAEA Fusion Energy Conference (IAEA-CN-69/TH3/1, 1998) 
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Introduction 
Generation of zonal flows in toroidal plasma is a focus of active research in recent years. 
Zonal flows are turbulence-generated poloidally symmetric low-frequency potential structures 
[1], which can play an important role in the turbulence self-regulation [2]. In such a system 
drift wave turbulence non-linearly generates zonal flows, which in turn modulate the drift 
wave amplitude and control the turbulence level through the random shearing process. 
Turbulent transport also appears to be modulated, exhibiting bursts as it has been 
demonstrated in simulations [3], theory [4] and experimentally [5]. Zonal flow-like structures 
have recently been observed in the H-1 heliac [5]. It has been demonstrated that these 
structures, seen as low frequency fluctuations in the plasma potential which have zero 
poloidal wave numbers kθ and finite radial wave numbers kr, (kr >> kθ ~ 0), are generated 
through a 3-wave interaction process in various modes of confinement in the H-1 heliac. 
 Fluctuations in the low confinement mode in H-1 have been identified as unstable 
pressure-gradient-driven modes [6], which drive substantial radial flux of particles, thus 
affecting the plasma confinement. It has been discovered recently that the fluctuation-driven 
transport in H-1 is non-ambipolar [7], in other words, electrons are transported radially by 
fluctuations ~ 10 times more efficiently than ions, which results in the fluctuation-driven 
radial current. This current is capable of significantly modifying the radial electric field, and 
through it, the particle confinement, which has been demonstrated in the H-1 experiments [7]. 
Since fluctuations generate zonal flows and zonal flows change the radial electric field in the 
plasma, which has been found to be the most essential ingredient in the confinement 
bifurcations observed in H-1 [8] it is important to investigate the generation of zonal flows 
and their role in confinement jumps in various plasma conditions.  

In this paper experimental results on the generation of zonal-flow-like structures in 
various confinement modes are presented. 

Generation of zonal flow structures in the H-1 heliac 

BE×~
 shear flows can be generated due to the turbulent Reynolds stress [9] or through 

other mechanisms in which fluctuations drive radial currents thus contributing to the poloidal 
momentum balance equation: 

( ) ( ) θφθθ µVnmBJVVrtV irr −−∂∂−=∂∂ ~~
,    (1) 

where Vθ and Vr are poloidal and radial flow velocities, Bφ is the toroidal magnetic field and µ 
is the damping rate of the mean flow. A radial current Jr can result from the non-ambipolarity 

of the fluctuation-driven transport, ( )irer
fl

r VVneJ
~~~ −= , if the electron and ion radial 

fluctuating velocities are different, erV
~

 ≠ irV
~

, for example, due to the finite ion Larmor radius 

effect. It has recently been reported [7], that the fluctuations in the H-1 heliac generate radial 
currents so that the 2nd term in the right-hand side of the Eq. (1) appears to be larger than the 



turbulent Reynolds stress (1st term). Thus the non-ambipolarity of the fluctuation-driven 
particle fluxes could also lead to the generation of a time-varying radial electric field. 

ZF generation mechanism has been considered as a mode-coupling problem in which 
shorter-scale turbulent velocity fluctuations non-linearly transfer their energy to larger-scale 
potential structures [10, 11, 12]. The energy is transferred via 3-wave interactions. In the 
presence of the broadband turbulence the process is amplified due to the inverse cascading. 
Following the formalism of the work [11] it is easy to show that in the case when the non-
ambipolar turbulent transport dominates over the turbulent Reynolds stress in Eq. (1), the 
energy transfer between the smaller-scale fluctuations and larger-scale shear flows is 

proportional to ( ) ( )[ ]∑
+= 21

21
* ~~)(

~
Re

kkk
r kEknkE θ , where ( )kEr

*~
, ( )1

~
kEθ  are fluctuations in the 

radial and poloidal electric fields (asterisk stands for the complex conjugate) and ( )2
~ kn  

represents density fluctuations satisfying the wave number selection rule in the 3-wave 
processes, k = k1 + k2 . Thus changes in the degree of the non-linear coupling between the 
three fluctuating quantities should be reflected in the real part of the bispectrum 

( ) ( ) ( )∑
+=

=
21

21
*

21

~~)(
~

,
kkk

rk kEknkEkkB θ  and can be determined in experiments. Among other 

features of ZF that can be detected experimentally are their poloidal symmetry and the radial 
localization. 

Experimental results in L-mode 
Experiments have been performed on the H-1 heliac, a 3-field period helical axis 

stellarator which has a major radius of R = 1 m and a mean minor radius of about 
<a> ≈ 0.2 m. Parameters of the plasma produced by ~ 60 kW of radio-frequency waves at 7 
MHz were as follows: 18 3~ 1 10  men −× , ~ 10 eVeT , ~ 40 eViT . In the reported experiments 

plasma is produced in argon at filling pressures (1 – 3)×10-5 Torr.  
 First we consider the L-mode fluctuations. Shown in Fig. 1 (a-b) are the frequency 

spectra of the fluctuations of the radial and poloidal electric fields. The rE
~

 fluctuation level is 

higher than that of polE
~

 and the frequencies of the strongest rE
~

 and polE
~

 harmonics do not 

coincide. Maximum in rE
~

 corresponds to the wave number in the plasma potential 
krad >> kpol ≈ 0, while all other components in the frequency spectra of the plasma potential 
have kpol ≥ krad. The cross bicoherence ( )21

2 , ffbf  contour plot shown in Fig. 1 (c) indicates that 

all harmonics in the frequency spectrum of Fig. 1 (a-b) are non-linearly coupled (f1 = 0.8, 
Fr = 4.2, f2 = 8.4, f3 = 11.8 and f4 = 12.6 kHz) and obey the frequency selection rules such 
that f1 = f4 – f3 and Fr = f4 – f2 . A summed cross-bicoherence (Fig. 1 (d)) has a maximum at 

Fr ≈ 4 kHz, which suggests that the strongest ( )rr FE
~

 harmonic (also characterized by the zero 
poloidal wave number kpol(Fr) ≈ 0 (Fig. 1 (a)) and a distinct radial localization (Fig. 2 (b))) has 
the strongest non-linear coupling with other fluctuation harmonics. Unlike other harmonics, 
which have finite kpol , this structure does not generate any significant particle transport 

because of its poloidal symmetry, ( ) ( ) ( ) ( ) 0~~ ≈=Γ rprtrpolrfl FFnBFkF ϕ . Fig. 2 shows radial 

profiles of the root-mean-square level of the fluctuations in the ion saturation current 

( )es nRMSIRMS ~)
~

( ∝ , relative level (normalized to the mean radial electric field) of the 

strongest harmonic in rE
~

 fluctuations, ( ) rr EERMS /
~

 and the poloidal wave number of the 

plasma potential fluctuations derived from the phase shift measured using two poloidally 
separated triple probes. 
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Fig. 1. Frequency spectra of the radial (a) 
and poloidal (b) electric field fluctuations, 
contour plot of the crossed-bicoherence, (c) 
and the summed cross-bicoherence (d) for 
the fluctuation data of Fig. 1 measured at 
r/a = 0.67. 

Fig.2. Radial profiles of the ion saturation current 

iees TTnI +~~
~

 (a), normalized radial electric field 

fluctuations ( ) rr EERMS
~

/<Er> at f = 4.2 kHz (b) 

and poloidal wave numbers at f = 4.2 kHz (c). 

 

The rE
~

 fluctuations are localized in a relatively narrow radial region of r/a = (0.45 – 0.75) in 
the plasma compared with the density fluctuations. Poloidal wave numbers of the plasma 
potential fluctuations (fig. 2 (c)) are close to zero inside this radial region. These 
characteristics are indicative of the ZF-like structure in the low confinement mode. 

Experimental results in H-mode 
Above some critical B (above some critical Er shear) fluctuations are suppressed in H-mode. 
When the magnetic field is further increased, the plasma may experience another bifurcation 
to even higher electron density and more peaked ne profiles. An example of such a bifurcation 
is shown in Fig. 3. The line-average density is increased across the transition by ~30% as seen 
in Fig. 3 (a). The radial electric field changes across the transition to become even more 
sheared in the higher confinement mode, while fluctuations develop before and persist after 
the bifurcation. The development of the zonal flow-like instability in the discharge of Fig.3 is 
shown in Fig.4. It is seen as a low-frequency (~1 kHz) feature in the radial electric field 
(Fig.4 (c)) which is characterized by kr >> kθ = 0 as seen in Fig.4 (e-f). The onset of this 

structure leads to strong modulation in en~  and polE
~

 fluctuations and in the fluctuation-driven 

radial current (electron flux), as seen in Fig.4 (d)). The development of zonal flows is 
observed before the plasma bifurcation and appears to be a bifurcation trigger in such 
discharges. 
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Fig. 3.Time evolution of the average density, 
(a) and of the intensity of the fluctuations in 
the poloidal electric field (b) in the discharge 
illustrating spontaneous bifurcation from the 
“quiescent” to “fluctuating” high confinement 
mode. 

Fig. 4.Time-frequency intensity evolution of the 
fluctuations in the radial (a) and poloidal (b) 
electric fields, density fluctuations (c) and the 
time evolution of the integrated fluctuation-
driven particle flux (d) at r/a = 0.51 during the 
H-mode discharge. Also shown are time-
integrated frequency spectra of the poloidal (e) 
and radial (f) wave numbers of the plasma 
potential fluctuations. 
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The non-ambipolarity of the fluctuation-driven particle transport is 

demonstrated experimentally.  The fluctuation-driven fluxes of electrons and ions are 
estimated independently, using a probe complex.  This probe complex consists of a 
radially aligned Mach probe located between two triple probes, all of which are 
aligned to the same flux surface by an electron beam.  The radial Mach probe is 
sensitive to fluctuations in the ion radial velocity, and is therefore well suited to 
estimating the ion fluctuation-driven particle flux. 

We find that the fluctuating radial velocity of electrons is significantly larger 
than that of ions, up to an order of magnitude in the region of maximal fluctuations.  
When combined with density fluctuations to estimate the fluctuation-driven flux, we 
also find that the fluctuation-driven transport for electrons is larger than for the ions.  
This implies that the fluctuation-induced transport is non-ambipolar.  A non-
ambipolar flux is equivalent to a radial current.  When fluctuations are suppressed, 
this radial current disappears.  According to the Poisson equation, this radial current 
will directly modify the radial electric field.  

We measure the radial electric field profile using two radially separated triple 
probes, in the low and high confinement modes.  The difference between the two 
profiles is consistent with the modification expected from the suppression of the non-
ambipolar fluctuation-driven flux. 
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Abstract

The fluctuation-driven fluxes of electrons and ions are estimated independently,

using a probe complex, and are demonstrated to be non-ambipolar. The non-

ambipolar fluctuation-driven flux is equivalent to a radial current. When fluctua-

tions are suppressed during a confinement bifurcation, this radial current disappears.

According to Poisson’s equation, this change in the radial current will directly mod-

ify the radial electric field. The radial electric field profile measured before and after

the bifurcation is consistent with the expected modification due to the suppression

of the fluctuation-driven radial current. Further consequences of non-ambipolar

fluctuation-driven fluxes are discussed.

I Introduction

A process, k, can be considered ambipolar if it transports ions and electrons out of the
plasma at equal rates, that is, Γke = Γki . However, non-ambipolar processes are quite
common, eg. ion direct orbit loss. Nonetheless, in the steady state, the total transport of
electrons and ions must be equal to maintain quasineutrality. In other words, all bipolar
processes balance each other out. In particular, the radial electric field may be thought
of as an “equaliser”, since it adjusts the losses of electrons and ions.

The fluctuation-driven flux is in general given by Γfl = 〈ñeṼr〉, where Ṽr is caused by
Ẽ ×B. The possibility for the fluctuation-driven flux to be non-ambipolar has been con-
sidered theoretically. Finite Larmor radius (FLR) effects for the ions effectively “average”
out the fluctuating electric field, resulting in a reduced fluctuating velocity for the ions
[1, 2]

Ṽri =

(

1 +
1

4
ρ2

i∇
2

)

Ẽθ

B
. (1)

FLR effects are expected to be significant in fusion plasmas where high energy alpha
particles will have ρi of several centimetres.

The polarisation drift, Ṽp = (M/qB2)(dEr/dt) can also lead to the non-ambipolarity
in the turbulent particle flux [1]. It arises as a result of the ion inertia.
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Figure 1: Radial profiles of the measured fluctuation-driven flux in L-mode for electrons
(diamonds) and ions (triangles), and in H-mode for electrons (squares).

II Measurement of Fluctuation-Driven Fluxes

In order to determine whether the fluctuation-driven fluxes are non-ambipolar, indepen-
dent estimates of the the electron and ion fluctuation-driven fluxes are required.

The electron fluctuation-driven flux can be measured conventionally by measuring
fluctuations in the poloidal electric field (using two poloidally separated triple probes),
and assuming that their fluctuating radial velocity is a result of Ẽ × B. The electron
fluctuation-driven flux is then calculated by finding the time-average of the density and
velocity fluctuations

Γfle =
〈ñẼθ〉

B
. (2)

The fluctuating ion radial velocity can be measured using a radial Mach probe [3]

Vri =
πqTe ln(R)

4miVti
. (3)

Local measurements of Te are required, which again can be measured using triple probes.
Therefore, the electron and ion fluctuation-driven fluxes can be estimated independently
using a triple probe / Mach probe complex (TMT probe), as described in Ref. [3].

The fluctuating ion radial velocity is found to be considerably smaller than the electron
quantity across the entire plasma radius. For example, at r/a ∼ 0.4, the RMS of the
fluctuating ion radial velocity in a typical L-mode discharge is less than 200 m/s, whilst
the corresponding Ẽθ/Bφ is more than 2 km/s. Subsequently, the fluctuation-driven flux
is found to be non-ambipolar. The radial profiles of the fluctuation-driven fluxes for
low power RF (PRF ∼ 40 kW) argon plasma in H-1 are presented in Fig. 1 for both
L- (B ∼ 0.06 T) and H-mode (B ∼ 0.07 T). The fluctuation-driven flux in H-mode is
reduced by nearly two orders of magnitude.
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Figure 2: Radial profiles of the radial electric field in: L-mode (diamonds) and H-mode
(squares). The dashed profile (triangles) represents Er(L)− (qΓan∆t)/(ε0ε⊥).

III Modification to the Radial Electric Field

We consider what must occur across a spontaneous confinement bifurcation. Prior to the
transition, the plasma is in steady state and Poisson’s equation becomes

ε0ε⊥
q

∂

∂t
Er = Γan + Γothers = 0, (4)

where Γan = Γfle − Γfli is the non-ambipolar anomalous flux, and Γothers is intended to
represent all other fluxes, which may for example include ΓNC

e , the electron neoclassical
flux and ΓOLi , the ion direct orbit loss. The transition occurs in a time ∆t ∼ 1 ms. In this
time, the fluctuations are suppressed and subsequently Γan → 0 in Eq. (4). This leaves
an imbalance in Poisson’s equation, which may be approximated over this transition time
as:

ε0ε⊥
q

∆Er

∆t
= −Γan . (5)

This may be solved to estimate the change expected in the radial electric field in going
from low to high mode across the transition.

Fig. 2 shows the radial electric field measured in L- and H-mode. Also shown is the L-
mode radial electric field Er(L) plus the contribution ∆Er expected from the suppression
of the non-ambipolar anomalous flux, according to Eq. (5). This expected Er(L) + ∆Er

and the measured H-mode radial electric field Er(H) are in good agreement [4].
The existence of the fluctuation-driven radial current requires that the mechanism for

the confinement bifurcation from L- to H-mode in H-1 be revised. Ordinarily, one assumes
that fluctuations are suppressed, the net transport is reduced and the overall confinement
is improved. If we separate the fluctuation-driven flux into an ambipolar and bipolar
component,

Γfle = Γambi + Γnon−ambi , (6)

Γfli = Γambi . (7)



4

then we find that Γambi makes up less than 10% of the total flux (as estimated through
the ionisation balance). Thus, the conventional picture for the confinement bifurcation
is not applicable. Instead, we propose the following modified understanding. Close to
the confinement bifurcation, the radial electric field (or its shear) dynamically increases
to some critical value. This leads to a reduction in the fluctuation-driven transport and
eventually to its suppression. Following the sudden suppression of the fluctuation-driven
current, Er is modified according to Poisson’s equation. In the case of H-1, this enhances
the shear in the radial electric field, and hence secures the bifurcation in Er. Then, for
example, the new Er state improves the ion orbit loss [5] and confinement is improved.

IV Discussions and Conclusions

The non-ambipolarity of the fluctuation-driven fluxes has been demonstrated [4]. Fluctu-
ations are shown to play a direct role in the modification of the radial electric field profile.
Indeed, it appears that the fluctuations resist the Er conditions (namely high Er shear)
that would lead to their suppression.

There are other consequences to having non-ambipolarity of the fluctuation-driven
fluxes. The fluctuation-driven radial current may directly influence the radial force bal-
ance [6]. In the presence of the fluctuation-driven current, the radial force balance is

Er = VφiBθ − VθiBφ +
1

qn

∂pi
∂r

+
Jflr
σr

. (8)

The fluctuation-driven current also provides an alternate route to the generation of zonal
flows [7].

References

[1] R. E. Waltz. Magnetic fluctuations, ambipolarity, charge filamentation, and plasma
rotation in tokamaks. Physics of Fluids, 25(7):1269–78, 1982.

[2] T. E. Stringer. Neoclassical transport in the presence of fluctuations. Nuclear Fusion,
32(8):1421–32, 1992.

[3] W. M. Solomon and M. G. Shats. Fluctuation studies using combined mach/triple
probe. Review of Scientific Instruments, 72(1):449–52, 2001.

[4] W. M. Solomon and M. G. Shats. Nonambipolarity of fluctuation-driven fluxes and
its effect on the radial electric field. Physical Review Letters, 87(19):195003, 2001.

[5] M. G. Shats, C. A. Michael, D. L. Rudakov, and B. D. Blackwell. Thresholds and the
role of the radial electric field in confinement bifurcations in the h-1 heliac. Physics
of Plasmas, 5(6):2390–8, 1998.

[6] M. G. Shats, W. M. Solomon, and J. N. Talmadge. Radial force balance and radial
current generation in the h-1 heliac. Journal of Plasma and Fusion Research, 4, 2001.

[7] M. G. Shats and W. M. Solomon. Experimental evidence of self-regulation of fluctu-
ations by time-varying flows. Physical Review Letters, 88(4):045001, 2002.



13th INTERNATIONAL STELLARATOR WORKSHOP

QPS PLASMA AND COIL OPTIMIZATION

D.A. Spong1, D.B. Batchelor1, L.A. Berry1,
R.H. Fowler1, G.Y. Fu2, S.P. Hirshman1, J.F. Lyon1,

W.H. Miner, Jr.3, R. Sanchez4, D.J. Strickler1, P.M. Valanju3, A.S. Ware5

1Oak Ridge National Laboratory, P.O. Box 2009, Oak Ridge, TN 37831-8073
2Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ 08502

3U. Texas at Austin, Austin, Texas 78712
4Universidad Carlos III de Madrid, Madrid, Spain

5Department of Physics and Astronomy, University of Montana, Missoula, MT, 59812

Compact stellarators offer the potential of both attractive fusion reactors as well as lower
cost near term experiments at a fixed plasma minor radius.  We have developed
stellarator hybrid configurations with quasi-poloidal symmetry at very low aspect ratios
(<R>/<a> ~ 2.6)  that achieve low levels of neoclassical transport and good stability
properties, including access to high β second stability states.  The optimization of
compact stellarators is a challenging physics and computational problem whose solution
has required the development of a variety of new tools.  These include: rapidly evaluated
transport and 3D ballooning targets, a new version of the VMEC equilibrium code with
improved convergence properties, and an overall MPI language parallelization method
that tolerates a queue of computational tasks of varying length.  Although our
optimization initially targets quasi-poloidal symmetry, some remaining residual degree of
non-symmetry is generally present.  By adjusting the form of this residual, further gains
in confinement and stability properties can be made.  Following this physics optimization
of the outer flux surface, a set of coils is developed (COILOPT code) by directly
adjusting the coil currents and geometry so as to minimize the normal component of
magnetic field on the outer flux surface.  Recently we have combined the separate
physics and coil optimizations into a single integrated optimization procedure.  These
new physics and coil optimization methods will be described and the properties of the
resulting configurations discussed.
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Abstract. Compact stellarators offer the potential of both attractive fusion reactors as well as lower cost
near term experiments. The optimization of compact stellarators is a challenging physics and
computational problem whose solution has required the development of new tools.  These include: a
variety of rapidly evaluated transport and 3D ballooning targets, a bootstrap current consistency
condition, and an upgraded version of the VMEC equilibrium code with improved convergence; these
components are immersed in an optimization algorithm that has been adapted to utilize multiple
processor parallel computers.  Following the physics optimization of the outer flux surface, a set of coils
is developed (COILOPT code) by directly adjusting the coil geometry and currents so as to minimize the
normal component of magnetic field on the outer flux surface in conjunction with coil engineering
constraints. Based on these methods, new stellarator hybrid configurations have been developed with
quasi-poloidal symmetry at very low aspect ratios (<R>/<a>!~ 2.7) that achieve low levels of
neoclassical transport and good stability properties, including access to high b second stability states.

I.  Introduction

The QPS1 (Quasi Poloidal Stellarator) is a compact (A = 2.7) two field period quasi– poloidally
symmetric device that has been developed through a systematic optimization procedure that
balances physics requirements (confinement quality, plasma stability to pressure and current-
driven modes, bootstrap current consistency), design goals (low aspect ratio, minimum plasma
width for good neutral shielding, avoidance of low order rational surfaces, rotational transform
provided predominantly from coils and engineering constraints (adequate coil-plasma and coil-
coil separation, sufficient space in the center for an Ohmic heating transformer and toroidal
coils).  The successful optimization of low aspect ratio devices has been possible due to a
number of past scientific advances: (a) the identification of an appropriate coordinate system2

within which magnetic field symmetries leading to improved particle orbit confinement could
readily be identified; (b) demonstration that numerical optimizations of three-dimensional
systems could lead to good equilibrium, transport, and stability properties3; (c) numerical design4

of coils to accurately produce these configurations; and (d) the increasing availability of
massively parallel computers with capacities of 1 teraflop and higher coupled with the
development of efficient algorithms to take advantage of this resource.
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II.  Plasma Optimization
Our optimization technique, known as the STELLOPT code, has evolved to include a range of
physics and engineering targets; these are summarized in table 1.

Targets  (Physics/Engineering) Example
Bounce-average omnigeneity (drift surfaces

and flux surfaces aligned)
Bmin = Bmin(y),  Bmax = Bmax(y),  J = J(y)

Target nearby quasi-symmetries Minimize Bmn if m ≠ 0 (QP), or if m/n ≠1
(QH)

Local diffusive transport D, c from DKES, eeff
3/2 from NEO5 code

Current profile, bootstrap consistency self-consistent IBS, I(y) goes to 0 at edge
Limit maximum plasma current e.g., Imax < 80 kAmps

Iota profile i(y) = 0.3 (r = 0) 0.4 (r = a)
Magnetic Well, Mercier V” < 0, DM > 0 over cross section

Ballooning stability <b> ~ 2-4%
Aspect ratio R0/a ≈ 2.5 to 3.5

NESCOIL targets/feasible coil design Complexity, Berr, Max. current density
Adequate shielding of neutrals Minimum "waist" thickness

Fit within vacuum tank and allow room for
Ohmic transformer Rmax < 1.5 meter, Rmin, inboard > 0.4 meter

Limit outer surface curvature avoid strong elongation/cusps

Table 1 - Physics and engineering targets used in the optimization procedure

The QPS transport optimizations initially focused on improving both the omnigeneity measures
listed above and DKES transport coefficients evaluated near the plateau regime on 4-5 flux
surfaces.  At lower aspect ratios (in the range A = 2.5 – 3), it became clear from the variation of
|B| that these targets were driving the optimization towards configurations with a dominant
quasi-poloidal symmetry [i.e., |B| = |B|(z) where z = toroidal angle in Boozer coordinates].
Although subsequent optimizations targeted quasi-poloidal symmetry more directly, some
remaining residual degree of non-symmetry is generally present.  By adjusting the form of this
residual, using transport targets such as DKES and eeff

3/2 from the NEO5 code further gains in
confinement have been possible.  We now have configurations with a factor of 3 – 4 lower
effective ripple eeff as measured by the NEO5 code than the original QP configuration that was
analyzed in ref. 1; also, by another simple measure, the ratio of magnetic energy in the non
quasi-poloidal modes to that in the symmetric modes, the recent configurations are improved by
a factor of ~2 as compared to the configuration of Ref. 1.
Ballooning stability has also been targeted in QPS optimizations using the COBRA6 code.  This
provides a rapid, but accurate evaluation based on VMEC coordinates of 3D ballooning stability.
The ballooning growth rates are targeted on multiple flux surfaces and can be reduced by the
optimizer either through changes to the outer flux surface shape or via plasma pressure profile
modifications.  Our configurations typically have first stability ballooning limits of <b> ~ 2%.
In addition, QPS devices have second stability regimes to ballooning modes; these regimes are
generally present when the outward equilibrium flux surface shift is significant, leading to
enhanced poloidal fields and shorter connection lengths on the outboard side of the plasma.
