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FOREWORD

The Seventh International Stellarator Workshop was held as an IAEA
Technical Committee Meeting in Oak Ridge, Tennessee, USA, from 10 to 14 April
1989.
Oak Ridge National Laboratory acted as the host organization for this
meeting. In recent years, workshops have been held in Kyoto, Japan (1986);
Lake Tegernsee, Federal Republic of Germany (1984 and 1980); Cape May, United
States (1982) and Moscow, USSR (1981). The present workshop was the largest,
with 108 papers presented and 127 participants from 25 insitutes from
Australia, Federal Republic of Germany, Italy, Japan, Spain, USA, UK and USSR.
The purpose of the meeting was to review and discuss the progress into
the stellarator approach to nuclear fusion and to test the specific
optimization principles on which each device is based.
The programme of the meeting was arranged with reference to the main
subjects of stellarator physics:
- overview of experimental results,
- theory: magnetic field configurations, plasma equilibrium and
stability,transport,
- plasma diagnostics,
- RF plasma heating,
- new device designs.

Each topic was covered by papers which were either in the nature of a
review or were a detailed description of a particular experiment or concept.
Discussion periods were held at regular intervals during the meeting. These,
together with the informal discussions entered into by the participants, were
especially valuable. All contributions were orally presented.
This proceeding contains the manuscripts which have come to hand. They
are reproduced directly from the author's copy.
The meeting owed its success to the good interaction of all persons
involved. Appreciation is due to the authors for their presentations and to
the Organizing Committee for their excellent work. Special thanks must go to
Dr. J.F. Lyon (ORNL) for his valuable contribution to the scientific programme
and who was also responsible for the technical details of the Workshop and the
preparation of this proceeding for publication.
The Workshop has been very successful. It has shown rapid development in
stellarator approach to magnetic fusion, which stimulates the progress in the
R & D in this field of research. The venue for the next Workshop on
Stellarator was proposed to be Yalta, USSR in 1991.

EDITORIAL NOTE
In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts as submitted by the authors and given some
attention to the presentation.
The views expressed in the papers, the statements made and the general style adopted are the
responsibility of the named authors. The views do not necessarily reflect those of the governments
of the Member States or organizations under whose auspices the manuscripts were produced.
The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.
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SUMMARY OF PRESENTATIONS
J.F. Lyon

Oak Ridge National Laboratory
Oak Ridge, Tennessee
United States of America

1. INTRODUCTION
The material presented at the workshop covered a wide range of topics in current
stellarator research, but many of the areas discussed also have wider relevance to toroidal
confinement systems.
Most of the papers presented were on experimental results from four major
stellarators [Heliotron E, the Advanced Toroidal Facility (ATF), Wendelstein VII-AS
(W VII-AS), and the Compact Helical System (CHS)], on design activities for two
near-term helical-axis stellarators (H-l and TJ-II), and on studies for next-generation

stellarators [the Large Helical Device (LHD), W VII-X, and ATF-Il]. A relatively small
number of theoretical papers was presented, in contrast to earlier workshops, and most
of these were related to optimization of stellarator performance. This shift is probably
due both to a maturing of present stellarator theory and to the need for more definitive
tests of theory, and more experimental information to improve theoretical models, from
the present generation of experiments.
For this summary of the workshop, the areas covered are summarized under
experimental overviews, transport, RF heating, magnelohydrodynarnic (MHD) equilibrium
and stability, design of new devices, and next-generation experiments.

2. MAIN STELLARATOR EXPERIMENTS
Recent results from ten operating stellarator experiments were presented. Device
parameters for the larger of these experiments, and for the next-generation devices

discussed in Section 7, are given in Table I. These devices fall into two general
categories: the helical-winding torsatrons (or heliotrons) with significant shear and a
central magnetic well (Heliotron E, ATF, CHS, Uragan-3M, Uragan-2M, LHD, and ATF-II)
and the modular-coil devices with low shear and a global magnetic well (W VII-AS, TJ-II,
H-l, and W VII-X). The last three of these new devices will have a significant helical-axis
component.
Present stellarators have no significant net plasma current, a few kiloamperes at

most. Plasma startup is usually accomplished with fundamental or second harmonic
ECH, although ICRF has been studied in Uragan-3 and CHS. High-power neutral beam
injection (NBI) is oriented perpendicular to the plasma in the older, smaller-access
experiments (the earlier W VII-A and Heliotron E) and tangential to the plasma in
the newer experiments (ATF, W VII-AS). These devices rover a wide range of magnetic
11

TABLE I. PARAMETERS FOR THE LARGER STELLAR ATOR. EXPERIMENTS
(m 3 )

T1

Location

R n (m)

0

W VII-AS

Garching, FRG

2.0

0..2

1.58

ATF

Oak Ridge, U.S.A.

0. 27

Heliotron E

Kyoto, Japan

2. 1
2.2

CHS

Nagoya, Japan

1.0

0. 2
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configuration properties (rotational transform, shear, magnetic well extent, cross-section
sha.ping, helical-axis excursion, etc.). The magnetic (or f l u x ) surfaces are i n h e r e n t l y rionaxisymmetric; the shape of these surfaces throughout a toroidal field period determines
the magnetic configuration properties.

W VII-AS at the Ma.x-Planck-Institut für Plasmaphysik (]?P Garching), a modularcoil stellarator successor to the successful W VTI-A stellarator, began operation in May
1988.
It is designed to test magnetic configurations with reduced secondary parallel
(Pfirsch-Schlüter) currents and reduced variation of Jdl/B on flux surfa.ces, reduced
outward axis (Shafranov) shift with increasing beta, and reduced deviations of passingparticle orbits from flux surfaces. The report of H. Renner on the first yea.r of operation
of W VII-AS discussed their magnetic surface mapping studies a.nd initial operation with
ECH and NBI at 1.25 T and 2.5 T. Because of the low shear, good magnetic surfaces were
obtained except very near low-order rational values of rotational transform (* - 1/c).
ECH (<400 kW at 70 G H z ) was used to produce plasmas with n e < 2 v I Q 1 9 rrT 3 ,
Te > 1 ke,V, T; ~ 0.2 keV, and TE ~ 5 ms at B0 - 1.25 T; at B0 - 2.5 T, the plasma
parameters could be increased to ne < 4 x J 0 i n rn 3, T0 < 2 keV, 7} "~ 0.4 keV, and
T E — 15 rns. Discharge durations of 0.5 s with ECH and 0.3 s with NBI alone were
obtained; the central beta was limited to 0.5% owing to density limita.tions. Cyclic, partial
collapse-type phenomenon were also observed, but radiation losses were not important
in ECH discharges. Compensation for bootstrap and heating-driven currents, which can
affect the magnetic configuration, was possible with ECH (variable k\\ spectrum), N B I ,
and a small loop voltage.
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ATF at Oak Ridge National Laboratory (ORNL), presently the world's la.rgest
stellarator, began operation in January 1988. It is a moderate-aspec.t-ratio (R0/a -- 7.8)
torsatron designed to access a. high-beta second stability region and to explore a wide range
of ma.gne.tic configurations. J. Lyon (ORNL) reported activities during the first year of
ATF operation that included commissioning of the device a.nd its heating and diagnostic
systems, electron-beam mapping of the vacuum flux surfaces, analysis and correction
of some resonant low-order field perturbations, study of second stability behavior, and
confinement studies of ECH and NBI discha.rges. Typical parameters with 1.4-MW NBI a.t
BO - 0.95 T were ne0 - 5 x 1019 mT3, Te0 --- 0.6 keV, Tio - 0.26 keV, ß0 ~ 3%, rE ~ 5 ms,
and Zeff -- 1.5-2. Higher values for Teo (1 keV) a.nd TE (~15 ms) were obtained at lower
density with ECH alone. Initial (1988) operation showed narrow pressure profiles and
second sta.bility behavior at lower beta than expected, and revealed imcompensa.ted dipoles
in the leads to the helical windings, which were then made more toroidally symmetric.
Energy confinement times obtained with NBI and ECH roughly followed the scaling used
in the LHD studies. Although 1-s operation could be obtained with ECH alone, a. plasma,
collapse was observed within 100 ms after the start of NBI. H. Howe (ORNL) reported
time-dependent transport modeling of ECH and NBI-hea.ted plasmas for the full threedimensional (3-D) ATF geometry thai reproduced the main features of the discharge,
including the radiation-induced temperature collapse.

CHS at Nagoya University Institute of Plasma Physics ( J P P Nagoya), now part of
the new multi-university National Institute for Fusion Science (NIFS), started operation in
June 1988. Its magnetic configuration is similar to that of ATF, but with considerably lower
aspect ratio (R0/a — 5). K. Matsuoka (IPP Nagoya) reported on a range of experiments
in CHS: electron-beam mapping of flux surfaces and plasma production a.nd heating w i t h
both ECH and ICRF. Typical parameters for B0 --- 0.5--1.5 T are Te0 - 300-900 eV
and ne - (2-6) x 1018 m"3 with 120-kW, 28-GHz ECH a.nd Te0 •- 200-300 eV, Tio 200-300 eV, and n e0 = (5-6) x 10]8 m ' 3 with different ICRF plasma, production schemes.
Hollow density profiles observed with ECH suggest that the drift motion of high-energy

electrons with v\\/v <C 1 may play a,n important role in the particle and energy transport;
the transport is enhanced over that from a, simple neoclassical model (H. Iguchi, IPP
Nagoya), so optimization of particle orbits is important, even for electron confinement,
in low-aspect-ratio helical devices. As in ATF, shifting the pla,sma inward improved
the plasma performance, partly because of the improved omnigeneity of the shifted-in
configuration.
Heliotron E at Kyoto University Plasma Physics Laboratory (Kyoto P P L ) , the first
of the present generation of heliotron/torsatron experiments, has been in operation since
1980. Recent modifications a.nd research empha,sis have been directed toward the design
needs of the LHD. T. Obiki (Kyoto PPL) reported on recent experiments in Heliotron E.
Magnetic configuration studies (inward and outward shifts of the ma.gnetic axis) indica.te
that the best operation, which occurs for inward a.xis shifts of 2-4 cm, depends on both
M HD activity and trapped-particle confinement. Divertor plasma properties (with helical
divertor baffles along one-fifth of the torus) do not depend on the presence of the baffles,
possibly because of the short baffled region and the short connection length from the
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baffle throat to the wall. Plasma-wall interaction studies (with carbon tiles in the divertor
region) show that hydrogen recycling can be reduced below one only with low-power NBI
and helium discharge cleaning and that iron impurities are still of the same order as with
an all-metal wall.
The older (1975) L-2 stellarator at the Institute for General Physics ( I G P ) in
Moscow is a conventional stellarator with toroidal field (TF) coils and an Ohmic heating
transformer. G. Voronov (IGP Moscow) reported on optical measurement of ECH helium
plasmas in L-2. The radiative losses were lower (<20% of the absorbed ECH power) a,nd
the wall condition had less effect on the plasma with helium plasmas. Typical parameters
were Te0 ~ 900 eV at ne ~ 8 x 10 ]8 m~3 with 60- to 70-kW, 37.5-GHz EGH power
absorbed.
The Uragan-3M torsa.tron at the Kharkov Institute of Physics and Technology, a
rebuilt version of the earlier (1982) Uraga.n-3 experiment w i t h improved helical w i n d i n g
accuracy and a more flexible vertical field (VF) coil set, started operation in late 1988. It
features three helical windings, rather than the two of other torsatrons, for more shear and
more triangularity in the magnetic surfaces. O. Pavlichenko (Kharkov) discussed the power
balance for low-density ctirrentless plasmas in Ura.gan-3 produced by ICRF (0.2--0.3 MW
at u ~ 0.8u> c i); the parameters obtained were T\ < 1.1 keV, (ß) < 0.6%, ne .-- (2-3) x
1018 m ~ 3 , and TE -^ 5 ms at B0 --- 0.44 T. Most (~90%) of the ICRF power is absorbed
and dissipated by a poorly confined cold plasma mantle that s u r r o u n d s a hot pla.sma. core.
Energy losses from the core are caused by electron heat conduction and radiation.

J. Shohet reviewed the torsa.tron/stellarator program at the University of Wisconsin
[the Proto-Cleo torsatron and stellarator and the Interchangeable Module Stellarator
(IMS)].

J.

Talmadge described studies of convective transport in IMS plasmas

[rae = (0.5-3) x 1017 m ~ 3 , re ~ 10 eV, and T\ =. 2-4 e V ] . Diffusive transport cannot
explain the steady-state hollow density profiles produced with 2-kW, 7.3-GHz ECH. The
measured equipotential contours differ from the measured flux surfaces; the ra.tio of the
calculated E x B drift velocities for hollow profiles and broader profiles agrees with thai
calculated for the ratio of convective velocities determined from the. equilibrium profiles.
Studies on SHEILA at the Australian National University ( A N U ) in Ca.nbe.rra were
reported by S. Hamberger arid B. Blackwell. SHEILA is a small (à ~ 3 cm, R0 -- 18.8 cm),
three-field-period heliac, with a small f. -- 1 winding around the central toroidal ring, that
produces plasmas with ne ~ 1018 m~ 3 and Te ~ 10 eV for ~20-ms pulses at BG < 0.25 T.
The helical-axis plasma configuration measured with probes agrees well with the calculated
bean-shaped magnetic surfaces. As in other low-shear devices, the magnetic surfaces
deteriorate near low-order resonant values of v; (1, 3/2). ECH (<2 kW at 2.45 GHz)
produces densities up to two orders of magnitude above ordinary-mode (0-mode) cutoff,
which may be caused by mode conversion effects or other effects in the evanescent field
region. Measurements of coherent fluctuations in SHEILA are generally in good agreement
with a linear dispersion theory for electrostatic collisional drift waves in a cylindrical
approximation.
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Initial results from the small (R0 -- 48 cm, a -- 7 cm) TU-heliac at Tohoku University
in Scndai were presented by H. Watanabe. Measurements of magnetic surfaces with
electron beams in vacuum a,nd with probes for an ECH (3-kW, 2.45-GHz, 3-ms) plasma.
with n e -- (0.1-3) x 1016 m~~ 3 and Te -- 2 - 1 0 eV are in good agreement with the calculated
surfaces. Helia.c behavior at high beta ((/?} -- 50%) has been studied in the 3-m linear
theta pinch High-Beta Q-Machine (HBQM) at the University of Washington (B. Nelson).
Studies a.re linder way to eliminate the axial current induced by the fast hard-core current
and to simulate toroidicity effects with a shifted ha,rd core.

3. TRANSPORT
Roughly one-third of the papers a,t the workshop dea.lt with various aspects of
confinement in stellarators: magnetic configuration studies, plasma currents, and particle
arid impurity control and divertors.

3.1. Magnetic configuration studies
Electron-beam measurements of magnetic surfaces were reported for ATF, CHS,
Uragan-SM, and SHEILA. The ATF studies (R. Colchin, O R N L , and F. Andersen,
U. Wisconsin) revealed a, large (~6-cm-wide) island at the •/; = | radius a.nd smaller islands
at other low-order rational •*• values that were independent of magnetic field, indicating a.n
intrinsic error in the ATF coil system. U. Lee (ORNL) showed that the. field perturbation
was due to loops in the current feeds to the helical windings; close agreement between the
calculations and the experimental data was obtained for both island width and phase for
different -É- values. Adding current loops at other locations to restore the 12-fold toroidal
symmetry of the helical field (HF) windings caused all islands, except the central one
at -/, - |, to decrease with J90 and reduced the large v, -- | island width to ~1 cm at
BO ~ 1 T, in agreement with ca.lcula.tion. J. Cary (U. Colorado) presented a, simple, fast
method for calculating magnetic isla.nd widths that uses only information obtained by
integrating along the field line at the center of the island; these calculations reproduced
the ATF results with an accuracy of
Yu. Kuznetsov (Kharkov) reported t h a t new t - 3 helical windings on IJragan-3
(renamed Ura,gan-3M) increased the average radius of the last closed magnetic surface

from ~8 cm with the old windings to ~1L cm with the new set. A small remaining field
perturbation causes islands at the *• - |- surface and introduces a thin ergodic layer between
the confinement region and the diverted magnetic flux. Magnetic surface measurements in
CHS reported by H. Yarnada. (IPP Na.goya) showed closed magnetic surfaces out to 95%

of the expected radius of the outermost surface. Small magnetic islands caused by the
background ambient field decreased with increasing B0] the -v — | island width extrapolates
to ~5 mm at B 0 = 1 T. Calculations (B. Blackwell, A N U ) indicate that it should be possible
to limit the island size in H-l in the central 75% of the plasma volume to 1 cm.
Pla,sma confinement in W VII-AS (H. Renner, IPP Garching) exhibits a strong
dependence on the edge -t value, as in W VII- A. Optimum confinement occurs close to, but
not at, low-order rational values of -i; (4, ^ , |). Small shear is favorable if such resonances
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can be avoided. The transport seems to be anomalous in the initial experiments with
ECH at low density; the experimental values for ^e are a factor of 3 higher a.t the center
and a. fa.ctor of 10 higher at half the plasma radius (where x? ' 1S a ^ a m i n i m u m ) than the
calculated neoclassical values, a.nd the experimental values for x \ P varied less w i t h plasma,
para.meters (T e ) tha.n do the neoclassical values.

H. Zushi (Kyoto PPL) discussed the effects of the ma.gnet.ic axis shift on transport
a.nd MHD stability in Heliotron E. Optimum confinement was found when the magnetic
axis was shifted in by ~10% of the plasma radius, corresponding to the highest fraction of
confined trapped particles and the highest shear. An outward a.xis shift is importa.nt for
increasing beta because even a small magnetic well stabilizes internal modes in the center.
Too large an inward shift creates a. magnetic hill configuration in which MHD instabilities
a.ffect transport. Combining a magnetic well with improved transport is the aim of current
experiments on Heliotron E with an additional toroidal field.
Some theoretical papers were presented on improvement of confinement in
stellarators. C. Hedrick (ORNL) relaied two optimization techniques, that of Mynick
(a-optimization) and that of Nührenberg (quasi-helical field), to single particle orbits
a.nd showed that reducing transport in the \jv regime reduces it over a broa.d ra.nge of
collisionality. K. Shaing (ORNL) showed that a more negative value of E r and/or a more
positive value of dEr/dr can reduce the fluctuation amplitude associated with pressuregradient-driven turbulence, which is consistent with results from Heliotron E.

3.2.

Plasma currents

Although stellarators are designed for net-current-free operation, net toroidal pla.sma
currents can arise from external hea.ting (ECH, NBI, ICRF) and from finite plasma
pressure (equilibrium and bootstrap currents). H. Maassberg (IPP Garching) reported
that the pressure-driven component of the plasma current in W VII-AS was in rough
agreement with that predicted for the neoclassical bootstrap current and tha.t an ECHdriven component was observed. Yu. Kuznetsov (Kharkov) reported tha.t quasi-stationary
currents observed in Uragan-3 for RF-heated plasmas could be explained by theory; the
toroidal current agrees with the bootstrap current only for low collisionality (y^ > 1), a.nd
RF-driven currents and inductive currents probably account for the observed collisionality
dependence.

A. Boozer (College of William and Mary) reviewed the theory of bootstrap currents
in stellarators. H. Wobig (IPP Garching) reported that bootstrap currents ca.lcula.ted
for optimized Hellas configurations could be a factor of 10 below that in an equivalent
axisymmetric (tokamak) case, but these currents depended sensitively on the. Fourier

spectrum of the magnetic field, the radial electric field, a,nd the collisionality. The effects
of the radial electric field on the bootstrap current in ATF-like configurations are weak in
the i/ e ff/OE "C 1 regime (K. Shaing, ORNL). The bootstrap current can be cancelled or
reversed with a poloidal field coil system or addition of a small t --= 1 field component.
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3.3.

Particle and impurity control, divertors

Particle and impurity control is an important issue for stellarators, and the magnetic
geometry of stellarators lends itself to use of a divertor. H. Ringler (IPP Garching) reported
HQ. measurements and 3-D DEGAS code simulations for W VII-AS and preliminary
estimates of electron fluxes for ECH plasmas that indicated consistency with neoclassical
predictions in the high-temperature-gradient region, anomalous fluxes at the edge, %; ~
(0.05 0.1)xe, and recycling (from the limiter) coefficients near one. K. Ida (IPP Nagoya)
reported toroidal and poloidal asymmetries in the neutral and impurity particle fluxes
in CHS caused by gas puffs, limiters, and RF antennas. R. Langley (ORNL) reported
techniques for cleaning and conditioning the ATF vacuum vessel that allowed long-pulse
ECH operation and rapid cleanup of a graphite-protected ICRF antenna.
P. Mioduszewski (ORNL) reported on edge plasma and divertor studies in ATF that
showed a heat flux of 150-300 W/cm 2 with a decay length of 2 cm at the last closed
magnetic surface, 3% (NBI) and 16% (ECH) of the input power on the limiters, and a
particle flux of several times 1017 crn 2 /s with a half-width of 2 cm in the divertor stripes.
T. Obiki (Kyoto PPL) reported that neutral transport for a partial divertor baffle in
Heliotron E agreed to within a factor of 2 with a simple divertor plasma model. N. Ohyabu
(NIFS) reported on divertor design studies for LHD with different schemes for the divertor
baffles. D. Anderson and P. Matthews (U. Wisconsin) reported on divertor experiments
with biased targets in IMS. Potentials applied to these plates resulted in a redistribution
of the plasma flow to any given divertor bundle caused by E x B drifts just outside the
last closed flux surface. Comparison of the diverted plasma flow in IMS at 2.6 kG and at
5.8 kG showed a poloidally asymmetric flow and an abrupt distribution change when the
electron cyclotron resonance moved from inside the magnetic axis to outside it, reflecting
a gross change in the transport at the plasma edge.
L. Horton (ORNL) reported transport modeling of multi-charge-state impurities in
ATF that reproduces the basic features of the experimental line radiation and predicts
a collapse of the plasma temperature and density driven by light impurity radiation. In
the experiment, the collapse appears to be initiated by a strong, poloidally asymmetric
plasma-wall interaction on the small-major-radius side. S. Morita (IPP Nagoya) reported
that an inward plasma shift caxises a radiative collapse on CHS because of a strong plasmawall interaction; limiter-induced collapses are due to an increase of the hydrogen recycling
rate at the limiter. Studies of impurity radiation during the initial phase of W VII-AS
operation (A. Weller, IPP Garching) showed low radiative power fractions (~20% of the
ECH power) at low densities; Zeff dropped from ~5 to ~2.5 as the density was increased.
Agreement between the measured and calculated total radiation profiles is improved if
diffusive spreading, impurity density peaking, and charge-exchange recombination effects
are included in the calculations, but a factor of ~2 discrepancy remains. Impurity
studies for RF-heated plasmas in Uragan-3 (0. Pavlichenko, Kharkov) indicate that light
impurities played a minor role in the power lost, consistent with neoclassical predictions,
and that metal impurities from the helical winding cases were the cause of the radiative
losses.
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4. RF HEATING
Most of the RF heating studies reported at the workshop were on ECU for
W VII-AS, CHS, and ATF. G. Müller (Institut für Plasmaforschung, Stuttgart) and
H. Ma.assberg (IPP Garching) reported on ECH and current drive studies in W VTI-AS.
Initial experiments used 70-GITz ECH at up to 0.6 MW for up to 0.5-s pulse lengths at
the fundamental resonance (1.25 T) and the second harmonic (2.5 T). Centrally peaked
deposition produced peaked 7' e profiles, and off-axis heating produced flattened profiles.
The absorption efficiencies (77 ~ 70% at wce a.nd >90% a.t 2u> ce ) agreed with 3-D ray tracing
calculations. Changing the toroidal launching angle to vary k\\ allowed compensating
for the pressure-driven bootstrap plasma current with an ECH-driveri current. The
dependence of the second harmonic current drive efficiency ( < 2 0 A / k W ) on the l a u n c h
a.ngle agreed to within a fa.ctor of 2 with theoretical calculations using different simplified
models.
T. Bigelow ( O R N L ) reported on measurements of ECH extraordinary-mode
(X-mode) absorption at 2o> ce on ATF with a polarization-controlled beam launcher that
indicate nearly complete absorption under the best conditions. Absorption is small at
low density or with a shifted resonance zone, a,nd mode coupling to the perpendicula.r
polarization ha.s been observed, presumably owing to the shear in the ATF field.

An analytic model for ECH profiles derived from ray tracing in a finite-beta plasma
wa.s presented by R. Goldfinger (ORNL). The scaled model agrees to within 20% with
heading profiles derived from ray-tracing calculations over a wide ra.nge of beta and has
been applied to calculation of scattering of second harmonic X-rnode rays from the ATF
vacuum vessel walls. M. Carter (ORNL) reported nonlinear calculations of ECIT plasma,
production at the second harmonic that agreed with experimental results from Uragan-3
(Kharkov). C. Alejaldre of the Centro de Investigaciones Energeticas, Medioambientales, y
Tecnologicas (CIEMAT) in Madrid included the effect of a superthermal ta.il in the electron
distribution function in a ra.y-tra.cing code and calculated the microwave absorption for
TJ-TI and for an f. -- 1 torsatron (STORM) under construction at CIEMAT. Strong quasilinear modification of the wa.ve damping ca.n occur and change the overall power a.bsorption
significantly.
A variety of ICR.F waves (whistler, slow wave, ion Bernstein wave) were used to
produce and heat currentless plasma.s in CHS (K. Nishirrmra., IPP Nagoya). Plasmas with
n e0 •- (2-5) x 1018 m~ 3 , T e0 - 100 300 eV, and Tio
200 300 eV were produced for a
wide ra.nge of magnetic fields ( B 0 ~ 0.15---1.5 T).

5. MHD EQUILIBRIUM AND STABILITY
2-D and 3-D MHD equilibrium and stability theories are well-developed area.s for
stellarators and are used in the design optimization of new experiments. 0. Betancourt
(City College, City University of New York) described extension of the 3-D spectral code
BETAS to include free-boundary calculations with increased resolution and efficiency
compared to the finite-difference BETA code. P. Garabedian (New York U.) also reported
on a revision of the BETA code (BEFREE) to test the stability of low-order, free-boundary
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modes in stellarators. Artificial viscosity was added to improve convergence of the finitedifference calculations, and a spectral representation at the magnetic a.xis wa.s added for
more robust behavior, allowing calculation of the energy to >JO significant figures on any
fixed mesh.
M. Waka.tani (Kyoto PPL) discussed the relation between the (high-n.) Mercier
criterion and low-77. mode stability for an ATF-likc ca.se a.nd for a cylindrical pla.srna model.
The differences relate to marginal stability, finite Larmor radius effects, and the numerical
procedures (mesh size) used. N. Dominguez (ORNL) also studied the relationship between
the stability properties of ideal low-ra internal modes and the 3-D idea] Mercier criterion for
t -•-•- 2 torsatrons. The critical beta given by the Mercier criterion a.greed well with that for
the lowest-n unstable mode, even for the global n - I modes, showing the usefulness of the
usually more pessimistic Mercier criterion as a. guide. L. Garcia. (U. Complutense, Madrid)
reported on averaged equilibrium and stability calculations for low-aspect-ratio stellarators
that allowed accurate calculation of the geodesic curvature term in the local Mercier
stability criterion. The results agreed well with 3-D calculations for low-aspect-ratio
torsatrons but not as well for the more complicated low-a.spect-ra.tio helia.cs. C. Alejaldre
(CIEMAT) reported 3-D Mercier stability for TJ-TI up to (ß) ~ 6% and indications of a
second stability regime.
A number of papers, both experimental a.nd theoretical, dealt with fluctuations in

stellarators. J. Harris and J. Bell (ORNL) reported a decrease of magnetic fluctuations
with increasing beta in ATF for /?0 > 3%, indicating beta self-stabilization a,nd entrance
into a, second stability regime. V. Lynch (ORNL) reported 3-D Mercier calculations for
ATP1 showing that for the measured profiles, which broadened with beta., ATF was following
a marginally stable path into the second stability regime. L. Charlton (ORNL) reported
calculations of the nonlinear saturated amplitudes of poloidal magnetic field fluctuations for
resistive pressure-gradient-driven interchange modes in cylindrical geometry that showed
the same beta dependence and mode structure as observed in ATF.
M. Wakatani (Kyoto PPL) reported a maximum value of beta., (ß) ~ 0.5%, for the
small Heliotron DR experiment that was limited by a.n m -• J, n
l mode localized at
-t -- 1 that agreed with calculations of the ideal interchange inode using the free-boundary
STEP code. The critical beta increased by ~50% with addition of a small plasma current
a.nd decreased with an inward shift of the magnetic axis.

A. Navarro (CIEMAT) reported application of microwave reflectometry to the
determination of electron density fluctuations in W VII-AS. Low fluctuation levels at the
edge were correlated with better confinement. He also reported using reconstruction of
local soft X-ray emissivity to analyze sawteeth in the previous W VTI-A stellarator that
revealed the axisymmetric character of the crash and an a.bsence of hollowness afterward.
Studies on proposed fluctuation diagnostics for stellarators were also presented.
C. Thomas (Georgia Institute of Technology) proposed cross-sightline correlation of
Faraday rotation for measurement of perpendicular magnetic fluctuations and crosssightline correlation of electron cyclotron emission for measurements of the local magnetic
field and its fluctuations parallel to the field. C. Ma (ORNL) discussed a study of a
far-infrared scattering system for ATF that could measure density fluctuations with scale
lengths from 1 mm up to the plasma radius.
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Studies are also being done that have relevance for tokamaks. J. Johnson ( P P P L )
described application of a stellarator tool to tokamaks, coupling of the 2-1) axisymmctric
(toroidally averaged) STEP code to the 3-D MHD equilibrium PIFÎS code for study of
the effects of plasma currents on the tokamak ripple field. B. Carreras* ( O R N L ) analyzed
dissipative trapped-electron modes in ?
2 torsatrons using 3-F) e q u i l i b r i u m and self-

consistent finite-beta effects. For ATF, it was possible to change the localization of the
mode and the ratio of helically trapped to toroidally trapped p a r l i c l e s , and t h u s to control
this mode, through changing the shear and the confinement of helically trapped particles.
This mode is important for both stellarators and tokamaks, but can be studied more easily
in stellarators.

6. NEW DEVICE DESIGN
Three devices under design or construction were described: the heliacs il I and
TJ-II, and the small Compact A u b u r n Torsatron (CAT) at A u b u r n University. Reports
on H-] at ANU were given by S. Hamberger and B. Blackwell. H-J is a three-field-period

heliac (36 TF coils following a helical p a t h around a linked central toroidal coil) w i t h a
small f — 1 winding on the central ring for added configuration f l e x i b i l i t y (flexible heliac).
H-l will use ICRF (180 k W at 4 26 Mil/) for plasma heating; fast wave h e a t i n g will be
used i n i t i a l l y , and ion Bernstein and whistler wave heating are being prepared for a second
stage of heating. The TJ-II flexible heliac (C Alejaldre, CIEMAT) is larger t h a n I T - 1
(J?o

1 .5 Til vs 1 m) and has four instead of three field periods, a larger f

1 w i n d i n g on

its central ring, and a vacuum vessel i r i t e i n a l to the TF coils and c e n t r a l l i n g , r a t h e r t h a n

the external vacuum t a n k used for H - l . FOC 11 w i l l be used for p l a s m a h e a t i n g : 200 k W
at, 28 CHz initially, '100 k W al 53 CHz l a t e r . The toroidal spacing of the 32 TF coils is
modulated to minimize the field ripple on the m a g n e t i c a x i s and its associated I r a n s p o r t .
The TV coils are jointed to allow i n s t a l l a t i o n of the h i g h l y c o n t o u r e d , one-piece v a c u u m
vessel.
Two small, low-aspect-ratio stellarators are being b u i l t . C. Alejaldre ( C T E M A T )
described the t
1, six-field-period STORM torsatron with a deep magnetic well, good
equilibrium and stability propeities, flexibility to study stabilization by fast particles,

insensitivity to field errors, and good access for 28-GHz ECFT. It should begin o p e r a t i o n

in 1990. R. Candy ( A u b u r n ) described CAT, which features both f - 2 and f
1
helical windings. It will focus on studies of magnetic islands arid related plasma effects
and is scheduled to start operation in l a t e 1989. A n a l y t i c fields and orbit calculations
for low-aspect-ratio (Rn/a < 3) torsatrons were presented by F. Alladio (Frascati). Less
conventional stellarator concepts were also presented: an RF m u l t i p o l e s t e l l a r a t o r using
ponderomotive forces to improve confinement (J. Shohet, U. Wisconsin) and "ultra-simple"
low-aspect-ratio, high-transform, single-field-period heliacs f e a t u r i n g just two p l a n a r coils
(T. Todd, Culham).

7. NEXT-GENERATION EXPERIMENTS
Design studies for three large next-generation experiments were reported: TTTD at
NIFS, W VII-X at FPP Garching, and ATF-II at ORNF,. The LHD program is more
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advanced than those of W VII-X and ATF-II. O. Motojima (NIFS) reported that, a new
institute (NIFS), created to build LHD, will be located ai Na,goya for the first few years and
then moved to Toki. The schedule calls for start of experiments in 1995. The parameter
goals for LHD are (1) high nrT at B --=• 4 T ((T\) --= 3 - 4 keV, (n e ) -- 1020 m 3, TE 0.1-0.3 s); (2) high T{ at B = 4 T (2]0 =-- 10 keV, (n) - 2 x J O 1 9 irf 3, TE _-. 0.05-0.1 s);
and (3) high beta ((ß) •= 5%) at B ^ 1-2 T. M. Wakatani (Kyoto PPL) reported
on theoretical studies of MHD eqiiilibrium, stability, neoclassical transport, high-energy
particle confinement, and NBI and ICRF for I - 2 torsatrons with 14, 12, and 10 toroidal
field periods (M). Combining an inward magnetic axis shift with a. quadrupole shaping
field improved particle confinement without deteriorating the good MHD properties of the
standard (M = 10) case.
H. Wobig (TPP G arching) reported that a. five-field-period Helias (Helical Adva.nced
Stellarator) configuration had been chosen for W VTI-X. The Helias configuration, with
flux surfaces that change from bean-shaped to teardrop-shaped to oval in a field period
and with a. helical magnetic a.xis, has a. very low Sha.franov shift, MHD stability limits

up to (/?) ~ 5%, a.nd reduced neoclassical transport and bootstrap currents. The aims of
W VII-X are to study key issues with T > 5 keV, n e -> 1020 m" 3 , and (ß) - 5%. Seven
optimization criteria, were met simultaneously for the Helias configuration (J. Nührenberg,
IPP G arching). RO/CL ~ JO configurations exist with good magnetic surfaces, small parallel
(Pfirsch-Schlüter) currents, small magnetic axis shifts, good collisionlrss fast-particle orbit
confinement, small bootstrap current, a.nd high stability beta l i m i t s .

Calculations of

neoclassical transport in a. modular-coil Helias reported by 17. Wobig (IPP Garching)

showed that transport caused by helical ripple was reduced by more than a factor of
JO over that for a simple P. -- 2 stellarator in the low collisiouality (% oc 1/f) regime; J2
non-planar coils per field period are required to keep the modular-ripple losses less than

the helical-ripple losses. F. Ra.u (IPP Garching) reported on optimization of non-planar
coils for W VII-X and on the edge structure (islands and ergodicity) of the magnetic field,

which could be used for edge particle control.
A number of papers were presented on the ORNL ATF-TT studies. S. Painter
reported calculations of alpha-pa.rticle losses for compact torsatron reactors with pitchangle scattering and finite beta; the losses amount to a. significant fraction of the helically
trapped particles. S. Hirshman and R. Morris reported on an optimization procedure for

ATF-TI that simultaneously maximizes 3-D equilibrium beta., Mercier MHD stability, and
helically trapped energetic-particle orbit confinement. This method is similar to that used
in the W VII-X studies, but with different optimization criteria and an assumption of
low aspect ratio (R(>/d ~ 4). The criteria are met for (/?} <^ 2%, but more studies a.re

needed at (/3) -^ 5%. J. Rome used a variation of the Garching approach to calculate
qua.si-helical a.nd modular coil sets for the finite-beta optimizations in the ATF-II studies.

J. Lue reported calculations on forced-flow, cable-in-conduit NbTi/Cu conductors for nextgeneration stella.ra.tors tha.t would increase the space between the pla.sma edge, and the
vacuum vessel wall.

Windings with high current density (5-1.5 k A / c r n 2 avera.ged over

the winding pack) and high field at the winding (8 12 T) with adequate stability margin

(~ 100 mJ/cm 3 ) seem feasible.
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8. CONCLUSIONS
The new experiments designed to test the principles of stellarator optimization
have just come into operation within the last year; t h e y have not yet operated at t h e i r
full capability in power, density, or configurai ion flexibility, but p r e l i m i n a r y results look
encouraging. The primary issue, as in tokamaks, is t r a n s p o r t . More work is needed
on understanding anomalous transport and ways to improve confinement. Studies of
radiative collapse, hollow density (or temperature) profiles, b o o t s t r a p c u r r e n t s , electric
field effects, turbulence, etc., need to be pursued. The next generation of stellarator
experiments is under design, but compromises between high-beta c a p a b i l i t y , trapped-

particle orbit confinement and related t r a n s p o r t , and b o o t s t r a p c u r r e n t s need to be refined.
The proceedings of the workshop will be published by the I n t e r n a t i o n a l A t o m i c Energy
Agency as an IAEA-TECDOC report. The next I n t e r n a t i o n a l Stellarator Workshop is
planned for Yalta, USSR, in September 1991.
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Abstract

Beginning October 1988, after magnetic surface mapping, first plasma experiments were conducted
in the advanced stellarator W 7AS.The characteristics of the device are described. During the first
phase of operation, ECF 70 GHz was used to generate and heat a "currentless" plasma, which was
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maintained in quasi-steady state for typical 0.5s. Restricted by the density limitations for
ECF-applications central values of ß < 0.5% were achieved. Effects of the magnetic configuration
on the confinement and measures to deal with the observed plasma current ( bootstrap current ) by
ohmic heating and ECF-current drive were investigated. Preliminary results of transport analysis
were compared with predictions of transport models.
In future experiments using NBI and ICF-heating towards higher densities detailed investigations
of the plasma boundary, the impurity sources and transport are planned. By pressure profile
shaping a description of the transport and MHD-stability behaviour of W 7 AS will be possible.

1. CHARACTERISTICS OF WENDELSTEIN W 7AS

MAGNETIC FIELD
The configuration of W 7AS ( major radius 2m, effective minor radius 0.15 - 0.2 m ) with m=5
periods, similar to 5 toroidally linked mirrors, is produced by a system of modular coils. Each
period consists of 9 individually shaped nonplanar coils / 1 /. A superimposed toroidal field and
vertical field are used to modify the magnetic parameters of the configuration for flexibility:
rotational transform ( 0.2 - 0.6 ), position of the magnetic axis, separatrix, shear, magnetic ripple,
magnetic well etc. otherwise being fixed by the shape and arrangement of the modular coils alone.
The ß-limit for equilibrium compared with a conventional stellarator is increased to ß(0) < 4.5%. A
small magnetic well is realized to guarantee stability. The stability limit of W 7AS is expected to be
ß ~ 2 %.
HEATING
Three different heating methods are already installed at W 7AS. Figure 1 illustrates the arrangement
of the main components and the diagnostics of the first experimental phase. Local power deposition
and independent heating of electrons and ions will be applied to perform detailed investigations

how the confinement is influenced by the temperature ratio T^/Te pressure profiles, electric fields
and trapped particles under conditions of distorted energy distributions. In addition, the OH
transformer of the W 7A survived and is being used with small loop voltages, U^ ^ 0.5 V, to
control the plasma current, which is generated by the heating mechanism or by plasma pressure
anisotropy.

ICF
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ECE superltul
\
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FIG 1 Advanced stellarator Wendelstein W 7AS: heating and
diagnostics of the first experimental phase
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ECF at 70 GHz
Starting with neutral gas filling the application of ECF is essential for "currentless operation" of
stellarators to replace ohmic heating. At Wendelstein W 7AS the ECF system is designed to feed a
power of up to 1 MW ( 4 VARIAN gyrotrons: 200 kW per unit, pulse duration 3 s; l VARIAN

pulsed gyrotron, pulse duration 0. l s ) to the plasma. In cooperation with the ECF Group of IFF
Stuttgart, a sophisticated transmission line consisting of optimized components: bends, mode
converters, filters, k-spectrometer, was realized / 2 /. The plasma is finally irradiated quasioptically
by focused and completely polarized beams. The use of moveable mirrors allows the interaction
region of the beam with the plasma to be geometrically selected.Thus, in addition to tuning of the
magnetic field local power deposition and even local current drive by variation of kjj are possible.
The fast modulation of the power allows the exitation of heat waves for investigation of local
transport. Within the accessible density range and with the expected electron temperatures
Te< 3 keV ECF heating will be interesting to explore transport at low collisionality. Higher ß will
be achieved at higher densities n ~ 10 ^ m . Gyrotrons at 140 GHz will therefore be used in the
future. A pulsed gyrotron ( 140 GHz, 200 kW, 0.1 s, developed by KfK Karlsruhe ) will soon
become available.

NBI
Starting with a target plasma generated by ECF, neutral beam injection and rf at the ion cyclotron
frequencies are being used to maintain plasmas at densities exceeding the cut-off densities for ECF.
Fast density increase will be achieved by pellet injection. In contrast to W 7A, tangential injection
with a power of up to 1.5 MW ( H° : 45 keV, > l s ) is installed at W 7AS / 3,4 /. In view of the
long interaction length of 2 m, even at low densities n > 1 10 "irf ^ t the heating efficiency should
be improved.
Two beamlines are used for co and counter injection, and unbalanced injection will be possible for
current drive. During the first experiments with unbalanced injection currents of up to 5 kA were
already observed at densities n <, 4 1019 m"3 and Tj,Te ~ 0.2 keV. At a low field of 1.25 T a
power of PN < 750 kW was applied and the discharge was maintained by NBI alone for 300 ms.
Compensation and control of the current by simultaneous co and counter-injection could be
demonstrated.
An increase of the power to 3 MW is already being prepared, but demonstration of successful
density and impurity control is a prerequisite.
ICF
For ion cyclotron heating a flexible experimental antenna system (30-110 MHz, 1.5 MW, 0.5 s )
is installed at W 7AS. Two classical loops with a Faraday shield allow variation of the k spectra to
investigate the coupling to the target plasma in the rather complicated magnetic geometry of W 7 AS
/ 5 /. Depending on the results of the coupling efficiency and impurity handling in a next step, an
antenna system developed for high power, 4 MW, and long pulse operation, 3 s, may be used.
2. START OF THE W 7AS EXPERIMENT

By May 1988 assembly of the coils and vessel was almost completed. After final tests the
existence and quality of the magnetic surfaces of the vacuum field were investigated during the
period May 18 to July 7, 1988. This was followed by completion of the components inside the
vessel: limiters, carbon tiles, antenna for ECF and ICF, installations for diagnostics followed.
Conditioning of the vessel began in September 1988. Baking of the vessel at 150° C, DC glow
discharges with H2 and He gas, continuous 50 Hz ohmic discharges at low field Bo <, 0.4T and
pulse cleaning with ohmic heating at full field were applied. A base pressure p < 4 10"" mbar is
being maintained with a pumping speed of 5000 liters/s at the vessel. First plasma experiments
were performed on October 4,1988 by using 70 GHz ECF at the second harmonic with a field of
1.25 T for plasma generation and heating. Even with He as working gas the recycling coefficient
stays below 1, so that density control by external flux using a system of piezoelectric valves
operated in a feedback loop related to the line density is being applied. Wall gettering with Ti is
being prepared, but has not yet been activated.
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DIAGNOSTICS AND DATA ACQUISITION
The experiment started with an almost complete set of diagnostics, planned for the first phase of
experiments:
- mass spectrometer, controllable gas flux
- Thomson scattering system for measurements along a vertical line at the location of an elliptically
shaped magnetic surface
- ECE superhet
- reflectometry ( in cooperation with CIEMAT, Madrid )
- ECF probes for monitoring the incident and absorbed (iwave power and control of the beam
divergence
- bolometers
- soft X-ray cameras
- charge exchange analyzers ( Leningrad )
- Halpha arrays
- interferometry
- magnetic and electric measurements: Rogowski coils, flux loops, diamagnetic coils
- spectroscopy: crystal spectrometer, VUV grazing incidence spectrometer
- instrumented limiters, Langmuir probes
- targets for deposition of impurities
- CCD cameras, TV monitors
Almost complete information on plasma parameters with temporal and spatial resolution was
available from the beginning of the experiments. Data handling is realized on the basis of local
(IVAX subunits. Relevant data are accumulated by the central VAX 750 computer and transferred
to the computer centre at IPP. Synoptical data analysis relating to the whole data file ( presently
with a content of 2 Mbyte per shot ) is made possible by the IBM system at the computer centre.
Local data of the individual diagnostics can be analyzed on the subunits. These units are also
available for control of diagnostics.
3. FIRST RESULTS OF WENDELSTEIN W 7AS
3.1 MAGNETIC SURFACE MAPPING
The existence of magnetic surfaces and the approach of the magnetic parameters to those of the
design were therefore extensively studied by magnetic surface mapping. Two different methods
were applied. Both methods use a directed electron beam source that can be positioned on an
arbitrary magnetic surface in the poloidal cross-section. Besides the standard technique, which
determines the position of electron transits by the use of a capacitive probe, a faster optical method
was developed in cooperation with IPF Stuttgart / 6 /: To detect the beam transits, a fluorescent rod
is swept across a poloidal cross-section. An image of the spots, where electrons hit the rod, is
taken by a CCD camera and developed by means of an image processor to a picture of one
particular magnetic surface associated with the position of the electron gun. Analysis of the
different measurements of the vacuum field shows excellent agreement with the magnetic
parameters of the design / 7 /, such as rotational transform, shear, position of magnetic axis,
formation of a separatrix at higher transform. No corrections of the magnetic field are needed,
although small errors ( geometry, uncompensated bus bars ) are indicated by the observed
islandization at rational values of the rotational transform: 1/2,1/3, 2/3, 2/5 etc.
3.2 PLASMA EXPERIMENTS

The initial plasma experiments were aimed at exploring the performance of the stellarator and the
accessible range of parameters. In a first approach, the confinement as a function of the parameters
of the magnetic field, making full use of the flexible ECF launching system, was studied. Owing to
the restrictions on the density the maximal achievable ß(0) is close to 0.5%. Up to now data from
3400 shots have been accumulated. Activities were concentrated on investigations of plasmas
generated by ECF applications. Mostly 2 gyrotrons with an incident power of PJSJ < 400 kW and a

typical pulse duration of 0.5 s were used. The microwave beams are launched at the completely
polarized HE^ j mode: At the magnetic field of 1.25 T ( 3100 shots ) the polarization is reversed for
x-mode irradiation, whereas at 2.5T ( 300 shots ) o-mode irradiation is appropriate. Without any
preionization the plasma is generated from a neutral gas filling in the vessel.
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3.3 RESULTS OF THE PLASMA EXPERIMENTS
3.3.1 PARAMETER RANGE FOR ECF AT 70 GHz

At present, plasma experiments in W 7AS were restricted by the limitations of the power available
and the density limits for the application of 70 GHz. Mostly 2 gyrotrons were operated with a
power Pj^ < 400 kW: Irradiating with the second-harmonic extraordinary mode at a main field of
1.25 T, it was possible to maintain plasma in the quasi-steady state with averaged densities
n < 2 10*9 m-3< ncutoff = 3 10^ rn"^ , with electron temperatures Te > 1 keV and ion
temperatures T^ ~ 0.2 keV. The single-path power absorption, as monitored by the ECF probes,
approaches 100% during the stationary phase. The high heating efficiency agrees with results from
ray-tracing calculations on the basis of experimental density and temperature profiles and is
consistent with the transient temperature decay measured by ECE diagnostics after switching off the
incident power. The typical energy replacement time for these discharges is about 5 ms and is
reduced with increasing temperature. Operating at the fundamental mode with a magnetic field of
2.5 T the parameters can be increased to densities n < 4 lO1^ m"^ < ncutoff = 6 lO^m"^,
Te < 2 keV and Tj ~ 0.4 keV. The maximal energy replacement time at high density is evaluated to
be 15 ms with slightly reduced heating efficiencies of 0.9. The data base, especially for the case of
2.5 T, is very small and improvements are expected. Suprathermal electrons, at a small fraction
with energies about 10 times the thermal energies, are only observed at very low densities: n< 10*"
m~3.
3.3.2 CONFIGURATIONAL EFFECTS AND PLASMA CURRENT

Systematic studies of the confinement as a function of the magnetic configuration for the accessible
range of ß < 0.5% at field 1.25 Ta behaviour was found similar to that observed on W 7A:
deterioration of the confinement is associated with the existence of low-order resonant surfaces in
the confinement region. Control of the boundary value of the rotational transform, far from
resonances, and sufficiently low shear are necessary for optimal confinement. During discharges
with long pulse duration, >200 ms, a bootstrap current, strongly dependent on the temperature

profiles and additive to the rotational transform of the vacuum field, becomes stationary at values of
up to 3 kA. Control of the net current for stationary conditions with good confinement was
succesfully applied by two different methods: induced voltages by means of OH transformer and
ECF current drive. Even fine tuning of the current density profiles by local ECF current drive
/ 10 / seems possible and may be necessary for approaching higher ß.
3.3.3 TRANSPORT
BOOTSTRAP CURRENT

The theoretical values of the neoclasical bootstrap current calculated by means of the DKES code
( drift kinetic equation solver by S.P. Hirshman, W.I. Rij ) on the basis of the measured density
and temperature profiles were roughly consistent with the experimental observations in W 7AS.The
modification of the magnetic configuration by the bootstrap current is especially large at the low

field and the high temperature gradients / 10 /. Operation at higher field may be favourable: At
higher field, according to the scaling for the bootstrap current the amplitude will be diminished. In

addition the contribution of the related poloidal field to the transform scales as 1/B.
ELECTRON HEAT CONDUCTION

Some preliminary studies of the electron heat conduction have been discussed. Under conditions of
optimal confinement, which were established at particular values of the rotational transform close to
1/3 and 1/2 by current control, the energy balance was evaluated on the basis of measured density
and temperature profiles. For almost all discharges with different heating powers the experimental
values of the electron heat conductivity were at the radius a/2 in the range of 0.7 to 2 irr/s.