Near term QPS configurations, with stellarator-like shear, have second stability regimes,
provided the bootstrap current can be suppressed from collisionless levels.  QPS devices with
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tokamak-like shear,7 which are being considered as reactor candidates, also have such regimes ;
ballooning and kink stable cases have been found for <b>’s up to 15%.  Although the access to
these high <b> regimes must currently pass through a window of instability, future work will be
directed towards finding stable access paths.
The plasma optimization targets of Table 1 are controlled by a Levenberg-Marquardt (LM)
optimization algorithm.  In order to take advantage of massively parallel architectures, we have
developed a global parallelization method for LM.  This is carried out both in the periodic
Jacobian evaluations (over the 30 – 60 dimensional parameter spaces STELLOPT typically
operates in) and in the estimation of the Levenberg parameter.  This high level parallelization
over variations in the independent variables (shape coefficients and profile parameters)
simplifies the development of modules used to calculate the targets listed in Table 1.  A bank-
queuing algorithm is used in distributing the computational tasks to the processors to
accommodate for the fact that they are uneven in length.  Close to linear speed-ups are observed
up to the point where the number of processors equals the number of independent variables.
This scaling with the number of processors is indicated in Figure 1.

Fig. 1 – Scaling of time per Levenberg-Marquardt optimization step with number of processors for test
cases with 35 and 62 independent variables.

In Figure 2 the modular coil geometry and flux surface shapes are displayed for a recent QPS
design arising from the above optimization process.  There are eight coils per field period
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(a) (b)

(c) (d) (e) (f)
Fig. 2 – (a) Top and (b) side views of outer magnetic flux surface and coils with color contours showing

magnetic field strength. Flux surface view plots at Nz = 0°, 45°, 90°, 180°

indicated as light blue filaments. The four coils near the top and bottom of Figure 2(a) are
actually two split coils with each leg carrying half the current of the other coils.

IV.  Coil Optimization

As indicated in Table 1, the physics optimization has already been weakly coupled to selected
coil related figures of merit (e.g., complexity, curvature, and current density) which can be
approximated by the NESCOIL4 surface current model.  These targets help guide the choice of
plasma shapes into regions of parameter space where realizable coils will exist.  However, the
coils displayed in Figure 2(a) and (b) have not been generated from a continuous surface current
distribution, but rather using the COILOPT8 code.  This approach solves for the optimal
parameters in an explicit representation of modular coils on a toroidal winding surface that is
well separated from the plasma boundary, together with the Fourier coefficients of the winding
surface.  A schmatic diagram of this process is shown in Figure 3.  The primary target for this
optimization is the reduction of the normal component of magnetic field on the outermost
magnetic flux surface; in addition, a number of coil geometry and engineering penalty functions
are also included.  Examples are plasma-coil, coil-coil separation, coil current density and
measures of coil curvature.



5

Fig. 3 – Schematic diagram of the COILOPT coil design process.

We have chosen a QPS coil optimization model based on 16 coils (4 coil types, where the
winding packs of the pair of coils on the center of the long section follow follow independent
paths) with no coils on the symmetry planes, uniform modular coil currents, 3 pairs of vertical
field coils with fixed position and variable current, and 12 TF (toroidal field µ 1/R) coils.  The
latter field is in a direction opposite to the modular coil-produced TF.  This increases the
modular coil currents, but decreases the toroidal variation of the coils, thus improving the coil-
coil separation.  We are able to obtain good flux surface reconstruction and preserve the physics
properties for QPS devices with average field errors on the outer surface
[dBavg = 1/ A( ) dA B ⋅n / BÚÚ ] of ~ 0.76%.

Fig. 4 – (a) Side and (b) top views of outer magnetic flux surface and the three coil sets (modular,
vertical, toroidal) with color contours showing magnetic field strength.
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Two views of the QPS outer magnetic surface along with the three coil sets (the modular coils,
the vertical field coils and the toroidal field coils) are shown in Figures 4(a) and 4(b).  These
combined modular, TF and VF coils meet a variety of QPS specific plasma and device
constraints, such as adequate space in the center of the device for Ohmic solenoid and TF coils
(~ 20 cm), sufficiently large minimum radius of curvature (~ 6 cm) and adequate coil-plasma
spacing (~ 14 cm).

The combination of toroidal and vertical field coils will offer significant flexibility to explore
the effect of differing magnetic field structures on plasma properties.  An example of such
flexibility is shown in Figure 5, where the vertical field currents are varied, causing the plasma
magnetic axis to either shift inward (negative currents) or outward (positive currents).  As can be
seen, inward shifts improve collisionless transport properties (here we have used the effective
ripple coefficient eeff

3/2 from the NEO5 code) and reduce the ballooning growth rates and size of
the unstable region.  Outward shifts increase the ballooning unstable region; this effect could
prove to be a useful control for testing ballooning stability in an experiment.  These variations
were carried out at constant plasma pressure with <b> varying from about 1.9% in the shifted in
case to 2.1% in the shifted out case; the toroidal field current was set at Itor!=!–300 kAmps.

Fig. 5 – (a) Dependence of collisionless transport coefficient on vertical field coil current, (b) dependence
of ballooning growth rate on vertical field coil current (here positive currents shift the magnetic axis

outward and negative currents shift it inward).

V.  Merged Plasma – Coil Optimization

Recently, the STELLOPT and COILOPT codes have been successfully merged together to form
an optimization tool that will simultaneously target physics and coil engineering criteria in a
more comprehensive manner.  This approach is generally used only after the separate physics
and coil optimizations have identified good candidate configurations for a design point.  This
merged optimizer has allowed the designer to identify nearby neighboring equilibria that have
close to the same physics properties as the initial one, but with significantly better coils (i.e.,
lower field errors, easier to build).  It has also, in some cases, been of use in identifying nearby
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equilibria whose outer flux surface shapes have a smoother structure than those that are initially
reconstructed from coils based only on the COILOPT calculation.

VI.  Conclusions

A systematic plasma optimization and modular coil synthesis procedure has been developed and
applied toward the development of low aspect ratio stellarators with quasi-poloidal symmetry.
The plasma and coil optimization codes have been designed to take good advantage of currently
available parallel computing architectures, but yet allow easy incorporation of new
independently developed optimization targets.  This effort has lead to the QPS device which has
two field periods, A = 2.7, levels of neoclassical transport that are substantially suppressed from
the stellarator ISS95 scaling, first stability limits around <b> ~ 2% and second stability regimes
up to <b> ~ 15%.  Using the COILOPT code, modular coils have been developed for this device
that have good engineering feasibility, but yet preserve the flux surface integrity and physics
characteristics of the original plasma optimization. A combination of modular, vertical and
toroidal field coils has resulted in an experimental design that should be able to drive a range of
Ohmic current levels while providing good flexibility for testing transport and stability physics.
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Quasi-poloidal symmetry is a new approach to stellarator confinement optimization that
we have used to design very low plasma aspect ratio configurations (<R>/<a> ~ 2.6,
1/2–1/4 that of existing stellarators).  An experiment, the Quasi-Poloidal Stellarator
(QPS), is being developed to test the main features of this approach.  QPS has <R> = 0.9
m, <a> = 0.35 m, <B0> = 1 T for a 0.5-s pulse, and Pheating = 1-3 MW.  An important
criterion for our optimization has been to achieve sufficiently low levels of neoclassical
transport so that the dominant losses are from anomalous transport.  A number of recently
developed/improved transport tools have been used to evaluate confinement in this
configuration.  These include: the DKES transport coefficient code, the DELTA5D
Monte Carlo model, and several 0-D and 1-D models.  We will apply these models to the
QPS configuration and discuss the neoclassical properties of the various transport
regimes it can access.  In addition to perpendicular transport, the parallel transport
properties (bootstrap current, neoclassical resistivity enhancement) are also important
since this device relies on plasma current to supply a fraction of its rotational transform.
Bootstrap current has been calculated using both the DKES and Monte Carlo approaches
as well as using an asymptotic low collisionality calculation.  These models will be
applied to the QPS device and compared.
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Abstract. Quasi-poloidal symmetry is a new approach to stellarator confinement optimization that
we have used to design very low plasma aspect ratio configurations (<R>/<a>!~!2.6, 1/2–1/4 that of
existing stellarators).  An experiment, the Quasi-Poloidal Stellarator (QPS), is being developed to test
the main features of this approach.  QPS has <R> = 0.9 m, <a>!= 0.35 m, <B0>!= 1 T for a 0.5-s
pulse, and Pheating = 1-3 MW.  An important criterion for our optimization has been to achieve
sufficiently low levels of neoclassical transport so that the dominant losses are from anomalous
transport.  A number of recently developed/improved tools have been used to evaluate both
perpendicular and parallel transport properties (bootstrap current, neoclassical resistivity
enhancement) in this device.  These include: the DKES transport coefficient code, the DELTA5D
Monte Carlo model, and several 0-D and 1-D models.  We will apply these models to the QPS
configuration and discuss the neoclassical properties of the various transport regimes it can access.

I.  Introduction

The design of low aspect ratio stellarators has been guided by the goal of maintaining
adequate levels of neoclassical and energetic particle confinement.  The compact geometries
of these devices inherently couple together strong toroidal/poloidal/helical shape variations.
Transport properties, however, depend on the symmetries of the magnetic field in Boozer
coordinates1.  Sufficient symmetries in these particular coordinates can be achieved at low
aspect ratio through a process of numerical optimization.

In this paper we analyze the transport properties of low aspect ratio devices with quasi-
poloidal symmetry.  For this form of symmetry, the dominant components of the magnetic
field have the poloidal mode number m equal to zero.  In the limit of exact poloidal
symmetry, the canonical poloidal angular momentum Pq would be conserved and the orbit
excursions away from a flux surface would be limited by the gyroradius in the toroidal
magnetic field rtor rather than the gyroradius in the poloidal magnetic field rpol (banana
width) as is the case for axisymmetric devices.  Since rtor!<< rpol, this can lead to substantial
reductions in neoclassical transport.  Another way of viewing this is to consider that of the
three possible forms of stellarator symmetry, poloidal symmetry (for low rotational transform
devices) most nearly aligns the direction of   

† 

r 
B  and   

† 

r 
— B , thus minimizing cross field drifts.

Further properties of devices with exact poloidal symmetry would be minimal flow damping
in the poloidal direction and reduction of the bootstrap current by a factor of 

† 

i /Nfp where 

† 

i 
is the rotational transform (=1/q) and Nfp is the number of field periods.  Of course, exact
poloidal symmetry has not been achieved in realizable devices and, for this reason, transport
analysis of these configurations (taking into account multi-helicity effects) is an important
issue.  Our design goal has been to reduce neoclassical transport to levels sufficiently below
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the expected anomalous transport2 so that noticeable transport reduction would be observed if
enhanced confinement regimes are accessible.

In Figure 1 two views of the outer magnetic flux are shown for our current reference QPS
configuration.  The poloidally symmetric structure is evident at least for the side sections by
the banded structure of the magnetic field strength contours.  The degree to which the end
sections can be made poloidally symmetric is somewhat related to how thin (elongated) they
can be made.  For the design of the QPS device (<R> = 0.9 m, <a>!= 0.35 m, <B0>!= 1 T) the
minimum thickness of the plasma in these regions has been limited to ~20-25 cm, motivated
by a desire to minimize neutral penetration.  In larger devices, such a constraint will be less
limiting with respect to allowable elongations in the end regions.

Figure 1 – Top and side views of the outer flux surface of the QPS device with color coding used to
indicate the magnetic field strength (in Tesla).

The outer flux surfaces shown in Figure 1 are generally the location where the largest
deviations from poloidal symmetry occur.  However, since transport in edge regions will
likely be dominated by fluctuations, impurities, neutrals, etc., the more important measures of
poloidal symmetry are from the inner flux surfaces.  In Figure 2 the magnetic field strength
contours are plotted for a surface at 

† 

y /ymax = 0.3 and show the strong poloidal symmetry
particularly for the magnetic well regions (B < 1 Tesla) shown in blue.
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Figure 2 – Contours of magnetic field strength for the surface at (y/ymax)1/2 = 0.3.  Blue contours are
for B!< 1 Tesla while purple contours are for B > 1 Tesla.  Magnetic field lines are indicated in red.

In Figure 3 the larger Fourier components of |B| are plotted against normalized flux labeled
with their respective poloidal and toroidal mode numbers (m,n).  As may be seen, near the
axis, the poloidally symmetric (m,n) = (0,1) and (0,2) modes dominate.  Further out, the (1,0)
and (1,1) modes enter in with the (1,0) mode being down about a factor of 2 over what it
would be in the equivalent R0/<a> axisymmetric device.

Figure 3 – Fourier components of |B| vs. normalized flux and (m,n) number.

One further measure of quasi-poloidal symmetry is shown in Figure 4.  This is the ratio of the
magnetic energy in the modes without poloidal symmetry to those with poloidal symmetry
(excluding m = 0, n = 0).  This ratio reduces the multiple curves of Figure 3 to a single curve.
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Figure 4 displays this measure for the current QPS configuration (labeled QPS-1108a4) along
with some of its predecessors.  As can be seen, significant progress has been made in
improving the poloidal symmetry since our initial QPS configuration3 of 2 years ago.

Figure 4 – Ratio of magnetic energy in non-poloidally symmetric modes to energy in poloidally
symmetric modes for different QPS configurations vs. (y/ymax)1/2.

The results shown in Figures 1 through 4 have been based on QPS devices with <b>’s in the
1.8!– 2% range and with rotational transform profiles rising toward the plasma edge, as is
characteristic of stellarators.  These devices generally have second stability regimes for <b>’s
in the 7 – 15% range.  High <b> has desirable effects on quasi-poloidal symmetry and
energetic particle confinement.  A closely related set of QPS configurations4 is under
development with rotational transform profiles that decrease towards the plasma edge and
which have good access to second stability.  A typical Bmn spectrum for one of these devices
at <b> = 15% is shown in Figure 5.  As can be seen, the non-poloidally symmetric modes are
even further suppressed here than in Figure 3.  Also, there is a more significant radial
variation in the B0,0 component (due to the finite <b> diamagnetic suppression of the
magnetic field).  This gradient acts to improve the confinement of energetic trapped particles
in a way (through increased poloidal drifts) that is analogous to how radial electric fields
improve confinement for thermal trapped particles.
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Figure 5 – Fourier components of |B| vs. normalized flux and (m,n) number for a <b> = 15% QPS
configuration.

II.  Local Transport Coefficient Evaluations

We have evaluated and compared the neoclassical confinement properties of QPS devices
using several theoretical models based on local diffusive transport assumptions.  The tools
used have been the low collisionality NEO5 code and the DKES model. 6  In Figure 6 we plot
the low collsionality effective ripple coefficient eeff

3/2 obtained from the NEO code for various
QPS and torsatron configurations.  As can be seen, reductions in this parameter have been
achieved for more recent QPS configurations (1108) as compared to some of the earlier
devices (the configurations with “free” at the end of the name are based on free boundary
reconstructions).  As will be discussed in the flexibility section, the vertical field can be used
to shift the QPS magnetic axis inward.  This leads to further reductions in eeff

3/2 (especially
near the center) as can be seen by comparing the QPS_1108_shifted_in and QPS_1108_free
curves.
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Figure 6 – Low collisionality effective ripple coefficient eeff
3/2 from the NEO5 code for various QPS

and torsatron configurations.

The drift kinetic solver DKESError! Bookmark not defined. calculates the full stellarator neoclassical
transport coefficient matrix for realistic magnetic field spectra of aribitrary helicity.  This
provides the coefficients needed to evaluate local heat and particle fluxes, self-consistent
ambipolar electric fields, and bootstrap current levels. DKES has been applied to the
reference configurations over the ranges of collisionality and electric field that provide
reasonable convergence of the upper and lower bounds.  Although a sufficient range of
collisionalities and electric fields cannot be accessed to do the required energy integrations
for all parameters of experimental interest, the monoenergetic coefficients provide useful
physical insights over the parameter ranges where they can be converged.  Also, a mixed
model can be used where the DKES coefficients are employed over the ranges where they
can be converged and then asymptotic forms are used to extrapolate outside these ranges.  In
Figure 7 we plot the DKES L11 coefficient  for a flux surface about 1/2 of the way out (in
flux) for an earlier QPS configuration (080301) as a function of collisionality and electric
field.  Also indicated by rectangular boxes are the approximate ranges of collisionality that
are accessed in calculating the D22 thermal diffusivity coefficient for ECH and ICH heated
regimes at B = 1 T.  The ECH regime is n(0) = 1.8 x 1019 m-3, Te(0) = 1.4 keV, and Ti(0) =
0.15 keV; the ICH regime is n(0) = 8.3 x 1019 m-3, Te(0) = 0.5 keV, and Ti(0) = 0.5 keV.
These ranges are estimated as the intervals in n/v and E/v associated in going from thermal
energies to 9 times thermal energies (for D22 the integrand has its maximum about halfway
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through this range).  These intervals are: ECH electrons (7x10-5 < n/v < 10-3, 8x10-5 < E/v
<!2x10–4), ECH ions (6x10-3 < n /v < 7x10-2, 10-2 < E/v < 3x10-2), ICH electrons
(3x10–3!<!n/v!<!4x10-2, 5x10-5 < E/v < 2x10-4), ICH ions (2x10-3 < n/v < 3x10-2, 2x10-3 < E/v <
6x10-3).

Figure 7 – Variation of DKES monoenergetic L11 transport coefficient with collisionality and electric
field for a flux surface at y/ymax = 0.5.  Parameter regimes for electrons and ions with ECH and ICH
heating are indicated (the solid and dashed lines are the upper and lower bounds on L11 that DKES

calculates).

As can be seen, the ECH electrons are well into the collisionless 1/n regime, while the ions
and ICH electrons are more in the plateau regime.

The collisionality variation of the L11 transport coefficient has also been a useful measure of
confinement when comparing different QPS configurations.  In principle, at low
collisionality, this can provide information equivalent to the NEO5 calculation.  The variation
of the L11 transport coefficient with collisionality (taking Er = 0) for various configurations is
plotted in Figure 8.  Here we have scaled each device to have the same major radius.  As can
be seen by comparing Figures 6 and 8, the DKES and NEO results do seem to show a similar
ordering of transport levels between the different devices.  Also, the ratio of L11’s and eeff

3/2’s
between the different devices is similar.
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Figure 8 – Variation of DKES monoenergetic L11 transport coefficient with collisionality for a flux
surface at y/ymax = 0.5 for several different QPS and torsatron configurations.

III.  Monte Carlo simulations of QPS devices

Global Monte Carlo calculations based on the DELTA5D code7 have also been used to
compare various QPS configurations.  Typically, full-f calculations are carried out and the
complete guiding center orbits are followed; thus, both diffusive and direct orbit losses are
included.  An initial loading of particles is made over the cross-section of the device with the
particle distributions determined by the density and temperature profiles.  This ensemble of
particles is then followed for a sufficient period of time so that the loss rate of particles
through the outer surface reaches an approximate equilibrium.  As particles leave the outer
flux surface, they are re-seeded back into the plasma at random energies and locations
consistent with the assumed profiles.  In Figure 9 Monte Carlo ion energy confinement times
are displayed for a range of configurations based on ICH [Figure 9(a)] and ECH [Figure 9(b)]
heated parameters.
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(a) (b)
Figure 9 – Monte Carlo global ion energy confinement times for ions in (a) ICH heated plasmas and

(b) ECH heated plasmas (for densities and temperates of these cases, see section II.

These confinement times also show somewhat similar variations between devices as the
DKES and NEO results had shown earlier; however, there are also some differences with the
local transport orderings.  This is likely due to the fact that these Monte Carlo results take
into account the whole plasma volume and, as indicated in Figure 7, the ion ICH and ECH
regimes are in the plateau collisionality regime whereas the NEO results are only applicable
to lower collisionalities.

Monte Carlo calculations have also been used to assess electron confinement times in QPS
devices, and to search for electric field values that give approximate ambipolar balances.
These calculations have been documented elsewhere and will not be covered here.7  Taking
into account both ion and electron losses at expected values of the ambipolar electric field,
we have found that neoclassical energy confinement times in the range of 2 – 7 times the
ISS95 empirical scalings2 are possible.

IV. QPS Flexibility Studies

QPS is being designed with 3 independently controllable sets of magnetic field coils: the
modular field coils, the toroidal (i.e., B µ 1/R) field coils, and the vertical field coils.  These
coils are expected to provide a valuable source of flexibility for testing various QPS physics
issues.  Recently we have started to evaluate the effects of varying the currents in these
different coilsets on neoclassical transport levels.
The vertical field generally shifts the plasma magnetic axis inward or outward and can
influence the degree of magnetic field ripple and its symmetry properties.  An example of this
effect is shown in Figures 10(a) and 10(b).  Here QPS magnetic field strength contours are
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shown for a flux surface halfway out in radius for (a) a shifted-in case with IVF = -30 kAmps,
and (b) a shifted–out case with IVF = 50 kAmps.  The shifted-in contours are generally
smoother and more quasi-poloidally symmetrical than the shifted-out contours.

(a) (b)
Figure 10 – Magnetic field strength contours for a QPS plasma which is (a) shifted inward in major

radius and (b) shifted outward in major radius.

The effect of the improved poloidal symmetry that results when the plasma is shifted inward
is also reflected in Figure 11.  Here the NEO code has been applied over a range of vertical
field coil currents ranging from –30 kAmps to +50 kAmps and indicates that lower effective
ripple levels are achieved for the shifted-in configurations.

Figure 11 – Variation of eeff
3/2 as the vertical field coil currents are changed.  IVF = -30 kA corresponds

to a shifted-in configuration while IVF = +50 kA corresponds to a shifted-out configuration.
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In Figure 12 we plot a similar study as the current in the toroidal field coil current is varied.
eeff

3/2 shows less sensitivity to the toroidal field variation than it does to the vertical field
variation.

Figure 12 – Variation of eeff
3/2 as the toroidal field coil currents are changed.  This is the current level

divided over the 12 toroidal coils.

V. Conclusions

Quasi-poloidal symmetry is a new approach to stellarator confinement optimization that has
been used to design very low plasma aspect ratio configurations (<R>/<a>!~!2.6, 1/2–1/4 that
of existing stellarators).  This form of symmetry offers reduced flow damping of poloidal
flows, reduction of bootstrap current levels by up to a factor of 

† 

i /Nfp and good neoclassical
confinement.  We have verified the degree of neoclassical confinement using a variety of
analysis tools, including direct measures of the degree of symmetry, the DKES transport
coefficient code, the NEO effective ripple code and Monte Carlo global confinement time
calculations.  Besides verifying that basic configurations can be designed with adequate
confinement, we have also found that they possess flexibility through variations of the
vertical and toroidal field coil currents for testing a range of confinement issues.
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Fast ion destabilized shear Alfvén modes are of interest in stellarators due to the fast ion
losses and lowered heating efficiency they can cause, their potential diagnostic use
(MHD spectroscopy), and the possibility of direct channeling of fast ion energy to core
ions through wave-particle mechanisms (i.e., bypassing the slower collisional transfer
mechanisms).  Low aspect ratio stellarators offer much stronger poloidal/toroidal
couplings in |B| and the gρρ metric coefficient (which enter into the Alfvén continuum
equation) than either tokamaks or large aspect ratio stellarators.  Also, since low aspect
ratio devices generally are designed at low field periods (Nfp = 2 – 3), more closely
spaced toroidal mode families must be taken into account in calculating the Alfvén
spectrum.  We have developed a numerical procedure for rapidly calculating the Alfvén
continuum structure that uses VMEC coordinates and MPI parallelism over flux surfaces.
We find a number of qualitative differences between the continuum structures of low and
high aspect ratio devices that can impact Alfvén stability properties.  We also expect to
extend this calculation to obtain the discrete Alfvén modes located in the gaps of the
continuum and examine their thresholds to excitation by fast ion components.
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Abstract. The shear Alfvén continuum has been calculated for stellarators of arbitrary shape and
aspect ratio using a symmetric matrix form of the continuum equation. Stellarators introduce strong
poloidal/toroidal couplings in |B| and the grr metric coefficient that can induce new continuum gap
structures not present in axisymmetric tokamaks.  Low field period period (Nfp = 2 – 3), low aspect
ratio devices result in strongly coupled toroidal mode families (n = n0, n0 ±  Nfp, n0 ± 2Nfp, etc.) that
lead to HAE (Helical Alfvén Eigenmode) and MAE ( Mirror Alfvén Eigenmode) couplings at lower
frequencies than are the case for larger aspect ratio, higher field period stellarator devices.  Low field
period configurations also have a higher density of coupled continua for a given frequency range; this
characteristic could lead to higher levels of continuum damping.

I.  Introduction

Fast ion destabilized Alfvén modes1 are of interest in stellarators since they can lead to
enhanced fast ion losses and lowered heating efficiencies.  In addition, these instabilities have
potential diagnostic use (MHD spectroscopy), and may offer the possibility of directly
channeling2 fast ion energy to core ions through wave-particle mechanisms (i.e., bypassing
the slower collisional transfer mechanisms).  Low aspect ratio stellarators have stronger
poloidal/toroidal/helical couplings in |B| and the grr metric coefficient (which enter into the
Alfvén continuum equation) than either tokamaks or large aspect ratio stellarators.  Also,
since low aspect ratio devices generally are designed at low field periods (Nfp = 2 - 3), more
closely spaced toroidal mode families must be taken into account in calculating the Alfvén
spectrum.  Although calculations have recently been presented of Alfvén continua in
stellarators, these have generally been either only for large aspect ratio stellarators3 or have
assumed weak equilibrium couplings.4  We have developed a calculation (the STELLGAP
code) for analyzing the Alfvén continuum structure in compact devices and which can take
into account interactions between multiple toroidal modes and retain an adequately resolved
Fourier spectrum for the equilibrium quantities.  This code uses Boozer coordinates and MPI
parallelism over flux surfaces to allow both a high degree of radial and Fourier space
resolution.