Towards the centre a slight increase is observed, but a strong increase is seen at the boundary.
Especially, at the boundary significant discrepancies in relation to the theoretical predictions of the
DKES code occur / 8 /. Additional losses have to be assumed in the boundary region. A
destruction of the magnetic surfaces, which become rather fragile at Te < 200 eV with localized
power and particle sources, may be responsible.
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PARTICLE BALANCE
Estimates of the particle confinement based on Hajpna measurements and DEGAS code simulations
/ 9 / indicate for some particular discharges consistency with neoclassical predictions for the particle
flux in the plasma gradient region and anomalous fluxes at the plasma edge ( D ~ 1/10 v/ c ).
^/

RADIATION AND IMPURITIES
Both the measured radiative losses as well as the calculated collisional power transfer to the ions are
in the range of less than 40 kW and thus rather small. A first estimate of the impurity content,
based on spectroscopic measurements, soft X-ray data, and bolometric measurements, typically
leads to concentrations of oxygen and carbon of the order of 2-3%. Iron concentrations seem
almost negligible but can increase to 0.03%.
Up to now , in ECF discharges radiation and impurities do not seem to be very important. Control
of impurity sources and impurity transport will be studied during the next phase of experimentation
and may become problematic for full use of the installed power on W 7 AS towards higher densities.

4. AIMS OF THE EXPERIMENT AND FUTURE PROGRAMME
So far only a rather restricted parameter range has been accessible during the first experimental
phase at W 7 AS, mostly at magnetic field 1.25 T.
As preparatory studies for impurity and density control investigations of the boundary and of
energy and particle flux to the wall influenced by the magnetic configuration are started. The
impurity sources and the impurity transport are being studied by means of impurity doping
( gas flow, laser ablation and pellet injection ).
The observed enhanced losses at the plasma boundary need clarification. The role of fluctations and
the effect of ergodization or destruction of the magnetic surfaces with temperatures Te < 200 eV
will be investigated with improved diagnostics: probes, reflectometry, magnetic probe arrays.
After the necessary improvement of the support of particular coils of the magnetic system planned

late summer 1989 operation at magnetic field of 2.5 T will allow to continue ECF experiments in a
wider density range. In future experiments the full use of the heating power will achieve higher
plasma pressure of ß > 1 % to investigate the stability limits of W 7AS.
The aims of the experiments on the Wendelstein W 7AS advanced stellarator are the following:
- to produce "currentless" plasma and optimize the heating for three different heating methods:
ECF 70 GHz ( 140 GHz ), NBI ( tang, injection ), ICF ( minority, second harmonic, Bernstein
waves ).
- to investigate the equilibrium and stability limits of the device as function of the magnetic
parameters and pressure profiles
- to describe local transport and determine the effect of magnetic ripple and trapped particles on
electric fields
- to study impurity sources and transport as functions of-plasma parameters and boundary
conditions ( ergodization and island formation ) for possibilities of impurity and density control in
stationary operation
- to demonstrate the optimization principle and provide a data base for further development of the
advanced stellarator concept.
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Abstract

Initial (1988) operation of the Advanced Toroidal Facility (ATF) showed narrow
pressure profiles and second stability behavior at lower beta than expected and revealed
uncompensated dipoles in the helical winding leads that have since been corrected. Energy

confinement times obtained with neutral beam injection (NBI) and electron cyclotron
heating roughly follow the LHD scaling. However, a plasma collapse is observed with NBI.
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I. INTRODUCTION
The Advanced Toroidal Facility 1 (ATF), shown in Fig. 1, is currently the world's

largest stellarator. The main device and heating parameters are listed in Table I. ATF is
an t = 2 torsatron with constant-pitch helical windings and moderate plasma aspect ratio

(A = RO/Ü = 7.8). The main elements of ATF, shown in Fig. 1, are the two independent
helical field (HF) windings, the three independent sets of poloidal field coils [the inner,
mid-, and outer vertical field (VF) coil sets], the interior vacuum vessel with large side
(0.6

x 0.9 m) and top/bottom (0.5-m diagonal) ports and smaller (0.2-m-diam) inner

ports, and the exterior toroidal structural shell.
ATF occupies a position intermediate between Heliotron E and Wendelstein VII-AS
in rotational transform -c and shear. The nominal ATF magnetic configuration places the

-t — 1/3 resonance near the center and the * — 1 resonance at the edge, and it has a central
vacuum magnetic well extending out to the t — 1/2 surface. A distinguishing feature of
the magnetic configuration is a self-stabilization effect 2 that occurs with increasing beta
at lower aspect ratio; this should allow access to a second stability region with a higher
beta limit and reduced anomalous transport. 3

The three plasma heating systems on ATF are electron cyclotron heating (ECH) for
currentless plasma startup and electron heating, neutral beam injection ( N B I ) for bulk
plasma heating, and ion cyclotron heating (ICH) for development of long-pulse heating.
The main parameters of these systems are given in Table I.

INNER VF COO-S

OUTER VF COt.3

VACUJM VESSB. POflTS

SUPPORT COLUMNS

HFCOIS
DUiONOSTIC AND UTXJTT PENTTRATIONS

Fig. 1.
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An artist's sketch of ATF, showing the main components.

Table I. ATF Parameters

Magnetic Configuration
Poloidal multipolarity, t

2

Standard central transform, -t-(O)

0.3

No. of field periods, M

12

Standard edge transform, -t(a)

1.0

Size

Major radius, R0

2.1 m

Plasma volume, Vp

3.0m 3

Average minor radius, ö

0.27 m

Vacuum vessel volume

10.5 m3

Magnetic Field
Field on axis, BO
Field flattop time

2T
5 s at 2 T

(2.5 s at l T)

Plasma Heating a
Electron cyclotron heating

Neutral beam injection
Ion cyclotron heating

l

0.4 MW, 53 GHz, steady state

(0.2 MW, 53 GHz, 1 s)
3 MW, 40 kV, 0.3 s
(1.4 MW, 30 kV, 0.3 s)
0.3 MW, 5-30 MHz, 30 s
(0.1 MW, 29 MHz, 0.1 s)

Near-term (1989-1990) values; 1988 values in parentheses

The ECH power is coupled to ATF with a 6.35-cm-diam quasi-optical waveguide
operating in the TE 0 j or TE02 mode. A simple open waveguide with a broad radiation
pattern located 1.2 m above the ATF midplane has been used for low-field (top) launch
for the 1988 studies. It has been used for second harmonic heating (Bg = 0.94 T) at the
200-kW level for up to 1-s pulses.
Two neutral beam lines are aimed tangentially 13 cm inside the standard (Rc = 2.1 m)

magnetic axis to minimize beam scrape-off on the vacuum vessel walls. They are aimed
in opposing directions to provide balanced injection. During the 1988 run, each beam line

was used only up to 0.75 MW at 33 kV.
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An uncooled fast-wave ICH antenna has been tested on ATF at the 100-kW level. The
antenna uses the compact resonant double loop design developed at Oak Ridge National
Laboratory with a two-tier Faraday shield and a 15-cm radial motion capability. Antenna

loading experiments in hydrogen plasmas were performed at. 2wcii (28.8 MHz) in the 1988
run with the magnetic axis shifted in by 5 cm. The results showed an exponential decrease
(with an e-folding distance of 5 cm) in the plasma loading with increasing separation
between the plasma boundary and the current strap. The maximum loading was 0.6-0.77
il (1.4—1.8 ri-m^ 1 ) at the minimum separation of ~12 cm. The loading resistance also
increased linearly with density and frequency.

II. SUMMARY OF INITIAL ATF OPERATION
The first ATF operating period in January 1988 was chiefly concerned with machine
and diagnostic commissioning and with currentless plasma production using 200-kW,
53.2-GHz ECH at 0.95 T. This was followed in March and April 1988 by coil alignment
studies and electron-beam mapping of the magnetic surfaces. The coil alignment studies
indicated that the HF windings and the VF coil sets were accurately positioned to within

5 mm.

However, the magnetic surface mapping indicated a chain of islands extending

outward from r ja ~ 0.6 with the largest island (6-cm width) at -c. — -, as shown in Fig. 2.
The field errors were later found to be due to uncompensated dipoles at the current feeds

to the HF windings and the VF coils.4
In the second operating period (May—September 1988), experiments were conducted in

the presence of the uncompensated field errors. The plasma was characterized by narrow
Te(r)

profiles, as shown in Fig. 3, and there were sharp reductions in plasma stored energy

Wp and line-averaged density ne for outward magnetic axis shifts, as shown in Fig. 4. The
narrow profiles could be modeled by assuming that Xi

an<

^ Xe were neoclassical (including

ripple effects) in the plasma interior but that Xe was anomalously large for r/a > 0.5,
an indication that the observed island structure was degrading confinement. Error field
calculations that accurately modeled the amplitude and phase of the magnetic islands also
showed that the extent of these islands grew as the magnetic axis was shifted outside
R0 = 2.1 m. The combination of the decreasing radius of the -t — | surface and the
growth of the magnetic island at f — | led to the best plasma performance being obtained

at RQ — 2.05 m, 5 cm inside the nominal axis position.
Despite the deterioration associated with the chain of magnetic islands for •*• > |, the

global ATF confinement is consistent with the scaling for the Large Helical Device (LHD)
when the nominal full radius (ä — 0.27 m) is used to calculate this scaling value for ATF, as
shown in Fig. 5 (from Ref. 5). The confinement time TE in ATF (indicated by the shaded
areas) also decreases with neutral beam power, in agreement with the LHD scaling. The
uncompensated field errors did not seem to have a major effect on the geometry of the
diverted flux outside the nominal last closed flux surface. Langmuir probe measurements

of the particle flux in the divertor stripe show a narrow (2-crn) peak.
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Fig. 2.

The rotational transform profile in the vertical (Z) direction in the <f> = 0-deg
plane for the standard ATF configuration. Magnetic islands (indicated by the
horizontal lines connecting equal values of the measured *) were created by the
original connections of the HF windings and VF coils to their busbars. These
connections have since been redone.

__0_ _ 0190 (ECH)
0235 (NBI)
- - A - - 0245 (NBI)

1

Fig. 3.

Peaked electron temperature profiles obtained with both ECH and NBI in ATF,
presumably due to the presence of the large magnetic island at -t = | and the
string of islands for -e > |.
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Fig. 5.

Global energy confinement times in ATF and in other stellarators vs a scaling

expression used in the LHD design studies. The shaded areas indicate ATF data
obtained with 0.2-MW ECH, 0.7-MW NBI, and 1.4-MW NBI.

38

An effect of the narrow pressure profiles was that second stability behavior was
obtained 8 at values of ß0 less than half that anticipated for the broader (nominal) profiles.
In effect, the narrow profiles reduced the edge value of * to | and increased the plasma

aspect ratio by a factor ~ 1.6. This led to a larger Shafranov shift of the magnetic axis

(A/ä ~ ß0 A/-c2ed

) and to a greater deepening of the magnetic well than was anticipated.

Experimental evidence for the beta self-stabilization effect on ATF is shown in Fig. 6.
The amplitude of the coherent part of the n = 1 fluctuations in the 8- to 40-kHz range,
observed on Mirnov loops separated by 180 deg toroidally, is shown as a function of beta.
The envelope of the maximum value of the coherent fluctuations first rises with beta and
then starts to fall for (ß) > 0.25%. If beta self-stabilization were not occurring, then

the fluctuation amplitude should continue to increase with beta, especially since the axis
shift moves the plasma closer to the loops at higher beta. The experimental ßo values

obtained (up to 3%) are well above the theoretically predicted transition (ß0 ~ 1.3%) to
the second stability regime for the observed profiles. Time-dependent magnetic fluctuation
data show a beta dependence during a single shot similar to that seen in Fig. 6. The
measured fluctuations are consistent with theoretical predictions for resistive pressuregradient-driven interchange modes.
Additional evidence for beta self-stabilization is obtained from the broadening of the

pressure profile with increasing beta. The beta dependence of the broadness parameter

follows the theoretically expected expansion of the magnetic well region (V" < 0) with
increasing beta. A sequence of MHD stability calculations using pressure profiles that

broaden with beta, as found experimentally, shows that the plasma remains marginally
stable along the path to the second stability regime.
Figure 7 shows some of the best data obtained in the May-September 1988
experimental period. Balanced (co- plus counter-injected) H° neutral beams (1.4 MW
total) were injected tangentially into a hydrogen plasma at B0 — 0.95 T. The magnetic
axis was located at RQ = 2.05 m. Chromium gettering of about one-third of the vacuum

vessel surface was used for this case, resulting in Zeff

between 1.5 and 2. The plasma

parameters at t = 0.265 s (the peak of the plasma stored energy) were ne = 2.5 X 1019

m- 3 ,n e (0) ~ 5 x 1019 m"3, Te(Q) ~ 0.6 keV, T{(0) ~ 0.26 keV, Wp ~ 7 kJ, (ß) ~ 0.5%,
/3(0)

~ 3%, and TE — 5 ms. Higher values for T e (0) (~1 keV at lower density) and for

TE (~15 ms) are obtained in discharges heated only by ECH.
Small net plasma currents are obtained in ATF. The plasma current for the discharge
shown in Fig. 7 was less than 1 kA, but higher plasma currents (up to ~6 kA) can be
obtained with unbalanced tangential NBI. The plasma current during NBI is probably
driven mostly by the neutral beam. The noninductive component of the plasma current

during the ECH period (probably bootstrap current) is larger than 1 kA because it must

overcome a small negative loop voltage (—0.1 V to —0.2 V) due to a transient in the HF
winding current.
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ATF data obtained at £„ = 0.95 T during the 1988 experimental operation.

Various wall cleanup procedures were tried in the 1988 experimental period. Electron
cyclotron resonance (2.45-GHz) discharge cleaning at B0 = 0.88 kG and glow discharge

cleaning alone were not effective.

The ECH plasmas exhibited uncontrollable density

increases, eventually approaching cutoff and 100% radiated power, then collapsing to a
low-density, low-temperature afterglow plasma. However, within two weeks after a major
vacuum opening, simultaneous glow discharge cleaning and baking of the vacuum vessel

and its major extensions to temperatures between 70°C and 140°C allowed essentially
steady-state (1-s) ECH plasma operation. Both spectroscopy and visible bremsstrahlung
emission indicated that Zeff
operation.
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was in the range from 1.5 to 2 during both ECH and NBI

However, NBI-heated plasmas continue to show the collapse phenomena noted in early
ECH discharges. In the typical NBI-heated discharge shown in Fig. 8, the plasma stored

energy rises rapidly after the start of the neutral beam pulse but then falls, followed later
by a rapid decrease in the plasma density. This collapse can be simulated by modeling
with the PROCTR code for narrow T e (r) profiles under the assumption that Xe and Xi are
neoclassical in the center but that, x e is anomalously large outside r ja ~ 0.5. The narrow
Te(r)

profile allows low ionization stages to penetrate the outer plasma region, resulting in

a large radiating volume. The results of the PROCTR code indicate that the combination
of the narrow Te(r) profile and the observed factor of two rise in the impurity influx

during NBI is theoretically sufficient to initiate the thermal collapse, but this point has
not been conclusively demonstrated by experiments. Spectroscopic measurements suggest

that impurity radiation may drive the collapse, but the development of strong poloidal

asymmetries in the emission is an important feature. The stored energy peaks ~60 ms
after injection begins, when Ze// ~ 2 and Prad/ Paba — 0.37. The electron density continues
to rise because of fueling from the neutral beams and the influx of cold gas from the beam
lines. The edge radiation rises and the electron temperature falls as the density rises.

When Te falls below ~100 eV, the plasma becomes radiatively unstable and Prad/Pabs
rises to ~100% while the density collapses.
During the October-December 1988 period, the VF coil connections were modified
and compensating current loops were installed in the HF coil system to correct the earlier

field errors. The magnetic surfaces were mapped again with the electron-beam probe. The
magnitude of the -t = | island dropped from ~6 cm to ~1 cm at BQ ~ l T and scaled

15

100

Fig. 8.

200
TIME (ms)

300

400

Collapse of density (central line integral) and stored energy during an NBI-heated
discharge in ATF.
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inversely with the square root of the helical field strength. This indicated that the small
residual field error causing the present * ~ \ island arises from a constant resonant stray
field component (~0.1 G, smaller than the ambient magnetic field) and not from inaccurate
coil alignment or uncompensated dipoles in the bus work. The islands outside the f — |
surface also decreased in size, but those inside * — \ increased. All observed islands now
decrease with increasing J9, indicating that the bulk of the field perturbation responsible
for the islands is not inherent in the magnetic field coils, except for the island at -e = |,

which is independent of B. The -c — | island should not have a significant effect because
it is in the plasma interior and can be avoided by raising -fr(O) above |.

Preliminary operation (March 1989) after repair of the field error indicates that the
T e (r) profiles are broader under some conditions, as shown in Fig. 9, and that a broader
range of vacuum axis shifts (toward the outside) is available, as shown in Fig. 4. Longpulse ECH operation has been recovered with chromium gettering. The stored energy
in NBI-heated plasmas now remains high for a longer time before the eventual collapse
occurs, but much more work needs to be done in learning to operate ATF in the most

effective manner.

800

0.2

Fig. 9.

0.4
0.6
RADIUS, p

0.8

1.0

Electron temperature profiles from Thomson scattering before (1.4-MW balanced

NBI, dashed curve and square points) and after (0.65-MW unbalanced NBI, solid
curve and round points) the field error correction.
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III. NEAR-TERM STUDIES
A number of additions are planned for ATF through 1990. Operation at 2 T is planned
for May 1989. This is expected to improve performance because of the B dependence of
TE, the higher efficiency of ECH at the electron cyclotron fundamental resonance, and the
reduced beta (and effects associated with it). An 8-shot pellet injector is being installed
in April 1989 to allow central fueling and peaking of the density profile. An additional

200-kW, 53.2-GHz gyrotron will be added (doubling the ECH power to 400 kW), and the
ICH power will be increased from 100 kW to 300 kW. The mid-VF coil power supply will

be connected, allowing control of the plasma ellipticity and the value of -t(O). A number
of diagnostics will be added (15-channel FIR interferometer, 2-D scanning neutral particle
analyzer, 200-kV heavy ion beam probe, etc.), and more getters will be added to cover
~60% of the vacuum vessel wall (vs ~30% at present). The emphasis of the physics studies

on ATF during 1989 will be on better understanding of confinement through correlation

of fluctuations with local transport coefficients and comparison with theory.
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Abstract

Results of the recent experiments in Heliotron E are reported. Magnetic
configuration studies indicate that the best operation depends on both MHÜ
activity and trapped-particle confinement. Plasma-wall interaction studies
show that hydrogen recycling can be reduced but iron impurities are still of
the same order as with an all-metal wall.

I. Introduction

Because of the interest in (i) the improvement of plasma confinement and (ii) the understanding of helical-divertor concept, the Heliotron E experiments in FY1988 placed main
emphasis on the magnetic configuration studies and the divertor plasma measurements [1].
The application of the auxiliary vertical field can present a good opportunity for magnetic
configuration studies by shifting the magnetic axis outward or inward in the major-radius
direction with accompanied changes of configuration parameters (mean plasma radius,
rotational transform, shear, well/hill, etc.). In addition, in this case, charged-particle dynamics becomes a key factor for transport with special regard to the loss-cone minimization
[2]. The main research objectives were to find out how the magnetic field configuration
influences the transport and MHD activity and, as a result, to clarify the roles of configuration parameters in the plasma energy confinement. The fundamental characteristics of
the divertor plasma in the throat-baffle installed section (~ 1/5 toroidal zone) were measured from the viewpoint of "helical divertor action" and compared with those in the other
toroidal section without baffles. For Heliotron E plasmas, it seems to be obvious that the
edge plasma parameters, both inside and outside the separatrix (or separatrix layer), must
play a decisive role as the "boundary condition" for the whole behavior of plasma confinement. The interaction of the edge plasma with the walls (especially on the divertor traces)
provides important problems associated with impurity release and particle recycling. In
this connection, carbon tiles were attached to the divertor section (~ 1/5 of the whole
vacuum chamber area) and the basic performance of ECU and/or NBI plasma was studied.
' Department of Nuclear Engineering, Hokkaido University, Sapporo, Japan.
Department of Applied Physics, Hiroshima University, Hiroshima, Japan,
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II. Configuration control experiments
The characteristics of the global energy confinement time for the Heliotron E plasmas
during ECH, NBI, and/or ICRF heretofore have been studied especially as a function of
such parameters as density, heating power, and magnetic field. The application of the
auxiliary vertical field to those plasmas allows us to experimentally study the effects of
configuration variation on plasma confinement. The experiments [3] showed t h a t the best
confinement region with regard to the applied vertical field exists in the low collisionality,
low-/? regime and that, for both ECH and NBI plasmas, this region is situated at the
almost similar magnetic-axis shift position. An example is shown in Fig.l. Compared
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with the confinement characteristics of the standard configuration (A v = 0), the central
ion and electron temperatures and the global energy confinement time (accompanied with
the electron temperature decay time) were observed to increase by around 20 % at this
best position, i.e., at the inward-shift distance (A„) of -4 < Av < -2 (cm). The shift positions of Av > 2 (cm) or A„ < -5 (cm) caused a rapid deterioration of confinement, thus
prohibiting the stationary plasma production during NBI. It is not yet clear which factor
among the varying configuration properties dominates this improvement and degradation. The characteristic change of confinement seems to be larger than the a2 dependence,
where a p is the mean plasma radius. Theoretically, the inward-shift permits the helical
field ripple to be localized at the inner side of the torus (a-optimization) and, furthermore,
a deeply-trapped particle trajectory to be kept inside the confinement area by minimizing the trajectory departure from the magnetic flux surface (Bmm-contours optimization).
Experimentally, there seems to be a good confinement window as to the varied shift position and the optimal shift position is consistent with the predicted minimum-loss-cone
configuration (and the neoclassical cr-optimization scenario) while the shear stabilization
to microstabilities are still candidates for possible interpretations.
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MHD activities analysis presents another aspect of confinement behavior and theoretical prospect for the stabilization of MHD instabilities by controlling the magnetic configuration provides a special interest in high-pressure-regime operation. In the standard
configuration, the sawtooth relaxation associated with the pressure-driven instabilities at
the rational surfaces of *=1 and i=2/3 was observed so far only in a low-field (B=0.94
T), high-/? NBI regime with the peaked pressure profiles at central beta values above 2
% (S mode). The configuration change by the auxiliary vertical field was found to cause
new MHD instabilities that had not been observed before, as shown in Fig.2, under the
conditions where the magnetic axis shift is A„ = —2 (cm), the field strength is 1.9 T,
and the plasma /?-value is at most 0.7 % at the centre. These instabilities are speculated
to be (m,n) = (2,1) from (i) the finding that the SX inversion tangency radius is considerably smaller than the * = 1 surface (r/a ~ 0.7) and (ii) the theoretical prediction
that the inward shift in this case causes an appearance of the t — 1/2 rational surface
near the plasma centre accompanied with the "hill" configuration. The behavior of theses
MHD instabilities varies with increasing beta by using hydrogen-pellet injection. Pellet
injection raises the central beta value (ß0 < 3 %) and, as a result, the inversion tangency
radius of SX signals during both the precursor and the sawtooth phases shifts discretely
from the inner radius to the outer radius of the plasma. Since the sawteeth, presumed to
be connected with the * = 1/2 rational surface, was not observed in the large-size-pellet
regime, this phenomenon can be interpreted as being due to the stabilization by the magnetic well generated by a Shafranov shift. On the other hand, the outward shift of the
magnetic axis causes an expansion of the vacuum magnetic-well region from the plasma
central region. A clear correlation was observed between the expanded well region and the
disappeared instabilities, affording another experimental support for "well-stabilization "
scenario. As for these MHD activities, the comparison between the experimental results
and the theoretical predictions is very interesting. The numerical calculation [4] suggests that the new MHD instabilities due to the hill configuration in the inward sift case
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(good-confinement regime) are brought about through the resistive modes rather than
the ideal modes. The identification of the exact unstable range of a mode by separating
the unstable regions of the i n d i v i d u a l modes or to find out a stability w i n d o w in /?-value

remains as a future work and this will be essential for obtaining the reliable experimental
evidence of/? self-stabilization in Heliotron E. It also should be noted that to find out the
compatibility condition between transport and stability in the high-/? regime is the key

issue to be settled in the future work, for example, by applying the additional toroidal field.

III. Divertor Plasma Measurements
Power balance, confinement, and stability properties are considered to be strongly influenced by the structure of the cooler plasma layers at the edge of the hot plasma column.
The edge plasma has to carry off the power released inside the plasma to the divertor region, at least that part of the total power input which is not radiated away. Additionally,
all the charged particles leaving the main plasma should be delivered through the edge
plasma which determines the recycling conditions necessary to sustain a stationary particle balance. To enhance the ionization of recycling neutrals, the throat-baffle plates were
installed in the torus within the 4 helical pitches. The properties of the divertor plasma in
the throat-baffle installed section were measured with the calorimeters/Langmuir-probes
arrays and compared with those in the other toroidal section w i t h o u t baffles. The divertor
plasma parameters such as density n e ( j and t e m p e r a t u r e T ff< j ( w h e n n e =3 x 1013 cm" 3 , n e j

~ 5 x 10 n cm~ 3 and T e j ~ 20 eV) showed no clear deviation with or without bailles possibly due to the short baffle-installed toroidal zone and the short connection length from
the throat to the walls (L^ ~ 0.5 - 1 [rn] ). However, the H a emission intensity in the baffle
section was generally observed to be greater t h a n that in the other section. The details of

the experimental data and some comparisons between the experiment and the computer
simulation for the divertor behavior in Heliotron E are discussed in the companion paper
[5]. In relation to the configuration control experiments, it was found that the particle

and power fluxes in the divertor layer were affected by the applied auxiliary vertical field,
providing a change of the in-out ratio of those fluxes as shown in Fig.3 for NBI plasmas
of nc ~ 3 x 1013 cm- 3 , P,-nj- ~ 2 MW, and B = 1.9 T. The perpendicular neutral beam
injection was also observed to cause a high heat-flux flow on the inboad walls of the torus,
which may be interpreted in terms of the orbit loss of the injected high-energy trapped
particles.
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Fig.3 In-out ratio of the heat-and particle fluxes as a
function of magnetic-axis shift.
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IV. Plasma-wall Interaction
In Heliotron E, "carbonization" of the torus interior was successful for achieving stationary high-beta plasma production with reducing high-z impurities such as iron. However, the control of hydrogen recycling was a difficult problem in this case, thus restricting
the density operation range in medium-and high-density regime. For the purpose of reducing the hydrogen recycling and identifying the source of irons at metal-wall circumstances,
the graphite tiles were attached to the divertor section (7.5 m 2 , around 75 % of the total
divertor section) and the basic plasma properties were studied with special reference to
the edge-plasma behavior. The experiment showed that the hydrogen recycling can be reduced below unity only under low-power NBI conditions with the help of h e l i u m discharge
cleaning and that the iron impurity contamination is still of the same order of that in the
metal-wall cases. In order to clear up the causes of these results, the surface composition
of the attached carbon tiles selected toroidally was analyzed by the AES (Auger electron
spectroscopic system) [6]. The analysis result indicates that the heavy contamination of
irons on the carbon tiles (besides the divertor traces) is restricted only in the neighborhood
of the helium-discharge-cleaning electrode (~ 1/3 toroidal zone). A possible explanation
is the importance of the iron sputtering by the charge-exchange neutrals. It is suggested
that, while reducing the charge-exchange neutrals, much wider area of the vacuum chamber wall must be covered by the carbon material to effectively reduce the iron impurities.
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OVERVIEW OF CHS EXPERIMENT
K. MATSUOKA and the CHS GROUP 1
Institute of Plasma Physics,
Nagoya University,
Nagoya, Japan
Abstract

The experiment on confinement and production of a currentless
plasma with the low aspect ratio has been started since June 1988. The
accuracy of the machine has been confirmed by the measurement of
magnetic surfaces using a fluorescent mesh and an electron beam; clean
magnetic surfaces are experimentally observed up to 95% of the
calculated outermost one, and widths of observed m/n=2/l islands are
proportional to Bf°-5 for the range of magnetic field strength
investigated: 400G<Bj<2.4kG.
Typical parameters of ECR heated plasmas by use of 28GHz gyrotron
are: Te(0)=300~900 eV and ne=2~6xl012cnf3. Electron energy decay times
after the ECH turn-off range from 1 to 6ms, depending on the temperature
and density. Hollow density profiles observed in the ECR plasma suggest
an important role of the drift motion of perpendicularly high energy
electrons in particle and energy transports. Dependences of plasma
parameters on the magnetic axis position have been investigated for
three typical positions; parameters are improved as the axis shifts
inward. This phenomenon could partly be interpreted by the improved
omnigeneity of the magnetic configuration.
ICRF experiments, using Nagoya type-Ill antenna (7.5~13MHz, ion
Bernstein wave and/or slow wave) and poloidal antenna (40MHz, whistler
wave), have been made in order to produce a target plasma for neutral
injection. Hydrogen plasmas with parameters of ne(0)=5~6xl012cm~3 and
Te(0)=200~300eV are produced with the type-III antenna at the specific
magnetic field strength: 0.6T and 1.1T for 7.5 and 13MHz, respectively.
The ion temperature is 200~300eV at 0.5T<Bt<l .5T.

1.

Introduction

Compact Helical System(CHS), which is an 1=2 torsatron type device,
has been in operation since the end of June 1988. Its objectives are to
study particle and energy transports, MHD characteristics and edge
phenomena of currentless plasmas of aspect ratio (Ap) as low as 5 [1],
which is smaller than those of Heliotron-E(Ap=l 1 ), ATF(7) and
WVII-AS(IO). Major parameters are the followings: R/ap=lm/0.2m, m=8,
Bt=1.5T, «e(0)/«(ap)~0.3/l .0. For ECH and ICRF experiments,
28GHz,200k¥,75ms gyrotron, and 7.5~13MHz,800kW,30ms and
40MHz,1.5MW,100ms ICRF power source have been prepared, respectively.
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In the near future (June 1989), 53.2GHz,200kW,100ms gyrotron and
40kV,l.2MW(port-through),Is NI will be operational, which will extend
the plasma parameter range and enable further investigation of transport
phenomena in the low Ap configuration.
2.

Magnetic Surface Measurement

Careful attention has been paid to the design and construction of
CHS[2,3], because the fragility of the magnetic surface gets serious as
the aspect ratio decreases. Magnetic surface measurements to verify the
designed magnetic surface have been done using a fluorescent mesh and an
electron beam, in the range of the magnetic field strength from 400G to
2.4kG[4j.
Closed magnetic surfaces have been successfully confirmed up to 95%
of the expected outermost surface. However, magnetic islands have been
observed at the major rational surfaces(^=l/3,1/2,2/3). The dependence
of the m/n=2/l island width W on the field strength is shown with solid
circles in Fig.l, where the island full width scales roughly with W œ
B(~°'5 indicating that the main cause of the observed island is not
intrinsic to the machine itself. Field tracing calculations of the
island width which take account of the ambient field in the experimental
building, i.e. the horizontal component of 0.9G from south to north,
are shown with open circles in the figure. Both results agree fairly
well. The island width in the ECH experiment at Bt~lT is estimated to
be below 5mm from the figure.
3. ECH Experiment

The TEoi mode with mixed 0- and X-waves is injected via a circular
waveguide. We adopted the high-field side launching, expecting the high
density operation due to the X-mode. The power through the port is up
to 120kW. Performances of initial ECR heated plasmas were improved with
wall conditionings: vacuum vessel baking at 100°C, and 2.45GHz ECR and
helium glow discharge cleanings.
The parameter range of ECR plasmas is shown in Fig.2j plasmas with
Te(0) of several hundreds eV and ne(0) of several x 10 cm~3 are
produced. The ion temperature is SlOOeV. The electron density profile
is hollow with the on-axis heating, while a centrally peaked electron
temperature profile is obtained; the electron pressure has a peaked
profile. When the off-axis heating is applied, a small dip at the
resonance position is observed in the density profile and the electron
temperature shows less peaked profile compared with that at the on-axis
heating; the pressure profile shows a small hump at the center rather
than the flattened profile expected from the power deposition. This may
be due to the drift-orbit-originated inward flow of perpendicularly high
energy electrons.
The decay time of the electron energy has been measured after the
turn-off of ECH power with about 10ms duration. This is to avoid an
impurity contamination at relatively early operation periods [5], which
leads to a plasma collapse. The time ranges from 1 to 6 msec depending
on the plasma parameter [6]. Using the simplified neoclassical
transport code which incorporates Kovrizhnykh's theory, we estimate the
electron confinement time of ECR plasmas. The decay time is within the
factor l/2~l/3 of the estimated value. Further informations on the
power deposition and radiation loss profiles are necessary to discuss
the space resolved transport; those are under way and/or preparation.
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Experiments on magnetic axis shift have been done to investigate
the effect of the omnigenous magnetic surface on plasma parameters:
Raris=94.9cm, 97.4cm, 101.6cm [7,8]. In CHS, the omnigeneity improves as
the magnetic axis shifts inward under the present experimental
conditions; the central electron temperature and the stored energy from
a diamagnetic loop increase as inward shift.
Toroidal and poloidal profiles of hydrogen and light impurities are
measured with a space resolved visible spectrograph system [9]. Effects
of the limiter on the local recycling have been studied. Informations
on a radial electric field are expected to be obtained from this
measurement.
4.

ICRF Plasma Production

Plasma production experiments, using Nagoya type-Ill antenna
(7.5~13MHz, movable radially) and poloidal antenna (a pair of quarter
turn, 40MHz, fixed), have been made to obtain a target plasma for the
neutral beam injection [10]. Each antenna has a Faraday shield. The
electron density produced is shown in Fig.3 as a function of the
magnetic field Bt.
The production mechanism with the type-Ill antenna could be the
electron Landau damping of ion Bernstein wave and/or the Alfven
resonance of slow wave from the Bf dependence. Extended efforts are
necessary to improve the plasma parameters, on wall conditionings with
titanium gettering, a precise control of gas puff (timing and duration),
and adjustment of the distance between the outermost magnetic surface
and the movable antenna. The electron temperature at the center reaches
200~300eV when the magnetic field strength is 0.6T and 1.1T for the two
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Fig.3. Electron density

produced with ICRF as a
function of the magnetic
field strength. Data are
shown for two types of
antenna. Plasma production
with the type-III antenna
is shown for two kinds of
frequency.
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cases of the frequency studied: 7.5MHz and 13MHz, respectively. The
average electron density is 5~6 x 10'2cnT3. The ion temperature
measured tangentially with a TOF neutral particle analyzer is
200~300eV. The electron temperature and electron density from Thomson
scattering show rather flattened profiles than peaked ones. The plasma
production at a higher magnetic field will be tried at a higher
frequency.
The plasma production with the poloidal antenna is ascribed to the
whistler wave(co/u)c,;SlO). The electron temperature (SlOeV) and electron
density (2~3xlOI2cm~3) are still low. Simplified estimate based on the
toroidal eigen-mode indicates that a higher frequency than 40MHz is
necessary for higher densities; such an operation is now under
planning.
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OVERVIEW OF THE TORSATRON/STELLARATOR
LABORATORY PROGRAM AT THE UNIVERSITY OF
WISCONSIN - MADISON

J.L. SHOHET
Torsatron/Stellarator Laboratory,
University of Wisconsin - Madison,
Madison, Wisconsin,
United States of America
Abstract

The paper reviews the experimental programme on stellarator physics
provided by the Torsatron/Stellarator Laboratory, and presents the history,
state-of-the-art and the plans and prospects for the programme.

Introduction
Since its inception in 1974, the Torsatron/Stellarator Laboratory (TSL) has utilized
modest-sized stellarator-type devices (the Proto-Cleo Stellarator, the Proto-Cleo
Torsatron, and the IMS modular stellarator) to experimentally investigate basic physics
issues related to toroidal confinement. Experimental studies have been augmented and
focussed by research into new device concepts, theory and numerical modelling. The
program has been guided by the need to understand transport and RF heating in toroidal
systems and has been characterized by innovative and useful physics and engineering
results.

Initial studies on the Proto-Cleo Torsatron identified the presence of rippling modes
and drift waves. The latter have been correlated to transport. Experiments in the ProtoCleo Stellarator demonstrated the effectiveness of ICRF, Alfvén wave, and alternating
current inductive heating. Pfirsch-Schlüter and bootstrap current distributions have been
measured in the Proto-Cleo Stellarator in good agreement with neoclassical theory. The
role of electron cyclotron heating on plasma electric fields and convective transport in
profile formation has been shown on the IMS device and is under continued
investigation. The inherent divertor stucture in IMS has been utilized to investigate
relationships between divertors and the scrape-off-layer. This has become increasingly
important because of the need to understand diverted discharges and edge physics in
toroidal systems. Control of diverted fluxes through the use of externally applied
potentials and magnetic fields has been demonstrated and successfully modeled through
E x B drifts induced in the scrape-off-layer.
The devices used in the Torsatron/Stellarator Laboratory permit detailed physics
studies without prohibitively expensive diagnostic systems. The program allows the
flexibility to pursue programatic needs as well as higher-risk investigations in an
expedient and cost-effective manner. Maintaining relevance to the overall program has
been guided by collaboration with major programs and active participation in defining
important current issues. As an example, the use of optically-thin third harmonic ECE as
an electron temperature diagnostic was developed in an exchange visit by a TSL staff
member to Heliotron E and is routinely utilized on both Heliotron E and ATF. The
recognition of potential reactor difficulties with helical coil systems from joint reactor
studies led to the development of the IMS modular stellarator concept and its subsequent
construction and operation. This was the first device of its kind. Field mapping
techniques and experience gained from IMS formed a basis for an in-depth collaboration
with ORNL in the mapping of magnetic surfaces in ATF. The laboratory program has
resulted in 15 Ph.D.'s employed throughout the fusion community.
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History and Results
The Torsatron/Stellarator Laboratory at the University of Wisconsin-Madison was
formed in 1974 with the acquisition of the Proto-Cleo Stellarator and Proto-Cleo
Torsatron from the Culham Laboratory in the United Kingdom with funding provided by
the National Science Foundation. These devices operate at 3 kG and each has a major
radius of 40 centimeters and an effective plasma radius of 4.5 and 5 centimeters
respectively. At that time, they were the only US stellarators in a world-wide field of 23
such devices.
Initial experiments on the Proto-Cleo Stellarator examined both transit-time magnetic
pumping (TTMP) and Alfvén wave heating. Some plasma heating coupled with increased
plasma loss was observed with the TTMP. Global excitation of Alfvén waves resulted in
a doubling of both the electron and ion temperatures. Evidence of the existence of
Alfvén-wave resonant surfaces was observed.
Work on the Proto-Cleo Torsatron measured low-frequency fluctuations in the range
of 100 kHz < f < 500 kHz in Ohmic discharges. It was found that broad-band density
fluctuations existed that were consistent with drift wave turbulence theory. The power
density spectrum dependence on frequency was approximately f-2-5. The density
fluctuation level peaked where the density gradient was maximal. The variation of
frequency with perpendicular wavenumber was in agreement with the calculated value of
the electron diamagnetic drift velocity both in magnitude and direction. The parallel
wavenumbers were coupled proportionally to the shear. Diffusion coefficient estimates
agreed with fluctuation induced diffusion. Subsequent investigations in the frequency
range below 100 kHz showed evidence of coherent mode structures whose helicity
matched the vacuum field. Density fluctuations of-15% were found to peak between 2025 kHz. The poloidal mode number was found to vary linearly from m=4 at 25 kHz to
m=16 at 100 kHz. The density fluctuations were coherent with plasma current
fluctuations, Hb emission, and x-ray flux. Mirnov loop signals were always in phase
and corresponded to a simple plasma current fluctuation DI/I ~ 10~3. It was concluded
that rippling modes driven by gradients in the resistivity were the most likely candidate to
explain the fluctuations.
To address the lack of information on transport issues in stellarators, Monté-Carlo
codes were applied at MIT, Wisconsin, PPPL and Garching to develop an understanding
of low-collisionality transport and the effectiveness of neutral beam injection in
stellarators and torsatrons. The results on low-collisionality transport were encouraging
showing modest "super-banana plateaus", especially with the inclusion of effects of
radial electric fields.

Experimental activities on the Proto-Cleo Stellarator looked at the performance of
gun-produced plasma injection with respect to angle to the magnetic field. The results
showed a significant improvement in confinement with tangential plasma injection as
compared to the "standard" method of cross-field injection. Particle confinement times
improved a factor of 2, from 2 ms to 4 ms. Two-dimensional probe measurements of
potential contours showed a factor of four increase in the variation of potentials on
magnetic surfaces with perpendicular injection and evidence of cell structures. Ion
cyclotron heating experiments showed heating of both the electrons and ions, with
maximum temperatures of 150 eV for the ions and 15 eV for the electrons. Electron
temperature profiles showed electron heating at the ion cyclotron resonance zone. Both
the electron and ion temperature scaled as the square root of the coupled power, and the
heating per particle was observed to be independent of density (over the range 1010 cnr3
< n < 1013 cm-3 ).
Difficulties envisaged with superconducting joints, anticipated in a Stellarator reactor,
prompted TSL to take a close look at modular coils for producing stellarator-type fields.
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A method of representing modular coils as a natural consequence of a helical-type system
was developed by the TSL ( the "ultimate" stellarator ) based upon the twisted-coil
concept of Rehker and Wobig at Garching. This work, coupled with the attractive
reactor applicability of modular coils and the need to test the concept on a modest scale,
led to the Interchangeable Module Stellarator (IMS) device.
During the design of IMS, experimental studies on the Proto-Cleo Torsatron looked
at the locations of diverted particle flux, as the need for particle control in any toroidal
reactor configuration was becoming apparent. It was observed that the particle flux
peaked near the apices of the trefoil shaped separatrix, and was in good agreement with a
field-line edge-region model developed. This model was applied to IMS with excellent
results. The measurements showed a peaking in flux to the outboard side of the
device, as has been observed in other stellarator devices. A runaway instability was
also identified in the Proto-Cleo Torsatron and was responsible for the expulsion of Id20% of the current as well as bursts of microwave and x-ray emission every millisecond.
The runaway electrons were found to be localized near the elliptic axis in the upper lobe
on an internal separatrix, with the runaway current magnitude in rough agreement with
theoretical predictions. Temperature fluctuations of 50% were observed owing to the
runaway instability, and a simple calculation of the thermal conductivity was made based
upon the propagation of heat pulses.
An experimental investigation of the radial distribution of Pfirsch-Schlüter and
bootstrap currents was conducted in the Proto-Cleo Stellarator during this time. The
magnitudes, profiles, and directions of the measured currents were consistent with
predictions from neoclassical theory. Local currents were measured using small paddle
probes and miniature Rogowski coils, with the total plasma current monitored by a
conventional Rogowski coil. The measured directed currents were approximately four
times smaller than the thermal currents. High-frequency inductive heating was also
investigated in the "base" configuration and in a "double-star" configuration with an
externally induced internal separatrix. It was shown that power can be effectively
coupled to the plasma by a mechanism, described generally as modulation of the
geometry of the magnetic surfaces, which circumvents the limitations of the classical skin
effect. It was found that the plasma current amplitude was proportional to the amplitude
of the local flux changes and to (w/V^, where V^ is the (poloidal) Alfvén speed. In the
"base" configuration the current exhibits a characteristic reversal on opposite sides of the
magnetic axis. In the "double-star" configuration the current distribution was more
uniform due to reconnection of the magnetic flux.

IMS was designed and built entirely at the University of Wisconsin and has the same
major and minor plasma radius as the Proto-Cleo Stellarator. The efficient production of
magnetic field allows IMS to run at twice the field of the Proto-Cleo devices using the
same power supply. As the first modular stellarator built, and the first stellarator built in
the United States since the Model C at Princeton, a very complete study of construction
field errors was undertaken to ensure good magnetic surfaces in the physical device.
Results showed that positioning errors of the coils was more critical that symmetic errors
in the coil themselves, and that the current feeds were the most crucial design point. Care
was taken in the design to minimize the feed errors, errors resulting from turn-to-turn
commutation of coil current, and to require the residual errors to be symmetric with
repect to the periodicity of the device. The resulting coil design was fabricated using
electrical discharge machining of the coils from toroidal forms. The tooling for the coils
won the Grand Prize for Excellence in Design of Design News magazine. Together with
Wisconsin's Fusion Technology Institute, the Torsatron/Stellarator Laboratory developed
the UWTOR-M modular stellarator reactor design which drew significantly from the IMS

design experience.

The first measurements made on the EMS device were to ascertain the actual magnetic
structure using electron beam mapping techniques. The results showed a rotational
transform profile in agreement with numerical predictions to within experimental
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accuracies. The detected locations of the electron beam were in excellent agreement with
calculations from a guiding-center code provided that distributed current filaments were
used to model the magnetic field production. Particle flux was seen to emerge from the
confinement region through the divertor bundles predicted by field-line calculations.
Negligible particle flux was observed outside of these regions.