In the following, this calculation will be applied to both large and small aspect ratio
stellarators.  Calculation of the Alfvén continuum structure is the first step in predicting the
frequency spectrum and stability properties of energetic particle destabilized modes in
stellarators.  Discrete roots with a global radial extent generally exist in the gaps between
adjacent continuum frequencies; these discrete roots can be destabilized by energetic particles
through inverse Landau damping when their velocity matches either the phase velocity of the
stable discrete mode (~ vA) or its coupled sidebands. When such instabilities are near
marginal stability, it is expected that if the mode’s real frequency matches the frequency of
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nearby continua, damping will result, increasing the threshold of the energetic particle
pressure gradient required to drive these modes unstable.  Studies of such effects in
tokamaks5 have shown good correlations between analytical continuum damping predictions 6

and non-perturbative numerical calculations5 of Alfvén mode stability.  Since stellarators
offer a greater degree of design flexibility than tokamaks, it is expected that the calculation
developed in this paper could ultimately be applied as an optimization target. Due to the fact
that the Alfvén continuum structure is determined by the geometric and |B| couplings, it
would be anticipated that these can be optimized in ways that could enhance continuum
damping effects over at least limited ranges of frequency.

II.  Alfvén Continuum Equations and Solution Technique

The Alfvén continuum equation7 in the incompressible limit (i.e., g = 0, with no sound wave
coupling) can be written as follows:
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where q is the poloidal coordinate, z is the toroidal coordinate, r = the flux surface label, grr

= the contravariant rr metric element and 

† 

i  = the rotational transform.  The eigenfunction xs
can be expanded as:

xs = xs
j

j =1

L

Â ej where ej = cos(njz - mjq )                                                                     (3)

For the calculation of Alfvén continua in devices with stellarator symmetry, one can consider
the cos and sin components separately in the Fourier expansion of xs (due to the fact that they
decouple).  We have found that at least for cases we have checked, they both lead to the same
set of contunua, so will only consider the only cos expansion of xs in this paper.  Multiplying
equation (1) by gei = g cos(niz - miq)  and doing a flux surface average, denoted by
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The second term in the above equation can then be integrated by parts to obtain the following
matrix eigenvalue equation:
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The above matrix elements are obtained after expanding the following products of magnetic
field components and metric elements in terms of Fourier series:

† 

grr g
B2 = Ek cos(nkz - mkq)

k=1

K

Â , grr

B2 g
= Fk cos(nkz - mkq)

k=1

K

Â                                         (6)

The quantities on the left hand side of the above equations are initially calculated for each
flux surface on a mesh in q and z by forming the appropriate products and quotients of
equilibrium quantities.  This data is then transformed to the above Fourier space
representations, keeping the shortest Fourier wavelength at least a factor of 2-3 larger than
the mesh spacing to avoid anti–aliasing errors. The matrix elements then depend on two
convolution integrals [other Fourier product combinations such as those involving
cos(niz–miq)sin(njz–mjq)cos(nkz–mkq) and sin(niz–miq)sin(njz–mjq)sin(nkz–mkq) integrate to
0]:
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                                              (7)

Analytic algorithms have been developed (using the Mathematica9 software) to provide these
integrals for arbitrary combinations of the mode numbers mi, ni, mj, nj, mk, nk. These
algorithms have been checked against independent calculations that use numerical
integration.  The advantage of the analytic algorithms is that they are exact and significantly
faster.  The required matrix elements may then be written as:
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Equation (1) has then been reduced to a symmetric matrix eigenvalue problem.  We solve the
above system of equations for all possible eigenvalues and eigenfunctions using the DSYGV
routine from the IBM ESSL library.10  It is expected that a higher performance continuum
calculation (such as might be used within a stellarator optimization) can be obtained by
calculating only a subset of the eigenvalues of the above equations (e.g., only for lower
frequencies).

III.  Application of STELLGAP to High Aspect Ratio Stellarators

We have solved equation (1) for a variety of different stellarator configurations. In the
absence of toroidal symmetry, the toroidal mode number is no longer a good quantum
number and one must include a range of n’s in the representation for the Alfvén
eigenfunction, xs. However, since this is a linear problem, the selection of n’s is limited by
the possible couplings from the dependence of the equilibrium to n = n0, n0 ± Nfp, n0 ± 2Nfp,
etc. where n0 is the principal toroidal mode number of the set; in the following we refer this
to as the n = n0 mode family.  For the examples given below, we typically include 20 poloidal
modes and 10 toroidal modes in the representation of xs.  The equilibrium coefficients are
also represented by 20 poloidal modes and 20 toroidal modes.  For comparison purposes, we
apply our code both to the full 3D stellarator configurations, retaining multiple n’s in the
representation of xs and to the same case with only the n = n0 toroidal mode number present.
The latter limit is effectively a tokamak limit in that only the n = 0 terms in the equilibrium
will contribute to the matrix elements of equation (8).

We first apply the STELLGAP code to the W7-AS device.11  The Alfvén continuum structure
is calculated for discharge 42873; in this case Alfven activity was observed11 for a frequency
band of around 35 – 50 kHz.  Transform and ion density profiles appropriate to this discharge
have been used in the continuum calculation; the dominant ion species is deuterium.  In
Figure 1(a), the Alfvén gap structure is first displayed with only the n = 1 toroidal mode
included.  Color coding is used in Figures 1(a) and 1(b) to indicate which poloidal mode
number is dominant in the eigenfunction for a given frequency and radial location.  As may
be seen, the plot with only n = 1 shows both low frequency toroidicity induced gaps (f = 20 –
50 kHz) as well as higher frequency gaps induced by non-circular shaping. In Fig. 1(b) we
show the Alfvén gap structure including multiple n’s in the representation for xs.  Here n = -
19, -14, -9, -4, 1, 6, 11, 16, and 21 have been included, although the continua shown in Fig.
1(b) only involve n!=!1 and n = 6; the other n’s enter in only at higher frequencies which are
not plotted here.  Next, in Fig. 2 the same continua as plotted in Figure 1(b) are displayed
again, but with color coding used to indicate the dominant toroidal mode number.  Here we
have also indicated the frequency range for which Alfvén activity was observed in the
experiment.  All of the lower frequency gaps in this figure are TAE gaps; i.e., they involve
only single toroidal mode number.  At higher frequencies, helically induced gaps enter in and
we have indicated the occurrence of one such gap at around y/ymax = 0.4 and 570 kHz.
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(a)

(b)

Fig. 1 –  Continuum gap structure for W7-AS case 42873 with color coding for the dominant poloidal
mode number (a) using only n = 1, and (b) using the full stellarator equilibrium and toroidal mode

numbers n = -19, -14, -9, -4, 1, 6, 11, 16, and 21.
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Fig. 2 –  Continuum gap structure for W7-AS case 42873 with color coding for the dominant toroidal
mode number.

(a)

(b)

Fig. 3 –  Continuum gap structure for n = 1 mode family in LHD with color coding for the dominant
poloidal mode number (a) with color coding for the dominant poloidal mode number, and (b) with

color coding for the dominant toroidal mode number.

In Figure 3 the continuum structure is calculated for the standard configuration of the LHD
torsatron device.12  Here a flat ion density profile has been assumed with the ion species taken
as deuterium.  Comparing Figure 3(a), which indicates the dominant poloidal mode numbers
with Figure 3(b), which indicates the dominant toroidal mode numbers, it may be seen that
the lower frequency gaps are again TAE gaps (induced by coupling of different m’s at the
same n) while the higher frequency gaps are HAE gaps (induced by coupling of different m’s
and n’s).

IV.  Application of STELLGAP to Low Aspect Ratio Stellarators

Next, we calculate the continuum gap structure for two recent low aspect ratio stellarator
designs.  Compact stellarators can have substantially different Alfvén continuum structures
than high aspect ratio stellarators for two reasons.  First, the low aspect ratio results in much
stronger couplings due to the significantly broader Fourier spectra of the equilibrium
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quantities than is the case in the high aspect ratio configurations.  Second, low aspect ratio
devices generally are designed with fewer field periods than high aspect ratio devices.  Since
stellarator mode families are separated by Nfp, the number of field periods (i.e., n = n0 n0 ±
Nfp, n0 ± 2Nfp, etc.) low field period devices tend to have a higher density of continua for a
fixed frequency range than higher aspect ratio devices.

(a)

(b)

Fig. 4 –  Continuum gap structure for the QPS device (A = 2.7, Nfp = 2) using the full stellarator
equilibrium and toroidal mode numbers n = -11, …,1,…,13. Color coding is used to label  (a)  the

dominant poloidal mode numbers, and (b) the dominant toroidal mode numbers.

We first calculate continua for the QPS (Quasi Poloidal Stellarator) device. 13  This
configuration has an aspect ratio of A = 2.7 and 2 field periods.  The QPS has been optimized
so that its |B| spectrum in Boozer coordinates is dominated by components with m!=!0,!n!≠!0.
In Fig. 4 continua for the n = 1 mode family is plotted with the color coding used first to
indicate the dominant poloidal mode number  of the eigenfunction [Fig. 4(a)] and then the
dominant toroidal mode number  [Fig. 4(b)].  Again, we have used a flat ion density profile
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with the ion species taken as deuterium.  Except for a few of the lower continuum lines, most
of the continuum gaps involve HAE couplings (i.e., modes with different m and n numbers
are coupled).  The presence of helically coupled gaps is evidenced by continua in Figure 4(b)
that change color as one follows them outward in flux.  Such gaps occur at lower frequencies
and closer to the magnetic axis than for either of the large aspect ratio W7-AS or LHD
devices.

Finally, in Figure 5 the continuum gap structure is calculated for the NCSX (National
Compact Stellarator Experiment) device.14  This configuration has an aspect ratio of A = 4.4
and 3 field periods.  NCSX has been optimized so that its |B| spectrum in Boozer coordinates
is dominated by components with m!≠ 0,!n!=!0 (i.e., the symmetry of a tokamak).

(a)

(b)
Fig. 5 –  Continuum gap structure for the NCSX device (A = 4.4, Nfp = 3) using the full stellarator
equilibrium and toroidal mode numbers n = -11, …,1,…,13. Color coding is used to label  (a)  the

dominant poloidal mode numbers, and (b) the dominant toroidal mode numbers.
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A flat ion density profile has been used with the ion species taken as deuterium In Fig. 5 the
continua for the n = 1 mode family are plotted with the color coding used first to indicate the
dominant poloidal mode number of the eigenfunction [Fig. 5(a)] and then the dominant
toroidal mode number  [Fig. 5(b)]. Again, HAE-like couplings (different m and n) are clearly
present except for some of the lower frequency continua.  The density of continua is also high
in comparison to the higher field period W7-AS and LHD devices, but not quite as high as
the density of QPS continua in Figures 4(a) and (b).

IV. Conclusions

A new method has been developed for calculating the 3D shear Alfvén continuum for
stellarators of relatively arbitrary aspect ratio and shape.  This calculation is carried out in
Boozer coordinates8 using equilibria generated by the VMEC15 code.  Calculation of the
Alfvén continuum is the first step in addressing the stability of such modes in stellarators in
the presence of fast ion components.  In the future, we expect to extend the above methods to
calculate the mode structure of the discrete roots lying in the continuum gaps and then
examine their stability.

We find that the Alfvén continua in low aspect ratio, low field period devices are more
complex than in higher aspect ratio configurations.  Both TAE and HAE couplings are
present and the density of continua over a given frequency range is higher due to the strong
equilibrium couplings and the closer spacing (Dn!=!Nfp) between adjacently coupled toroidal
modes in low field period devices.  This characteristic may lead to stronger continuum
damping of these modes in compact stellarators.
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Abstract:

A description is given of a 3D resistive magnetohydrodynamic code, SPECTOR.-3D. The
code is designed to find the linear, incompressible modes for stellarator-like plasmas, with
an emphasis on the unstable modes. SPECTOR-3D is structured to receive input from
the 3D equilibrium code VMEC followed by a mapping section which reconstructs the
metric and Jacobian of the equilibrium in terms of Boozer coordinates. The linearised
MHD equations are expressed in terms of the vector potentials for the perturbed magnetic
field and the velocity. These equations are then Fourier analysed in both the toroidal and
poloidal directions, giving a coupled set of second-order differential equations in terms
of the corresponding to the poloidal flux. A staggered difference scheme is used which
maintains the divergence of the curl operator to be zero within the numerical scheme.
This assists in suppressing any spurious modes. The eigenvalues of the resulting block-
tri-diagonal matrix equation, found by either inverse iteration or the Jacobi-Davidson
method, correspond to the complex growth rate of both the unstable and stable modes.

Introduction
This paper reports on progress in the development of a three-dimensional resistive magne-
tohydrodynamic code, SPECTOR-3D. The code is designed to find the linear, incompress-
ible modes for 3D stellarator-like plasmas, with an emphasis on the unstable modes. For
2D (axisymmetric) configurations the linear ERATO [1] and PEST [2] codes have been
widely used to calculate global stability using the ideal MHD model. The SPECTOR [3]
and the ARES [4] codes (among others) has been developed to calculate resistive stabil-
ity for toroidal axisymmetric plasmas and have been applied to model tokamak plasmas.
SPECTOR-3D is based on a similar approach to these two codes applied to 3D helical
geometry. For 3D plasmas the TERPSICHORE [5] and CAS3D [6] programs have been
developed to calculate global, ideal MHD stability for 3D plasmas using a variational
principle. Garcia [7] has also written a code to calculate linear ideal MHD stability for
3D plasmas based on an extension of the FAR [8] code and has provided a formalism to
include to resistive stability. Some 3D non-linear codes are in development but these will
require a great deal of benchmarking, some of which could be assisted by the linear code
described here.



Code Description

SPECTOR-3D is structured to receive input from the 3D equilibrium code VMEC followed
by a mapping section which reconstructs the metric and Jacobian of the equilibrium in
terms of Boozer coordinates.
The equations used are the incompressible set of linearized resistive MHD equations.
The incompressibility assumption could be removed in a similar way to that used for
SPECTOR [3] but at the expense of increasing the computational size of the problem by
a factor of about 4. At this stage this was not deemed to be an important modification
as the marginal stability points are accurately identified by the incompressible model.
These equations are written in terms of the vector potentials for both the perturbed
magnetic field and the velocity (with appropriate normalisation: the factor T)=S~1 is the
inverse magnetic Reynolds number). This enables the perturbed pressure term to be
eliminated by taking the curl of the equation of motion. The perturbed pressure could
be calculated from the original equation of motion once v and b have been determined.
Thus we have:

d(V x V x") = V x [(V x B) x (V x a) + (V x V x a) x B] ,

^ = ( V x u ) x B + V(B.u)-r/(Vx V x a ) ,
ot

where : v = V x u and b = V x a, so that u is the velocity vector potential and a is
the perturbed magnetic vector potential. The gauge is chosen so the the term V(B.u)
is included in the second equation, which simplifies its numerical analysis. An additional
gauge freedom enables us to choose one of the components of u to be zero, leaving us with
5 components of a and u to be determined. Since the divergence of the first equation above
is zero only two components of this equation could be regarded as being independent. Thus
we have consistency, with 5 equations being available to determine the 5 components of
the vector potentials.
The equilibrium condition VP = J x B is solved by using the 3D code VMEC under the
assumption of nested flux surfaces. The solution was mapped to Boozer coordinates with
a Jacobian, J oc B~2, to define a flux-coordinate system (s, 0, £). This is the only coordi-
nate system which eliminates non-integrable singularities in the reconstructed equilibrium
current [9]. However it does this at the expense of a substantially increased number of
Fourier components in the equilibrium description. The mapping section from TERPSI-
CHORE was used, which carefully calculates the metric tensor of the Boozer coordinate
system so that they are consistent with the required forms for B and J [10].
The equilibrium magnetic field has the form

B = B°JV<; x V.s + B<JVs x V0 = (JVC x Vs + q(s)JVs x V0)
<J

which gives straight field lines with

B 'V<X I + '<•>£'

where q(s) is the safety factor (the inverse of iota). The vector potentials are expressed
in term of their covariant components,

a = asVs + aeVO + a( VC,



u = usVs + U0V&,

with the gauge freedom enabling us to set the C component of u equal to zero.
These are expanded in a double Fourier series eg.

K
as(s, 6. C, t) = Y^ asm(k)n(k)(s)exp[im(k)e - in(fc)C - iut].

k=0

where k labels the pairs of poloidal and toroidal mode numbers m and n.
Taking the double Fourier transform, the contravariant components of the Jacobian times
the equation of motion (or vorticity equation) become a set of coupled second order
differential equations:

f\

-w Em En ^2[R\a0(m' ', m, n' , n)u0mn(s) + R2c,0(m', m. n'. n)
0

+ -^(R3oi/)(m' , m, n', n)uflmn) + —(R4a0(m', m, n', n) J* ™

= Em En
0

+ T^CfWrn', m, n', n)wflmn) + — (PiQli(rri, m, n', n) J*™")]

where a and /3 represent (s, 0, £) and 7?i0^(m', m, n', n) etc. are double Fourier coefficients
of the terms arising from the convolution. Since the divergence of this equation (divided
by J] is zero the three components are not independent and so we choose only the
contravariant 0 and C components of these equations. A similar structure arises from the
Fourier decomposition of Ampere's law. The wall condition is that the normal component
of the magnetic field and the tangential components of the current vanish at the boundary.
This, coupled with the fact that the s-component of the equations are only of first order
in the derivatives, enables the boundary conditions to be set up. At the magnetic axis
regularity conditions are imposed. The algebra is challenging and involves a 3D non-
orthogonal coordinate vector analysis. MATHEMATICA was used to do this analysis
and to express the results in FORTRAN code to minimise coding errors.
A staggered difference scheme is used which maintains the divergence of the curl operator
to be zero within the numerical scheme. The covariant components a<j, a^ and UQ are
defined in integer surfaces and aa and ua on the half-integer surfaces. The difference
scheme results in a set of block-tri-diagonal matrix equations whose eigenvalues give both
the stable and unstable parts of the spectrum. Each matrix contains of the order of 3JV,
blocks of matrices of size 5K x 5K, where Na is the number of half-integer surfaces and
K the number of Fourier modes. Typically Na « 100 and K « 50. Both inverse iteration
and the Jacobi-Davidson technique [11, 12] have been implemented and checked against
each other. Inverse iteration finds the one eigenvalue which is closest to a nominated test
eigenvalue while the Jacobi-Davidson technique can be used to find a range of eigenvalues
within an area of the complex-u> plane. This will facilitate the investigation of the stable
region of the complex plane, where the eigenvalues can be expected to be closely spaced
(separation of the order of i^/rj). The Jacobi-Davidson technique will also assist in the
determination of the most unstable mode, since resistivity does not allow a simple test
(see [1]) that the eigenvalue found is indeed the most unstable. The Jacobi-Davidson
Algorithm determines the eigenvalues near a chosen value UJQ in the complex frequency
plane.



We reform the equations as

(P + iu<)R)u = (—iuj + iuo)Ru

giving the standard eigenvalue form:

Qu = nu

with Q = (P + iuQR)~l and /x = (-iu + iw0)~
l.

The block-diagonal nature of the matrices P and R simplify the inversion of the matrix.
Eigenvalues near u>0 dominate. In the Jacobi-davidson algorithm the eigenvector u is
approximated by a linear combination of k orthonormal search vectors and the k dominant
eigenvalues are found simultaneously by an iteration process which minimizes a residual
vector which is orthogonal to the search vectors, this makes the search procedure for
the unstable mode more reliable and enables the spectrum of modes (both stable and
unstable) in the complex frequency plane to be identified. The code is now in its final
testing phase.
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The l = 1, m = 6 torsatron TJ-K is the former TJ-IU device [1,2] from Ciemat, now 
operated at the University of Kiel with a low temperature plasma. Densities are up to 
2x1018 m-3 and electron temperatures up to 15 eV.  The magnetic field is 0.2 T, minor 
and major radii are 0.6 and 0.1 m, respectively. The plasma is created by RF heating 
at a frequency of 27 MHz and powers up to 4 kW. In this range, helicon waves 
propagate in the plasma. 

The paper will present first results on turbulence and wave experiments in TJ-K. 
Turbulence studies concentrate on a close comparison of turbulence measurements 
and simulations. Langmuir probe arrays are used to detect density and potential 
fluctuations in the entire plasma cross-section. Correlations of the fluctuations are 
measured between the 8 tips of a movable probe as well as between the movable and 
a fixed probe mounted at a different toroidal position. This yields information on the 
spatio-temporal evolution of the turbulent eddies. The resulting 2D correlation 
functions as well as the statistical properties of the turbulence and the related 
transport are compared with results from the drift-Alfvén turbulence code DALF. In 
agreement with the simulations, an increase of the structure size with the normalized 
gyro radius is observed when the working gas is changed from Helium to Argon. The 
relevance of these results for fusion plasmas is investigated in numerical parameter 
scans, carried out in a parameter regime ranging from a typical fusion scrape-off 
layer to the TJ-K plasma.  The simulations indicate that MHD and drift wave effects 
can be disentangle, if wave-number spectra are compared from high and low-field 
sides of the torus and at different plasma parameters. For the measurements a 64-tip 
poloidal probe array is presently mounted on TJ-K. 

The TJ-K plasma is heated by helicon waves. The three components of the wave 
magnetic field is measured with pick-up coils. The first results compare well with the 
assumption of a right-handed wave propagating parallel to the magnetic field. In 
magnetic field scans, discontinuities in the density evolution are observed. A 
comparison with the simple dispersion relation for an infinite plasma indicate 
changes in the parallel wave number where the discontinuities appear. 
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 Electron Cyclotron Heating experiments in HSX at the second harmonic with a 28 
GHz gyrotron at low power (output power is 50 kW out of a maximum of 200 kW) have 
demonstrated, at low densities, a difference in the stored energy and confinement time 
between the QHS (quasihelically symmetric) configuration and one in which the 
symmetry is broken, the Mirror mode. With the ECH resonance on axis, the Mirror 
configuration shows ISS95-like scaling. The QHS mode also exhibits a similar scaling at 
densities greater than about 1 × 1012 cm-3. However, at lower density, the QHS 
confinement is significantly improved over the standard scaling law. 
  To understand transport in the QHS versus the Mirror configurations, we use the 
one-dimensional transport code ASTRA. An improved analytic form of the 
monoenergetic diffusion coefficient, based on a 6-parameter fit to Monte Carlo 
calculations, makes it fairly easy to integrate over moments of the distribution function 
and solve for the self-consistent radial electric field. We include in ASTRA both 
neoclassical and anomalous contributions to the transport. For full ECH power and 1.0 T 
operation, there should be a noticeable difference in the electron temperature and 
confinement times between the two modes of operation. However, for the low power and 
low magnetic field in this set of experiments, anomalous transport is expected to 
dominate in both configurations over the entire range of densities. We have also begun 
initial measurements of the turbulent-driven flux, as measured with probes. Initial results 
do not indicate a strong difference between the QHS and Mirror modes of operation. 
Numerical results and comparison to the experimental data will be presented. 
+ Christian-Albrechts-Universität Kiel, Germany 
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 A 1-D code, ASTRA, is used to model transport in HSX when heated with a 28 GHz gyrotron 
at a magnetic field of 0.5 T. The absorbed power is based on a ray-tracing calculation. Results are 
compared when HSX is run in the usual quasihelically symmetric configuration and one in which the 
symmetry is broken (mirror mode). When the radial electric field is included in the transport 
calculation, the two configurations should be fairly similar at the low power and low magnetic field 
for the present set of experiments. Instead, it is observed that the stored energy and confinement time 
for the QHS mode of operation at low density is significantly better than for the mirror mode. The 
good confinement of high energy particles in the QHS mode is the possible cause for the observation. 
 
 A 28 GHz gyrotron, with maximum output power of 200 kW, is used in the Helically 
Symmetric Experiment (HSX) to heat electrons to the low collisionality regime. The normal 
configuration in HSX is quasihelically symmetric (QHS) and has a dominant n = 4, m = 1 
component in the magnetic field spectrum. With a set of auxiliary coils, the quasihelical 
symmetry can be broken with the addition of a toroidal mirror term to the spectrum, n = 4, m 
= 0. Here n is the toroidal mode number and m is the poloidal mode number. With 50 kW 
input to the plasma, we want to explore experimentally whether it is possible to observe 
differences in the confinement time, electron temperature, and electric field between the QHS 
and mirror modes of operation. To do this, we compare the results of a 1-D transport code to 
the experiment.  
 

 The ASTRA code was originally 
developed at the Kurchatov Institute to model 
tokamak transport and later modified by 
Karulin1 to simulate stellarators. It has since 
been updated to model low power, second 
harmonic electron cyclotron heating (ECH) at 
0.5 T. A transmission line takes the hollow 
power density profile of the TE02 output of the 
gyrotron and transforms it to a Gaussian-like 
profile in the HE11 mode with a series of mode 
converters. An ellipsoidal mirror focuses the 
microwave power onto the magnetic axis with a 
beam waist of 2 cm. The output spot size has 
been measured experimentally and compares 
well with the design parameters. Using the 
appropriate beam width and curvature radius at 

the plasma boundary, a ray-tracing code was used to compute the power deposition profile in 
the plasma.2 For the ASTRA code, we assume a deposition profile somewhat larger than the 
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Fig. 1: Power deposition profile for 2nd 
harmonic extraordinary mode absorption 
from ray-tracing calculation (red) and 
broader profile used in ASTRA code. 



Fig. 2: Solving the ambipolarity constraint 
for the mirror configuration. The electron 
flux (red) is equal to the ion flux (black) at 
~ 90 V/cm. This is for Pabs ~ 15 kW. 

calculation, P = P0 [1-(r/a)2]40. Figure 1 shows a comparison of the two profiles. The 
integrated total absorbed power is determined by the decay of the stored energy as measured 
by a diamagnetic loop.3 

 
 The expressions for the particle and heat fluxes in ASTRA, including the off-diagonal 
terms, are dependent on moments of the monoenergetic diffusion coefficient. The diffusion 
coefficient is calculated for a broad range of test particle energies, densities and electric fields 
using a Monte Carlo code. The magnetic field spectrum is determined from a finite-size 
model for the magnets and includes the modular ripple due to the discrete coils. The data 
from the Monte Carlo code is then fit to a six-parameter analytic expression for the diffusion 
coefficient originally developed by Shaing4 and later modified by Painter and Gardner5. A 
simple form of the monoenergetic diffusion coefficient can then be obtained that fits the 
numerical data over a broad range of electric field, magnetic field, collisionality, particle 
energy and particle mass. The expression is given by the following: 
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The radial electric field is calculated at each spatial region during the iteration of the 

1-D code by setting the ion and electron flux equal to each other, Γi(r,Er)=Γe(r,Er). Figure 2 
shows the solution of the ambipolarity condition for the mirror configuration. At a density of 
about 1 × 1012 cm-3 the calculated electric field is on the order of 90 V/cm, which is in rough 
agreement with experimental measurements. This method of calculating the electric field is 
valid for the mirror configuration, but for the QHS mode of operation the parallel flow 
velocity has to be obtained from the momentum balance equations on a flux surface. Further 
modifications to the code will be done to accommodate this feature in the future.  

 
In general, electron transport is not 

neoclassical. Therefore, the total electron thermal 
conductivity is given by  

 

ance χχχ += ,                                 (2) 
 
where χa is an anomalous thermal conductivity 
given by ASDEX L-mode scaling, 
 

42

2/3

])/(1.1[
1~

arRB
Te

a −
=χ    (3) 

 
 
 

Even with the anomalous electron thermal conductivity and the self-consistent radial 
electric field, at full magnetic field strength of 1.0 T and an ECH power of 200 kW, the 
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central electron temperature is predicted to be several hundred eV higher for the QHS mode 
than for the mirror configuration. However, at the reduced power and field strength of the 
present experiments, the effect of the radial electric field for the mirror configuration is to 
lower the neoclassical transport for the mirror configuration so that the anomalous 
contribution dominates for both the QHS and mirror configurations. Figure 3 shows a plot of 
the calculated central electron temperature as a function of density. With the radial electric 
field included in the neoclassical transport equations, the mirror and the QHS modes have 
roughly the same temperature. Only if we arbitrarily set the electric field to zero is a 100 eV 
temperature difference expected for the two configurations. Measurements of the electron 
temperature profile will occur later in the year when the Thomson scattering and Electron 
Cyclotron Emission diagnostics come on-line.  
 

A comparison of the confinement time measured 
experimentally with the ASTRA simulation is 
shown in Figure 4 for the QHS and mirror 
configurations. At the higher densities, the 
experimental confinement times for the two 
configurations are roughly the same. At the lower 
densities, the confinement time for the QHS mode 
is actually increasing while it is flat for the mirror 
mode. The ASTRA calculation, for constant 
absorbed power, shows a confinement time that 
increases with density, as expected for an 
anomalous thermal conductivity that scales as 
Te

3/2. This gives a dependence τ~n0.6P-0.6, which is 
close to most of the common scaling laws used for 
stellarators. At these low power levels, the ASTRA 
results show that there should be little difference in 

the stored energy or confinement times between the QHS and mirror configurations, with or 
without the electric field included in the neoclassical transport. This is borne out by the 
experimental results, except at low density. 
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 Fig. 3: Calculated Teo for the QHS mode 
and for the mirror configuration with 
finite Er (red).Also shown is the case for 
the mirror with Er = 0 (blue).   

Fig. 4: Experimental confinement times (left) as a function of density, comparing QHS mode (red) 
to mirror mode (blue). This is compared to the ASTRA calculation (right) showing the QHS and 
mirror mode with finite Er (red), as well as the mirror mode with Er set to zero.     
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 To determine whether changes in the turbulent driven transport might account for the 
differences between the experimental results and the numerical calculations, measurements 
were made at the plasma edge of the density and potential fluctuations for the low-density 
QHS and mirror configurations. The particle fluxes due to fluctuations are shown in Figure 5. 
For the mirror mode of operation, the flux is directed inward. From this data, there appears to 
be no correlation at low density between the improved confinement times for the QHS mode 
compared to the mirror. 
 

 
 
 
 
 
 
 
 
 

 
 We have, however, observed that for the QHS mode at low-density, the hard X-ray 
flux is much more intense than for the mirror configuration at the same density. With 2nd 
harmonic ECH, the wave is energy is preferentially absorbed by particles with large 
perpendicular velocities. Guiding center calculations indicate that such particles are very well 
confined in the QHS configuration. It appears then most likely that such particles are 
responsible for the larger stored energy and confinement time for the QHS mode at low 
densities. 
 
* Research supported by USDOE under Grant No. DE-FG02-93ER54222. 
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Fig. 5: Turbulent driven fluxes for the QHS mode (left) and mirror mode (right) as a 
function of distance from the vacuum vessel wall. 
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Cold pulse propagation studies were carried out at the TJ-II stellarator [1] (B0 < 1.2 T,
R = 1.5 m and a ≤ 0.22 m). For this purpose, a fast injection system was installed. Nitrogen was
injected in short (<10 ms) pulses and the total amount injected was varied by means of the voltage
to the gas valve and the pressure in the line, allowing for a controlled effect on the plasma. The
nitrogen radiation was observed to remain located near the edge, while the 8-channel ECE electron
temperature diagnostic detected the inward propagation of a temperature drop (cold pulse).

The cold pulse was analysed in two parts. The first part is the arrival of the cold front (the point
where the temperature begins to change) –a strictly perturbative modification of the background
equilibrium–, while the second part is the slower (diffusive) response of the plasma due to neo-
classical transport.

The arrival of the cold pulse front was found to propagate "ballistically", i.e. at a roughly
constant velocity. The propagation speed was of the order of 20 m/s. Both the plasma potential and
the fluctuation level observed by the Langmuir probes in the external part of the plasma were
modified significantly (the fluctuation level dropped by a factor of 3, possibly due to the lowering
of the edge gradients). Using a Mirnov coil, it was found that a 40 kHz MHD mode was destabilised
at the instant the cold pulse front arrived at the central region of the plasma (as seen by the ECE
diagnostic), indicating that the MHD mode was localised at that position. Likewise, the 2-mm
scattering diagnostic (sensitive to k-values of 3 and 6 cm-1), measuring at a normalised radius of  =
0.6, observed a significant change of signal level at the time of passage of the cold pulse front.

These measurements are indicative of the fact that the "fast" (i.e. non-diffusive) propagation of
the cold pulse front is related to the successive activation of instabilities at certain rational surfaces.
This seems to support the ideas put forward in Ref. [2]. In order to investigate this possibility
further, growth rates and mode widths were estimated using a resistive interchange instability code
in toroidal geometry, with a pressure profile similar to the experimental profile. A rough estimate of
the propagation velocity by this mechanism (successive destabilisation of modes) is in agreement
with the experimentally observed propagation velocity.

The second part of the cold pulse analysis relates to the diffusive propagation of the cold pulse
after passage of the cold front. The diffusive propagation was modelled using a simplified neo-
classical transport model. From it, estimates of the heat and particle diffusivities, as well as the
ECRH power deposition profile, were obtained.

[1] C. Alejaldre et al., Plasma Phys. Control. Fusion 41 (1999) A539
[2] B.A. Carreras, D. Newman, V.E. Lynch and P.H. Diamond, A model realization of self-organized criticality for

plasma confinement, Phys. Plasmas 3 (8), 1996, p. 2903

Topic 4, Oral  preferred

E-mail address: Boudewijn.vanMilligen@ciemat.es



Paper No. OIII:2

THE 13TH INTERNATIONAL STELLARATOR WORKSHOP

COLD PULSE PROPAGATION IN THE STELLARATOR TJ-II

van Milligen, B. Ph.1, de la Luna, E.1, Tabarés, F.L.1,
Ascasíbar, E.1, Estrada, T.1, García, L.2, García-Cortés, I.1, Castejón, F.1, Herranz, J.1,
Hidalgo, C.1, Jiménez, J.A.1, Medina, F.1, Ochando, M.1, Pastor, I.1, Pedrosa, M.A.1,

Petrov, A.3, Sánchez, R.2, Sarksian, K.3, Skvortsova, N.3, Tafalla, D. 1

1 Laboratorio Nacional de Fusión por Confinamiento Magnético, Asociación Euratom-CIEMAT, 28040 Madrid, Spain.
2
 Departamento de Física, Universidad Carlos III, 28911 Madrid, Spain

3
 General Physics Institute, Russian Academy of Sciences, ul. Vavilova 38, Moscow, 199911 Russia

E-mail: Boudewijn.vanMilligen@ciemat.es

Abstract
Cold pulse propagation studies have been performed in the stellarator TJ-II. It is the first time that this
phenomenon is reported in a stellarator. The propagation is incompatible with a standard diffusive
model including a pinch term. A simulation with a resistive interchange turbulence model suggest that
the propagation may be related to the successive destabilisation of pressure gradient driven modes
associated with rational surfaces.

Introduction
The radial propagation of perturbations is an important tool for probing transport properties in
a fusion plasma. Indeed, the propagation of cold pulses, induced by either deliberate or
spontaneous edge cooling, has been studied in many devices (e.g. JET  [1, 2, 3], TFTR [4],
TEXT [5], RTP [6, 7], ASDEX [8] and W7-AS [9]). The analysis of such pulses has led to the
conclusion that this phenomenon is often not in agreement with standard diffusive model
predictions. In this paper, an analysis of the propagation of cold pulses is presented and it is
found that this phenomenon is likewise difficult to reconcile with a diffusive transport model.

Experimental set-up
The reported cold pulse propagation studies were carried out at the TJ-II stellarator [10] (a
low-shear Heliac having 4 periods, B0 < 1.2 T, R = 1.5 m and a ≤ 0.22 m). Plasmas are bean-
shaped. The configuration used in this paper is denoted by "100_40_63", which is a standard
TJ-II configuration having ι (a)/2π = 1.61 and ι (0)/2π = 1.51. The plasmas were heated by the
Electron Cyclotron Heating system, using one gyrotron with a frequency f = 53.2 GHz and
with total power P ≤ 300 kW (2nd harmonic, extraordinary mode of polarisation). The main
results were obtained using a multi-channel heterodyne radiometer [11], which provides
simultaneous measurement of the electron temperature, at 8 different radii on the high field
side of the temperature profile, with good temporal resolution. The radial resolution of the
measurement is about 1 cm. The radiometer is absolutely calibrated, and the accuracy of the
calibration is confirmed by the good agreement found between the temperature profiles
measured by Thomson Scattering and the ECE diagnostic. The high-resolution single-shot
Thomson scattering system can measure electron temperatures in the range from 50 eV to 4
keV, with a spatial resolution of 2.25 mm and having about 280 data points along the line of
sight [12].



2

The cold-pulse experiments
Cold pulses were generated in TJ-II using nitrogen injection by means of a fast injection
system. Nitrogen was chosen for its radiation and transport properties. Nitrogen, when
injected in a fusion plasma from the outside, remains confined mainly to the edge region of
the plasma [13], so that the initial perturbation may be considered to be a pure edge effect,
and the penetration of high-Z material into the plasma may be neglected.

The response of ECE radiometer signals is shown in Fig. 1. Each temperature trace is
initially nearly constant, and then experiences a sudden drop followed by a slow recovery.
The fluctuations seen in the central electron temperature channels during the slow recovery
phase (ρ < 0.1) are due to an effect that will not be discussed here. The line-average density
increases slightly after injection of the cold pulse, but typically the perturbation is less than
about 7%. The response of the Hα  detector is shown in Fig. 2. The detector picks up the
radiation by molecular nitrogen (654 nm, seen through a Hα Interference filter) and the signal
amplitude is thus indicative of the amount of nitrogen injected. In this series, the pulse
amplitude is decreased gradually with increasing shot number. The moment of injection is
reflected by the steep rise of this trace. Afterwards, the signal decays exponentially.
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Fig 1 - ECE electron temperature traces at
various values of the normalised effective radius
for discharge 5126.

Fig. 2 - Response of the Hα detector.

The electron temperature was also measured at the limiter (at ρ =1) by Langmuir probes. It
was seen to drop sharply from approximately 18 to 10 eV, about 1 ms after the peak in the Hα
radiation. We infer that the nitrogen radiation peak must be located a short distance inside the
last closed flux surface (LCFS), and that the cold pulse propagates both in- and outwards from
that position. The approximate radiation peak is estimated to be near ρ = 0.8. Likewise, the
reciprocating Langmuir probes also measured the floating potential and the ion saturation
current in the plasma edge region during the cold pulse (at ρ ≈ 0.8). The root-mean-square
(RMS) variation of the floating potential, which is a measure of the electrostatic turbulence
level, is reduced by a factor of three during the cold pulse, and correlates well with the
observed temperature drop. Most likely, the reduction of the fluctuation level is related to the
reduction of the local edge pressure gradient. Furthermore, the Soft X-Ray tomography
system also observed the effects of the cold pulse.

Analysis
In this paper, we analyse the propagation of the cold pulse front. The front is defined by the
time instant the local electron temperature changes sharply. At the moment of arrival of the
pulse front, the plasma parameters may be considered to be unaffected by the perturbation,
while after passage of the front the parameters (temperature, density, etc.) are clearly
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modified. Thus, the time of arrival of the cold pulse front is a probe of the transport properties
of the unperturbed plasma. For reasons of numerical stability, this time instant t0 was
determined by fitting an appropriate function with a sharp break to the data: f(t) =
a + b·(t – t0) for t ≤ t0 and f(t) = a·(d + (1–d)·exp(–(t – t0)/c)) for t > t0.

Fig. 3 shows the results of this analysis for this series of discharges. The propagation
speed is of the order of v = 10–20 m/s in the outer half of the plasma (ρ ≥ 0.4), whereas it
speeds up to around v = 50–80 m/s in the central part (ρ < 0.4). This velocity is much slower
than the thermal speed of the launched nitrogen atoms (≈ 105 m/s), so one can discard an
explanation of the propagation in terms of the propagation of the neutral atoms. This
behaviour is not at all in accordance with diffusive propagation, which would slow down as it
propagates (travelled distance ∝  √t). In fact, the propagation is expected to slow down even
more towards the centre of the plasma, since the heat diffusivity χ is known to be smaller in
the centre than in the edge: 2 (centre) < χ  < 4 (edge) m2/s [14]. The diffusive time for
traversing the plasma is similar to the observed propagation time. Nonetheless, we consider
this propagation to be non-diffusive because of (1) its constant or even increasing speed, and
(2) the fact that the pulse front remains sharp as it propagates inward (whereas a diffusive
process would smear out the pulse front). The observation of non-diffusive (or “ballistic”)
propagation of cold pulses is in accord with observations made during edge temperature
perturbation experiments on other devices: e.g. TEXT (v ≈ 10-20 m/s in the edge region) [5],
RTP (v ≈ 500 m/s) [6], and JET (v ≈ 160 m/s) [3].
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Fig 3 - Time of arrival of the cold pulse front at
various radial locations, as observed using the
ECE diagnostic. The dashed line corresponds to
propagation at 10 m/s for ρ > 0.4 and at 80 m/s
for ρ < 0.4.

Fig 4 - Contour plot in the frequency-time plane
of the spectral activity of a Mirnov coil
(MIR5C) in shot 5127. A 43 kHz mode is
activated at about t = 1173 ms, corresponding
to arrival of the cold pulse front at ρ = 0.3–0.4.

The frequency analysis of a Mirnov coil signal (Fig. 4) shows that a 43 kHz MHD
(Magneto-Hydro-Dynamic) mode is triggered at the time the cold pulse reaches the plasma
core (i.e. when it arrives at ρ ≈ 0.3–0.4), as deduced from Fig. 3. Most likely, the mode is an
n/m = 3/2 mode. The central value of ι  of the vacuum field configuration, ι  =1.51, is just
above this value. However, in these experiments a small net plasma current was measured by
a Rogowski coil (Ip ≈ –0.2 kA), placing the ι  = 3/2 rational surface at approximately ρ ≈ 0.3,
consistent with the existence of the mode. The island width must be less than the channel
separation of the ECE diagnostic, as no significant flattening is observed. Likewise, in other
but similar discharges, high-resolution Thomson scattering profiles are available both before
and after the cold pulse, showing an island-like structure in the second case, and indicating
that the island width is around 1 cm in the mid-plane at φ = 45º. Likewise, the 2-mm
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scattering diagnostic observed a sharp change in the detected signal, coincident with the time
instant the cold pulse front reached its measurement location (at ρ = 0.6).

Interpretation
The propagation of the cold pulse front reported in this paper is non-diffusive for the
following reasons: (1) The propagation velocity is constant over sections of the plasma, and
even accelerates towards the centre, while diffusive propagation would slow down. (2) The
pulse front remains sharp in time, while diffusion would smear the front out. (3) A fit of the
data to a diffusive model that includes a pinch term fails to reproduce the observed behaviour,
similar to what has been reported elsewhere [5]. The only way to "save" the diffusive model
would be to permit rapid (non-local) changes in the pinch velocity, the density and/or the
transport coefficient χ itself. This road has been explored in several of the cited publications,
but the physical justification of this approach remains obscure.

Qualitatively, the pulse propagation behaviour observed and reported here is very
similar to the pulse propagation seen in a simulation of resistive pressure-gradient driven
turbulence in cylindrical geometry [16]. Here, the propagation velocity is determined by the
mode growth rates and the width of the modes, since the propagation involves the successive
destabilisation of modes on adjacent rational surfaces (v ≈ γW, [17]). The resistive time is τR =
a2·µ0 / η = 100–200 ms and the resistive velocity is a / τR = 1–2 m/s.  The observation made in
[15] that the propagation velocity should be about one order of magnitude faster than this
"resistive velocity" is in rough agreement with the measurements. In fact, a more precise
calculation based on [16] and the (smoothed) Thomson scattering pressure profiles reveals
that this model not only reproduces the propagation velocity within a factor of 2–3, but even
reproduces the central acceleration, which is mainly related to the gradient of the pressure
profile that increases toward the centre. Thus, the most likely explanation for the observed
propagation of the cold pulse front is the sequential triggering of pressure-gradient driven
modes, in an avalanche-like fashion.

References
[1] JET Team, Proc. 15th IAEA Conf.

Seville 1 (1994) 307
[2] Galli, P., et al., Nucl. Fusion 3 8

(1998) 1355
[3] Sarazin, Y., et al., 27th EPS

Conference on Contr. Fusion and
Plasma Phys., Budapest, June 2000,
ECA Vol. 24B (2000) 253

[4] Kissick, M.W., et al., Nucl. Fusion
36 (1996) 1691

[5] Gentle, K. W., et al., Phys. Plasmas
4 (1997) 3599

[6] Galli, P., et al., Nucl. Fusion 3 9
(1999) 1355

[7] Mantica, P., et al., Phys. Rev. Lett.
82 (1999) 5048

[8] Ryter, F., et al., Nucl. Fusion 40
(2000) 1917

[9] Koponen, J.P.T., et al., Nucl. Fusion
40 (2000) 365

[10] Alejaldre, C.,  et al., Plasma Phys.
Control. Fusion 41 (1999) A539

[11] de la Luna, E., Sánchez, J., Tribaldos, V.,
and Estrada, T., Rev. Sci. Instrum. 72 (1)
(2001) 379

[12] Barth, C.J., et al., Rev. Sci. Instrum. 70
(1999) 763

[13] Hildebrandt, D., et al., Journal of Nuclear
Materials 241-243 (1997) 950; Monier-
Garbet, P., et al., Journal of Nuclear
Materials 290-293 (2001) 925

[14] García-Cortés, I., et al., Nucl. Fusion 40
(2000) 1867

[15] Carreras, B.A., Newman, D., Lynch,
V.E., and Diamond, P.H., Phys. Plasmas
3 (8), 1996, p. 2903

[16] García, L., Carreras, B.A., and Lynch,
V.E., Phys. of Plasmas 6 (1999) 107

[17] Diamond, P.H., et al., Phys. Plasmas 2
(1995) 3685



13th INTERNATIONAL STELLARATOR WORKSHOP

Technical Status of WENDELSTEIN 7-X

M. Wanner and the W7-X Team

Max-Planck-Institut für Plasmaphysik, EURATOM Association
Teilinstitut Greifswald,Wendelsteinstraße 1, D-17491 Greifswald

WENDELSTEIN 7-X (W7-X) aims to demonstrate that the helical advanced stellarator is a
viable option for a fusion reactor with particle transport being similar to that of tokamaks. The
necessary twist of the plasma column is achieved by a set of 50 non-planar coils only.
Additional 20 coils allow to vary iota between 5/6 and 5/4. Superconducting coils together
with a continuously working ECRH system and an actively cooled divertor allow steady-state
operation.

The machine design follows the modular construction of its predecessor W7-AS and was
proved by the development of dedicated prototypes, namely an advanced superconductor, an
original-sized superconducting non-planar coil and a 1/8 sector of the cryostat of the
stellarator.

The design of the machine has significantly progressed. Winding of the superconducting coils
started. Halves of the steel casings were cast and machined to the required tight tolerances.
The cooling of the casings will be improved by additional cooling loops and coating of the
casings with copper. The massive coil support structure, which keeps the coils at their precise
position is being fabricated. Coils and support structure need to be cooled by liquid helium
and thermally insulated by a cryostat. Major components of the cryostat, namely the outer
vessel, the plasma vessel and the ports, were contracted to industry. Procurement of the
thermal insulation started.
Assembly of the stellarator is being worked out in detail and tools for handling and assembly
were ordered.

An ECRH system, which is contributed by FZK, will provide the basic heating power during
start-up and steady-state operation. The joint development of a continuously working gyrotron
by FZK, IPP, IPF, CRPP Lausanne and industry led to a first prototype with 1 MW output
power at 140 GHz, which was tested successfully. Increase of plasma temperature and density
can be achieved by ICR heating resp. NBI.

The critical path for the project is determined by the delivery and test of the superconducting
coils and the assembly of the cryostat. The project schedule aims to commission W7-X and
map the magnetic field in 2006.
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Abstract

WENDELSTEIN 7-X (W7-X) aims to demonstrate that the helical advanced stellarator concept is a
viable option for a continuously working fusion reactor with global energy and particle transport being
similar to that of tokamaks /1/. The necessary twist of the plasma column is produced by 50 non-
planar coils only. Additional 20 coils allow to vary iota between 4/5 and 6/5. Superconducting coils, a
continuously working ECR heating system and a divertor designed to remove the full heat load allow
steady-state operation. The plasma temperature and density can be increased by ICR heating resp. NBI
to reach ß-values of up to 5 %, densities of up to 3x1020 m-3, and a fusion product n(0)Tτ of up to
3x1020 m-3keVs.

Based on the results of the development of an advanced conductor, of a prototype of an original-sized
superconducting non-planar coil and of an 1/8 sector of the stellarator the machine had been designed
in detail and all major components are being manufactured by industry /2/ /3/. This paper reports the
technical status of the machine and highlights special aspects of the construction.

System Design

The magnetic configuration of W7-X is defined by 50 non-planar and 20 planar coils which
are fixed to a rigid support structure. Due to the symmetry of W7-X the coils are grouped in
five equal modules. The superconducting coils are wound from a cable-in-conduit conductor.
Each winding package is stiffened by a massive steel casing and insulated by quartz and
epoxy. The conductor is composed of 243 NbTi strands enclosed by an aluminium jacket. To
keep the coils at a temperature of 4 K, supercritical helium is circulated through the voids
between the strands. The low operation temperature of the magnet coils requires an effective
thermal insulation. Therefore the coils and the support structure are housed in a cryostat
where they are protected against heat radiation by high-vacuum, cooled shields and multilayer
insulation. 309 access ports allow to heat and study the plasma, to pump off neutralised
particles and to supply components with coolant. To protect the plasma from impurities all
plasma-facing components are armoured by carbon fibre composite, graphite or boron
carbide. The plasma-facing components are cooled by water and can withstand local heat
loads of up to 10 MW/m².

ECR heating will be the basic method to heat the plasma. It uses ten gyrotrons which deliver a
power of 1 MW each. FZK contributes the complete ECR heating system in co-operation with
IPP, EPFL Lausanne and IPF Stuttgart. Additional heating of the ions will be achieved by an
ICR heating system with a maximum power of 4 MW. In order to increase density and
temperature of the plasma 5 MW of neutral beams will be provided by two beamlines similar
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to those used for ASDEX Upgrade. In order to be able to study the �-limit of W7-X this
power shall be increased to 20 MW in a second stage.

Technical Status

The non-planar and the planar coils are being manufactured by the Babcock Noell
Nuclear/Ansaldo consortium and Tesla respectively. The production of the total 60 km of
superconductor has been subcontracted to the VAC/Europa Metalli consortium. The
production of the conductor according to specification turned out to be difficult. First
qualification lengths were available only at the end of 2000. The winding packages of the first
coils were completed in November 2001. The contractors try to make good the delay during
the production of the other coils. Seven winding lines have been set up and allow parallel
production of all coil types. The winding forms with typical diameters of 3 m were machined
to a precision of a few tenths of a millimetre to reproduce all ten coils of each type with
sufficient accuracy. The casings are being cast from steel and machined to the exact size
(Fig. 1).