The IMS experimental program has concentrated on transport and divertor issues.
Plasmas have been routinely produced in IMS using electron-cyclotron breakdown. The
breakdown has been studied by examining the time delay between the beginning of the
ECH pulse and the production of a measurable density as a function of puff pressure,
magnetic field strength, and RF power. The confinement time of the ionizing electrons
was found to scale inversely proportional to the square root of the applied power. It has
been shown that when the resonance layer coincides with a saddlepoint in the magnetic
field strength, the ionization rate during the breakdown phase is a maximum in agreement
with a stochastic heating model. Under this condition, the electron-cyclotron emission
during the discharge was an order of magnitude greater than when the resonance
coincides with the magnetic axis. Application of approximately 100 W of power in the
ion-cyclotron range of frequencies, in conjunction with the ECH, was shown to improve
the confinement time of the ionizing electrons by 70%.
Electric fields have been observed to play an important role in profile formation in
IMS with electron-cyclotron-resonance produced plasmas. Density profiles vary from
almost flat to very hollow ( 10 to 1 peak-to-central density ratio ) as the location of the
electron cyclotron resonance layer is moved from the inboard to the outboard side of the
torus. Two-dimensional measurements of the space potential obtained using emissive
probe techniques show that the density profile is fairly flat when the equipotential
surfaces correspond well with the vacuum magnetic surfaces. In the hollow discharges, a
large potential island appears on the outboard side of the torus, resulting in poloidal
electric fields on the magnetic surfaces. The inclusion of a radially outward convection
term in the particle balance equation can reasonably model these hollow profiles. This
convection appears to be driven by the poloidal electric fields induced by the ECRH, with
the required convection velocities bracketed by the average and local values of the E x B
drift velocities on the magnetic surfaces.
Correlation of increased electron cyclotron emission and increased potentials with
increasingly hollow profiles suggests that non-thermal electrons may be responsible for
the poloidal electric field. The confinement time during the ECRH is determined by
measuring the particle flux into the divertor regions. The results show that the
confinement time of the flat-profile discharges is a factor of two greater than for the
hollow-profile discharges, in good agreement with confinement time ratios determined
from the equilibrium profile-shape analysis.The IMS Thomson scattering system became
operational with useful data from plasma densities of 4-8 x 10^ ^ cm~3. Correlations with

probe data showed a warm electron component whose location coincided with resonance
locations. The density and temperature of the warm electron component were in good
agreement with a Monté-Carlo model.
The IMS coil topology naturally produces a set of 63 modular 'bundle' divertors.
These divertor bundles have been modelled by tracing magnetic field lines from just
outside the last closed magnetic surface to their intersections with a reference torus with
a minor radius equal to the coil minor radius. Probe measurements show good correlation
with the predicted and experimental diverted flux locations. Ion-acoustic wave
propagation experiments and computer modelling show that each divertor bundle
connects to a specific region, basically a toroidal 'strip1, around the last closed magnetic
surface which we call the 'origin' of that diverted bundle.
Experiments have shown the ability to alter diverted flux patterns through the use of
externally applied vertical magnetic fields. While external fields will be used in large
devices for MHD control and other uses, these results show that these fields need to be
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considered when designing particle control/collection schemes for these devices. Electric
fields have also been shown to provide a mechanism for redistribution of diverted flux in
the IMS divertors. Application of bias potentials, of two to three times the electron
temperature, to groups of divertor bundles can reduce particle flux by up to 90% to other
divertor bundles. As potentials are applied to a given divertor bundle, the potential in the
origin (associated with that bundle) increases with the other origin potentials remaining
unchanged. The potential in the biased origin saturates at about the electron temperature.
The potential difference between adjacent origins sets up electric fields in the scrape-off
layer plasma. An E x B drift model qualitatively explains experimentally observed effects
with biasing over a large range of configurations. Reversal of the magnetic field direction
results in a reversal of the redistribution effects, consistent with this model. Further
confirmation is provided by scaling of the biasing results to higher-field ( 5.8 kG
compared to 2.6 kG ) operation. In this case, the ratio of ExB drift velocity to diverted
plasma flow velocity predicts 2/3 of the flow change seen in low field operation. This
prediction has been verified within experimental accuracy. Combining the local effects of
divertor biasing with global changes which can result from small externally applied
vertical magnetic fields allows some tailoring of the diverted particle flux pattern.

The Torsatron/Stellarator Laboratory is continuing to emphasize studies of transport
and divertors, especially under ECH, in its experimental program. Configuration studies,
with collaboration efforts, are aimed at identification of potential new and innovative
concepts which could improve the reactor relevance of toroidal confinement.
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Abstract

Neutral gas transport simulations with the 3D DEGAS code were applied
to model plasmas before the W VII-AS operation was started. For a source of
neutrals due to limiter recycling the calculated neutral density
distribution is strongly affected by the asymmetries of the magnetic flux
surfaces, limiter and wall structures. For a typical ECF heated deuterium
discharge from the first months of W VII-AS operation the time histories of
Ha signals at five toroidal positions provide informations about the
neutral fluxes due to limiter and wall recycling and to gas puffing. The
Ha signals are used to scale the calculated 3D distributions of the
neutrals and the radial profiles of the ion sources as obtained from the
DEGAS code. By comparing the results for the three different neutral
sources the limiter is found to provide more than 80 % of the plasma
refuelling, with a recycling coefficient of about 95 %. The calculated
total particle fluxes resulting from the integrated ion sources are
consistent with neoclassical predictions in the temperature gradient
region. Near the plasma edge, however, the fluxes are strongly anomalous.
The diffusion coefficient estimated from the fluxes and the measured
density gradients (with zeff = 3) is about 1/101/20 of the electron
heat conductivity.

Introduction
In the W VII-AS stellarator the global particle and energy balances
and the plasma density and temperature in the boundary region are strongly
affected by the distribution of neutral particles originating from the
plasma-wall interaction processes, similar as in W VII-A [l].
Furthermore, the flux of high-energy charge-exchange neutrals from the
bulk plasma can give a significant contribution to thermal loading and
impurity sputtering from the wall and the limiters.

1

The members of the W VII-AS Team and ECRH Group are identified in the paper entitled 'Status of
the advanced stellarator Wendelstein W 7AS: first results and further programme', these proceedings,

p. 25.
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Results f_or_a__modej^plasma
Before the W VII-AS operation was started, model plasmas were used to
study the neutral gas transport behaviour with the 3D DEGAS code [2], In
order to investigate to what extent the neutral density distribution is
affected by the asymmetries of the flux surfaces and wall structures a
simulation was performed for a neutral source due to limiter recycling. The
Tg, TI and ne profiles were taken from model calculations with the TEMPL
plasma transport code (Te(0) = 1.9 keV, 1^(0) = 500 eV, ne(0) = 2 x 1 0 1 3
cm'3 for an ECF input power of 720 kW) [3].
The typical cross section of the W VII-AS toroidal sector modelled for

the neutral transport calculations is shown in Fig. 1. The limiter, the
bulge for the NBI ports and the geometry of the magnetic surfaces
(see Fig. 1) introduce asymmetries in the torus, which directly affect the
neutral density distribution. Figure 2 shows the radial profiles of the
neutral density at the poloidal angles 6 = 0°, 90°, 180°, 270°. As shown
by the 9 = 90° profile, the neutral density has a maximum at the limiter
face and drops by 2 orders of magnitude to the plasma centre. In the
opposite direction with respect to the limiter, 6 = 270°, the density is
significantly lower, reaching a maximum of 1/3 of the limiter value. Along
the horizontal chord, 6 = 0 ° and 6 = 180°, the neutral density profiles
are fairly symmetric up to a distance of =12 cm from the magnetic axis.
The relatively high gradients of these profiles reflect the smaller plasma
radius along this chord, associated with the asymmetry of the magnetic
surfaces (see Fig. 1). Due to this asymmetry, the central neutral density
Is mainly determined by the neutrals penetrating the plasma in the
horizontal direction. At r > 15 cm, well inside the scrape-off region, the
profiles diverge from each other, reflecting the asymmetry introduced by

the bulge. Within the bulge, the neutral density is fairly constant and
amounts to roughly 1/4 of the limiter value.
In the following, results from neutral transport simulations are
discussed for a typical deuterium discharge from the first months of
W VII-AS operation.

0

20

40

distance from magnetic axis (cm)

Fig. 1 : Vertical cross-section of
the modelled W VII-AS torus at the
position of the module connecting
flanges, Including the wall, the
bulge for the NBI ports, the flux
surfaces and one of the limiters.
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Fig. 2: Radial distributions of
the neutral density at the
poloidal angles 8 = 0 ° , 90°,
1800, 2700 in the vertical crosssection shown in Fig. 1.
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Parameters of_a selected discharge
The analysis is based on a ECF (70 GHz) heated deuterium discharge at
the 2nd harmonic, with 1.25 T at the plasma centre and the external
rotational transform -£ - 0.53 at the plasma edge. Electron density and
temperature profiles, measured by Thomson scattering, were available at 200
ms (Fig. 3). Stationary plasma conditions were maintained by one gyrotron
heating with 150 kW input power and by external gas input linked to a
feedback control of the plasma density. A plasma current induced either by
ECF and/or by plasma pressure [4] was controlled and kept below ~ 500 A by
the OH-transformer. The measured Te, ne profiles covered a plasma radius
extending up to the separatrix, which was located at reff =17.5 cm, about
2.5 cm outside the last flux surface not intersected by the limiter. The
global plasma parameters for the discharge are shown in Fig. 4.
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Fig. 3:. Radial Te and ne profiles vs. effective radius at At = 0.2 s from
Thomson scattering. Full circles represent measurements on In Side of the
profile.
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H^-monitoring systems

An absolutely calibrated Ha monitoring system [5] installed at
W VII-AS yields information about particle recycling at both limiters (two
toroidal positions for the bottom and one for the top limiter) (see Fig.
5a) and at two "triangular" magnetic surface cross sections (see Fig. 5b)
close to and far from a gas inlet, respectively.
Results from experiment _an_d_ simulaU. ons
Three DEGAS simulations were performed for a given discharge according
to the three main sources of neutrals (limiter, wall, gaspuff). The
toroidal sector used for the limiter source simulation is shown in Fig. 6
and that for the wall and gas puff simulations in Fig. 7.

a)

Fig.

b)

5 a , b : H a - m o n i t o r i n g systems at the l i m i t e r a) arid at the t r i a n g u l a r

plasma cross section b).

wall l limiter

wall *gas puff
top view
_ 36 » < t < . 36°
gas pulf

Fig. 6: Toroidal sector for limiter simulation.
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Fig. 7: Toroidal sector for wall
and gas puff simulation.

The DEGAS code simulation at the "triangular" cross section near the
gas inlet was used to find estimates for Te, ne between separatrix and
wall, which were consistent with both the measured gas input rate and Ha
signal close to the gas inlet. These estimates were then used in the
limiter and wall recycling simulations. The time histories of the measured
Ha-signals from the limiters and the "triangular" cross sections are shown
in Fig. 8a,b. The neutral fluxes and densities were estimated by scaling
the calculated Ha emission rates to agree with the measured ones. The
neutral density distribution in radial, poloidal and toroidal directions
for the three neutral sources are shown in Fig. 9. The neutrals are
strongly localized near the limiter, with a maximum density of
2 x 1 0 1 0 cm"3, as shown in Fig. 9. At the plasma center, the calculated
density due to the limiter source is one order of magnitude higher than
that due to the wall and gas puff sources. As expected, no toroidal or
poloidal density variations are found for the neutrals originating from
wall recycling, if the incident ions are equally distributed along the
wall, as assumed in the present case.
The calculated total refuelling rate of the plasma inside the
separatrix due to limiter and wall recycling and to external gas feed
amounts to 2.5 x 1 0 2 0 ions/s. 83 % of this ionization source are provided
by the limiter, 13 % by the wall and M % by the gas puffing. This
corresponds to a global recycling coefficient of 0.96. From the calculated
refuelling rates and a plasma ion content of 8.9 x 1 0 1 8 particles inside
the separatrix, as resulting from the measured electron densities (Fig. 3)
and an assumed zeff of 3, a global particle confinement time of 36 ms is
estimated for this time of the discharge. The plasma refuelling efficiencies as fractions of the neutrals ionizing inside the separatrix are
0.65 for the limiter, 0.44 for the wall and 0.29 for the external gas
source. The small values for the wall and gas puff sources are directly
related to the large volume of the boundary region between separatrix and
wall (more than twice the volume of the confined plasma). On the other
hand, this has the advantage of improving the decoupling between the plasma
and the wall, thus reducing the wall loading by high energetic charge
exchange neutrals.

..,
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W/AS: H-a!pha diagnostic
ECU 70 GHZ

-

-

W7AS: H-alpha diagnostic
-alpha photon flux

li/-ülphü photon flux
1.25 TESLA

étJTERlUM ECH 70 GHZ

SHOTNK:
1310

1 25 TESLA.

lop limiter (II)
uollom lifniler (II)'

bottom limiter (II)'

M2I'1A

- plasma triangular (II)'

- ECU input, gas input (H)'

0.2

I<JO
time (s)

03
lime (s)

Fig. 8a: Ha-photon fluxes vs.
time from ECE discharge looking at

time at two triangular plasma

top and bottom limiter, plasma
crosa-section elliptical (a second
gyrotron was switched on between
0.3 and 0.4 s).

gas inlet. The large spikes
reflect the pulse sequence from
the gas tnlet.

Fig- 8b;_ Ha-photon fluxes vs.

cross-sections, with and without
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The radial profile of the Ion flux Fj_ Is obtained from the magnetic
surface averaged ion sources. From r^ the electron flux re is estimated by
assuming zeff ~ 3 for oxygen as main impurity and a confinement time
comparable to that of the ions. In the temperature gradient region
(r •= 8 cm) the particle fluxes are consistent with the neoclassical values
obtained with the DKES code (Fig. 10). Towards the plasma edge, however,
the ion transport becomes strongly anomalous. In this region it can be
described by an anomalous diffusion coefficient of about 1/10 - 1/20 of the
electron heat conductivity, as found earlier in W VII-A [6],
The given refuelling rates and efficiencies from wall recycling and
gas puffing may have a considerable error margin due to their sensitivity
to the unknown plasma density and temperature in the boundary region.
Furthermore, the flux of ions incident on the wall at the position of the
Ha viewing line may not represent a good average of the Ion fluxes over
the entire torus wall. However, these uncertainties do not strongly affect
the global recycling coefficient and "up, since recycling from the limiter
is the main refuelling mechanism to the bulk plasma.
Experimental indication of a recycling coefficient close to one for
the discharge type discussed here is given after a second gyrotron is
switched on for about 100 ms (see Fig. 8b). During that time a constant
plasma density is maintained without any external gas feed and the Ha
signals at the triangular cross sections close to and far from the gas
inlet coincide (see Fig. 8b). The amplitude of all signals (Figs. 8a,b) Is
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considerably higher than before the 2nd gyrotron was added. Considering
that for stationary conditions the externally supplied neutral flux equals
the fluxes absorbed by the wall and the limiters and that the absorbed
fluxes scale linearly with the recycling fluxes, gas puffing proves to be a
very efficient density control mechanism for high recycling ECF discharges.
For the same discharge, the calculated average neutral densities at
the limiters and the wall due to the recycling sources are 2.9 x 109 cm"3
and 3.9 x 108 cm"3, respectively. The total ion power loss due to charge
exchange with all neutrals ts 3.1 kW. The total electron power loss due to
ionization, excitation and dissociation is 2.0 kW.
Conclusions
From Ha-measurements and 3D-DEGAS simulations estimates can be
obtained of:
- Distribution of neutral densities
- Radial profiles of ion particle and energy sources
- Particle confinement time and recycling coefficient
However, more information is required about plasma density and temperature
in the boundary region and about ion flux distribution on the wall.
Preliminary estimates of electron particle fluxes for ECH deuterium
discharges from the first months of W VII-AS operation indicate:
- Consistency with neoclassical predictions in the plasma temperature
gradient region (reff = 8 cm)

- Anomalous particle fluxes at the plasma edge
- Ion diffusion coefficient « 1/10 - 1/20 of electron heat conductivity
71

- Recycling coefficient close to one for all analyzed discharges
- Plasma recycling from the limiter is the main refuelling mechanism to the
bulk plasma (large volume of the boundary region may improve screening of
high-energy charge-exchange n e u t r a l s ) .
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TOROIDAL AND POLOIDAL SYMMETRY STUDIES
ON NEUTRAL AND IMPURITIES IN CHS

K. IDA and the CHS GROUP1
Institute of Plasma Physics,
Nagoya University,
Nagoya, Japan
Abstract

Toroidal and poloidal symmetry of neutral and impurities has been
studied for ECH and RF produced plasmas in Compact Helical System
(CHS), a torsatron device with m=8, R= 1m, a= 0.2m. An eight-channel

impurity-monitoring system using a 75 mm visible spectrometer with the
band pass of 24 À has been installed to measure toroidal symmetry of
H« and impurity line intensity.

A 34 channel space resolved 1m visible

spectrograph system using MCP+CCD camera with a resolution of 0.1 A
/ch (256 spectral channels) has been developed in order to measure

spectrum in a poloidal cross section.

A neutral influx measured with

the toroidal Ha monitor system is localized at the gas puff position
when the gas puff is injected during ECH discharge.

Local particle

recycling is enhanced by a factor of 2 to 3 by inserting one or two
movable limiters, while toroidally symmetric H a radiation is observed for
ECH plasma with an intrinsic divertor configuration. Poloidal in-out
asymmetry of the oxygen O4"" line radiation is observed, while lower

charged state oxygen 01+ shows symmetric profile.

Local influxes of

oxygen and iron observed in the RF produced plasma are sensitive to
the distance between RF antenna and the fundamental ion cyclotron
resonance position. The iron influx increases by a factor of ten or
more, when the distance is decreased below 9 cm, while the oxygen
influx shows weaker dependence.

1.

Introduction

Compact Helical System ^ (CHS) is an m=8 torsatron device with a
major radius of 1m and a minor radius of 0.2m and typical toroidal
magnetic field of 1 T. A 28 GHz gyrotoron with the injection power of

1

The members of the CHS Group are identified in the paper entitled 'Overview of CHS experiment',
these proceedings, p. 51.
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100 KW produces ECH plasma with the electron density of 2-6

xlO cm

and with the electron temperature of 200 - 900 eV, depending on the
electron density2-1 RF plasmas produced by the Nogoya Type -III
antenna have the electron density of 2-6 xlO 12 cm"3 in a wide range of
magnetic field strength and the electron temperature up to 300 eV at

specified magnetic field strength

The objective of CHS experiment is

to study the plasma confinement in a low aspect ratio helical system

Toroidal and poloidal symmetry of plasma parameter can not be expected
in helical systems, because of their helical and toroidal ripples

The

symmetry of plasma parameter in a helical system has not been studied
in detail due to a lack of enough ports

In this paper we describe the

measurement on toroidal and poloidal symmetry of neutral (H a ) and
impurity line radiations

2

Spectroscopic Diagnostics for Symmetry Study

We installed two types of visible spectroscopic diagnostics to
study both toroidal and poloidal symmetry of neutral and impurities

A

toroidally monitoring system has eight channels in the toroidal
direction every 45 degrees A 75 mm visible spectrometer with the band
pass of 24 A is used to measure the intensity of line radiations of
impurities and neutral

Four sets of this system can provide four

different impurity lines and/or H« radiation simultaneously In order to
measure the spectrum width and shift of impurity radiations in a
poloidal cross section, a 34 channel space resolved 1m visible

spectrograph system using MCP-r-CCD camera with a resolution of 0 1 A
/ch (256 spectral channels) has been developed 3 - 1

Although it has a

relatively poor time resolution of 16 7 ms, it can provide of radial
profiles of ion temperature and poloidal rotation speed radial profile
as well as impurity density radial profile

3

Toroidal Symmetry in ECH Plasmas
A neutral influx measured with the toroidal Hn monitor shows

localized recycling at the gas puff position when the gas puff is
injected during ECH discharge as shown in Fig 1 Local particle
recycling is enhanced by a factor of 2 to 3 by inserting one or two
movable limiters, while toroidally symmetric H a radiation is observed in
an intrinsic divertor configuration

More precise measurement should be

done to estimate how this recycling is localized, since the decay length
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of the radiation in the toroidal direction is shorter than the spacing
of the detector array (45 degrees).
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4.

Poloidal Symmetry in ECH Plasmas
It is one of important issues to study the effect of the magnetic

axis shift on an impurity influx and profile, since the shift of the

magnetic axis affects the helical field ripple significantly 45 . A plasma
nearly touches the inner wall of the vacuum vessel for R^ = 94.9 cm,
while there is a large clearance both inside and outside when Rax =
101.6 cm, as shown in Fig. 2. The central electron temperature and the
density are 660 eV and 2.7xl012 cm"3 for inward shifted case (Rax = 94.9
„-3
cm), while those are 270 eV and 2.3x1012 cm
for outward shifted case
(Rax = 101.6 cm).

Figure 3 shows radial profiles of Uß, carbon and oxygen line
radiations for magnetic axes at 94.9 cm and 101.6 cm. The shift of H/?
intensity peak is consistent to the shift of magnetic axis. CV profile,
which represents C 4+ profile, is observed to be hollow for inward
shifted case, while it is peaked at the plasma center for outward
shifted case. This is due to the difference of the electron
temperature in two cases, since the ionization potential of CV is 392

eV and it is higher than the peak electron temperature for outward
shifted case and lower than that for inward shifted case. Oxygen

influx estimated from Oil (01+ ) line radiation is mainly from the inside
wall for innward shifted case, while it shows uniform profile for
75
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(a) Rai = 94 9 cm, (b) ROT = 1016

104 112

outward shifted case. Poloidal in-out asymmetry of impurity line
radiations of 0 III and 0V ( O2* and 04+ ) is observed for both innward
and outward shifted cases. This asymmetry of impurity density is partly
due to localized oxygen influx from inside wall for inward shifted case,
however it may be mainly due to asymmetry of the impurity transport
especially for outward shifted case. The cause of this asymmetric
impurity transport has not been well studied yet, however it may be
explained by plasma potential and/or particle loss cone

5.

Impurity Influx in RF Produced Plasmas
The RF antenna becomes the impurity source in RF-produced

plasmas, since it is inserted nearly to the plasma boundary to obtain a
sufficient coupling with the plasma. The toroidal field was scanned

from 0.5 T to 0.9 T to move the fundamental resonance layer from the
plasma center to the plasma edge, as shown in Fig. 4. Figure 5 (a)
shows the toroidal distribution of oxygen influx in a RF produced
plasma at the toroidal magnetic field of 0.65 and 0.75 T. Localized
oxygen influx at the antenna is more significant for the toroidal field
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Fig 4 Poloidal cross section of magnetic surfaces and the fundamental
ion cyclotron resonance layer
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Fig.5 (a) Toroidal distribution of oxygen influx in RF produced plasma

at toroidal magnetic fields of 0.65 and 0.75 T. (b) Oxygen and

iron impurity influxes as a function of the distance between the
RF antenna and the fundamental resonance layer.

of 0.75 T (d=7 cm). This oxygen influx is observed to be sensitive to
the distance between the RF antenna and the fundamental resonance
position. The iron influx is more sensitive to this distance. This is
due that the impurity influx is enhanced by the sputtering due to fast
ions heated at the fundamental resonance layer. The iron influx
increases by a factor of ten or more, while the oxygen influx increases

by a factor of three, when the distance between the antenna and teh
fundamental resonance layer is decreased below 9 cm as shown in Fig.
5 (b).
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TRANSPORT MODELING OF ECH
AND NEUTRAL-BEAM-HEATED PLASMAS
IN THE ADVANCED TOROIDAL FACILITY
H.C. HOWE, L.D. HORTON, E.G. CRUME, J.H. HARRIS,
R.C. ISLER, M.M. MURAKAMI, D.A. RASMUSSEN,

J.B. WILGEN, W.R. WING
Fusion Energy Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

Results of time-dependent transport modeling of the ATF plasma are compared
with a typical ungettered, neutral-beam-heated discharge. For the discharges modeled,
BX = 0.95T and the plasma was shifted inward 5cm from the standard position resulting
in major and average-minor radii of RQ = 205cm and a = 27cm. The model is adjusted
to give agreement between measured diagnostics signals and the corresponding values
inferred from the model plasma. With this agreement, the model reproduces the main
features of the discharge, including the radiation-induced temperature collapse.