Fig. 1 Half of a casing of a non-planar coil (by courtesy of Babcock Noell Nuclear)

Tests with the DEMO coil and the DEMO cryostat have shown that the cooling capacity of
the non-planar coil casings needs to be increased from 4 to 20 W. This increase required
additional cooling pipes and improvement of the heat conduction across the copper cladding
of the casings. After several trials cladding will now be realised by a combination of 1 mm
thick sheets of high-conductive copper and 2 mm thick sprayed copper. Special coil
components have been developed e.g. electrical joints with a resistance of less than 1 nΩ and
potential breakers to insulate the helium cooling pipes from the electric circuit.

The cryogenic test facilities of the Low Temperature Laboratory of CEA in Saclay were
upgraded and prepared for the acceptance tests of all superconducting coils. To check the
facility and to optimise the procedures for the series tests the DEMO coil was meanwhile
successfully used as test object. 

The coils are kept at their precise position by a rigid support structure. This support structure
is provided by the Spanish contractor Equipos Nucleares, S.A and is composed of 10 sectors
spanning a central pentagon with a total weight of 72 t. The sectors need to be fabricated to an
accuracy of a few tenths of a millimetre. The support structure is welded using plate material
for the cylindrical sections and cast pieces to fix the coils.
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Most of the components of the cryostat have meanwhile been contracted. The Swiss company
Romabau has started production of the ports with circular, oval and rectangular cross-sections
of up to 400x1000 mm2. Both the plasma vessel and the outer vessel of the cryostat will be
built by the German Deggendorfer Werft. Manufacturing tolerances of only 3 mm need to be
realised in dedicated areas of the plasma vessel to keep the minimum distance to the plasma.
Pre-mounting of the outer vessel prior to delivery will ensure that the exact symmetry will be
kept.

All plasma-facing components will be covered by low-Z material. The 3D-shaped target
plates of the divertor, which have to withstand the highest heat load of up to 10 MW/m2, are
built from carbon fibre composite tiles of the type NB31 which are bonded to a CuCrZr
support structure. Elements of this type have been developed and successfully tested for
ITER /4/. 
For the baffles and large areas of the wall, which have to withstand loads of up to 0.5 MW/m²,
a thin layer of B4C will be applied to a double-walled cooling panel by plasma spraying. The
technology of B4C coating, economic fabrication of the panels as well as the properties of the
B4C layers have recently been investigated. In critical areas of the wall, predominantly along
the inner edge of the plasma column, thick graphite tiles will be bolted to cooled copper heat
sinks. 
Other protection elements need to be designed for those areas in the plasma vessel which may
be exposed to radiation from ECRH and ICRH or hit by particles from NBI.

Ten control coils with copper windings will be installed behind the target plates. These coils
allow to correct minor field errors, influence the extent and location of the magnetic islands,
and to sweep the power deposition area across the target plates. The ten power supplies for
these coils are being manufactured by the Spanish company JEMA. 

The superconducting magnets will be energised by direct currents of up to 20 kA at voltages
below 30 V and need to be discharged safely within 5 s in case of a quench. For rapid
discharge the coils are disconnected from the supplies and short-circuited by fast switches to
dump approx 600 MJ into a set of nickel resistors. The Swiss company ABB will deliver
seven supplies to power each group of coils independently. Critical components like arc-
shooters and voltage breakers have successfully been tested. To check the electromagnetic
compatibility of electronic components with magnetic inductions of up to 100 mT a test
facility has been set up at Greifswald. 

In total an input power of about 48 MW is required to operate the magnet coils, supply the
heating systems and provide power for cryogenic refrigeration. To operate the heating
systems, high-voltage power supplies which will deliver up to 100 A at DC voltages of up to
130 kV have been ordered from the Thales/Siemens consortium. The first unit is currently
being commissioned.

Continuous heating of the W7-X plasma by means of ECR requires development of gyrotrons
with an output power of 1 MW at a frequency of 140 GHz. Prototypes of such gyrotrons have
been manufactured by industry. Meanwhile the prototype gyrotron (Maquette) developed by
Thales has reached the specified output power, a pulse duration of up to 180 s and an
efficiency of up to 49 % by using a depressed collector (Fig. 2) /5/. 
The microwaves emitted by the gyrotrons are transmitted to the plasma through diamond
windows and by mirrors. Manufacture of water-cooled mirrors according to a design
developed by IPF Stuttgart has started.
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Fig. 2 Prototype Gyrotron ("Maquette") during test (by courtesy of FZK)

A paramount requirement for the assembly of W7-X is to keep exactly the five-fold symmetry
of the magnetic field. Any deviation of a single coil from its nominal shape or position would
produce additional islands and lead to unacceptable particle and energy losses. 
The basic assembly unit of W7-X is a half-module defined by five non-planar and two planar
coils. Assembly of each half-module starts with stringing the coils across the plasma vessel
and fixing them to the support structure. Next, two half-modules are joined. When all
electrical and mechanical connections are made the module is moved into the torus hall and
lifted into the lower half of the outer vessel. After closing the upper half of the outer vessel
and welding the ports the divertor components will be integrated. Finally, the five modules
are moved to their final position and joined to a torus. Dedicated tools for handling the coils
and assembly of the cryostat have been ordered. 
The project schedule is determined by the delivery of the superconducting coils. Due to the
delay of the conductor the commissioning of W7-X and the mapping of the magnetic field
will be shifted to the end of 2007.
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This talk concerns a class of compact tokamak-stellarator hybrid configurations with a |B|
spectrum which exhibits approximate poloidal symmetry.  These configurations are low
aspect ratio devices (A=2.5-4) with a low number of field periods (2-4).  They are hybrids in
the sense that the plasma current provides the majority of the rotational transform.  The role of
the modular coils is to reduce the bootstrap current (which is typically 1/3 -1/5 that in the
equivalent tokamak) as well as to provide a small amount of vacuum transform.  Self-
consistent bootstrap current profiles (in which the bootstrap current provides the equilibrium
current) have been obtained in the range 1% ≤ ≤ 23% .  These configurations have a high
shear, tokamak-like transform profile [ι(0)~0.4 to ι (a)~0.1] with strong magnetic wells and
high Mercier and ballooning stability -limits.  Due to the low bootstrap current, these
configurations are stable to low-n ideal MHD kink modes for high values of , significantly
larger values (7-11% for kink and vertical stability) than in an equivalent tokamak with no
wall stabilization.  These configurations have good neoclassical confinement which improves
with  as surfaces of constant |B| become more aligned with flux surfaces.  The small external
transform and low number of field periods result in relatively simpler modular coils compared
with conventional, lower current, compact stellarators.
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Abstract.  This paper concerns a class of compact tokamak-stellarator hybrid configurations with a |B|
spectrum which exhibits approximate poloidal symmetry.  These configurations are low aspect ratio
devices (A = 2.5-4) with a low number of field periods (2-4).  They are hybrids in the sense that the
plasma current provides the majority of the rotational transform.  The role of the modular coils is to
reduce the bootstrap current (which is typically 1/3 -1/5 that in the equivalent tokamak) as well as to
provide a small amount of vacuum transform.  Self-consistent bootstrap current profiles (in which the
bootstrap current provides the equilibrium current) have been obtained in the range 2% ≤  ≤
23%.  These configurations have a high shear, tokamak-like rotational transform profile [ (0) ~ 0.4 to
(a) ~ 0.1] with strong magnetic wells and high Mercier and ballooning stability -limits.  Due to the

low bootstrap current, these configurations are stable to low-n ideal MHD kink modes for high values
of , significantly larger values (7-11% for kink and vertical stability) than in an equivalent tokamak
with no wall stabilization.  These configurations have good neoclassical confinement which improves
with  as surfaces of constant |B| become more aligned with flux surfaces.  The small external
transform and low number of field periods result in relatively simpler modular coils compared with
conventional, lower current, compact stellarators.

I.  Introduction

Recent work on stellarator design theory has focused on configurations with
approximate symmetry of the |B| spectrum in order to achieve improved neoclassical
confinement [1].  This work has led to quasi-symmetric configurations such as the National
Compact Stellarator Experiment (NCSX, a proposed quasi-axisymmetric device) [2], the
Helically Symmetric Experiment (HSX, a quasi-helically symmetric stellarator) [3], and the
Quasi-Poloidal Stellarator (QPS, a proposed quasi-poloidally symmetric device) [4].  This last
quasi-symmetry, quasi-poloidal symmetry (qps), has many beneficial properties.  In the limit
of exact poloidal symmetry, the canonical angular momentum p  = mv  + eA  is conserved and
orbit excursions would be limited to the gyroradius in the toroidal field, which is usually
much smaller than the poloidal gyroradius (banana width) characteristic of quasi-
axisymmetric devices (e.g., NCSX or tokamaks).  This reduction in orbit size implies a
concomitant reduction in the bootstrap current compared to tokamaks.  Thus devices with qps
tend to operate either with significantly smaller bootstrap current than in axisymmetric
devices (for the same , or 1/q, the potential reduction is ~ /N) and/or at lower  (higher q).
Note that the implied smaller poloidal flux in these devices does not necessarily lead to
increased neoclassical losses because the limiting toroidal gyroradius remains quite small.

The optimization of qps configurations which have bootstrap consistent field-aligned
current (i.e., the equilibrium current is matched to the predicted bootstrap current) has led to
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the discovery of a new class of configurations which have very-high MHD stability  limits
and good confinement properties [5].  These configurations are compact (A = 2.5–4) tokamak-
stellarator hybrid configurations: the bootstrap consistent field-aligned current provides the
majority of the rotational transform (>90%) while the role of the non-axisymmetric
components of |B| is to reduce the bootstrap current relative to an axisymmetric device.  The
predicted bootstrap current is 1/3-1/5 that in an equivalent axisymmetric device.  The lower
current (for the same ) enables these configurations to be stable to kink and vertical modes up
to  ~ 11%.  These configurations have extremely high second stability ballooning limits (  >
23%).   They have been optimized for improved neoclassical transport by both enhancing the
degree of qps and by using the DKES transport code in a stellarator optimization routine [4].
The equilibrium, MHD stability, and confinement properties are elaborated upon in the
following sections.

II. Equilibrium

The prototypical high , qps configuration is shown in Figure 1.  This is a three field
period, A = 3.7,  = 15% plasma which has an equilibrium current of 172 kA when the
magnetic field strength is set to <B> = 1 T.  The equilibrium current is consistent with that
predicted by a low-collisionality bootstrap code.  This plasma current produces the majority
of the tokamak-like rotational transform [ (0) ~ 0.4 to (a) ~ 0.1].  The profiles of pressure,
rotational transform, and field-aligned current are shown in Figure 2.  In addition to the
equilibrium current, Fig. 2c also shows the predicted bootstrap current and the bootstrap
current in an equivalent tokamak which is a factor of ~4 larger (note that the field-aligned
current is anti-parallel to the magnetic field direction).

    
Figure 1.  (a) Last closed flux surface and (b) partial last closed flux surface with a cutaway showing
cross sectional surfaces for a three-field period,  =15%, qps configuration.

The extent of qps in these configurations is not readily apparent from the variation of
|B| on the outer surface as shown in Fig. 1.  Since these configurations have been optimized
for low aspect ratio, the toroidicity induced, m = 1, n = 0, Fourier component of |B| is
nonnegligible and reduces the degree of qps at larger r.  The profiles of the ten largest Fourier
coefficients of |B| in Boozer coordinates are shown in Figure 3a.  While the two largest are the
lowest poloidally symmetric terms, the m = 1, n = 0 component is the next largest.  A more
quantitative measure of qps, shown in Figure 3b, is the ratio of the sum of all Bm 0,n

components to the sum of all Bm=0,n 0 components.  Using this measure of qps, these
configurations are roughly 50% more symmetric than the proposed lower-current QPS
experiment and a factor of 2 more QP symmetric than W7-X [6]. Efforts to further enhance
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the degree of qps of these configurations led to configurations with highly elliptical cross
sections that were not desirable.

0 100

5 104

1 105

1.5 105

0 0.2 0.4 0.6 0.8 1

P
  (

N
/

m
2 )

S

(a)

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1
S

(b)

 
-8 103

-6 103

-4 103

-2 103

0

0 0.2 0.4 0.6 0.8 1

<
J·

B
>  (

kA
·T

/
m

2 )

S

(c)

Figure 2.  Profiles of (a) pressure, (b) rotational transform, and (c) field-aligned current for a qps,
high-  configuration.  In (c), open green circles is equilibrium current, closed blue circles is the
bootstrap current, and black diamonds is the bootstrap current in an equivalent tokamak.
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Figure 3.  Profiles of (a) the largest 10 Fourier coefficients of |B| in boozer coordinates and (b) the
ratio of the sum of all the poloidally asymmetric modes to the sum of all the poloidally symmetric
modes (excluding the 0,0 mode).

III. Stability

The optimization of these configurations for high-  ballooning stability was done
using the COBRA stability code [7].  By optimizing the shape of the plasma boundary along
with small variations in the pressure profile, ballooning stable configurations with bootstrap
aligned current were found in the range 2% <  < 23%.  However, starting with a high-  case
(  = 15%) and lowering the pressure without changing the boundary shape did lead to the
onset of ballooning instability in these configurations.  These configurations are in a second
stable ballooning regime.  A consistent pathway from lower  configurations to these high-
cases is currently under investigation.

The plasma current in these qps configurations is large relative to conventional
stellarators which makes them potentially susceptible to vertical and kink modes.  The
stability of these configurations to kink and vertical modes was analyzed using the
TERPSICHORE code [8].  In spite of the finite plasma current and high , the configuration
discussed above is stable to vertical modes and only weakly unstable to an external kink
mode.  Keeping the same shape but scaling  down to ~11% (but without modifying the
rotational transform) leads to stabilization of the kink mode.  At this , the Troyon factor ( N

= (%)[a(m)B(T)/I(MA)]) is N = 19.  This is a significantly larger value of  (for kink-
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stability) than in the equivalent tokamak with no wall stabilization.  In combination with the
lower current compared with a tokamak, this feature gives rise to a Troyon factor exceeding
10, which is much larger than the typical value ~3 for achieved for advanced tokamaks.

IV. Transport

The high degree of qps in these configurations also results in acceptable neoclassical
confinement times despite the relatively low rotational transform.  Ion and electron
neoclassical confinement times were calculated using a Monte Carlo calculation.  For <B> = 1
T, <R> = 0.86 m, and in the moderate collision frequency regime, we find  τEneo = 58 ms and
τEneo/τISS95 = 3.6 for expected values of the radial electric field and with a confinement
enhancement factor of H = 1 (here, τEneo is the global neoclassical energy confinement time
and τISS95 is the confinement time predicted by the ISS95 empirical scaling law [9]).  Under
these conditions, anomalous processes should dominate the thermal transport.  The transport
was also tested using the DKES transport code.  Confinement was further enhanced by using
DKES directly in the optimization.  Factors of 2 improvement in τEneo were obtained by
minimizing the local transport coefficients at several surfaces without sacrificing ballooning
and kink stability. Furthermore, as  increases, the drift and flux surfaces approach
omnigeneity (achieve better alignment), so that alpha particle confinement is found to
improve with increasing .

V. Conclusions

Quasi-poloidal symmetry allows a pathway to ideal MHD stable, high-  hybrid
configurations.  The rotational transform in these configurations is produced primarily by
plasma current; the role of the nonaxisymmetric components of |B| is to reduce the self-
consistent bootstrap current, thus maintaining MHD stability at higher  than in a tokamak at
the same rotational transform.  Ongoing research includes optimizing these configurations for
improved confinement, exploring access to these second stability regimes, and testing the link
between these configurations and the lower-  QPS experiment.

Acknowledgements: This research was supported by the U.S. DOE under Grant No. DE-FG
03-97ER54423 at the University of Montana and under contract DE-AC05-00OR22725 at
Oak Ridge National Laboratory, managed by UT-Battelle, LLC.

References

[1] Grieger, G., et al., Plasma Physics and Controlled Nuclear Fusion Research, Proceedings
13th International Conference, Washington, 1990, Vol. 3, p. 525  (International Atomic
Energy Agency, Vienna, 1991).

[2] Neilson, G. H., Reiman, A. H., Zarnstorff, M. C., et al., Phys. Plasmas 7, 1911 (2000).
[3] Almagri, A. F., Anderson, D. T., Talmadge, J. N., IEEE Tran. Plasma Sci. 27, 114 (1999).
[4] Spong, D. A., Hirshman, S. P. et al., Nucl. Fusion 41, 711 (2001).
[5] Ware, A. S., Hirshman, S. P., et al.,  “High β Equilibria of Drift Optimized Compact

Stellarators”, submitted to Phys. Rev. Lett., (2002).
[6] Nührenberg, J., et al., Trans. Fusion Technology 27, 71 (1995).
[7] Sanchez, R., Hirshman, S. P., Whitson, J., Ware, A. S., J. Comp. Phys. 161, 576 (2000).
[8] Cooper, W. A., Singleton, D. B., Dewar, R. L., Phys. Plasmas 3, 275 (1996).
[9] Stroth, U., et al., Nucl. Fusion 36, 1063 (1996).



13th INTERNATIONAL STELLARATOR WORKSHOP

MHD Equilibrium and Stability of the QPS Device

A.S. Ware,1 S.P. Hirshman,2 D.A. Spong,2 R. Sanchez,3 G. Fu4

1Department of Physics and Astronomy, University of Montana, Missoula MT 59812, USA
2Oak Ridge National Laboratory, P.O. Box 2009, Oak Ridge TN 37831-8070, USA

3Universidad de Carlos III de Madrid, Madrid. Spain
4Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ 08502, USA

The equilibrium and stability properties of the proposed Quasi-Poloidal Stellarator (QPS)
experiment are discussed. This poster examines the vacuum and finite-beta flux surfaces,
bootstrap current alignment, and the ideal MHD stability of Mercier, ballooning, kink, and
vertical modes in QPS.  The proposed QPS device is a low aspect ratio (<R>/<a>=2.6)
stellarator with a |B| spectrum that exhibits quasi-poloidal symmetry. The existence of
vacuum flux surfaces from filamentary coils based on a modular coil design has been tested
numerically. The coil set for QPS reproduces the physics properties of the fixed-boundary
MHD equilibrium at finite beta (the fixed-boundary configuration was optimized for both
physics properties and engineering constraints at low aspect ratio).  The QPS experiment has
been designed to run with a bootstrap aligned current profile (a total current of ~60 kA at
<beta>=2%).  The issue of bootstrap alignment for the reference configuration will be
discussed.  The QPS configuration has stellarator-like rotational transform [i(0)~0.3 to
i(a)~0.4] with a magnetic well across the profile.  The configuration has good Mercier
stability except at isolated resonances.  The reference configuration has ballooning stability
limits at <beta> ~ 2.5%.  Due to the small amount of plasma current, QPS is robustly stable to
kink and vertical modes.  Kink and vertical modes are stable at <beta> ~5% without feedback
or close conducting walls.
________________________________
Work supported by U.S. Department of Energy under Grant DE-FG02-00ER45838 at the
University of Montana and Contract DE-AC05-00OR22725 at ORNL with UT-Battelle, LLC.

Topic: 3. MHD equilibrium and stability

Poster is preferred: YES

Email: aware@selway.umt.edu



Paper No. PII:B2

13th INTERNATIONAL STELLARATOR WORKSHOP

MHD EQUILIBRIUM AND STABILITY OF THE QPS DEVICE

Warea, A. S., Barcikowskia, E., Berryb, L. A., Hirshmanb, S. P.,
Lyonb, J. F., Spongb, D. A., Stricklerb, D. J., Sanchezc, R., Fud, G.,

aDepartment of Physics and Astronomy, University of Montana, Missoula MT 59812, USA
bOak Ridge National Laboratory, P.O. Box 2009, Oak Ridge TN 37831-8070, USA

cUniversidad de Carlos III de Madrid, Madrid, Spain
dPrinceton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ 08502 USA

email: aware@selway.umt.edu

Abstract. The MHD equilibrium and stability properties of the proposed Quasi-Poloidal Stellarator
(QPS) experiment are discussed. This work examines the equilibrium properties, bootstrap current
alignment, equilibria with Ohmic current profiles, and the ideal MHD stability of Mercier, ballooning,
kink, and vertical modes in QPS.  The proposed QPS device is a low aspect ratio (<R>/<a>=2.7)
stellarator with a |B| spectrum that exhibits quasi-poloidal symmetry. The existence of vacuum flux
surfaces from filamentary coils based on a modular coil design has been tested numerically. The
reference coil set for QPS reproduces the physics properties of the fixed-boundary MHD equilibrium
at finite  (the fixed-boundary configuration was optimized for both physics properties and
engineering constraints at very-low aspect ratio).  The QPS experiment has been designed to run with
a bootstrap aligned current profile (a total current of ~40 kA at  = 2%) but will also have the capacity
for Ohmic current.  The issue of bootstrap alignment for the reference configuration is discussed.  The
QPS configuration has stellarator-like rotational transform [ (0)~0.2 to (a)~0.3] with a magnetic well
across the profile.  The configuration has good Mercier stability except at isolated resonances.  The
reference configuration has ballooning stability limits at  ~ 2.5%.  Due to the small amount of plasma
current, QPS is robustly stable to kink and vertical modes.  Kink and vertical modes are stable at  ~
5% without feedback or close conducting walls.

I.  Introduction

Theoretical and numerical studies on compact three-dimensional magentic equilibria has
led to the design of a proposed experiment: the Quasi-Poloidal Stellarator (QPS) [1].  QPS is a
very-low-aspect ratio (A = 2.7) stellarator with a |B| spectrum that exhibits quasi-poloidal
symmetry.  The QPS experiment will test the concept of quasi-poloidal symmetry as a
pathway for obtaining adequate neoclassical confinement at very-low aspect ratio and in
addition will explore the physics of MHD stability and anomalous transport in a quasi-
poloidal symmetric device.  A crucial aspect in the design of the QPS experiment has been the
development of an optimized MHD equilibrium and its confinement and stability properties.
Here, we present a detailed numerical analysis of the MHD equilibrium and stability
properties of a reference QPS configuration.

II.  Equilibrium

The design of the QPS experiment incorporated a current profile fully compatible
(“aligned”) with the bootstrap current.  The issue of bootstrap alignment and consistency (i.e.,
where the bootstrap current is computed self-consistently from the rotational transorm and
pressure profiles, and the |B| spectra) is esserntial in a current-carrying stellarator.  The 3D
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equilibrium code VMEC [2] is used to obtain the finite-  equilibria.  The refernce coil set and
last closed flux surface of the reference configuration at < > = 1.9% are shown in Fig. 1. The
VMEC equilibrium current and the predicted bootstrap current profiles for the reference
configuration are shown in Fig. 2a for  = 1.9%.  The degree of agreement between the
equilibrium and bootstrap currents is quite good.  Also shown in Fig. 2a is the predicted
bootstrap current for an equivalent tokamak which is a factor of 2-3 larger than the bootstrap
current in the QPS configuration.  The pressure and rotational transform profiles are shown in
Figures 2b and 2c, respectivley.

 
Figure 1.  (a) Modular and vertical coils for a reference QPS configuration and (b) last-closed flux
surface of a QPS plasma with  = 1.9%, Iplasma = 40 kA, and coil currents of Imod = 374 kA, IVF = –205
kA, and ITF = –341 kA (toroidal field coils not shown).
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Figure 2.  Profiles of (a) the equilibrium current (green circles), the predicted bootstrap (blue circles),
the bootstrap current in an equivalent tokamak (red circles), (b) the pressure profile, and (c) the
rotational transform profile for a reference QPS configuration.

The direction of the bootstrap current in the QPS configuration is such that it adds to the
existing external rotational transform arising from coils. Because the relationship jBSdln
| |/d  > 0 is satisfied, the effect of bootstrap current should be to reduce (heal) magnetic island
widths for finite-  QPS equilibria. Part of the QPS experimental program will be to
investigate neoclassical healing (or its reverse, island enhancement) by altering the sign of the
rotational transform through changes in the external coil currents.
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III.  MHD Stability Properties

The primary modes of concern for stellarators are Mercier (global interchange) and
ballooning modes (local interchange).  For QPS, the nonzero plasma current makes kink or
vertical mode instability a possibility.  The numerical analysis of all of these modes in QPS is
discussed below.

The QPS reference configuration is stable to Mercier (global interchange) modes over
the entire plasma cross-section except for a few isolated resonances as shown in Fig. 3a.  This
configuration has a substantial well over the entire plasma cross section due to a combination
of helical curvature and a small Shafranov shift (see Fig. 3b).  It is stabilized primarily by the
well rather than the shear (bending) terms in the Mercier criterion.  This applies everywhere
except near the edge, where the destabilizing geodesic curvature is small anyway.  The terms
arising from the net parallel bootstrap current are stabilizing but small. The strong well
stabilization implies that high-n resistive modes should also be stable in this configuration.
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Figure 3.  (a) Mercier stability criteria for the QPS reference configuration and (b) the well (green
diamonds) and shear (blue diamonds) stabilizing contributions to the criteria.

The QPS reference configuration is sensitive to ballooning modes as analyzed by the
Code for Ballooning Rapid Analysis (COBRA) [3].  These set the  MHD stability limits for
the reference configuration.  The field line-bending term is weakened as a result of the small
number of field periods (the connection length R/N is relatively long). This seems to be the
dominant adverse effect on stability in QPS.  The pressure profile for the reference
configuration has been optimized for ballooning stability at  = 2%, with the constraint dp/d
= 0 at the plasma edge to avoid edge currents.  As  is increased above 2% (by scaling the
pressure profile and increasing the plasma current to maintain bootstrap alignment), a region
of instability appears in the outer half of the plasma.  For a coil configuration similar to the
reference case, free boundary equilibria with higher  limits were obtained by allowing an
edge pressure pedestal.  Those configurations had a  limit of > 2.5%.  This class of profiles
may develop naturally as a result of H-mode physics.