MODEL
The discharges are modeled with the predictive transport code PROCTR [1], which
evolves radial plasma profiles in time in the full 3D ATF geometry. Models are included for
the plasma temperatures Te and T,, the plasma hydrogenic-ion density, and the toroidal
current. In addition, a multi-charge-state impurity transport model [2,3], which includes
radial transport and ionization and recombination between the various charge states, is
used for carbon and oxygen. Neoclassical heat transport including transport due to the
helical ripple [4] is assumed for both electrons (xe) and ions (xO with a large anomalous
enhancement in the outer half of the plasma (in the region -t > 1/2) to reproduce the
narrow observed Te profile shape [5]. This enhancement is partially attributed to magnetic islands due to field errors, the cause of which has been identified and corrected.
Hydrogenic-ion and impurity diffusion are treated with a radially constant diffusion coefficient of 0.2-0.5 m 2 /s with a large enhancement for -t > 1/2. An inward pinch is
included in the impurity transport. Electron cyclotron heating (ECH) is treated using
a linear-absorption, multi-pass model [6] including cutoff (for ne > 1.8 x 1013cm~3 in
ATF). Neutral-injection heating is given by an axisymmetric neutral deposition model
plus thermalization governed by a moments solution of the fast-ion Fokker-Planck equation including fast-ion loss due to charge-exchange during slowing down. Thermal neutral
transport uses a cylindrical model [7] where the neutral level is determined by recycling
and external fueling.

ECH PLASMA
Approximately steady-state plasmas are obtained with 200 kW of second harmonic
ECH in ATF. Measured Thomson scattering Te profiles, spectroscopic Tt values, stored
energy, and spectroscopic emission levels may be reproduced using the model described
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above when the impurity source rates are adjusted to give impurity levels corresponding

to Zgflf ~ 2 — 2,5. The power balance for the ECH plasmas indicates that electron (35%)
and neoclassical ion (20%) heat conduction are the largest energy losses from the plasma
core with neoclassical electron heat conduction accounting for more than 50% of the total
electron conduction loss. The total radiated power in the model is approximately 40%
to 50% of the heating power, in agreement with spectroscopic estimates, and originates
primarily from the outer regions of the plasma.

NEUTRAL-BEAM-HEATED PLASMA
Neutral-beam-injection (NBI) heated discharges exhibit dynamic behavior and do
not reach a steady state in ÂTF experiments. During NBI heating with 650 kW of coinjection, the density ramps up nearly linearly from the value obtained in the ECH phase
of the discharge (see Fig. 1). This ramp is obtained in the model by a combination
of beam fueling and an external gas source, which is similar in magnitude to the gas
puff introduced in the experiment. At the same time, the stored energy (Fig. 2) and
plasma ion temperature rise to a peak and then fall to a low value while the electron
temperature decreases monotonically from the ECH-phase value (after a small initial rise

in some discharges). These features of the data are all reproduced by the model. Near
the end of the stored-energy decrease, the spectroscopic line emission from intermediate
charge states of light impurities (C, 0, N) disappears due to collapse of the plasma
electron temperature. This sudden collapse is reproduced in the model (see Figs. 3 and 4)
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when the impurity source rates are adjusted so that the predicted spectral line-integrated
intensities agree with the measured intensities for spectral lines emitted from the plasma
interior. This agreement occurs for Zefr ~ 2, indicating a rise in impurity content that
is approximately proportional to the rise in electron density. The unstable nature of the
collapse is due in the model to the strong increase in impurity line radiation at low plasma
electron temperatures (Te < IQOeV). The Te profile collapses inward from the edge as
large radiation from the outer region of the plasma progressively cools adjacent interior
plasma until all the stored energy has been radiated in a brief (5-10ms) burst of radiation.
The collapse has been simulated successfully only with the observed narrow Te profiles,
which allow the lower impurity ionization states to penetrate the outer half of the plasma,
resulting in a large radiating volume. The collapse may be initiated in the model either
when the plasma density reaches ECH cutoff (in ECH-only discharges) or when the total
radiation exceeds the full heating power.
At the time of collapse, the model electron density shows a change in slope from an
upward ramp to a slow decrease (Fig. 1). The decrease is due, in the model, to a large
reduction in the ionization rate of neutrals by plasma electrons, which results from the low
plasma electron temperature. Without an ionization source, the plasma density decays
by cross-field diffusion. The saturation of the experimental plasma density just before the
collapse is most likely due to a decrease in plasma recycling as the plasma temperature
profile contracts and detaches from the wall. A similar reduction in impurity influx just
before collapse would also be inferred from the detachment. This effect has not yet been
included in the model.
The model time-dependent global power balance (Fig. 5) illustrates the transient
nature of neutral-injection-heated discharges. The density of the ECH discharge is adjusted in the experiment so that the central electron density is just below the wave cutoff
density; thus, the ECH is cut off almost immediately by the density rise induced by NBI.
The neutral-beam electron heating increases continuously during the heating pulse as
the shine-through and fast-ion charge-exchange losses decrease due to the rising plasma
density. The radiation also rises during injection (as a result of increased impurity influx
in the model) and eventually surpasses the heating power, resulting in the temperature
collapse. At the peak of the stored energy, the simulation indicates that approximately
50% of the heating power is being radiated (from the outer regions of the plasma) but this
ratio is a strongly increasing function of time. The primary energy loss from the plasma
core at the time of the stored-energy peak is electron (25%) and neoclassical ion (40%)
heat conduction with neoclassical electron heat conduction accounting for less than 50%
of the total electron conduction loss. The slow decrease in the measured stored energy
(Fig. 2) after the peak and before the collapse may indicate an increase in transport above
the model level.
The plasma current also rises to a peak and then decreases to a small value at the
time of collapse (see Fig. 6). The small current present during the ECH phase of the
discharge may be a bootstrap current, which is not included in the model. The current
during the neutral-beam phase is approximately reproduced in the model by the beamdriven current plus the induced plasma current. The current decreases after reaching
a peak because of the decreasing plasma electron temperature and resulting decreasing
fast-ion slowing-down time.
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CONVECTIVE TRANSPORT IN IMS
J.N. TALMADGE, D.T. ANDERSON, F.S.B. ANDERSON,
B.J. PETERSON, J.L. SHOHET
Torsatron/Stellarator Laboratory,
University of Wisconsin - Madison,
Madison, Wisconsin,
United States of America
Abstract

Convective transport measurements in IMS device are described. The
probes measurements of the ion saturation current were compared with the
results of the numerical calculations. Island structures formation has been
observed and the explanation of their creation was done.

Steady-state plasma density profiles in IMS are hollow during
Electron Cyclotron Heating (ECH), with the hollowness increasing as the
resonant layer is moved from the inboard side of the torus to the outboard
side by increasing the magnetic field strength. The microwave source has
a frequency of 7.28 GHz (resonant with B-2.6 kG), power output of 2 kW
and pulse length of 10 msec. Plasma densities are in the range of 0.5-3.0 x
10' cm"3, bulk electron temperatures are 10 eV and ion temperatures
are 2-4 eV.

Two probes were used to measure the ion saturation current in
two-dimensions at two separate toroidal locations. The measurements
were made at 5 mm intervals, with about 250 shots needed to record the
data. Shown in Figure 1 are the contours of constant ion saturation current
normalized to the line-averaged density as measured by a microwave
interferometer. Also shown in each figure is the numerical calculation of
the magnetic surfaces at the respective probe ports. The regions of
greatest ion saturation current are located on the edges of the plasma.
Island structures can be observed that are not coincident with the
magnetic surfaces.

Figure 1
locations.

Contours of constant ion saturation current at two toroidal
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The density profiles can vary from almost flat to very hollow
Typically, the ratio of the edge peak density to the central density can
range from 1.2 to 10.0. In Figure 2a the central magnetic field BQ is 252
kG, which places the resonant layer close to the magnetic axis, about 1 cm
inboard from the geometric center. The solid circles are the experimental
data points normalized to the peak density. In Figure 2b, B0=2 35 kG, which

places the cyclotron layer on the inboard plasma edge. At this magnetic
field the density profile is peaked almost at the center of the plasma.
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Since diffusion-driven transport alone can not explain
steady-state hollow density profiles, a convective term is added to the
particle balance equation. If it is assumed that the convective velocity V,
diffusion coefficient D and ionization rate 7 are global averages and
independent of radius this equation is,

(D
The solid lines in Figures 2a and 2b are the best fit of Equation (1) to the
profiles. This occurs for the hollow profile when V/D=0.87 and 7/0 = 0 86
For the flatter profile, V/D=0.14 and 7/0=0.37. This implies that the
convective velocity would be a factor of 6 less and the confinement time a
factor of 2 greater for the flatter profile than for the hollow profile if the
diffusion coefficents were the same for the two profiles.
By measuring the particle flux into the divertor regions outside
the mam plasma confinement volume, an estimate of the confinement time
can be made This is given by t=qnV p j/l where n is the plasma density, V (

is the plasma volume and I is the current to the shields that are mounted
on the modular coil support rings
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For the flatter profile, the confinement

time was estimated as 770 +/- 170 u,sec and for the hollow profile this
value was 360 +/- 110 ^isec, in reasonable agreement with the factor of
two determined from the steady-state profiles.
For both the hollow and flatter profiles, the space potential was
measured over the cross-section of the plasma with emissive probes.
These measurements were made at 1 cm intervals. In Figure 3a a
crescent-shaped contour can be seen on the outboard side of the torus for
the hollow profile. This can give rise to an B x B drift in the radial
direction. In Figure 3b, for the flatter profile, the variation of the
potential on a magnetic surface is greatly reduced.
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Figure 3
Equipotential contours (bold lines) and flux surfaces for (a)
hollow profile (contour interval is 2.5 V) and (b) flatter profile (contour
interval is 0.5 V).

The net E x B drift on a magnetic surface was calculated by a
numerical code which interpolated the potential along a flux surface and
as a function of radius. The peak and radially averaged velocity were 500
cm/sec and 170 cm/sec for the hollow profile and 80 cm/sec and 30
cm/sec for the flatter profile. The local E x B drift velocities are roughly
2 orders of magnitude greater. The factor of 6 in the ratio of the net E x B
velocities is in good agreement with the ratio determined by the
equilibrium profiles.
Two emissive probes were used to measure the floating potential
along a magnetic field line as a function of magnetic field strength. One
probe was fixed at r=2 cm from the magnetic axis and biased to -90 V. The
other probe, which could be moved in two dimensions and was located at a
different toroidal angle, was biased to +90 V to collect electrons and align
the two probes in vacuum. Figure 4'shows the locus of signal peaks in the
cross-section which traces out a magnetic surface (the dotted line is a
numerical calculation of the vacuum magnetic surface).
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Figure 4.
Experimental measurement of the vacuum magnetic surface and
numerical calculation (dotted line).

Measurements were made of the difference in floating potential as
a function of the magnetic field strength between the moveable probe at
point A on the outboard side of the torus and the fixed probe located on the
outboard side at a different toroidal angle. Figure 5 shows there is little
difference in the potential. Measurements were also made
of the
difference in potential between the probe at point B on the inboard side
and the fixed probe. Substantial changes in the floating potential
difference can be observed. The error bars reflect the deviation of the
potential difference during the discharge.
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Figure 5. Variation of the difference in floating potential between a
moveable probe at positions A and B (see Figure 4} and a fixed probe at a
different toroidal angle.
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EXPERIMENTAL STUDIES ON DRIFT WAVES IN SHEILA
B.D. BLACKWELL, S.M. HAMBERGER, X.H. SHI

Plasma Research Laboratory,
Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract
Detailed studies of coherent fluctuations in several configurations of SHEILA support
the view that these are essentially electrostatic collisional drift waves propagating so

that the ratio of toroidal to poloidal mode numbers closely matches the rotational
transform. The observations are consistent with a linear dispersion theory based on a
cylindrical approximation to the helical plasma column in straight-field coordinates.

Mode Structure Measurements
By an appropriate choice of experimental conditions the fluctuation spectrum in
SHEILA can be reduced to a single, coherent mode whose eigen-structure is amenable
to detailed study, eg. via the ion-saturation current to Langmuir probes. In SHEILA
these exist either in the form of fixed arrays which can be pre-set to sample around a
given flux surface, or as a pair of one fixed and one articulated probe which can sample
throughout a given cross-section. (Fig.l)

FIG.

1.
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Detailed studies have been made for three configurations (I, ÏÏ, HI) characterised
by quite different t profiles (Fig.2). Fluctuation data, sampled at 200 kHz, is Fourier
analysed in the form,
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FIG 2
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~ S

m,n

where m,n are the poloidal, toroidal mode numbers, and the flux coordinates are
defined as follows: r is the mean radius of a flux-surface; 0 is the usual toroidal
coordinate; and $ is a poloidal coordinate chosen to keep the field lines straight (see
Fig.3)
<t> — const, line
T - const surface

FIG 3

Typical patterns of poloidal fluctuations together with their Fourier
decomposition are shown in Fig.4. The radial variation of the dominant components
in each configuration are shown in Fig. 5.
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Toroidal mode numbers can be obtained from phase differences between probes
at fixed toroidal locations on the same $ coordinate. For example, the dominant mode
in configuration II has m=3, n-5, which is in approximate resonance with the field line
(k.- B_~0) since I/,, the transform in the helical frame is 1.71 ~ 5/3 = nlm. Since k//
is not precisely zero, it can be measured by following a given fluctuation sufficiently far
along a given field line, eg. by measuring the phase differences on the same field line
each time it passes through the same vertical plane (0 = const = 120°), eg. Fig.6
shows the pattern repeating each 9 or 11 toroidal turns respectively for the two surfaces
r = 1.57 cm and r = 2.39 cm in configuration II.
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Fig.7 shows plots of the variation of ku with
minor radius for various modes obtained by Fourier
analysis of data such as that of Fig.5. (Aliassing
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possibilities can be eliminated by more direct
measurement using toroidally separated fixed
probes).

7

Dependence on magnetic field strength and collision rate
To aid in the identification of these fluctuations, their amplitude and frequency
dependences on B and total electron collision rate v = v e _/ + ve<n have been measured.
An example is given in Figs. 8-9.
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Comparison with linear dispersion theory
A simplified two-fluid model, based on a periodic cylindrical geometry using the
magnetic coordinate and adapted from the work of Fredrickson and Bellan (1985)
[1] results in a dispersion relation of the form

(i - ico T )co iÇ p?= (a* - « ; [i - (û>/ * vA)2] ,

(2)

where kr = X™/ra, Xjis the jth zero of mth Bessel function, ra is the plasma radius,
0)* is the electron diamagnetic drift frequency, pi2 = TeIMi coci2, and T,, = mv/k,,2 Te.

Fig. 10 shows the dispersion curve obtained from (1) for the observed mode
numbers in each configuration. Also shown in the real frequency plots are the
experimentally measured CUR and k,, for each mode. The agreement is close in each
case. The parallel wavelength of each dominant mode is shown for comparison with
the theoretical dependence of growth rate on k,, : in each case the strongest mode has its
k,, close to that for fastest growth.
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[1] Frederickson and Bellan, Phys. Fluids 28 (1985) 1866.
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The solid line of Fig.5 shows the theoretical radial eigen-functions (normalised
to the experimental maxima) which show generally similar behaviour.
The dependence of frequency and linear growth rate calculated for fixed k,, are
shown in Fig.9 together with the observed frequency and amplitudes. The agreement is
again good, particularly for the lower range of collision frequencies.

The generally good agreement between the theoretical model and the
observations supports the view that the oscillations are essentially electrostatic,
collisionless drift waves.
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OPTIMIZATION OF TRANSPORT IN STELLARATORS
C.L. HEDRICK, C.O. BEASLEY1, W.I. VAN RIJ2
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

This paper was devoted to the relation between two stellarator transport
optimization schemes to single particle orbits. It is shown that reducing
transport in the 1/v regime reduces transport over a much broader range of
collisionality.

Here we relate two stellarator transport optimization schemes to single particle orbits.
We also show that reducing transport in the 1/f regime reduces transport over a much
broader range of collisionality.
In unoptimized stellarators, the orbits of deeply trapped particles usually have the
greatest deviation from a flux surface and hence contribute most to diffusive transport
losses. Thus it is of interest to focus on these particles. Using the adiabatic invariant «/'
[1,2], one can show that the most deeply trapped particles closely follow surfaces given by

fJ-Bm\n + e<j>E - const

(1)

Here .B m i n (vP,0) is the minimum of B with respect to the Boozer toroidal angle, ci, at fixed
Boozer coordinates ty and 9. The electrostatic potential, the magnetic moment, and the
charge are <f)ß, /i, and e, respectively.

If we make the usual assumption that (J>E is independent of poloidal angle, #, then all
the poloidal dependence of n-Bm\n + ec5># is through J9 m j n . Indeed, if B m in were independent
of 0, then the contours of constant //jB m ; n 4- e^g would be contours of constant ^P, and
the bounce-averaged motion of deeply trapped particles would not deviate from the flux
surfaces.
We can quantify these ideas by considering a simple model magnetic field of the form
D = BO (1 - et cos(0) -- [e fi

Aet cos(0)] cos(M</> - IB}}

(2)

The minimum value of B with respect to </> is
#min = Bo [1 - th - tt(l - A) COS(O)]

(3)

Here we note that the parameter A is related to cr of Mynick et al. [3l by

A - aeh/€t

1
2

(4)

Present address: International Atomic Energy Agency, Vienna.
Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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From Eq. (3) we see that there are two ways to make ß mm independent of 9. One way
is to set A = 1, which is the optimization scheme introduced by Mynick et al [,'}]. The
second way to make Bm\n independent of 0 is to arrange for ft to be equal to zero, i.e.
the quasi-helical or "straight" stellarator enunciated by Nührenberg [ 4 j . From J ' one can
show that setting et = 0 causes the bounce- and transit-averaged motion of all particles
(not just the deeply trapped particles) to follow the flux surfaces. Thus, while one would
expect that the e t prescription would be more effective in reducing t r a n s p o r t , it is s t i l l of
interest to examine the A prescription, since other design considerations may suggest the
simultaneous use of both prescriptions.
To examine the dependence of transport on A, we begin by considering the 1/f regime.
This regime is formally independent of the magnitude of the electric field and is sufficiently
simple that a large amount of magnetic geometric detail can be incorporated analytically.
A sequence of analytic approximations has been developed for the \.jv regime [5]. For
our purposes here, it is sufficient to use an approximation t h a t is usually accurate to a
few tens of percent. All the transport coefficients in this approximation have a common
geometric factor of the form

G=

I de(9l

292\ + <7 3 A 2 )sin 2 (0)

(5)

ij

where the g n are functions of the single parameter

A)cos(ö)]

(6)

For €h ^> e f , 77 ^ 2e/ l /(l — e/t), and the integral in (6) is trivial. Minimizing the transport
with respect to A is then reduced to finding the minimum of the q u a d i a t i c form

Rl/v - l -2A02/S, +A 2 <73/<7i

(7)

The normalization of R\IV has been chosen so that it is unity at A = 0, allowing us to treat
it as a "reduction factor" for non-zero A. Because the factor G includes the effect of all
trapped particles, not just the deeply trapped ones, the minimizing value of A, 92/53, is not

precisely equal to unity and varies with e^. For example, when e^ — 0.3, the minimizing
value of A is 1.3.
By using the DKES code [6] to calculate the transport flux, r u , we have compared
its \jv regime dependence on A with the dependence in other collisionality regimes. At
collisionalities just below the \jv regime, a peak in transport occurs as a function of
collisionality. The sensitivity of this peak value of transport to A is of considerable interest.
To compare "peak" transport with \jv transport, we define a reduction factor by

Äpeak = r„(A)/r„(A = o)

(8)

where both values of FH are to be evaluated at the peak in transport as a function of
collisionality (which may occur at different collisionalities for different values of A).
Figure 1 shows the two reduction factors, R\/v and -R p e a k) f° r three different values
of the electric field parameter "EFIELD" = E/v. (The smallest value corresponds to
e(j)E/Te ~ 1, while the largest value corresponds to e(j>E/Tï ~ 1.) For the cases shown,
th = 0.3 and et = 0.1. Also shown is an estimate of the A dependence of the loss of
high-energy particles due to unconfined drift orbits (proportional to e t |A — 1]). Notice that
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the diffusive transport results for "peak" and l/i> are quite similar and that the estimate
of direct losses is qualitatively similar.

LAMDA S E N S I T I V I T Y
— -DIRECT LOSS
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EFIELD = 001

FIG

1

Figure 2 allows comparison of an unoptimized case (A - 0) with a A optimized case
(A - 1.3) and an e 4 -optimized case. All Ihree cases have t ^ ~ 0.3. The unoplimized
and A-optimized cases have e t — 0.1, while the e^-optimized case has tt - 0. The electric-

field parameter is E/v - O . O O J . Other values of the electric field parameter give similar
behavior. Notice that a broad range of collisionality (yjv) is shown, and that both A arid
e t optimizations significantly reduce transport over the entire range.
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We conclude that both optimization techniques are effective at reducing transport
over a broad range of collisionality. This suggests that the two techniques can be used

simultaneously to reduce transport, while meeting other design constraints that are outside

the purview of transport.
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THE ROLE OF THE RADIAL ELECTRIC FIELD IN
ENHANCED CONFINEMENT REGIMES IN STELLARATORS*
K.C. SHAING
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract
The confinement enhancement observed in stellarators could be attributable to the suppression of turbulent fluctuations by the radial electric field Er. The
pressure-gradient-driven turbulence model is used to illustrate the effects of Er on turbulent fluctuations. A more negative value of Er and/or a more positive value of dEr/dr can

reduce the fluctuation amplitudes, if dN/dr < 0. Here, r is the local minor radius and N
is the plasma density.

Many confinement enhancement phenomena observed in tokamak experiments could
be attributable to the suppression of turbulent fluctuations by a more negative value of the
radial electric field, Er [1-3]. For example, improved particle confinement with a deeper
negative electrostatic potential well has been observed in the UCLA tokamak and TEXT
[4,5]. In both ISX-B and ASDEX, better plasma confinement has been found for counterinjected neutral beam cases than for co-injected cases [6,7]. There is also experimental

evidence that the onset of the H-mode in DIII-D is triggered by a sudden change of Er
to a more negative value [8]. Furthermore, the power threshold for the L-H transition is
lower in the counter-injected neutral beam cases than in the co-injected cases [8].
There are also some indications that plasma confinement in stellarators is improved
with a more negative Er when anomalous transport fluxes are the dominant loss mechanism
[9]. Global energy confinement times in Heliotron-E seem to increase when Er at r /a ~ 0.8
becomes more negative, where a is the plasma minor radius. The global energy confinement
in this case is dominated by anomalous processes.
The effects of Er on the fluctuations are demonstrated in a resistivity-gradient-driven
turbulence model [3,10]. It is shown that a more negative value of Er can indeed reduce
the fluctuation level, in agreement with the results of a kinematic argument presented in

Refs [2,3]. For stellarator configurations such as Heliotron-E and ATF, pressure-gradientdriven turbulence is a plausible model to describe the edge fluctuations [11,12]. The
simplest set of equations that can demonstrate the effects of Er on the pressure-gradientdriven turbulence consists of Ohm's law, the density evolution equation, and the vorticity
equation [13],

(1)
+ VE • VN = ju ViJV + V,,

NM

-.+VE- v

V

(2)

= -V,, J|, + Tn x VN
c

(3)

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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where T is the plasma temperature, M is the ion mass, </> is the electrostatic potential,
n — B/ B, VE is the equilibrium Ex B drift, Jy is the parallel (to the magnetic field) plasma
current, c is the speed of light, B is the magnetic field strength and Vfî 0 is the averaged
magnetic curvature. The plasma resistivity, perpendicular (to the magnetic field) transport
coefficient, and viscosity are denoted by r/y, x±i an d /•<•, respectively. The turbulence is
driven by the averaged bad magnetic curvature with dü^/dr > 0.
The density fluctuation spectrum can be calculated from the two point correlation
evolution equation by neglecting the dissipation associated with the V y Jn term in Eq (2)
for simplicity

(RqL ,

where (/V(1)JV(2)) = £ m , n tf m n (l)JV

m

m/y

r

n (2)

(

exp [-z(rn0

.