The finite current in the QPS configuration makes it necessary to address the issue of
low-n ideal MHD modes which can be destabilized by current and pressure gradients.  The
TERPSICHORE stability code [4] was used to analyze vertical (n = 0) and kink (n = 1) mode
stability of the reference configuration.  This configuration is stable to both vertical and kink
modes at  = 2%.  The vertical and kink stability of QPS configurations with plasma beta up
to  = 5% were also analyzed.  All the cases were stable to vertical modes.  Only the  = 5%
case with a bootstrap-aligned current of 112 kA was unstable to kink modes with a kink
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eigenvalue of 5.4×10-4 (in units of an Alfven time).  Thus, kink and vertical modes are not an
issue for QPS.

The vertical stability is due primarily to the external rotational transform.  An analytic
stability criterion for the vertical mode in a large aspect ratio current-carrying stellarator has
been developed (for constant current density and constant external rotational transform) [5].
The stability criteria relates the fraction of edge rotational transform, F = external/ total, to the
axisymmetric elongation, : F ≥ ( 2 – )/( 2 + 1).  The external transform is stabilizing
because the external poloidal flux enhances the field line bending energy relative to the
current-driven term for the vertical instability.  For the reference configuration, we have F =
0.697,  = 2.765, and ( 2 – )/( 2 + 1) = 0.565, resulting in the condition being well-satisfied.
This criterion is met for all of the QPS reference plasmas and is consistent with stability to
vertical modes for all of these.

IV. Conclusions

The proposed QPS experiment is a very-low apsect ratio stellarator with moderate,
bootstrap-aligned plasma current.  The MHD stability limits are set by ballooning modes
rather than kink or vertical modes.  The ballooning beta limit is approximately ~2%.  The
experimental ballooning beta limit may be higher than this if pressure profiles with edge
pedestals are obtained.  QPS is stable to Mercier modes up to  ~ 2.5%.  Kink and vertical
modes are not an issue for the QPS configuration due to the low plasma current (~40 kA of
neoclassical bootstrap current at  = 2%).  QPS plasmas are stable to kink and vertical modes
up to  = 2%.
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Previous experiments in the Wendelstein 7-AS stellarator, where volume averaged β-values
of up to 〈β〉 ≈ 2 % could be achieved with 4 MW balanced neutral beam heating, have shown
that the heating efficiency of the counter-injected beams was very poor. This is a consequence
of low magnetic fields (0.7...1.25 T) and high density required to reach the maximum
β–values. Under these particular conditions the counter-injected particles experience large
excursions out of the magnetic surfaces. In combination with broad deposition profiles, this
results in very significant orbit losses and heating efficiencies of only 20...60% for the
particular range of magnetic fields. Therefore, in order to increase the plasma performance in
the high-β regime and to explore the stability limits, a rearrangement of the injectors was
made during the shutdown in 2000 allowing to inject all NBI power in co-direction. At the
same time W7-AS was equipped with a segmented divertor consisting of 10 divertor modules
(on top and bottom centered in elliptical plane of each field period). The divertor structure
leads to a reduction of the plasma radius in the low-iota regime (ι(a) ≤ 0.5), where smooth
flux surfaces exist up to the plasma edge. Another consequence of the divertor is a lower
flexibility to control the plasma position in order to compensate the Shafranov shift or to
change the magnetic well depth for the stability investigations.
Experiments have been started aiming to establish high performance discharges under the new
experimental boundary conditions. Although most of the experiments were not performed
using proper island divertor configurations, a beneficial effect of the divertor was found
resulting in improved density control and relatively low radiation losses. Flat-top times of
≈ 0.3 s could be achieved with average β–values exceeding 〈β〉 ≈ 2 %. At the reduced
magnetic field of B = 1.25 T typical values of the central electron temperature and the line
averaged density are measured in the range of Te0 = 350...450 eV and 〈ne〉 ≈ 2·1020 m-3,
respectively. A significant increase of the plasma energy at ι(a) ≈ 0.52 could be obtained by
compensating the edge islands with the help of the divertor control coils resulting in a larger
plasma volume. The density has to be kept in an optimum range. At lower densities the
energy confinement deteriorates, and at the same time, impurity accumulation effects take
place. Towards higher densities, the energy confinement saturates or even deteriorates, too.
Under optimum conditions the plasmas with highest β–values show only weak MHD-activity,
mostly coherent modes in the range 10...50 kHz. The low frequency modes are usually
attributed to pressure driven modes around low order rational surfaces, whereas the modes in
the higher frequency range could be due to global Alfvén gap modes destabilized by resonant
fast ions. In particular at lower densities such modes with frequencies up to ≈ 300 kHz are
excited. They disappear, however, with increasing density, where the fast ion content is
reduced. The most significant instabilities found so far are very short (≈ 100 µs) ELM-like
MHD events leading to fast relaxations of the electron temperature profile and significant
drops of the plasma energy. These effects seem to be connected with low temperatures
pointing to resistive MHD modes, which are absent in high performance discharges, where
the temperature can be maintained above a critical value.
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Abstract
During the recent experimental campaign in W7-AS investigations of the performance and stability of
high-β plasmas have been restarted. The particular aim was to push the plasma closer to the β-limit by
utilizing a higher heating power at low magnetic fields resulting from the modification of the neutral
beam heating system. In addition the new divertor system should yield a better control of the plasma
boundary. The favourable properties of high-iota configurations could be exploited by using the
divertor control coils without sacrificing plasma volume. The combination of beneficial effects
resulted in a significant increase of the volume averaged beta from 〈β〉  ≈ 2 % up to 〈β〉  ≈ 3.1 % and in
MHD-quiescent, quasi-stationary discharges at low radiation levels. Experimental studies of
equilibrium effects and of MHD mode activity, which is typically more pronounced in the
intermediate-β regime, have been performed with the X-ray tomography system. In particular pressure
driven m = 2 modes with pronounced ballooning effect have been found. In addition results of
computational MHD stability studies are presented, which show an increase of stability with
increasing beta due to the pressure induced deepening of the magnetic well along with increasing
magnetic shear, in qualitative agreement with the experimental data. The maximum achieved beta is
still limited by the available heating power, at least in the case of high-iota, and not by equilibrium or
stability effects. Particularly with regard to current carrying stellarators and comparisons with
tokamaks the modification of the stability of high-β plasmas by significant OH-currents has been
investigated. In this case the operational range can be severely limited by the onset of tearing modes,
in particular at iota = 1/2.

1. Introduction.
Previous experiments in the Wendelstein 7-AS stellarator, where volume averaged β-values
of up to 〈β〉  ≈ 2 % could be achieved with ≈ 3.5 MW balanced neutral beam power injected
through the ports, have shown that the heating efficiency of the counter-injected beams was
very poor. This is a consequence of low magnetic fields (0.7...1.25 T) and high density
required to reach the maximum β–values. Under these particular conditions the counter-
injected particles experience large excursions out of the magnetic surfaces. In combination
with broad deposition profiles, this results in very significant orbit losses and heating
efficiencies of η ≡ Pabs/Pinj ≈ 15...60% only for counter-injected ions in the particular range of
magnetic fields.
The previous high-β studies [1] were preferentially conducted with an external rotational
transform in the range of ι ext(a) ≈ 0.34...0.45 in order to avoid a reduction of the plasma radius



2
by edge islands leading to reduced confinement, lower temperatures and higher radiation
losses. Under these conditions discharges with relatively low MHD activity could be
established. The maximum achievable plasma β was not limited by MHD instabilities but
rather by increasing radiation losses from the plasma core resulting from an uncontrollable
density increase and impurity accumulation effects preventing the achievement of quasi-
stationary discharges. In the case of configurations with relatively large inward shift, in which
the magnetic well depth is reduced, transport relevant MHD-instabilities such as low
frequency MHD modes, which are resonant at low order rational surfaces, and fast ELM-like
events causing relaxations of the plasma profiles could be observed. A clear evidence of a
stability β-limit, however, could not be found either.
In order to enhance the plasma performance in the high-β regime and to explore the stability
limits, a rearrangement of the injectors [2] was made during the shutdown in 2000 in such a
way as to inject the NBI power in co-direction only. At the same time W7-AS was equipped
with a segmented divertor consisting of 10 divertor modules (on top and bottom centered in
the elliptical plane of each field period) [3,4]. The divertor structure leads to a reduction of the
effective plasma radius from typically aeff ≈ 17...18 cm to aeff ≈ 15 cm  in the low-iota regime
(ι(a) ≤ 0.5), where smooth flux surfaces exist up to the plasma edge. Another consequence of

the divertor is a limited flexibility to control
the plasma position in order to compensate
for the Shafranov shift or to change the
magnetic well depth for the stability
investigations. Experiments have been started
aiming at establishing high performance
discharges and performing equilibrium and
stability studies under these new
experimental boundary conditions.

2. Optimization and Characterization of High-ββββ Plasma Performance.
The present studies focused on the range around ι ext = 0.5 because of better equilibrium and
confinement properties (Shafranov shift ∝  ι -2, equilibrium β-limit ∝  ι 2, τE,ISS95 ∝  ι 0.4). The
control coils as an integral part of the island divertor system have been used to compensate
the edge islands so that the effective plasma radius is comparable with the low-iota case.

Figure 1: Effect of control coils on plasma energy
(B =1.25 T, ι ext = 0.52). Significant improvement
can be achieved in the high-β phase.
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Therefore, actual island divertor configurations were not used in most of the experiments.
Nevertheless a beneficial effect of the divertor was found resulting in improved density
control and relatively low radiation losses, which is mainly attributed to the effective
screening of the plasma by the large area graphite plasma facing components.
Scans of plasma parameters (density) and of configuration parameters (external rotational
transform ι ext, current of control coils Icc, vertical field Bz) have been performed at the reduced
magnetic field of B = 1.25 T in order to find optimum conditions. Besides the usual case of
gas puffing used to vary the density pellet and fast gas injection has been applied. However,
the flat top value of the plasma energy obtained with gas puffing could not be exceeded. A
significant increase of the plasma energy in the range ι ext(a) = 0.46...0.53 could be achieved by
using the divertor control coils resulting in a larger plasma volume. In figures 1 and 2 the
effect of the control coils is illustrated. The optimum value of Icc, however, is much larger
than that required for compensating the (m,n) = (10,5) edge islands dominating in the vacuum
configuration. Therefore, the formation of β-induced boundary island structures at lower
rational ι-values, which are generated in the plasma due to finite β effects (see next section)
may play a role. Such a conjecture is indicated by the measured patterns of the Hα-light
emission and of the heat deposition at the divertor plates (from infrared camera
measurements), which show a transition from narrow structures in the case of Icc = 0 (typical
for configurations bounded by edge islands intersecting the divertor plates) to broad structures
(typical for smooth surfaces almost aligned with the target plates in the poloidal cross
section). The increase of the plasma volume is also reflected in a widening of electron density
and temperature profiles measured in the edge region and of X–ray profiles. Temperature and
density profiles have been measured with the ruby- and YAG-Thomson systems. Typical
values of the central electron temperature obtained from the YAG-Thomson system and from
X-ray data (two-foil method) are in the range of Te0 = 300...450 eV. The density profiles are
relatively broad and flat, typical line averaged densities are around 〈ne〉  ≈ 2...3·1020 m-3. The
density has to be kept in an optimum range. At lower densities the energy confinement
deteriorates, and at the same time, impurity accumulation effects take place. Towards higher
densities, good confinement properties, similar to those obtained in proper island divertor
configurations [3,4], are achieved. In particular, the particle confinement times deduced from
iron laser blow-off measurements in the B = 1.25 T case are in the range of ≤ 20 ms,
corresponding to values of τp/τe ≤ 2.5 only. However, beyond a critical density the energy
confinement also saturates or even deteriorates due to decreasing temperatures along with
increasing radiation. The kinetic plasma energy deduced from the available data of plasma
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Figure 3: Profiles of electron temperature and density from ruby Thomson measurements mapped
on effective equilibrium flux surface radii. The kinetic data yield 〈β〉  = 2.6 % in agreement with the
diamagnetic value (B =1.25 T, ι ext = 0.52).
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temperature and density profiles (with the assumption of Ti = Te) is found to be in quantitative
agreement with the measured diamagnetic plasma energy. An example of profiles obtained
with the ruby Thomson diagnostics is given in fig. 3. The volume averaged plasma beta from
the diamagnetic measurement gives 〈β〉  = 2.6 %, the value deduced from the fits to the kinetic
data yields the same number. The analysis refers to a similar case at B = 1.25 T and
ι ext(a) ≈ 0.52 as shown in fig. 1.

The maximum β  achieved at 1.25 T
(〈β〉  ≈ 2.5...2.7 %) could be further increased
by decreasing the magnetic field. The B-scan
between 0.7...1.25 T typically gives a shallow
optimum between 0.8...1.0 T. Fig. 4 shows an
optimized case at B = 0.9 T, where values up to
〈β〉  ≈ 3.1 % (with central values of β(0) ≈ 7 %)
could be achieved for a flat top time of > 0.1 s.
As regards the global energy confinement
values of τe ≈ 6.8 ms for the case shown in
fig. 1 and of τe ≈ 4.3 ms for the case shown in
fig. 4 have been evaluated using the absorbed
NBI heating powers of Pabs ≈ 3.2 MW and
Pabs ≈ 2.9 MW, respectively, as calculated by
the FAFNER code [5]. The confinement times
are 25...50 % above the ISS-95 scaling [6] and
close to the W7-95 scaling [6]. The calculated
heating efficiencies for co-injection into high-β
plasmas are around η F A F N E R  ≈ 90 % at
B = 0.9 T.
As far as the dependence of the global
confinement and of the achievable plasma beta
on the external rotational transform is
concerned, the optimum cases are found in the
vicinity of ι ext(a) = 0.5. In the range from

ι ext(a) = 0.46 down to ι ext(a) = 0.38 (achieved with the modular field coils only) the
confinement deteriorates progressively by about 10...15 %. This may be explained by the
combined effects due to the expected dependence of the confinement and the decrease of the
equilibrium β-limit towards low iota. On the other hand, if the rotational transform is raised
above ι ext(a) = 0.53, the global confinement degrades likewise to some extent, since the
structure of the edge islands becomes more complicated, and therefore, the control coils
cannot completely restore the maximum plasma radius.

3. Equilibrium Effects.
In order to compensate for the Shafranov shift and to keep the high-β configuration well
centered in the divertor troughs the vacuum configuration has to be inward shifted by
relatively large vertical fields in the range of Bz/B ≥ 0.02. In this case the vacuum
configuration is bounded by inner wall installations resulting in values of aeff ≤ 11 cm only. In
the high-β phase the plasma cross section expands towards the outside limited then typically
by the outboard divertor baffle plates, and the effective plasma radius increases up to
aeff ≤ 15.5 cm. The plasma radius and the plasma volume were determined by NEMEC
equilibrium calculations [7] taking the geometry of the plasma facing components into
account. NEMEC evaluates 〈β〉  by using the volume averaged value of B2. However, the

Figure 4: Optimized quasi-stationary high-β
discharge at 0.9 T ,ι ext = 0.52, with 〈β〉  reaching
3.1 %. The (low) radiation losses are peaked at
the plasma edge.



5
〈β〉 –values given in this paper, which are typically 6–7 % lower than the NEMEC values, are
calculated on the basis of the magnetic field averaged over the outermost flux surface. This
field average is believed to be a better representation of the external magnetic field by
minimizing plasma generated contributions such as caused by the plasma diamagnetism and
the Shafranov shift.
The change of the equilibria due to the Shafranov shift is very significant even in the high-iota

range as illustrated in fig. 5, where tomographic reconstructions of X-ray measurements
obtained from 8 cameras surrounding the plasma are compared with NEMEC (free boundary)
calculations. Throughout this β-sequence corresponding to the case shown in figure 4 a
remarkable agreement as regards the plasma axis position is found. At high β-values typically
some indentation of the X-ray contours is found. It is not yet well understood, whether this
effect reflects the true shape of the equilibrium flux surfaces (possibly due to a decrease of the
rotational transform in the center by the ohmic current compensating the bootstrap and
Okhawa currents not taken into account in the NEMEC runs) or a drift of impurity ions out of
the flux surfaces. The maximum normalized Shafranov shift at ι ext ≈ 0.52 deduced from the
experimental data and the equilibrium calculations (corresponding to the case of 〈β〉  ≈ 3.1 %
and the X-ray contours and flux surfaces shown in the rightmost part of figure 5) amounts to
∆/rh ≈ 0.3 in the triangular plane (φ = 0o) of W7-AS (rh is the horizontal radius of the flux
surfaces), but reaches ∆/rh ≈ 0.43 in the plane of highest elongation (φ = 36o). Therefore, the
experimentally achieved β-values stay still below the critical equilibrium β-limit assumed to
correspond to ∆/rh = 0.5. But in the case of the configuration with ι ext ≈ 0.38, the equlibrium
β–limit is at ≈ 2.6 %, which is slightly above the experimentally achieved values. In figure 6

β0 = 3.52%
#51755@0.201 s

R [m]
1.8 2.01.9 2.1

#51755@0.220 s

R [m]
1.8 2.01.9 2.1

β0 = 5.47%

R [m]
1.8 2.01.9 2.1

β0 = 6.71%
#51755@0.245 s

R [m]
1.8 2.01.9 2.1

β0 = 7.57%
#51755@0.300 s

z 
[m

]
-0

.1
0

0.
1

R [m]
1.8 2.01.9 2.1

β0 = 1.70%
#51755@0.176 s

Figure 5: Sequence of X-ray tomograms for #51755 (fig. 4) for different β-values compared with flux
surfaces calculated by NEMEC. The axis position of the vacuum configuration is indicated by the
dashed blue line. The center of the X-ray emission indicated by the solid red line is progressively
displaced up to ≈ 11...12 cm in agreement with the calculations.
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characteristic parameters of the equilibria (horizontal axis position, normalized Shafranov
shift, global shear and magnetic well depth from NEMEC) referring to the β-sequence of
figure 5 are given as a function of the average β-values. With regard to the discussion of the
MHD stability a significant pressure induced increase of shear and magnetic well depth can
be stated.

4. MHD Stability - Experimental Studies in net-current free plasmas -
Under optimum conditions the plasmas with highest β–values show only weak MHD-activity,
mostly coherent modes in the range 10...20 kHz. These low frequency modes are usually

attributed to pressure driven modes
around low order rational surfaces.
During the transition to high-β, in
particular at lower densities, global
Alfvén gap modes with frequencies up
to ≈ 300 kHz can be excited [1]. They
disappear, however, with increasing
density, where the fast ion content is
reduced. An example is shown in
figure 7 for a discharge in which the
density was kept below the optimum
value. In the initial phase pronounced
intermittent MHD-activity is seen at
isolated frequencies in the range
50...300 kHz.
Also the MHD-activity due to pressure
driven modes is more pronounced at
intermediate β-values rather than in the
newly achieved regime with 〈β〉  > 2 %.
Figure 8 illustrates the MHD behaviour
of a discharge with parameters similar
to the case shown in figure 4, in which
the plasma β rises until t ≈ 0.3 s. The
10 kHz mode activity measured by a
magnetic probe (with harmoncis at 20
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and 30 kHz) ceases at 0.25 s, where 〈β〉  ≈ 2.5 % is exceeded. The mode is identified as an
(m,n) = (2,1) mode by X-ray tomography (the insert shows the fluctuating X-ray emissivity).
The radial position of the perturbation is consistent with the position of ι  = 1/2, which is
progressively shifted inward with increasing β-induced shear. The experimental data suggest,
that the stability improves with increasing β up to the maximum achieved values.

5. MHD Stability - Computational Studies -
The configuration #51382 corresponding to the case of best high-β performance at B = 1.25 T
and of ι ext = 0.52 (#51385 presented in figure 1) has been chosen as a reference case for
computational stability studies. In a first step a sequence of equilibria ranging from the
vacuum case up to 〈β〉  ≈ 2.7 % was calculated by the NEMEC code. The proper calculation of
the flux surfaces in the outer plasma region up to the plasma edge relies on the assumption of
smooth flux surfaces which is indicated by the data discussed in section 2, at least for the
high-β cases. Within this set of equilibria the iota-profiles vary between approximately flat
ones around ι  = 1/2 and tokamak-type-shear ones with ι  = 1/2 inside the plasma at r/a ≈ 0.6 in
the case of 〈β〉  ≈ 2.7 % and ι = 1/2 at the edge in the case of 〈β〉  ≈ 0.9 %, respectively.
Then the local stability has been studied by evaluating the Mercier- and resistive interchange
criteria with the JMC code [8] for each case. The result is given in figure 9. The vacuum
configuration is found to be Mercier-unstable throughout the plasma cross section as a
consequence of the relative large inward shift. The stability improves progressively with
increasing plasma β due to the increase of shear and magnetic well depth (refer to figure 6 and
the discussion in section 3). The increase of shear leads to a larger number of unstable
resonances (at rational surfaces) in the outer plasma region (left part of figure 9). These
resonances are omitted in the stability diagram shown in the right part of figure 9, which also
contains the resistive interchange unstable region enclosing the Mercier unstable region. In
addition the position of ι  = 1/2 depending on β is indicated in this diagram. The shift of
ι  = 1/2 into the stable region occurs just below the maximum β-value reached in this
configuration. This is consistent with the experimental data showing an m = 2 mode activity
at intermediate β–values, which disappears for 〈β〉  > 2 %. In order to determine the upper
stability boundary numerically the Mercier and resistive interchange criteria have been
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calculated for equilibria up to
〈β〉  ≈ 4.4 % based on the case shown in
figure 4. For this case the most stable
equilibrium corresponds to 〈β〉  ≈ 3 %.
Above this value the unstable region at
the plasma edge starts to grow again
towards the plasma center.
The global mode stability has been
studied with the CAS3D global ideal
MHD stability code [9]. The free
boundary calculations were done for
the N = 1 mode family perturbation
including external modes with up to 84
perturbation harmonics. The influence
of fluid compression effects has been
investigated by calculations using a
small adiabatic index (γ = 10-6) and a
finite value of γ = 5/3, respectively. In
the first case unstable perturbations

have been found for all β-values investigated (〈β〉  > 0.4 %), the most unstable eigenvalue
occurs in the 〈β〉  = 0.87 % equilibrium. In the finite-γ calculation the full ideal MHD energy
principle is used, and physical growth rates can be given. Because of the stabilizing influence
of the fluid compression most of the perturbations seen in the γ ≈ 0 calculations are stabilized,
only the 〈β〉  = 0.87 % case stays unstable. This perturbation is manifestly external as indicated
by the structure of the unstable eigenfunctions given in figure 10 for this case. These first
results indicate that the existence of unstable, external, global modes is correlated to the
occurrence of of ι  = 1/2 at the plasma boundary.
The local stability against high-n ideal ballooning modes has been investigated with the
COBRA code [10] for 3 equilibria out of
the same sequence used in the calculations
discussed above. In the calculations 15
field lines on each flux surface with
different starting points have been
examined. The ballooning calculation was
truncated after 7 periodes of good and bad
curvature (parameter kw = 7 in the COBRA
code) in order to focuse on strongly
localized modes. The ballooning stability
approaches the Mercier stability limit for
very large kw. In all cases ballooning stable
behaviour was found. The increasing
stability towards higher β-values indicates
a second stability behaviour. This could be
due to an increase of the local poloidal
field at the outboard side induced by the
Shafranov shift causing a shorter
connection length for field lines through
the bad curvature region. Figure 11 shows
the effect of the equilibrium β  on the
calculated growth rates for a field line

Figure 10: Global stability for the 〈β〉  = 0.87 % case
(B = 1.25 T, ι ext = 0.52, #51382). Harmonics of the
normal displacement for an unstable, external, N = 1
mode family perturbation (CAS3D calculation with 84
harmonics, 165 radial grid points, γ = 5/3).
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providing the highest average growth rate (but which is still negative).
The observed low frequency MHD activity due to coherent (m,n) = (2,1) modes in the
intermediate β-regime is not yet well understood in terms of ideal MHD modes. Currently the
stability of the described equilibria is investigated against resistive global modes using the
M3D code [11]. However, this work is still in progress, and therefore, conclusive results are
not yet available.

6. High-ββββ Discharges with significant net Toroidal Currents
Experiments with significant currents have been started in W7-AS with regard to new
stellarator concepts such as the quasi-axisymmetric stellarator [12] relying on the exploitation
of a considerable contribution to the rotational transform from the bootstrap and Okhawa
currents. While net-current free operation is maintained in the usual experimental scenario by
compensating these currents by a typically small ohmic current (up to about 3 kA under

high–β conditions), we have applied OH-
current ramps up to 20 kA in order to study the
influence of relevant toroidal currents on the
high-β performance. Similar current ramp
experiments have been conducted earlier in
W7-AS under low-β conditions in order to
assess the stabilizing effect of the external
rotational transform on tearing modes and
disruptions [1,13]. In the present experiments
the external rotational transform was decreased
down to ι ext(a) = 0.26, which is close to the
low-iota limit for both, the achievement of
proper high-β target plasmas, and the tolerable
magnetic forces between the modular and
toroidal field coils. As shown in figure 12 at
first the confinement improves with increasing
OH-current generated rotational transform,
likely because of the improving high-β
equilibrium properties, and β-values of
〈β〉  ≤ 2.9 % (at B = 1.25 T) are reached. But
then ι  = 1/2 is formed inside the plasma, and
when it is pushed towards the gradient region,
MHD induced thermal collapses occur in all
cases. The HCN-interferometer signals suffer
fringe counting losses at the time of the
collapse, and therefore, the evolution of the
density given in figure 12 is assessed from
bremsstrahlung measurements.