- <

t m

_«

m

(4)

)], (r , 0 , C ) is the

relative separation of position ( r i , 0 i , £ i ) and position ( r 2 , # 2 , ( 2 ) , Nmri(j) is the radial
mode amplitude at position j for the ( m , n ) mode, A is the major radius, r, is the mode
rational surface, q is the safety factor, Lq — [(dq/dr) /q\~l, D~ is the spatially dependent
turbulent diffusion coefficient, and w' = du>/dr with a; - (cErjBr] \ cT(dN/dr)/(NeBr).
The angular brackets here denote ensemble average. The fluctuation of a quantity A is
denoted A. To obtain Eq. ( 4 ) , we have employed a relationship between TV and </>, obtained
from Ohm's law and the steady-state vorticity equation without dissipation, namely,
T

Ne

~

N

cTTyy dü0

rB

dr

The validity of using this equation to determine J\\ in terms of Nd$}Q/dr at the saturated
state is demonstrated in Ref. [13]. We note that besides the conventional decorrelation
mechanism due to turbulent radial diffusion Z ) _ , there is an additional dynamic decorrelation mechanism due to the shear of the angular velocity u>. The density fluctuation

spectrum (NN)mn

can be obtained from the Fourier transformation of the steady-state

solution of Eq. (4) [14]:

c dN dfÏQ \ ( cTrj\
Br dr dr I V rB
x -r--y F(m,n){JVJV)wn

(5b)

A m T l O r /!

where A mn is the radial mode width for the (m,,r?) mode, a r

[(1 + X L/-o)(l ~~ 2a 0 /^f)j

[fr^ { ('2rnHw'/Z) ) 2 j

/

. Here ^ is the positive real root of a cubic equation

* +a0 - 0 ,

(6)

where 0,2 = — 2Dk$, ao — — 4Drrig(u;') 2 , fc 0 is the typical radial wave vector, mo is the
typical poloidal mode number, and D is the spatially independent turbulent radial diffusion

coefficient. The mode number dependence of the spectrum is described by the function

F(m,n) which can be expressed as
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,(l-a2)1/2

F(m,n) = —— /
a ö a/

2

y0

.

'

___________

dkkJ0(M]

_______

_______s

/

(v/l - fc2 - a 2 - \/fc 2 + a 2 cos"1 x/F + a 2 ) /J 0
V

/ /

2 '

[fc 2 + (2m 0 a;'/Z 1 ) 2 ]

[(1 + X±/D)

(I - 2a0/Zf

a =

and JQ is the Bessel function. The normalization constant /o is defined as jF(0,0) = 1.
One of the dominant Er dependences in (NN)mn is from rc oc Zj"1 which, in the limit
of a 0 | ~ &2) can be written as
oc

(8)

We see from Eq. (8) that in addition to the conventional decorrelation mechanism dne to
radial turbulent diffusion, there is a novel decorrelation mechanism associated with u>', the
radial shear of the E X B and diamagnetic angular velocities. The decorrelation associated
with u1 is very similar to that associated with parallel particle speed v\\ and magnetic shear
q' discussed by Hirshman and Molvig [15]. When Er becomes more negative and/or dEr/dr
becomes more positive, the fluctuation level of the pressure-gradient-driven turbulence is
reduced for a negative value of dN /dr. These results are consistent with the improvement
of global energy confinement time with a more negative value of Er observed in Heliotron-E
and in tokamaks.
Of course, the confinement enhancement in tokamaks and stellarators discussed here is
attributed to the reduction of the fluctuation level by Er, then there must be a wide class
of turbulence models besides pressure-gradient-driven turbulence and resistivity-gradientdriven turbulence in which the fluctuation levels can be reduced by a more negative value
of Er and/or a more positive value of dEr/dr, because the plasma parameters of these experiments are very different. However, since the effects of Er on the turbulent fluctuations
discussed here result from the dynamic decorrelation mechanism associated with a/, which

exists in all turbulence models, we can conclude that such effects should occur in other
turbulence models as well. Of course, it is also possible that for some turbulence models,
a more positive value of Er and/or a more negative value of dEr/dr may be more beneficial to plasma confinement. However, until such phenomena are observed in experiments,
we can probably conclude that these models are unrealistic. It is therefore important to
measure and control E r profiles in existing devices to test the conclusions drawn here and
in Refs [1-3]: that a more negative value of Er and/or a more positive dEr/dr can reduce
the fluctuation level and improve plasma confinement.
We point out that the effects of Er on turbulent fluctuations presented here are different
from the conventional Kelvin-Helmholtz instability [16] induced by either Er or dEr/dr. In
the conventional Kelvin-Helmholtz instability, the effects of Er appear as the free energy
source for the instability and turbulent fluctuations and therefore do not exist in other
turbulence models. However, the effects of Er discussed here appear as the dynamic
decorrelation mechanism, which exists in all turbulence models.
On the basis of theory developed here and in Refs [1-3], to improve plasma confinement
in stellarators, one needs to make ET more negative and/or dEr/dr more positive. To make
Er more negative, we can inject neutral beams perpendicular to the magnetic axis so as
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to enhance ion orbit losses. Reducing the edge neutral density could also make E r in the
edge region more negative by reducing the ion transport associated with plasma-neutral

collisions.
In conclusion, we suggest that plasma confinement in stellarators can be improved by
making E r more negative. Such phenomena may have already been observed in HeliotronE. We also describe the effects of Er on the pressure-gradient-driven turbulence and find
that a more negative value of Er and/or a more positive value of dEr/dr can reduce the
fluctuation level, which is consistent with the results from Heliotron-E and with the results
of the kinematic argument presented in Refs [2,3].
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HOW TEMPERATURE GRADIENTS ARE DETERMINED
IN TOROIDAL PLASMAS
S. YOSHIKAWA
Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America
Abstract

It is commonly assumed, in toroidal plasmas, that the edge ion or
electron temperature is sufficiently low so that the edge temperature can be
neglected with respect to the center temperature in modern-day toroidal
plasmas. For example, in a detached plasma, where the boundary condition is
understood reasonably well, it is both theoretically and experimentally
justified to say that the edge temperature can be approximately zero.

Now in a toroidal plasma bounded by the divertor, it is theoretically
possible to design a divertor such that each pair of electron and hydrogen ion
can carry, on average, 3/2(kTe + kTi).
Then, in the absence of recycling, the
temperature gradients in the scrape-off layer can be made zero or at least,
less than I/a, where a is the plasma radius. Under that boundary condition,
the temperature gradient inside the plasma vanishes.
Realizing this in
practice is difficult but not impossible. The problem is discussed in this
paper.

1.

Introduction

In a toroidal plasma, usually there exists the scrape-off layer at the edge of
the plasma.
There the plasma flows along the magnetic field lines to be
collected at the limiter plate or end plates in a divertor. The balance of
the outward anomalous diffusion, D, and the parallel flow determines the
scrape-off distance, which is given as
A = yDL/vs

(1)

Here L is the distance measured along the field lines and vg is the sound
velocity. In the absence of recycling, the density profile inside the scrapeoff layer must satisfy the boundary condition at r = a:
- (^)/n = A,

r = a

(2)

This condition and dn/dr = 0 at r = 0 is generally sufficient to determine
n(r) , if the expression for D is given and if the neoclassical or anomalous
toroidal pinch effect can be estimated.
The temperature gradient in the scrape -off layer is equally important for
determination of the temperature profile within the plasma. If (dT/dr)/T in
the scrape -off layer is - A^, the boundary condition

A

as r ^ a - 0

(3)
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along with dT/dr = 0 at r = 0 is sufficient. To the author's knowledge, it is
customary to assign a fixed (ion or electron) low temperature at r = a and
solve' for the temperature distribution. The procedure is justified if AT »
I/a.
Here we shall estimate AT for a toroidal plasma that is bounded by a divertor
and is radiation-free within the main plasma. This case is the opposite of
the case of a detached plasma.
Then we shall explore the method to reduce A™.

In particular, if we can

reduce A^ such that A™ < I/a, we may be able to increase the energy
confinement by (i) reducing temperature gradients, (ii) eliminating ion
temperature gradient instabilities, and/or (iii) more speculatively generating
the H-m.ode condition.
2.

The temperature gradient in the scrape-off layer

We shall assume that both ion and electron temperatures are equal in the
scrape-off layer.
(If not, the problem is still solvable but more
complicated).
Also, as noted in the introduction, there is no radiation
energy loss. Then the equation to determine the temperature gradient may be
expressed (similar to the density gradient)
'v

r\

.. o,T
'

\v*

T

3r

2
Here K is the perpendicular heat conductivity in the unit of m /sec and la is
the average energy of ion-electron pair impinging on the neutralizer plate of
a divertor.

(a cannot normally be less than 3/2.)

If the divertor is replaced by a limiter and if the temperature drop along the
field line is negligible due to the high parallel electron thermal
conductivity,
2a = ^ In (-) + | (for limiter)
2.
m l
Here M and m are ion and electron mass respectively.

If on the other hand, in the divertor, there are neutral gas particles which
can be excited by plasma electrons, the temperature in the divertor can be
lowered with respect to the scrape-off layer temperature in the main
chamber.
Furthermore, if we assume that the electron heat conductivity
(parallel) is small, then a -* 3/2.
hence
2
K ^-| = 0
3r

(6)

In practice, a divertor with a long throat may approximate this condition.

Thirdly, the magnetic field lines in the divertor section could be made to fan
out (as in Doublet type tokamaks) . Then the plasmas which flow into the
divertor become supersonic. The random thermal energy turns into the directed
energy and the plasma temperature in the flow decreases.
Under that

S. Yoshikawa, W. L. Harries, and R. M. Sinclair, The Physics of Fluids 6.,
1506 (1963).
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circumstance, the parallel heat conduction (in addition to the convected
energy by the plasma flow) may approach zero. If so, Eq. (6) is approximately
true, Xrp « I/a. Then what kind of consequence can one expect?

3.

Small temperature gradient in the scrape-off layer

For the sake of simplicity we assume that the temperature gradient is zero in
the scrape-off layer.
Then provided that the heat conductivity is not
infinite at the plasma edge, the heat conduction (in addition to the heat
convection) becomes zero. Then the total energy loss is equal to
P = | (kT. + kT ) , T S ,
2 ^ i
e edge
p
where T is the flux of the particles and S
toroidal plasma.

is the surface area of the

The solution of A ~ 0 is not so obvious, if we suppose that the plasma is
heated by the neutral beam injection whose particle has the constant energy
W. As previously, we assume that the plasma can be thermalized so that Te =
T£. Then the steady solution exists if
T = -z W = independent of r

(8)

To show this, we note that T = const, satisfies the boundary conditions at r =
0 and r = a.

Further, the particle transport equation may be written as

- i J-r(D ^ + nV) = I
r dr
dr
W

(9)

where V is the (inward) velocity due to the pinch effect and F is the neutral
beam energy flux. The boundary condition at r = a yields F, flux defined in
Eq. (7). If T is constant, the energy transport equation is Eq. (9)
multiplied by T.
Hence if Eq. (9) is satisfied, the heat transport equation
is also satisfied. Since Eq. (7) must be also satisfied, T is equal to W/3.

4.

Conclusions

The ion and electron temperature gradients in the scrape-off layer may be
reduced by adequately designing a divertor. If, in the future, recycling-free
toroidal plasmas can be produced, the experiments to lengthen the temperature
gradient distance may be tried.
Some surprising conclusions can be drawn. A steady solution of the A = 0
condition has no temperature gradient within the plasma.
The plasma
temperature reaches 1/3 of the injected neutral energy.
In rf or ohmic
heating discharges, the plasma density decreases in time.
If the rate of
decrease is sufficiently small, the plasma temperature confinement time equals
to the particle confinement time.
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DIVERTOR BIASING EXPERIMENTS IN IMS
D.T. ANDERSON, F.S.B. ANDERSON,
R.P. DOERNER, M.J. HSIEH, W.N.G. HITCHON,
P.O. MATTHEWS, J.L. SHOHET
Torsatron/Stellarator Laboratory,
University of Wisconsin - Madison,
Madison, Wisconsin,
United States of America
Abstract
An electrostatic method for controlling diverted particle fluxes in a stellarator has been demonstrated.

Potentials applied to a defined set of divertor targets (shields) in contact with diverted flux bundles results in
redistribution of plasma flow to any given divertor. Examination of the edge magnetic topology shows that ExB
drifts just outside the last-closed magnetic surface account for the alteration of the diverted particle flows.
Divertor models applied to the Proto-Cleo Stellarator show large changes in the expected divertor structure as a

function of the scrape-off-layer thickness. Diagnostics recently installed in preparation for experimental

investigation will be described.

Experimental evidence of divertor structure has been observed in many stcllarators*' . Unfortunately,
stellarator divertors usually spread the diverted flux over large regions. An externally applied vertical magnetic
field has been used to alter the divertor pattern in a stellarator.'* However, this may conflict with position control
using the same fields and provides only a global modification of the divertor pattern. We present here a method
using electrostatic fields which provides local control of diverted particle fluxes in the Interchangeable Module
Stellarator (IMS) without using magnetic fields.

IMS is an 1 = 3, seven field-period modular stellarator with a 40 cm major radius and a 4.5 cm average
plasma radius. Outside the last closed magnetic surface (LCMS), is a region of crgodic field lines which extends
radially for about 5 mm. Beyond this region, field-line trajectories quickly coalesce to form 63 diverted-flux

bundles. This divertor structure has been observed both computationally" and experimentally.

Electrically-

isolated stainless-steel shields are placed at the locations of each of the 63 emergent bundles in IMS and are used
to monitor the diverted plasma flow as well as to apply an electrostatic bias to specific divertor bundles. The

location of each shield is identified by both the coil support ring on which it is mounted and the poloidal angle at
which it is positioned on the coil support ring .
Tracing the magnetic-field lines from a given divertor shield back to a reference surface 5 mm beyond
the LCMS gives an origin "map" of the field lines comprising that divertor bundle. It was found that any point on
the reference surface is connected by field lines to at most two divertors. By following field lines parallel to the
direction of the magnetic field a diagram is generated which indicates the areas of the launch surface that are
connected to the various divertors The field lines connecting to a given divertor originate mainly from a
continuous toroidal strip on the reference surface. It has been experimentally confirmed by launching ionacoustic waves beyond the LCMS and monitoring the divertor shields to detect the wave,^ that the plasma flows
closely follow this mapping in IMS.
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Measurements of the floating potential just outside the LCMS were taken during shield-biasing

experiments. The regions outside the LCMS which connect to the biased divertor shield exhibited abrupt changes
in the floating potential as the d.c. bias voltage on the divertor shield was varied. Abrupt changes in the floating
potential of up to TQ, the electron temperature / were observed. A probe inserted in other origin regions, not
connected to the biased shield, showed no appreciable change in floating potential when the same shield's bias
was varied. Central plasma parameters also exhibit no changes during divertor-shield biasing. Measurements of

the space potential show similar changes to those in the floating potential.
A positive 50-volt potential was applied to the divertor shield in each field period which is located at a
poloidal angle of 340 degrees (i.e., the S8-340 shield, sec Figure 1). The ion-saturation current to each divertor

within one field period was measured. The ion-saturation current to the shield located at a poloidal angle of 300
degrees (the ZS-300 shield) and the shield located at a poloidal angle of zero degrees (the 8Z-0 shield) exhibited

changes. The ion-saturation current to the other shields showed no appreciable changes during biasing of the S8340 shieJds. The ZS-300 and the 8Z-0 origins flank the biased S8-340 origin. The diverted ion current to the ZS-300
divertor rises abruptly from 10.5 mA to 15.7 m A when the bias is applied to the S8-340 divertor shields. At the same

time, the diverted ion current to the 8Z-0 divertor abruptly decreases from 8.0 mA to 2.0 mA when the bias voltage
is applied.

8Z-0

ZS-3GO

bias

" Plasma

Breakdown
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Ap
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Figure 1 shows the experimental data obtained with this shield biasing configuration. The two traces

labelled ZS-300 and 8Z-0 monitor the ion-saturation current collected by each of these divertor shields. The
current to each divertor clearly exhibits an abrupt change when the bias is applied to the S8-340 shields. The total
current collected by the biased shield is the trace labelled Ibias- The bias is switched on half-way through the
discharge. The line-averaged density docs not change appreciably over the course of the plasma discharge.
Particularly, it does not change when the bias is applied.
From this data, the diverted-ion current decreases to the divertor whose origin strip is located on the

positive poloidal angle side of the biased origin. The current increases to the divertor whose origin is located on

the negative poloidal angle side of the biased origin. This trend persists even when other sets of divertor shields
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arc biased. Since the decrease in current to one monitored divcrtor approximately equals the increase in current
to the other monitored divertor, and since the currents to remote divertors exhibit only minimal changes, we
conclude that the redistribution of flux is predominantly localized to the origin regions bordering the biased origin
region.
Reversing the direction of the coil currents leaves the structure of the magnetic field unchanged; only the
direction of the magnetic field is reversed. Reversing the direction of the magnetic field should not directly
change the electric field structure along a magnetic field line. Thus, one would expect to measure identical
alterations to the diverted particle flows (at least to lowest order), if parallel conduction is the dominant
mechanism responsible for the alteration of the diverted particle flows. On the other hand, reversing the direction
of the magnetic field reverses the direction of any E x B drifts. If an E x B drift is responsible for the observed
alterations, one would expect to see a reversal of the trend described above. That is, with the oppositely directed
magnetic field, one could expect the current to decrease to the divcrtor whose origin is located on the negative

poloidal angle side of the biased origin, and increase to the divertor whose origin is located on the positive polctidal

angle side. This is shown schematically in Figure 2.

8Z-0

FIG. 2.

The measured potential changes (just outside the LCMS) due to shield biasing indicate the formation of
an electric field having both radial and poloidal components. The radial component of the electric field acts to
produce a poloidal drift (which pushes plasma poloidally around from one origin to a neighboring origin). The
poloidal electric field component results in a radial E x B drift. The radial E x B drift resulting from shield biasing
is the same order of magnitude as the measured plasma flow velocity through the divertors.^ This radial drift acts
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to pull plasma out from near the LCMS on one side of the biased origin (i c , the drift is outward) and to retard the
flow of plasma out of the region near the LCMS on the other side (the drift is inward) The fields thus act in
concert, with the poloida! drift channeling plasma from the origin where it was inhibited from flowing through the

divertor (by the minor radially inward drift) to the neighboring origin on the other side of the biased origin, where
the outward radial drift enhances the probability of the plasma flowing through that particular divertor
Repeating the measurement with the S8 340 divertor shield biased to + 50 volts , but with the oppositely
directed (i e negative ) magnetic field does show a reversal of the change in the diverted ion current to both of

the divertors described previously (the ZS-300 and the 8Z 0 divertors) This is consistent with an E x B drift acting
on the diverted plasma The diverted ion current to the ZS-300 divertor decreases by 5 2 mA, whereas with a
'positively' directed magnetic field, the current increased by 5 2 mA The change in the diverted ion current to the

8Z-0 divertor also reversed, increasing by 6 4 mA whereas it had decreased (with a positively directed magnetic
field) by 6 0 mA
This work demonstrates the ability to alter diverted flows through externally applied potentials in IMS To

extend this work to continuous-coil machines, a divertor map was made for the Proto-Cleo Stellarator It was
observed that the shape and location of the emergent flux bundles were a strong function of the scrape off-layer

thickness used for the calculations With a thin SOL, the divertors were seen to segment in that most of the field
lines emerged on the outboard side of the torus As the SOL was increased, fluxes appeared on the inboard side
and formed the classic fishtail appearance Patterns with small SOL exhibited much longer connection lengths

than those with larger SOL thicknesses
A set of over 100 probe diagnostics have been installed in the divertor regions of the Proto-Cleo Stellarator

for a preliminary analysis of the actual divertor structure These probes are located so that information can be
obtained about divertor segmentation, fishtail and divertor stripe widths and appropriate SOL thickness to use for
future modelling Operation of the device with these diagnostics is anticipated in the very near future
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DIVERTOR STUDIES AT 6 kG IN THE
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University of Wisconsin - Madison,
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Abstract
The Interchangeable Module Stellarator offers a unique opportunity to study various detailed aspects of diverted
plasma flow in a Stellarator. This report presents measurements showing the structure of the plasma flow exiting the
confinement volume for two magnetic field strengths (2.6 kG and 5.8 kG on axis). These patterns of flow, or
"footprints" show the relative density of the emerging plasma spatially on the walls of the device. These patterns are
compared between the two magnetic field settings.
In addition to measuring the structure of the plasma flux in the individual divertor bundle, a more global picture of
the diverted plasma is presented at the two fields. The total diverted flux at all divertor locations wfthin one field period
of IMS can be measured simultaneously and shows the poloidal variations of the diverted plasma. These
measurements show a poloidally asymmetric flow and a sensitive dependence on the magnetic field. Data is given for
magnetic fields within a 15% range around the nominal operating central field strengths of 2.6 and 5.8 kG. Within this
range, the diverted plasma is seen to make an abrupt distribution change when the electron cyclotron resonance

location is moved from radially inside the magnetic axis to outside. It is postulated that these abrupt changes reflect a
gross change in the transport conditions in the edge regions or inside the separatrix, and other experimental
observations will be discussed in connection with these phenomena.

IMS Divertor Experimental Apparatus
IMS is a 7 field period, L=3 modular Stellarator, with a 40 cm major radius and 4.5 cm average plasma radius. The
magnetic configuration of IMS produces 63 modular divertors, 9 per field period. Each of these 9 divertors is located
at a different poloidal angle which we will use to label them. Electrically-isolated shields are placed at each of the

predicted divertor locations, some of which also have semi-permeable screens in front of them. These shields are
located between the gaps in the coils and intercept the diverted plasma flow. A schematic diagram of the modular coil
configuration and of the shield positions is given in reference [1].
By keeping the screens grounded, the shields may be biased without affecting the bulk plasma. Thus, the shields
can be used as Langmuir probes to measure the diverted plasma flux. At three of the divertors, an array of Langmuir
probes is imbedded into the shields which allows more detailed measurements of the structure in the diverted plasma
flow. It is with these probes that the shape of the flow, or "footprint" pattern, is measured.

All plasmas are produced through ECH sources. For 2.6 kG operation, the source frequency is 7.25 GHz, and the
applied RF power is =< 1.2 kW for 10 ms. For 5.8 kG operation, a different source is used that delivers => 10 kW for 1 ms
at a frequency of =• 16.5 GHz.

Divertor Footprint Experimental Set up
The three divertors that contain the probe arrays are located in one field period at 72, 146 and 288 degrees
poloidally. One array (at =• 146) consists of an 8x11 grid of probes with a 6 mm by 6 mm spacing, poloidally and
toroidally. The other two arrays, which are located in larger coil gaps, each consist of an 8x12 grid of Langmuir probes
with a spacing of 8 mm by 6 mm, poloidally and toroidally. Thus, these arrays cover a substantial portion of the area
between the coils. More detailed information on these arrays and other divertor diagnostics are presented in R. P.

Doerner's PhD thesis [1].

Measured "Footprint" Data
The footprint data is presented as contour plots indicating relative strengths of ion saturation current over the area
occupied by the probe tips. The measured current from each of the probes is fitted to a 5th order polynomial in
2-dimensions creating a surface in which the contours drawn. This surface is then normalized to its own peak value,

and the contours are drawn in 10% increments revealing the structure of the diverted plasma flow at the radius of the
probe array.

* Work supported by the US Department of Energy under grant DE-FG02-86ER53216.A004 and Oak
Ridge National Laboratory under contract 19X-9135-C.
Ill

Figures 1, 2 and 3 show these contours for the divertors located poloidally at approximately 72, 146 and 288
degrees, respectively. In all the figures, the top contour plot is for 2.6 KG operation and the bottom is for 5.8 kG.
Since each of the contour plots is normalized to its own peak, it would also be useful to present the relative

magnitudes of the total current exiting the divertor at each field operation. Table 1 shows this measured divertor
current along with the line averaged density measured by an microwave interferometer.
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TABLE 1. TOTAL DIVERTOR CURRENT

Magnetic Field
Strength fkG)
2.6
5.8

Line Averaged
Density (cm3)
1.5 x10 1 1
4.8 x10 1 1

72° Divertor
Current fmA)
9.35
35.12

146° Divertor
Current fmA)
1.54
2.43

288° Divertor
Current (mA)
13.21
14.28

Observations
In all cases, the contour plots show well defined footprints, and that (he majority of the diverted flux is intercepted
by the probe array. Their location agrees quite well with the theoretical diverter modeling method used by Doerner [2).
They also show that the flux bundle is found in the same location for both 2.6 kG and 5.8 kG operation which is
intuitive since the structure of the magnetic fields should remain constant for both field strengths.
However, referring to the contours in all three figures, one notices that the 2.6 kG contours show the flow to be
more concentrated in the poloidal direction than in the 5.8 kG contours. In comparing the half intensity widths
between the two contours, one finds approximately 15 to 40 percent increase in the half width of the 5.8 kG footprints.
The contours in the 5.8 kG case all seem to be shorter in the toroidal direction.
The total current to the divertors shows an appreciable increase at 5.8 kG operation. This increase should be
expected since the density of the plasma is higher at this field. However, these currents do not scale linearly with the
plasma density, nor is the relative scaling between individual divertor flows consistent. This implies that the plasma

has different transport characteristics at the two field strengths, and also operation at these two magnetic field
strengths requires two different RF heating sources, and there may be a redistribution of diverted plasma because of
the differences in power, frequency and orientation of the launching antenna. Since these are only three divertors out
of a possible nine per field period, one would have to measure all nine to determine how the diverted plasma current is
redistributed among the divertors. This redistribution is studied in more detail below.