The MHD events causing the large magnetic spikes at the time of the thermal collapse have
been studied in more detail by X-ray and magnetic probe measurements. In comparison with
the already mentioned studies at low β [1,13] very similar features concerning the precursor
activity, the energy quench phase and the effect on the plasma current have been found.
Although these studies are not yet completed our present conclusion is, that the collapse of the
energy is caused by the onset of growing and rotating (m,n) = (2,1) tearing modes at ι  = 1/2,
growing to very large perturbations within a few miliseconds. The temporal evolution and the

Figure 12: OH-current ramps up to 20 kA at
B = 1.25 T, ι ext = 0.34. With increasing current
generated iota 〈β〉  is raised significantly
reaching almost 3 %. At this time ι  = 1/2 is in the
gradient region of the plasma and strong MHD
induced thermal collapses are observed.
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corresponding spatial structure obtained from X-ray tomography is illustrated in figure 13.
The collapse is likely caused by the formation of large magnetic islands, which lead to a
thermal short circuit eventually, as inferred from the pronounced deformation of the hot
plasma core. In spite of the considerable energy and particle loss induced by the mode
activity, the plasma equilibrium is maintained due to the external stellarator field, and the
plasma current can be raised further by feedback control of the loop voltage shifting the
ι  = 1/2 surface out of the plasma. Possibly then the plasma energy can be restored by using a
proper density feedback so that the m = 2 tearing modes are causing a transient perturbation
only.

6. Summary and Conclusions.
Major changes of W7-AS components have resulted in enhanced performance in the high-β
regime with the achievement of β-values of up to 〈β〉  = 3.1% in quasi-stationary discharges at
low impurity radiation levels. The replacement of the rotational transform by an equivalent
toroidal current would yield a tokamak normalized β-value of βN ≈ 4...9. This success is
attributed to the combination of three technical improvements: firstly, the possibility of
injecting all the power in co-direction (co-injection in W7-AS means the direction opposite to
the toroidal field, in which case the beam driven current increases the rotational transform);
secondly, the possibility of smoothing the flux surfaces at the edge to increase the effective
plasma volume and hence to exploit the favourable equilibrium and confinement properties at
high-iota; and thirdly, the beneficial effect of limiting the plasma tightly by the graphite
covered divertor structure.
The global confinement in the high-β regime is in the range expected from the W7-scaling,
and the predicted basic properties of the high–β equilibria are consistent with experimental
data obtained from X-ray tomography. The equilibrium β-limit has not yet been reached in the
case of high-iota configurations.
A surprising result is that no evidence of a β stability limit is found and only low MHD-
activity is seen in the range of maximum β. The improvement of the stability with increasing
β, however, is also reflected in the MHD stability calculations including the evaluation of the

Figure 13: Growing (m,n) = (2,1) tearing modes causing a thermal collapse in a high-β discharge
with OH current ramp (B = 1.25 T, ι ext = 0.3). The mode structure from X-ray tomography is given in
an early phase and during the crash phase. The tomograms marked with SVD are obtained by
applying singular value decomposition. The total emissivity (upper right) illustrates the pronounced
deformation of the plasma by the mode.
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Mercier- and resistive interchange criteria, the global ideal mode calculations and the analysis
of the local ideal ballooning stability. A key effect seems to be the deepening of the magnetic
well and the increase of shear with increasing β. The role of resistive modes is not yet clear
and will be investigated further. As far as the effect of toroidal currents on the high-β
performance is concerned severe additional operational limits for stellarator tokamak hybrid
devices due to tearing modes can exist, which may be overcome by avoiding low order
rational surfaces. The results concerning the achievable plasma β in W7-AS are believed to be
of great significance for the stellarator approach to a fusion reactor. In particular, the studies
result in increased confidence in the projection of the stability in the W7-X stellarator, which
is presently under construction.
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Good fast ion confinement in magnetic fusion devices is of great importance for
achieving reactor relevant plasma parameters. In comparison to tokamaks, stellarators
have the disadvantage of helically trapped ion losses. In order to overcome this,
stellarators of the Wendelstein line are partly (W7−AS) or largely (W7−X) drift−
optimized improving the confinement of energetic ions. In the case of strong ion losses,
efficiency of alpha particle heating and auxiliary heating, like neutral beam injection and
ion cyclotron heating, might be deteriorated. Thus in W7−AS and W7−X, auxiliary
heating should be more efficient than in conventional stellarators. Beside losses due to
insufficient confinement of the equilibrium magnetic field, interactions of fast ions with
magnetohydrodynamic perturbations may occur. In a reactor, fusion products can drive
Alfvén eigenmodes, which enhance the radial transport of them and consequently reduce
the heating efficiency. 
In the experimental campaign 1999, W7−AS was equipped with a scintillator based fast
ion probe of the TFTR alpha loss diagnostic type. A new feature of this probe is the
simultaneous detection of co− and counter−going ions. Several issues have been
investigated:
Firstly, fast ion losses during neutral beam injection are observed. Although the heating
beams are injecting tangentially at W7−AS, losses at large pitch angle have been found.
It is evident that pitch angle scattering has to be taken into account for a suitable
explanation of trapped ion losses, which are strongly dependent on Zeff. This effect, the
fast ion diffusion into the loss cone of the configuration and the subsequent creation of
additional impurity sources, could endanger steady state operation of a reactor.
Secondly, ion loss measurements have been performed during application of different ion
cyclotron heating schemes, like minority, second harmonic and magnetic beach heating.
An experimentally observed anti−correlation between ion loss rates and applied heating
indicates the reduction of heating efficiency by losses of very energetic ions. In W7−AS,
trapped ion losses are always present in ICR heated plasmas.
Thirdly, losses induced by MHD perturbations have been found, which are either induced
by particle wave interaction or by a breakup of magnetic surfaces. In the first case,
observations of such losses could be made at fast ion velocities approximately equal to
the Alfvén speed. Here, particle wave interactions can cause losses by enhanced radial
transport in the time−varying magnetic and accompanying electric fields of the
perturbation. In the second case, fast ions are expelled from the plasma spontaneously
after the evolution of a current driven tearing mode.
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Fast Ion Losses in W7-AS
A.Werner, D.S. Darrow and A.Weller
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1.) Confinement Properties: Efficiency of alpha particle and auxiliary heating (NBI + ICH),

                                          influence + drive of E
r

2.) Plasma Performance: Heat load + impurity sources by fast ion losses / monotonic increase of Zeff

3.) MHD-Induced Losses: Drive of instabilities by fast ions / Fast ion losses due to wave-ion interaction



Scintillator Fast Ion Loss Probe
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of TFTR alpha loss 
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provides absolute loss 
rates.



The W7-AS Probe
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Probe Location - Passing/Trapped Ion Losses
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passing ions at typical beam 
injection energies.



Confinement of Trapped Ions
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Calculation of Loss Distribution
E

 / 
ke

V

χ / °

- Monte Carlo simulation of escaping neutral beam ion (50000 ions).

- Loss distribution at probe location agrees with experiment.

- Strongest loss rates at probe location.

- Mainly counter trapped ions at full beam energy.



Confinement of Trapped Ions (impact of E
r
)
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Ion Losses of Heating Beams

CCD Output
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15°
85°

direct losses

trapped particle losses
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− Injection pitch angle:  28° ... 42°
− 50 keV H+  or 55 keV D+

Co

Counter

direct losses

trapped ion losses

B = 2.5 TB = 1.25 T

=> Trapped ion losses, although beams injecting tangentially
=> Slowing − Down becomes important!



Beam Ion Losses, B-Scan
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Beam Ion Losses, Pitch Angle Diffusion
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Neutral Beam Ion Losses, Impact of Z
eff

Hypothesis:

Better impurity confinement

=> Stronger pitch angle scattering

=> Enhanced trapped ion losses

=> Additional impurity sources

=> Impurity influx

Steady state operation endangered !
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Slowing Down Calculations
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Impact of Z
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ICRH Induced Ion Losses
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 Ion losses have been found in almost all ICRH discharges.

 Most prominent example: Minority heating power scan.

 Clear evidence of heating efficiency degradation by ion losses.



ICRH Induced Ion Losses
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Formation of an 
energetic fast ion 
tail.

Heating efficiency estimated under the following 
assumptions:

1. Efficiency at the lowest power level  = 100%.
2. Probe signal ~ P

ICRH
, since light yield ~ E

ION
.

3. Raised power of last step is completely lost by ions.

=> Reduced slowing−down of the very energetic ions 
and insufficient fast ion confinement reduces 
heating efficiency!



MHD Induced Ion Losses

- Fast ions can drive MHD instabilities, in particular fusion alphas may deteriorate alpha heating.

- Relaxation in neutron rates correlated with MHD activity have been found, caused by fast ion losses?

Beam drive preconditions: 

- v
beam

 > v
Alfvén

  

- Poloidal sideband excitation

Resonance condition:

modulation of v
d
:

Requirements on ion distribution:

                                                   TAE, Fu &
    Van Dam (1989)

=> W7-AS: Fundamental resonance at
half field (1.25T)

ω = k∥v∥+k⊥vd ≈ k∥v∥
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Drive of ion losses, shear Alfvén wave:

Landau damping via drift velocity:
 

Simple mode model:

Instead of

 use                                         (Sigmar et al, 1992)
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∂ Ã∥
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MHD Induced Ion Losses
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MHD Induced Ion Losses

#46535: 
1MW co-NB
<n

e
> Y 6⋅1019 m-3

    T
e
(0) Y 350 eV

Mode identification not clear:

Mirnov: m=4, weak m=3
Soft-X:  m=3

=> overlapping modes?

CAS3D => TAE-Gap 25-40kHz
from (2,1)-(3,1) continua

V
beam

 = 2.7⋅108 cm/s

V
Alfvén

 = 2.7⋅108 cm/s  from central density

Simulation of ion orbits with
(m,n) = (3,1) mode, dB/B = 5⋅10-4

(ion-diamagnetic drift direction)

=> yields most intense accompanying
     electric fields

Eϑ V ⁄cm



MHD Induced Ion Losses
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Perturbed Ion Orbits

Orbit at trapped/passing boundary
E=20keV, χ=69°
lost after 50 µs

Resonant orbit at χ=0° E=13keV
lost after 250 µs

Sideband excitation



Slowing Down in AE-Mode Field

Lost ion distribution with MHD perturbation
=> No enhanced losses at low pitch angle

12.8 % ion loss

Lost ion distribution without
MHD perturbation

8.5% ion loss
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Fast Ion Losses in High <β> Discharges 

#53991, B=0.9T, ι=0.456

Mirnov Signal

- Fast ion losses are always present at intermediate <β> ( = 1%) !

- Correlation with MHD ?
- No losses in the high <β>, high density phase !

<β> = 2.6%



Startup-Phase of High <β> Discharges 

- Chirping modes at 100 kHz

  indicate particle-wave resonance.

- Ion-diamagnetic direction.

- Spectrum changes polodially.

- Delay of enhanced trapped ion

  fluxes complies with ion orbit loss

  time ( few 100 µs ).

Cross phase spectrum
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e
 <-      phase/°     -> ω*

i

Mirnov

Trapped fast ions
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Startup-Phase of High <β> Discharges 

- Trapped and direct orbit losses.

- Direct losses up to energies

  of the full beam energy.

- Trapped ion losses are

  partially slowed down.

- Substructure in trapped ion

  losses ! ( improved detector

  resolution )

- Position of MHD-induced losses

  are not exactly resolved.

χ
χ

ρ

ρ

H+ (50 keV)

200 - 232 ms



Summary / Outlook

 Fast ion loss signals in divertor configuration (already found)

 Radial NBI: Correlation of E
r
 and ion losses => Poster PIIA.10

 Further investigation of MHD induced losses (MAE, HAE?)

 Code improvement (Neutral beam) 

  + ASCOT code (Heikkinen et al, Finland)

 Anti-correlation of heating efficiency and ion losses

 Impact of slowing down physics observed

 MHD induced losses (not a severe problem for W7-AS)

 Ion loss distribution at single location => loss calculations required
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Recent Development in Helias Reactor Studies

C.D. Beidler, E. Harmeyer, F. Herrnegger, Y. Igitkhanov, J. Kisslinger
Ya.I. Kolesnichenko1, V.V. Lutsenko1, V.S. Marchenko1, C. Nührenberg,

I. Sidorenko, Y. Turkin, H. Wobig, Yu.V. Yakovenko1

Max-Planck-Institut für Plasmaphysik, IPP-EURRATOM Ass. 85748 Garching bei München, Germany
1 Scientific Centre “Institute for Nuclear Reseach” 03680 Kyiv, Ukraine

The Helias reactor (HSR) is an upgraded version of the Wendelstein 7-X experiment, which is under
construction in the city of Greifswald. The dimensions of the Helias reactor are determined by the
need to accomodate a blanket and a shield between coils and plasma The main data are: major radius
22 m, av. plasma radius 1.8 m, magnetic field on axis 5 T, maximum field on coils 10 T. The
rotational transform is in the range of ι  = 0.84 – 1.0. Islands at the plasma edge are utilized for divertor
action. Recent studies have been focussed on a 4-period Helias configuration (major radius 18 m,
plasma radius 2.0 m, B = 5 T), which presents a more compact option than the five period
configuration. The modular coil system comprises 40 coils, which are constructed using NbTi-super-
conducting cables. Efforts have been made to reduce the maximum magnetic field in the coils to 10.3
T by shaping the winding pack trapezoidally. For this reason the winding pack consists of 8 double
pancakes, which are wound on a mould and then welded together. The ANSYS-code is the main tool
to compute the stress distribution in the coils and in the support system.
Several blanket concepts, the liquid LiPb-breeder and the ceramic breeder have been adapted to the
Helias geometry. Power deposition in the blanket segments is roughly a factor two smaller than in an
equivalent tokamak with the same fusion power. As a consequence, the lifetime of first wall and
blanket components is nearly twice as long as in a tokamak reactor. Presently a water-cooled LiPb-
blanket is favoured in comparison with ceramic breeders, since safety properties and maintenance
procedure seem to be more advantageous in this concept. Maintenance and replacement of blanket
segments through portholes have also been studied with respect to its geometric compatibility. First
results of neutronic calculations using the MCNP code demonstrate the impact of the geometry on the
wall loading and the breeding factor.
Physics studies, in particular, the following issues are being addressed:

♦  Plasma equilibrium and MHD-stability
♦  Neoclassical transport in the Helias configuration
♦  Start-up scenarios and steady state burn
♦  Alpha particle physics
♦  Modelling the fusion plasma using empirical scaling laws
♦  Divertor physics

The paper discusses the various aspects of the 4-period configuration, in particular, its potential as a
power plant. Special attention will be given to a 4-period version as an ignition experiment, which is
defined by self-sustaining burn at a minimum of fusion power.
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Abstract: The optimization against the ballooning modes in Heliotron J plasmas is manually 
performed. It is shown that the ballooning mode can become stable when the global shear is decreased 
with conserving flux (FCT equilibrium). This can be considered as being the second stability regime. 
When prescribing the q profile, other equilibrium quantities, in particular the magnetic well is changed. 
As a result, whether the FCT equilibrium can enter the second stability regime or not is concerned 
with the value of q (or iota). Another important factor is the sign of the shear. This affects the mode in 
particular near the second stability regime through the geodesic curvature. 
 

1. INTRODUCTION 
Heliotron J is an L=1/M=4 helical axis heliotron and the two types of toroidal coils 

allow the wide range of vacuum configuration [1,2].In particular the bumpiness of B spectrum, 
B0,M can be flexibly controlled by the toroidal coils. The basic equilibrium is characterized by 
the low shear, the deep well, and the good Mercier stability. Previous study of the local 
ballooning stability in a basic Heliotron J plasma found that the ballooning mode becomes 
unstable at beta less than 1.0% [3]. 

The purpose of this work is to seek the ballooning stable configuration at higher beta. 
We will show the simple optimization against the local ballooning mode by changing the 
configuration manua lly. Unlike the automatic optimization such as [4], the vacuum boundary 
is not a controllable variable, since coil system is fixed. Instead of this, we will address the 
effective quantities for the ballooning stability. 

 
II. RESULTS AND DISCUSSIONS 

In this work, we investigate the stability with the vacuum surface shown in Fig.1, 
which is obtained by the field line tracing code, KMAG. The last closed surface is determined 
by fitting the punctured points by the field lines on several poloidal surfaces, which is used as 
input of the VMEC code. We call the left and the right configurations #1 and #2 respectively.  



 

 

 

Figure 1: Two types of vacuum magnetic surfaces of Heliotron J plasma, studied in this work. 

The #1 configuration has somewhat high fraction of bumpiness compared with the basic 
Heliotron J equilibrium [1]. Flux surface quantities in both configurations at beta=1.0% are 
shown in Fig.2. Here the net current is prescribed to vanish. It can be seen that the global 
shear and the well depth are larger in the #2 than in the #1 configuration. In both cases the 
Mercier mode is stable. The Boozer magnetic spectrum is similar for both cases. The 
corresponding ballooning eigenvalue for the #1 and the #2 configuration is shown in first and 
second frame of Fig.5 respectively. It can be seen that the #1 configuration is ballooning 
unstable at beta~1.0%, whereas the ballooning mode is stable up to 2.0% beta in the #2 
configuration. This can be explained by the deep well and the high shear of the #2 
configuration, and the mode may be considered to be in the first stability regime. 

 
Figure 2: Equilibrium quantities plot versus normalized toroidal flux s at beta=1.0%. Safety factor, 
well depth, Mercier coefficient, and dominant B spectrum are shown for #1 (green) and #2(pink) 
configuration, from left to right. 

In the #2 case, however, the change of the vacuum configuration may change other 
physics, for example, the orbit of single particle and the transport properties. In addition, the 
high q value on axis may arise equilibrium problem at higher beta since it indicates the large 
Shafranov shift. Thus it is more desirable to obtain the ballooning stability not to change the 
configuration significantly. For this reason, we also investigate the FCT equilibria which have 
the same boundary as the #1 but are prescribed to be with the low shear. The corresponding 
equilibrium quantities are shown in Fig3. Here two profiles are shown, which have different 
value of q, but the shear itself is taken to be same. We refer to the lower q configuration as  



 

 

 
Figure3: Safety factor, well depth, Mercier coefficient, and toroidal current are shown for original 
#1(green), #31(blue) and #32(pink) configurations, at beta=1.0%. 

#31(blue) and upper one as #32(pink), for convenience. The corresponding ballooning 
eigenvalue is plotted in the third frame of Fig.5, at beta=1.0%. It can be seen that the 
ballooning unstable range is improved in both configurations. In particular the #32 
configuration is fully stable against the ballooning modes. This can be considered as the 
second stability because of the decreasing global shear. On the other hand, the unstable range 
remains in #31. The reason will be responsible for the q value since the outward shift of 
plasma is proportional to q as well known, which leads to the more deep well. Thus the well 
of #31 configuration has shallower compared with that of the original configuration #1, and 
this is unfavorable for the stability. 

 
Figure 4: Same plots as Fig.3, for #1(green), #31(blue) and #32(pink) configuration, at beta=1.0%. 

To see the effect of the sign of global shear, we investigate other two configurations, 
#41 and #42, for which the equilibrium quantities are shown in Fig.4. Here the sign of the 
global shear is stellarator- like and tokamak-like for the #41 and #42 configurations 
respectively. The magnitude is taken to be monotonic, i.e. d(iota)/ds=0.1. It can be seen that 
the #42 configuration has the deep well because of the high q value. The ballooning 
eigenvalues are shown in the last frame of Fig.5. In the #42 with stellarator shear, the modes 
are stabilized, on the other hand, the unstable range remain in #41 with tokamak shear. This 
result is disputable since the well is deeper in the #42. To see the reason, the terms relating to 
the normal and the geodesic curvature in the ballooning mode equation [5] are shown along a 
field line at s=0.9, in Fig.6. In this figure, the positive curvature indicates the unfavorable 
effect. As can be clearly seen, the geodesic curvature term changes the phase between the #41 
and the #42. In the #41 configuration, the effect of the geodesic curvature is favorable for the 



 

 

 

Figure 5: Ballooning eigenvalue as a function of s (positive value indicates instability). First figure is 
shown for #1 configuration at beta=0.8(blue), 1.0(green), 1.2%(pink). Second figure is shown for #2 
at beta=1.0(blue), 1.5(green), 2.0% (pink). Third figure is shown for #1(green), #31(blue), and 
#32(pink) configuration at beta=1.0%. Last figure is shown for #1(green), #41(blue), and #42(pink) 
configuration at beta=1.0%. 

mode, whereas in the #42 case, it is unfavorable. This can be understood from the structure of 
the ballooning mode equation. The dq/ds is included as the product of the geodesic curvature, 
in the linear form. In other term, i.e. the field line bending term, however, it is squared. Thus 
the stellarator shear is favorable for the stability, through the good geodesic curvature. In 
particular, the geodesic curvature term affects the mode over long range since it is secular 
term. Thus it will be important in achieving the second stability. On the other hand, the 
stellarator shear will be unfavorable if the configuration is in the magnetic hill. 

 
Figure 6: Ballooning eigenfunction(green) and the destabilizing term due to normal curvature(pink) 
and geodesic curvature(blue), for the #41(left figure) and #42(right figure) configuration (s=0.9). 
Positive value of curvature indicates unfavorable effect. #41 is unstable whereas #42 is stable. 
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Helical confinement system has an inherent merit for sustaining current-disruption-free 
steady-state fusion plasmas by external magnetic field with built- in divertor. For future helical 
reactor, reliable modular-coil system for easy system construction/maintenance and enough 
divertor-space for efficient ash exhaust should be required. The Modular Heliotron Reactor 
(MHR) is designed [1] as an extension of the present LHD (Large Helical Device) physics 
concept including these requirements.  

The design requirements for helical reactors are investigated on (1) confinement 
improvement and effective helical ripple reduction, (2) plasma density regime and (3) beta 
limit, comparing with recent LHD (Large Helical Device) experimental data. 

 In its previous design, about two times higher plasma confinement time than that of the 
conventional LHD confinement scaling law was assumed, which has already been achieved 
experimentally as the “New LHD” confinement scaling [2]. One and half times higher density 
than the conventional helical density limit scaling has been achieved, which condition is 
required in the start-up phase of reactors. Half of beta value required for reactors has been 
achieved in the inner-shifted magnetic configuration of LHD experiment, which beta va lue is 
beyond the theoretical limit. This configuration might satisfy the high beta (~5%) and low 
effective helical ripple (<5%) operation required for reactors. Efficient helical divertor action 
for ash control is also expected in LHD-type reactors. 

For reactor fusion power analysis, radial profile distribution is important, and the 3-D 
equilibrium and 1-D transport code TOTAL (Toroidal Transport Linkage) has been used for 
LHD experimental analysis and reactor predictive simulation. Especially, neoclassical and 
anomalous transports, beta and density limits, radial electric field and magnetic configuration 
effects are crucial in the prediction of ignited helical reactor plasmas. The typical start-up and 
burn-sustained operation is analyzed by the TOTAL code in addition to simplified 
zero-dimensional global plasma prediction coupled with system code analysis.  

To realize compact and economically feasible helical reactor, system studies including 
cost analysis are required. The COE (cost of electricity) value of large reactor system is not so 
high in comparison with that of compact design, however the compact reactor has advantage 
of rather lower direct cost.  

The future prospect of LHD-Type helical reactors will be discussed based on the LHD 
experiment in the conference. 

   
[1] K.Yamazaki and K.Y.Watanabe, Nucl. Fusion 35 (1995) 1289. 
[2] K.Yamazaki, et al., "Helical Reactor Design Studies Based on New Confinement Scalings" , IAEA- 

Fusion Energy Conference IAEA-CN-77/FTP 2/12 (Italy, Sorrento, 2000. 
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Abstract: 
  For the realization of economical helical reactors, the confinement databases are checked 
and the system analysis has been performed in comparison with tokamak reactors. The 
importance of re-circulating current-drive power and equipment replacement on cost of 
electricity are clarified. 
 
1. Introduction 

Helical confinement system has an inherent merit for sustaining current-disruption-free 
steady-state fusion plasmas by external magnetic field with built- in divertor. For future helical 
reactor, reliable modular-coil system for easy system construction/maintenance and enough 
divertor-space for efficient ash exhaust should be required. The Modular Heliotron Reactor 
(MHR) is designed [1] as an extension of the present LHD (Large Helical Device) physics 
concept including these requirements.  

The merits and demerits of helical reactors are considered in comparisons with standard 
tokamak reactors such as ITER-like reactor. The realization of steady-state operation without 
plasma current disruption and without excessive current drive power is one of main reasons to 
develop helical reactor design. However, several demerits of helical reactors are claimed: (1) 
no sufficient confinement database, (2) bad particle confinement, (3) no enough divertor and 
blanket space, (4) difficult remote maintenance, (5) larger system and higher cost.  

At present, LHD and other experiments are performed to clarify the confinement physics 
and to increase confinement database. The good confinement configuration is found 
experimentally in LHD and theoretically in advanced helical configurations. Blanket and 
divertor designs might be feasible, and remote maintenance schemes are now under 
investigation. The compact design must be cheaper, but even the cost of large-major-radius 
helical design might be comparable with that of tokamak reactors. 

In this paper, we will discuss the confinement database of LHD experiments and 
extrapolate it to the future reactor. The system studies are also carried out for comparing 
between tokamak and helical reactor systems with respect to reactor size and cost. 
 
2. LHD Confinement Database 

The design requirements for helical reactors are investigated on (1) confinement 
improvement and effective helical ripple reduction, (2) plasma density regime and (3) beta 
limit, comparing with recent LHD (Large Helical Device) experimental data. 

 For reactor fusion power analysis, plasma radial profile distribution is important, and 
the 3-D equilibrium and 1-D transport code TOTAL (Toroidal Transport Linkage) has been 
used for LHD experimental analysis and reactor predictive simulation. Especially, 
neoclassical and anomalous transports, beta and density limits, radial electric field and 



magnetic configuration effects are crucial in the prediction of ignited helical reactor plasmas. 
The typical start-up and burn-sustained operation is analyzed by the TOTAL code in addition 
to simplified zero-dimensional global plasma prediction coupled with system code analysis.  

In its previous design, about two times higher plasma confinement time than that of the 
conventional LHD confinement scaling law was assumed, which has already been achieved 
experimentally as the “New LHD” confinement scaling [1]. One and half times higher density 
than the conventional helical density limit scaling has been achieved, which condition is 
required in the start-up phase of reactors. Figure 1 shows a set of the diffusivities normalized 
by the neoclassical values for more than 50 discharges. The effective thermal diffusivity is 
same order of magnitude of neoclassical ion transport with the assumption of Ti = Te, 
especially agrees with them in the case of outward shifted case (R >3.7m) as shown in the 
right figure of Fig.1. Almost all data of this figure are in the ion-root negative-electric- field 
regime. The radial electric field has been measured and roughly agrees with theoretical 
neoclassical values. More than 3% 
beta value has already been achieved 
in the inner-shifted magnetic 
configuration of LHD experiment, 
which beta value is marginal or 
beyond the theoretical limit.  

This inward-shifted configuration 
might satisfy the reactor-relevant high 
beta (~5%) and low effective helical 
ripple (<5%) operation required for 
reactors. Efficient helical divertor 
action for ash control is also expected 
in LHD-type reactors. 

 
3. Reactor System Analysis 

Economically acceptable fusion reactor systems are required as a future electric power 
plant, which requires steady-state and good-confinement plasma performances. At present the 
tokamak system is best with respect to plasma confinement properties, however, the 
current-drive (CD) re-circulation power and the plasma current disruption events are worried 
from the standpoint of reactor economics. In contrast, the helical system is expected as a 
steady-state reactor, but it is supposed to be a rather big and expensive system. To search for 
desirable helical reactors, it is worthwhile to carry out the cost analysis of helical systems 
based on tokamak reactor design databases. Moreover, using the common costing model we 
can clarify performance differences between helical and tokamak systems. 

At present several helical reactor design concepts exist; the LHD (Large Helical 
Device)-type reactors with continuous coil or modularized sector-coil systems [1] and 
modular helical reactors based on omunigenity or quasi-symmetry. The LHD-type reactors 
with modular coils are mainly surveyed here because of the existence of enough plasma 
databases and the merits of sufficient spaces of helical divertor and remote maintenance. The 
results of this assessment can be applied to other helical concepts. The tokamak reactors based 
on standard ITER-like designs and higher beta compact designs are also studied for the 
comparison with helical systems.  

 
3-1. Physics Model 

System assessments have been done with physics, engineering and costing models. As 
for physics models, the reactor plasma performance can be determined by confinement 
scaling laws, beta limits and density limits. We used several confinement scaling laws 

R<3.7m R>3.7m

log(χeｆｆ/ χNC) log(χeｆｆ/ χNC)

r/a r/a  
Fig.1 Comparisons with neoclassical transport and 

experimental values for a variety of discharges. 



including “New LHD” scaling laws [1]. For tokamaks the ITER Elmy H-mode confinement 
scaling is used. The beta value of 5% is assumed for helical system without confinement 
degradation. Recent LHD experiments suggested the good operational regime of 
inward-shifted quasi-omunigenius configuration that is a target configuration of this reactor 
concept. The density limit and beta limit of the helical system (two times LHD density scaling 
and 5% theoretical beta limits) are also considered in comparisons with tokamak scaling laws 
(Greenwald limits and normalized beta scaling). These databases for both systems are 
checked comparatively [2]. In addition to simplified zero-dimensional power balance model 
with profile corrections, the TOTAL code predictive simulation with empirical local transport 
coefficients has been carried out for the physics projections to the helical and tokamak 
reactors, which justified the simplified analysis. 

 
3-2. Engineering Model  

As for engineering design of helical and tokamak equivalent reactors, we assumed same 
thickness of blanket, shied and relevant gaps as shown in Fig.2. The reference magnet system 
is assumed to be made of Nb3Sn conductor, and its maximum magnetic field strength is 13 
Tesla. The coil current density, coil stress, wall loading and other engineering items are also 
evaluated [3]. These assumptions and relevant physics/engineering models determine the 
plasma-coil space and the scale of the reactor system.  
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Fig.2 Comparative system design for helical and tokamak reactors with same radial build. 
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3-3. Cost Model and Analysis Results 
The costing is mainly based on unit cost per weight or power [4,5]. Figure 3 shows COE 

(Cost Of Electricity) and required confinement H-factor as a function of central temperature 
T0 with New LHD helical scaling and ITER ELMy H mode tokamak confinement scaling 
laws. Here, U is the normalized unit of cost. High plasma temperature operation is required in 
tokamak reactors to increase current drive (CD) efficiency and to reduce required CD electric 
power. In contrast, rather low temperature operation is feasible and desirable in helical system 
even to reduce helical ripple transport. The density limit of helical systems is roughly two 
times higher than that of tokamaks. The reference design points for both systems are given in 
this figure. The required confinement improvement factor is ~1.2 in these reference cases. 
Figure 4 shows the FI (Fusion Island) cost and COE (Cost Of Electricity) as a function of net 
electric power for both systems. The FI cost of a helical system is higher than that of standard 
tokamak design with same beta value and same net electric power. However, the COE of 
helical system is almost same as that of tokamak, because of no need of CD power and the 
less- frequent replacement of blanket and heating equipments within the permissible neutron 
wall load (10MWYr/m2). Here, the CD power cost is assumed 4MU/kW, and additional two 
sets (one for redundancy) of startup/burn-control heating equipments (2MU/kW) are assumed 
with power of ~5% net fusion power. Typically, for 1GW plant, wall load is 1.5 MW/m2 for 
helical reactor and 5.4 MW/m2 for tokamak. These COE values depend critically on the unit 
cost of relevant equipments and operation scenarios of each reactor, and more detailed and 
careful assessments are required. The detailed dependence of aspect ratio of helical reactors 
comparing with tokamak reactors will be clarified in the near future. 
 
4. Conclusion 

In this transport and system analyses, we came to the following summaries: 
(1) Comparative assessment of tokamak and helical reactors has been performed using 
equivalent physics/engineering model and common costing model. 
(2) The LHD confinement database has been establish and reactor simulations are carried out 
using the TOTAL code. 
(3) High temperature operation is required in tokamak reactors to increase current drive 
efficiency and to reduce CD power. In contrast, low temperature operation is feasible and 
desirable in helical system to reduce helical ripple transport. 
(4) Capital cost of helical reactors is rather high, however, COE is almost same as tokamaks, 
because of no CD power with small re-circulation power and low wall loading without 
frequent blanket replacement.  
(5) Compact helical and tokamak design assessments are under investigation for realization of 
attractive reactors. 
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 Large Helical Device (LHD) experiments revealed that the transition from ion to electron root occurred in NBI

heated plasmas for the first time in helical systems [1]. The measured (by charge exchange spectroscopy [2])

values of radial electric field (Er ) have been found to be in qualitative agreement with those estimated by

neoclassical theory [3]. For the configuration with the magnetic axis (Rax) of 3.75m , where the ion transport

loss was comparable to the neoclassical ion loss, the clear reduction of ion thermal diffusivity was observed after

the transition to the electron root. This fact has shown that the helical ripple (neoclassical) loss can be effectively

suppressed by Er even in the low collisionality regime (where electron root is possible to be realized).

 Based on this importance of Er on transport improvement, the ambipolar Er properties have been investigated

for LHD to indicate a guidance for experiments towards improved confinement. The Er is obtained based on the

ambipolar condition using the analytical formulae [3]. This approach is appropriate for the purpose to clarify Er

properties in a wide temperature and density range in a tranceparent way. The calculated Er has been compared

with experimentally measured Er in LHD, which have successfully demonstrated such as : Er becomes positive

as ne is decreased, and the threshold value of ne for the transition from ion root to electron Based on this

assurance of the validity of this approach for LHD, wide range calculations have been performed to clarify the

parameter region (say, RM). This is the region where Er  transition and bifurcation is possible as already

experimentally confirmed in CHS [4]. It is valuable to have a guidance to promote experiments towards possible

improved confinement. The dependence of parameter region of RM on other parameters are also examined such

as B, Rax, ion species (H and He) and gradients of temperature and density profiles. Since in experimental

situation, these parameters can be simultaneously varied, which makes difficult to clarify each effect to

determine Er. However, this systematic wide range calculations can give comprehensive understandings of

experimentally observed tendencies of Er properties, which gives an appropriate guidance towards improved

confinement. Results of currently progressing analyses such as the required temperatures to realize electron root

in plasma core, its associated formation of internal transport barrier (electric domain interface [5]) and so on

would be tested in the forthcoming experimental campaign, which will also be reported in the workshop.
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Introduction
• Improved plasma confinement in toroidal plasmas 
suppression of turbulent transport --- stabilization of micro-instabilities

• Several kinds of micro-instabilities appear when directions of the diamagnetic drift and 
∇ B drift are in the same direction for trapped particles

⇒ The stability condition for them is derived with plasma pressure P as ∇ P•∇ J> 0, 
[maximum-J criterion or drift reversal]. (∇ J<0 for ∇ P<0)

•Experimental demonstrations of improved confinement through the drift reversal in 
axisymmetric configurations

•Negative shear tokamaks ：B.B.Kadomtsev et al., Rev. Plasma Phys. Vol.5(1970).

•Spherator : S.Yoshikawa, Nucl. Fusion 13(1973)433.                                   
configuration control by external vertical field                
⇒ trapped particles located inner-board of a torus (drift reversal)                                      
⇒ significant increase of confinement time

• Theoretical study for maximum-J capability in helical systems

• Importance for design study: S.-I.Itoh, Com. Plasma Phys. Cont. Fusion 12(1989)133. 

• W7-X: possible at finite beta equilibria (W.Lotz et al.,  PPCF 34(1992)1037.)                       
--- due to the magnetic well (absolute minimum of B around the half of the field period) 
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Maximum-J (or drift reversal) capability of a quasi-symmetric 
configuration is examined based on its importance demonstrated in 
improved confinement so far in axisymmetric configurations
⇒ enhance attractiveness and significance of an experimental device 
based on quasi-symmetric concept with the possible suppression of 
turbulent transport
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Direct J calculation

dlJ ∫≡ ||v for trapped particles
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direct calculation with following guiding center orbits of 
low energy (10eV) trapped particles 
(deviation from a field line, negligibly small)

- poloidal motion of trapped particles accurately

• initial velocity: determined with B at the reflection point (Bref) 
(corresponding to the specification of the magnetic moment) 
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Max

Max

Max

Max

)/2/( Mπζ≡Bref=0.98 (deeper trapped)

Bref=1.00

Bref=1.02 (less-deeper trapped)

J contours in an example QA configuration

• The existence of local maximum of J 
⇒ Max-J at edge region              
(depending on toroidal angle)

The unique feature in QA ⇒ What is the reason ?

•launching points of tracer particles : 
distributed also toroidally (due to the 
existence of non-axisymmetry of B)

•The motion of the guiding center 
defined by 5 variables (ψ,θ,ζ), v||, W. 

specified

⇒ (ψ,ζ) dependence of J

: max-J satisfied

fixed : direction (sign) of the toroidal precession 
is the key, W dependence is not important

the integral along the field line : 
one of θθθθ and ζζζζ dependence is 
omitted when the launching 
points are specified
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• The area below each curve ⇒ J

• The difference of initial v|| is due to 
difference of B at launching point

• variation (decrease) of v|| is more 
pronounced for a particle on outer radius

Local maximum of J in a QA configuration

variation of v|| along a trajectory (since                     )tdJ
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• γ is enhanced for outer radius

• Local maximum of γ (around ζN ≥0.5) is 
created by cos(2θ-2Mζ)&cos(Mζ) with B2,2& B0,1

⇒ more effective for particles from ζN =0.5   
⇒ faster v|| reduction for outer radius
⇒ radially decreasing J

•Less influential for particles from ζN =0
⇒ monotonous increase of J towards the edge

Variation (decrease) of v|| is more pronounced for a particle on outer radius
Topography of γ≡(1/B)(∂B/∂ζ) and trajectories of tracer particles (from ζN=0 & 0.5)

measure of non-axisymmetry

γ>0：B ⇑ (v|| ⇓ ) as ζ ⇑

The non-axisymmetry of B ⇒ v||

⇒ local maximum of J                  
⇒ Max-J satisfied                    
(unique feature in QA) 

: γ> +5 %
due to the conservation of µµµµ

external controllability
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Max

Max

Max

External controllability

•modular coils 
•control coil (non-planar toroidal coils)
•vertical coils (magnetic axis control)

Configuration control with coil current control

External Controllability of max-J 
(Experiment in a controlled manner)

inward shift outward shift
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All non-axisymmetric components < 1% 
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Bref=0.98 (deeper trapped)

Bref=1.00

Bref=1.02 (less-deeper trapped)

J contours in an example M=3 QA configuration

• Efforts to improve α particle confinement 
(high level of QA) in M=3 configuration                 
(higher M : less toroidicity and larger helical 
distortion of plasma shape)
⇒ lose the freedom to realize max-J                
⇒ some trade-off may be required

: max-J satisfied

possible optimization scheme: 

• good α particle confinement in the core region
(larger energy content of α particles)

• max-J satisfaction in the edge region
(turbulent transport dominant) 
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)/2/( Mπζ≡Bref=0.98 (deeper trapped)

Bref=1.00

Bref=1.02 (less-deeper trapped)

J contours in Li383 (R=1.4m, B=1.2T, β=4.1%,Ip=-125kA)         
(cf., PVR, MCZ010326 17)

•launching points of tracer particles : 
distributed also toroidally (due to the 
existence of non-axisymmetry of B)

•The motion of the guiding center 
defined by 5 variables (ψ,θ,ζ), v||, W. 

specified

⇒ (ψ,ζ) dependence of J

: max-J satisfied

fixed : direction (sign) of the toroidal precession 
is the key, W dependence is not important

the integral along the field line : 
one of θθθθ and ζζζζ dependence is 
omitted when the launching 
points are specified

Max Min

Max Min

Max

Max

Min

Min

Min

Min
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Quasi-poloidally symmetric (QPS) configuration
•Physics design has been progressed in ORNL

•Drift reversal capability is investigated in our QPS-like configuration (as a test case) 
[M.Yokoyama et al., Nucl. Fusion 38(1998)681]

Bumpy component
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J contours in QPS configuration

((((r/a)cosr/a)cosr/a)cosr/a)cosθθθθ

((((r/a)sinr/a)sinr/a)sinr/a)sinθθθθ

MaxMaxMaxMax

((((r/a)sinr/a)sinr/a)sinr/a)sinθθθθ

((((r/a)cosr/a)cosr/a)cosr/a)cosθθθθ

MaxMaxMaxMax

MinMinMinMin MinMinMinMinMinMinMinMin

〈β〉＝0％ 〈β〉～5％
Bref=0.65（deeply trapped)

•Tracer particles are launched from the bottom of the bumpy ripple (ζN=0.5) 
　⇒ J (r/a, θ)

4.5×10‐17＜J＜1×10‐16

Very little radial variation of J

3.5×10‐18＜J＜1×10‐16
Drift reversal (∇J<0) in a wide region

Enhancement of magnetic well (dB0,0/dr) in finite beta 
⇒radial variation of B (B smaller at core)

Unique feature in QPS for drift reversal capability
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J contours in QPS configuration 

•Vacuum case

• Large bumpy component (little 
radial variation)
⇒B varies almost in the toroidal direction    
+ small radial drift (∇ B×B) 
⇒Tracer particles : similar bounce motion 
⇒little radial variation of J 

ζN=0.5

●

B

•Finite beta case

•Enhancement of magnetic well
⇒radial variation of B (B smaller at core) 
⇒increase of J at core　　　　　　　　　　　　
⇒∇ J <0 realized in a wide region
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Summary

Drift reversal capability
•QA

•Local maximum of J created by non-axisymmetry of B                                          
⇒ Local maximum of J ⇒ drift reversal : Unique feature in QA

•The modification of ι profile (finite beta, currents) (increase of shear at core)         
⇒ expansion of Max-J region                                                        
(tokamak-like drift reversal + non-axisymmetry induced drift reversal)

•QPS
•Enhancement of magnetic well ⇒ drift reversal : Unique feature in QPS 
(might be also valid for ORNL-QPS design)
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Compact quasi-axisymmetric stellarators offer novel solutions for confining high-beta plasmas and
developing magnetic confinement fusion.  The 3D plasma shape can be designed to enhance the MHD
stability without feedback or nearby conducting structures and provide drift-orbit confinement similar
to tokamaks.  These configurations offer the possibility of combining the steady-state low-
recirculating power, external control, and disruption resilience of previous stellarators with the low-
aspect ratio, high beta-limit, and good confinement of advanced tokamaks. Quasi-axisymmetric
equilibria have been developed for the proposed National Compact Stellarator Experiment (NCSX)
with aspect ratio 4.1 - 4.4 and average elongation ~1.8.  Even with bootstrap-current consistent
profiles, they are passively stable to the ballooning, kink, vertical, Mercier, and neoclassical-tearing
modes for β > 4%, without the need for external feedback or conducting walls.  The bootstrap current
generates only 1/4 of the magnetic transform at β = 4% (the rest is from the coils), thus the equilibrium
is much less sensitive to the plasma profiles and is more controllable than for similar advanced
tokamaks. Transport simulations show good fast-ion confinement, thermal neoclassical transport
similar to equivalent tokamaks, and reduced damping of toroidal rotation.  The low toroidal rotation
damping should allow efficient manipulation of the turbulent transport using driven flows and allow
persistent zonal flows, as in tokamaks.  A flexible coil design allows variation of the plasma shape to
separately vary the rotational transform, magnetic shear, and residual ripple, for study of physics
properties.
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Abstract

Experiments based on metallic impurity injection by the laser ablation technique

have been initiated on the TJ-II device in order to study impurity transport. For this, a 1

µm layer of a selected material is deposited onto a glass plate that is placed in an

auxiliary vacuum chamber and a ruby laser is focussed onto the part of the sample to be

ablated. The sample position, the set-up of the laser and the vacuum system are all

controlled remotely. Several detectors with spatial and temporal resolution have been

designed to observe the plasma perturbation. These data complement data collected with

a normal-incidence vacuum ultraviolet spectrometer that views a central observation

chord.

The main goal of the present experiments is to explore the existence or non-

existence of non-exponential relaxation in this stellarator (1). Such behaviour in

different random media has been associated with the presence of particle trapping and

de-trapping. It is postulated, that, in a plasma such behaviour might be caused by the

presence of small island chains across the plasma radius.

First results suggest that the perturbation caused by metallic impurity injection can

be analysed using a stretched exponential for cases where signal background can be

well determined from the general trend of TJ-II discharges. Particle confinement times

of between 10 – 30 ms have been determined, this being almost an order of magnitude

higher than the energy confinement time in TJ-II.

(1) B. Zurro et al., Proc. 1998 ICPP & 25th CCFPP, Praha 1670-1673 (1998).

Conference topic: 6
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Email address: b.zurro@ciemat.es
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Abstract

First impurity injection experiments by the laser ablation technique are reported for the TJ-II device. A

1 µm thick layer of Fe deposited on a glass plate is ablated with a ruby laser (1 J, 30 ns). Several systems having

spatial and temporal resolution monitor the perturbation. At present, the main goal of these experiments is to

explore the existence, or not, of non-exponential relaxation in the TJ-II. Such behavior has been associated in

various random media with the presence of particle trapping and de-trapping whose occurrence in a plasma

might be associated with the presence of small island chains across the plasma radius. The first results from TJ-II

suggest that this perturbation can be analyzed by a stretched exponential while particle confinement times of up

to 100 ms, almost an order of magnitude higher than energy confinement times, have been observed.

Introduction. Impurity injection by laser ablation of thin films of non-recycling metal

impurities is now a standard method to probe particle confinement in fusion plasmas. The

standard method of data analysis was established in Refs. [1-3] and the results of such

analysis can be either global confinement time, from the decay of the line emissions of highly

ionized species, or the diffusion coefficient and convective velocity, from a more elaborate

analysis using full impurity transport codes. In most cases, this is merely a convenient

phenomenological description of data difficult to understand from first principles, and

examples can be found where serious limitations are evident when explicit comparison of data

and simulations are fully displayed [4].

In this work we begin to explore an alternative way of looking at the type of data that

we discussed previously [5]. We take advantage of the wide selection of broadband detectors

available on TJ-II (bolometers and x-ray arrays detectors and phosphor detectors sensitized to

the VUV). Each detector type is sensitized to a different spectral range and located at a

different toroidal position about the device with all contributing to provide complementary

information.



Experimental. Impurities are injected into TJ-II plasmas by a laser injection system. The

injection target is located ion the equatorial plane at a distance of ~70 cm from the plasma

edge. A motorized vacuum manipulator permits fine orientation and positioning of the target

located within an auxiliary chamber maintained at a pressure of ~10-7 mbar. The laser is a 2 J

Q-switched ruby with a 30 ns pulse length. It is focused by a 25 cm focal length lens onto the

rear-side of a 1 µm thick iron film deposited onto a pyrex plate. Injection characterization is

similarly to that described in Ref. [6]. On TJ-II, the principal experimental system functions

and the impurity injection time are controlled remotely. The first results of the system have

been obtained by injecting the Fe into standard configuration discharges whose plasmas were

created and heated by injecting 300 kW of microwave power at ECR.

In Fig.1, the perturbations observed by the three different radiation type sensor, after Fe

injection, are plotted for two different discharges. Note that all the sensors see the plasma

along a central chord but are situated at different toroidal positions with regard to the injection

port. A phosphor detector with a broadband VUV filter, Phos, a bolometer whose sensitivity

is extended to the entire radiation range (x-rays to visible), bol, and a soft x-ray detector with

a 25 µm thick Be filter, Rx. In addition, central temperature, TECE, and line-averaged density,

ne, traces are also shown to highlight that no significant perturbation of the plasma is

produced as consequence of the injection.

In order to allow for non-exponential relaxation, we fit the decay by a stretched

exponential which is described by the equation A1 exp(-(t-t0)/τ)β) after correct subtraction of

the background level. Here t is the time after the time origin t0 selected. For this, we have

used the local emissivities obtained from the chord integrated data from the 20-channel
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Fig. 1. Laser blow-off injection of Fe into the TJ-II as seen by three different broadband radiation
detectors: phosphor, bolometer and soft x-ray.



bolometer and the 16-channel soft x-ray arrays so as to study the behaviour of the relaxation

at different radii. The tomographic method used was published previously [5]. Since the

results presented here were obtained in discharges dedicated to other experiments, the Fe

injection was performed late on in the discharge with the result that the complete relaxation is

not observed.

In Fig. 2 we show results obtained from this type of analysis for both reconstructed

bolometer and soft x-ray signals. From this figure several remarks can be made. First, the

perturbations relax at a slower rate at the plasma centre (ρ ‹ 0.4) and this effect is particularly

clear from the analysed bolometric signals, which can be analysed out to larger radii than for

soft x-ray signals.

Fig. 2. Results of the local relaxation analysis by means of a stretched exponential. We show on the

left the results (tau and beta) obtained with the bolometers, and on the right those deduced from a

similar analysis for the soft x-rays.

Second, the beta values, β, deduced from both types of sensor are similar and below 1 for

discharge #6474, (β ≈ 0.4 at the center), and tend toward 1 as we move outside. This effect is
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more clearly seen for the bolometers in discharge #5834. However, in discharge #5834, the

beta values deduced from the soft x-ray detector signals exhibit a different trend.

We should be cautious about drawing general physical conclusions from this

preliminary data but, it is worthy to mention that, in TJ-II there is experimental evidence

indicating that the transport coefficients that govern the diffusion of fast electrons, in

particular their confinement time, are neither smooth functions of the plasma radius [8].

We have gained experience on how to improve the experiments, what levels of

perturbation are needed and what types of diagnostic must be available to make this original

approach reliable. In near future, we will combine this empirical approach with transport

simulations in order to be able to disentangle pure transport effects from atomic physics

perturbations. We also emphasise the importance, when performing fitting the relaxation with

this function, of a correct strategy for separating the perturbation signal from the entire signal.

The latter can be unambiguously solved by means of dedicated experiments where the

injection time can be chosen at will to observe the maximum time of the relaxation.

In conclusion, we have illustrated with first data of impurity injection by laser blow

off in the TJ-II device, how non-exponential relaxation can be studied. The basic assumption

behind this type of simple analysis is that the intensity picked up by the radiation sensor in the

range of analysis is proportional to the total ion concentration, a point that need more detailed

study in the future.
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