Poloidal Flow Experiments
By using the whole shield as a Langmuir probe, one can measure the entire flux through a divertor. By measuring
all nine types of divertors at in a field period at once, a poloidal distribution of flux can be obtained within a single
discharge. This can be accomplished in IMS for all but one of the divertors in a field period. The innermost divertor,
located at 180 degrees, lacks enough space to mount a screen in front of the shield. However, it is surmised that the

flow out this divertor is much smaller than the divertors on the "out board" side of the machine. The data presented
below shows this to be a reasonable assumption.
The shields are biased into ion saturation and the current drawn by the shield is indicative of the plasma density at
the shield. This plasma is assumed to be present here only because it has flowed into the divertor from a location near
the separatrix.

Measurements of the divertor flux for various magnetic field strengths can be easily accomplished by changing
the charging voltage on the capacitor banks that source the IMS coil current. Because the "flat top" (1% variation) of
the coil current waveform is » 1.0 ms, small variations in B are seen within the 10 ms discharge (about 7.5% variation
in B). Thus, the evolution of the divertor flux with magnetic field can be observed within a single discharge.

Measurements of Poloidal Flow Distribution
Figures 4 and 5 show the ion saturation current for each of the eight divertors in one field period versus the
magnitude of the magnetic field on the axis of IMS. They show a significant variation of current over the range of
magnetic fields. In particular, there is an abrupt change in current, or flow, around the magnetic field values of 2.6 2.65 kG. This change in flow is the seen on all the divertors except on the very inside of the device (divertors 146, and
214). Some divertor flows increase, while others decrease, and the pattern is not symmetric with respect to poloidal
angle. The net change in density as seen by a microwave interferometer shows no abrupt change in this magnetic
field region, as shown in figure 6.

The same experiment was conducted at the higher field operating point, and the results are similar, but the
changes are less dramatic. Since the RF power last only 1 ms during these discharges, the data to produce these

curves is more sparse than at the lower field. The abrupt change in flow is not seen as clearly on all the divertors, but
do is measured at =* 6.0 kG which is consistent which the characteristics seen at the lower field.
In order to get a feel for the poloidal distribution of the currents, figures 7 and 8 show a histogram of the currents
vs. poloidal angle for different values of magnetic field as indicated by the legend to the right. These figures show the
poloidal asymmetry of the divertor flows, and how these flows are redistributed by the changing magnetic fields. One
of the features to note is that there is much more asymmetry in the higher field operation with respect to top (0-180
degrees) to bottom flows than the lower fields. Much more of the divertor flux exits out the 72 and 112 divertors at high
fields. In general, while the abrupt change in flow is consistent between the two regimes of operation, the overall
characteristics of the poloidal distribution is not. This supports the earlier assumption that there are different
transport mechanisms feeding the divertors between low and high field operation.
Possible mechanisms for observad flows and present and future Investigations

I. Local plasma production In the diverted fields outside th« separatrix. Local regions outside the separatrix can
the correct magnetic field strength for ECH. If this resonance area is large enough, significant plasma production may
take place which may feed, or inhibit the flow of plasma to the particular divertor connected to this region.
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An ordinary Langmuir probe was used to measure density on a major radial cord of IMS during a discharge where
the magnetic field was ramped between 2 5 and 2 8 kG

During this discharge, the observed change in divertor 1low

was seen Figure 9 shows the density as a function of major radius for 5 different values of magnetic field The
confinement region for this scan is located between 35 5 and 43 0 cm Note the evolution of density peak located at
44 cm as the magnetic field is increased This peak is located outside the separatrix, it may be the result of local
plasma production there The location of this density peak corresponds to an area of magnetic flux that is connected
lo the "out board" divertors (located at 23 and 337 degrees poloidally)

If one refers back to figure 6, it is seen that

these divertors exhibit a decrease in flow Thus, this density peak seems to be Inhibiting the flow, possibly acting like
a electrostatic plug This plug may be formed when the tail of the electron distribution is heated to the point of being
lost from the region leaving a net positive space charge More extensive 3 dimensional measurements of density
electron temperature and space potential in this region, as well as theoretical predictions of electron cyclotron
resonance locations, must be made

II. Edga Transport Is being affected by the changing magnetic field. It was shown by Doerner [3] that large
changes in divertor flux could be achieved by externally applying voltages to the divertor shields which set up electric

fields in the scrap-off layer just outside the separatrix An ExB drift model was developed to explain the observed
shifts in divertor flux Assuming electric fields in the scrap off layer due to ECH or other mechanisms, then changing
the magnetic fields will alter the ExB drifts
One straight forward way to test this hypothesis would be to repeat the measurement of the evolution of the

divertor flux with the direction of B reversed The discharge should be formed in the same manner except that the ExB
drifts will be in the opposite direction, and the divertor flux evolution should be reversed This is especially important
given the odd symmetry in flows seen between the 72 and 288 divertors Work is currently in progress to modify the
bus structure in the capacitor banks to facilitate changing the direction of current flow in the coils
Another possible mechanism is that the magnetic fields are affecting the edge fluctuation levels Thus, the
fluctuation induced transport may be responsible for the changes in divertor flow To investigate this possibility, we
have to make direct local plasma parameter measurements in the edge regions, and ascertain the fluctuation levels

corresponding to different magnetic field values
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III. Central plasma transport Is being modified by changing magnetic fields. Again, if there are electric fields inside
the separatnx, their effects on transport will depend on the magnetic field A redistribution of transport in the central

plasma will show up in the flows out the divertors
Also, local density concentrations may feed specific divertors directly, and their movement with magnetic field

(possibly through an upper hybrid resonance) will alter the divertor flux Local density peaks have been been
observed in an IMS cross-sectidnal density scan [4] Other experiments have shown that local areas of high plasma
potential exist in IMS and that they are dependent on the ECR location [5]. These high potential areas give rise to
convective transport which is dependent on the magnetic field strength
Another possibility is that trapped particle effects may give rise to a changing electric field structure inside the
separatnx, and again ExB drifts may account for the redistribution to the divertors
More detailed measurements will be made on the central plasma, edge plasma and divertor regions to determine
plasma behaviour under different magnetic field conditions

Comments
It is evident that there are many questions that need to be answered before one can explain the data presented
here. It is probable that more than one of the above mechanisms, and others not mentioned here, are responsible for
the divertor poloidal flux distributions In fact, the data may well contain a wealth of information concerning plasma
transport issues Work will proceed to study this phenomena with the goal that understanding divertor flows will
ultimately lead to a better understanding of central plasma transport processes
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THE EFFECTS OF A MAGNETIC FIELD
ON A COLLISIONAL PRESHEATH
W.N.G. HITCHON, D.J. KOCH,
W.D. D'HAESELEER
Department of Electrical and
Computer Engineering,
University of Wisconsin - Madison,
Madison, Wisconsin,
United States of America
Abstract

The numerical method applicable for the solution of the kinetic equation
described previously have been used for the investigation of sheath
characteristics at a divertor region of the IMS device. The effect of
modifying the ripple profile on confinement time and potential profile are
described.

I. Plasma Model

The numerical model has been described previously (Hitchon, Koch and
Adams; J. Comp. Phys, to be published), where it was applied to a sheath such

as those in the IMS divertors.

This numerical method is very effective in

solving equations such as the kinetic equation when flow in some sense
dominates diffusive processes.
The kinetic equation for the ions is

(D
where f is the ion distribution function, E the electric field along the
diverted field line, y the magnetic moment and other symbols have their usual

meanings. Once f is known, the electrostatic potential $(«,) is obtained from
the quasineutral ity condition, which is appropriate in the presheath, by
e*/kT
assuming the electron density obeys the Boltzmann relation n = n e
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II. Results
In this section, we outline the effects of modifying the ripple profile

on T, $ and the fraction of ions going to each plate.
The distribution of ions as a function of distance along the line, «,, and
velocity, v, is shown in Fig. 2. The mean-free-path x = 50 cm. a = 0.4, with
6 = 0 in the source. Only a single bump in the field was used.
The variation of the confinement time T and * with 6 at a fixed number of

ripples, N = 4, and versus N at a fixed 6 = 0.4, is shown in Fig. 3.

T varies

over a range from about 10-30 ys. $ varies roughly linearly with both 6 and
N, in these cases. For N = 4, A$ is approximately equal to twice uB<s, for all
the 6 values considered.
The potential drop across the presheath in one of the cases considered
above is shown in Fig. 4; s = 0.4, N = 4. The potential set up drops to -8.4

V. The 'effective' potential, $ ff = $ + yB/q , is also shown. The effective
potential energy gives rise to an energy barrier that traps ions in the source

region. This energy barrier ranges from .4 eV for 0 = .2 to 1.3 eV for the ô

= .6 case.

The varying height of this energy barrier gives rise to the

variation of confinement times. It can be seen that the potentials $ and $eff
have maxima and minima which are 180° out of phase with the magnetic field
strength.

This is due to collided ions that are relaunched with a parallel

energy low enough to be trapped in the effective potential wells.
B

Plasma Geometry

Source

\
—*\ î » 20 cm

— L=1 m
F1g.

1. The geometry of the field Une considered.

The source is constant

throughout a region midway between the plates and zero elsewhere.
Various ripple profiles were considered, although most cases had a
constant field in the source region.
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EDGE PLASMA AND DIVERTOR STUDIES
IN THE ATF TORSATRON*
P.K. MIODUSZEWSKI, T. UCKAN, D.L. HILLIS,
J.A. ROME, R.H. FOWLER, J.C. GLOWIENKA,
M. MURAKAMI, G.H. NEILSON
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

First plasma edge data have been obtained during the initial operating
period of ATF. For discharges with 170 kW of ECH power, 600 kW of NBI power,
and line-average densities of 1.5 x lO^-9 itr3, the plasma parameters at the
LCFS were: ne = 3 x 1018 m~3, Te = 12 eV; heat flux 150 - 300
W/cnr 2 , decay length Xq = 2 cm. The fraction of the input power that
was deposited on the limiters was 16% in ECH discharges and 3% in NBI
discharges. The particle flux in the divertor stripes was several 10*7
ctrr 2 s-l with a half-width of 2 cm. Location and width of the stripes did
not change when the neutral beam was injected Into the ECH plasma.

1. Introduction
During the first operating period of the Advanced Toroidal Facility (ATF), currentless
plasmas have been generated and heated with up to 0.2 MW of electron-cyclotron power
(ECH) and up to 1.5 MW of neutral beam injection (NBI) [1]. ATF is an /= 2, 12-field-period
torsatron with a major radius RQ = 2.1 m, an average plasma radius a = 0.27 m, and a mean
field of B0 < 2 T. The ECH system consists of one 53.2 GHz, 200 kW, CW gyrotron which
provides fundamental heating at B0 = 1.9 T and second harmonic heating at B0 = 0.95 T. Two
neutral injectors are installed, aligned for tangential injection in opposing directions (co- and
counter-injection). Each beam can inject up to 1 MW into the torus at energies up to 40 keV,
with pulse lengths up to 0.3 s. For future long pulse or steady state operation, we are
investigating options for continuous particle control and edge modifications with a divertor.
2. Experimental Arrangement

The poloidal cross-section of the plasma is a function of the toroidal angle. At 4> =0° and
30° the plasma is vertically elongated, while halfway in between, at <}> = 15°, it is horizontally
elongated.Toroidal cuts through the vacuum vessel at <$> = 0° and 15° and the corresponding
poloidal cross-sections are shown in Fig. 1. The figure shows the main plasma, limited by the
last closed flux surface (LCFS), and the plasma edge. It has been observed in Heliotron-E that

Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.

121

TOP LIMITER (<(> = 0 • )
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FIG.l Poloidal crosssection of the plasma at
toroidal angles of 4"= 0 °
and 15°, showing
the plasma edge and the
arrangement of limiters
and the graphite plate.

the plasma leaves the confinement zone in distinct flux bundles intercepting the wall as
"divertor stripes" [2]. As indicated schematically in Fig. 1, two stripes leave the confinement
zone towards the outboard wall and one towards the inboard wall. Because of the complicated
structure of the plasma edge, the diagnostics system was designed to determine a) the global
configuration, i.e. the location and extent of the stripes, and b) the local plasma parameters
within the stripes. The main edge diagnostics that have been used so far are the instrumented
limiters, the instrumented divertor plate, and an array of Ha-monitors.

The instrumented limiter system is comprised of one moveable top and bottom module,
each with a vertical stroke of 25 cm and a toroidal separation between the two units of one field
period. Each module consists of 11 individual graphite tiles, mounted on a water-cooled
stainless steel base plate. The tiles form calorimeter arrays for measurements of the energy
deposition profile and the total deposited energy. The central tile incorporates Langmuir probes
and a gas puff nozzle. The drawing in Fig. 2 shows the schematic arrangement of the top
limiter and the central tile.

GRAPHITE TILES
THERMOCOUPLES

(60

(80

200

220

240

R (cm)

FIG. 2 Location of the top rail limiter in the ATF

vessel.The inset shows the central rile.

A system consisting of a graphite divertor plate and an infra-red (IR) or charge-coupled
device (CCD) camera is used to study the divertor configuration. Figure 1 indicates the location
of the divertor plate; it has a diameter of 50 cm and can be positioned between the wall and the
LCFS. The pattern of particle and heat fluxes on the divertor plate can be observed with CCDor IR-camera repectively. A multi-purpose image processing system has been developed for
fast aquisition, display and analysis of these 2-dimensional patterns. For measurements of local
plasma parameters, Langmuir probes are imbedded in the graphite plate at three locations.
Observing particle fluxes to the divertor plate while scraping off the edge plasma with top and
bottom limiters, will allow us to determine the connection lengths in the plasma edge as a
function of radial position.
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The HÄ-monitors view the wall, the gas puff location, the location of neutral beam
injection, and the limiter. The observed signals serve as a relative measure of particle fluxes.

Because of the complicated structure of the plasma edge, the determination of the integrated
global particle flux requires detailed transport modeling of the neutral hydrogen and is in
progress.

3. Modeling of the Plasma Edge
Particle flow from the confined plasma to the vacuum vessel wall has been studied by
following field lines and single particle orbits. A realistic multifilament model for the vacuum
magnetic field was combined with a detailed computer model of the ATF vacuum vessel to
determine the interception of the field lines with the vacuum vessel. Magnetic field lines as well

as 1-keV particles were launched randomly from locations 1 to 3 cm outside the LCFS. The
result showed both field lines and particles being funneled to form narrow stripes at the wall.
The stripes were similar for the field lines and the 1-keV particles. Modeling the interception of
the field lines with the outboard divertor plate showed two distinct stripes with the location
depending on the radial position.
4. Results
A typical limiter energy profile of a 0.25 s discharge is shown in Fig. 3. The plasma was
sustained by 170 kW of ECH with an additional 600 kW of NBI from 0.15 s to 0.25 s; the
maximum line-averaged density was 1.5 x 1019 nr3. The vertical position of the limiter was at
39 cm which corresponds approximately to the LCFS. The central tile received an energy of
860 J, the total energy deposited on one limiter was 4 kJ. From the width of the energy
deposition profile, the scrape-off length of the heat flux was determined to be A q = 2.3 cm,
similar to values obtained in tokamaks. To determine the average power flux as well as the
contributions from ECH and NBI, limiter position scans were performed for ECH-only as well
as for (ECH+NBI) discharges. The total deposited energy at the top limiter as a function of
position is shown in Fig. 4.
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The ECH-only discharges are suitable for estimating the power flux. The average ECH
input was 170 kW for a duration of 0.25 s. The energy deposition at the LCFS (39 cm) was
3.5 kJ, corresponding to an average limiter power flux of 14 kW. Hence, the total power flux
to both limiters was 16.5 % of the input power. Knowing the power to the central tile as well
as the e-folding length of the power flux, the power flux density at the LCFS could be
calculated and was approximately 270 W/cm2. This is consistent with Langmuir probe

measurements which indicate temperatures and densities at the LCFS of 12 eV and 3 x 1018 nr3
respectively.
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The (ECH+NBI) discharges were sustained for 0.25 s by 170 kW of ECH, with an
additional 740 kW of NBI for 0.1 s. The total input energy increased by a factor of 2.75. As
Fig. 4 shows, the energy on the limiter increased only by a factor of 1.3 at the LCFS and by
1.6 at 33 cm. At the LCFS, an incremental energy of 1 kJ was deposited by NBI, corresponding to a power flux of 10 kW. Accounting for both limiters, the fraction of NBI power
that is transported to the limiters, is only about 3 %. Since, on the other hand, the stored
energy in the bulk plasma increased typically by a factor of 2.5 with NBI, we conclude that
energy transport from the center does not occur by conduction and convection to the plasma
edge, but by mechanisms that transport energy directly to the wall such as radiation and
charge-exchange processes. This is consistent with measurements of the HK radiation at the
vessel wall. When the limiters were inserted well into the confined plasma, most of the plasma
should have been scraped off, causing the particle flux to the wall to vanish. As Fig. 5 shows,
this is actually the case for the ECH phase of the discharge while during the NBI phase the
particle flux to the wall is hardly influenced by the limiter position. Whether or not these
observations can be explained e.g. by charge-exchange processes or by other mechanisms such
as orbit losses, will be studied further.
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Some initial experiments with the divertor plate have confirmed modeling results on the
"divertor stripes". A position scan of the divertor plate has provided first information on the
stripes. The Langmuir probes on the plate were used to measure the ion saturation current as a
function of plate position. As a result, three curves were obtained which represent the particle
flux in the stripe, each at a different position. Figure 6 shows one example (the zero position
corresponds to the plate located at the wall). The figure shows that the stripes were very
narrow with only 2 cm half-width and particle fluxes of several times 1017 cm-2 s'1. Stripe
position and half-width did not change with NBI. The particle flux was three times higher
during NBI than during ECH-only which is consistent with the change in line-average density.
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FIG. 6 Particle flux in the "divertor
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124

5. Summary

First plasma edge data have been obtained during the initial operating period of ATF. For
discharges with 170 kW of ECH power, 600 kW of NBI power, and line-average densities of
1.5 x 1019 m-3, the plasma parameters at the LCFS were: ne = 3 x 1018 irr3; Te = 12 eV; heat
flux 150 - 300 W/cnr2, decay length A = 2 cm. The fraction of the input power that was
deposited on the limiters was 16 % in ECH discharges and 3 % in NBI discharges. The particle
flux in the divertor stripes was several 1017 cm'2 s"1 with a half-width of 2 cm. Location and
width of the stripes did not change when the neutral beam was injected into the ECH plasma.
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Abstract

Techniques for cleaning and conditioning the vacuum vessel of the
Advanced Toroidal Facility (ATF) and its internal components are described. The
vacuum vessel cleaning technique combines baking to 150°C and glow discharges
with hydrogen gas. Chromium gettering is used to further condition the system. The
major internal components are the anodized aluminum baffles in the Thomson scattering system, a graphite-shielded ICRF antenna, two graphite limiters, and a diagnostic graphite plate. Three independent heating systems are used to bake some of the
major components of the system. The major characteristics used for assessing cleanliness and conditioning progress are the maximum pressure attained during bakeout,
the results of gas analysis, and relevant plasma parameters (e.g., time to radiative
decay). Details of the various cleaning and conditioning procedures and results are
presented.

1. INTRODUCTION
The ATF has now gone through three operating periods. The facility and its operational characteristics are described in Ref. [l]; only the vacuum vessel pumping,
baking, and glow discharge systems are described here. To ensure an acceptable base
vacuum and "clean" walls, cleaning and conditioning of the vacuum vessel and some
of the major internal components were incorporated into the initial design.
The initial startup phase of the ATF was dominated by leak checking and leak
repair. Plasma operation began with a minimal number of diagnostics. The time
before radiative collapse was used as a measure of the system cleanliness, as shown in
Fig. 1 for the first 1300 discharges. For discharges 1 through 800 glow discharge
cleaning (GDC) alone was used for conditioning the device, while for discharges 800
through 1300 GDC was used in combination with baking to 150°C. Plasma performance, as determined from the time to radiative collapse, improved significantly with
the introduction of baking. The third operational period started with discharge 1500.

Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
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FIG. 1. Time to radiative collapse for the initial and second operational periods of

ATF. During the initial period, GDC only was used, whereas during the second period
both GDC and baking were used to condition the vessel.

The cleaning systems had been upgraded and several diagnostics added. This paper
concentrates on this period, which was dedicated mainly to studying plasma characteristics and installing additional diagnostics. In Section 2, the properties of the
vacuum vessel and pumping system are summarized. The vessel bakeout system and
the GDC procedure are described in Section 3. In Section 4, we describe procedures
for cleaning and conditioning some of the internal components and discuss the results
obtained. Chromium gettering is addressed in Section 5. In Section 6, we discuss the
effects of the various cleaning and conditioning techniques on plasma performance.
Finally, in Section 7, we summarize and draw conclusions from the present results.
2. VACUUM VESSEL AND PUMPING SYSTEM

The ATF vacuum vessel is fabricated from nonmagnetic stainless steel plates
welded with Inconel filler metal. Heating sources, pumping system components, and
diagnostics are coupled to the device through 48 ports of 3 different sizes. Figure 2
shows the vacuum vessel configuration. The complicated shape is designed to accommodate the two helical torsatron windings.
The vacuum vessel consists of the basic torus, including the port throats, and the
flanges, each of which is made up of a flange window attached to the port throat and a
flange cover (see Fig. 2). Figure 3 is a schematic of the vacuum vessel, the pumping
system, and the major internal components. Pertinent surface areas are listed in Table
I. The high-vacuum pumping system for the vacuum vessel consists of three 2200-L/s
turbopumps in parallel, each backed with a forepump. The effective speed of the
pumping station at the vessel was calculated to be 3200 L/s, and the measured
pumping speed was 2500 L/s. Two residual gas analyzers (RGAs) are installed in the
pumping system for gas analysis. A variable-conductance bypass arm is used for gas
analysis during GDC.
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FIG. 2. Geometric configuration of the ATF vacuum vessel.
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FIG. 3. Schematic of ATF vacuum vessel, major internal components, and pumping system.
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Table I. Pertinent surface areas
(SRF = surface roughness factor)
Plasma facing area
(m2)
Vacuum vessel
Stainless steel
Thomson scattering stack
Anodized aluminum
Stainless steel

SRF

Outgassing area
(1000 x m2)

50

10

0.5

0
0

100
10

3
0.1

Limiters
AXF-5Q

0.2

10

Graphite diagnostic plate
ATI

0.06

15

ICRF antenna shield
AXF-5Q

0.15

1.6

3. BAKING AND GDC SYSTEMS
Induction heating of the torus is accomplished by inductive coupling of ac power
via excitation of the helical windings. About 20 min is needed to heat the torus to its
maximum allowable temperature, 150°C; the maximum heating rate is about
4°C/min, and the cooling rate near 150°C is about 3°C/min. (Earlier estimates [2]
were 42 min to heat the torus to 150°C, a heating rate of 3°C/min, and a cooling rate
near 150°C of about l°C/min.) When the maximum temperature is reached, the power
is turned off and the temperature is allowed to drop to 140°C before power is reapplied. The cycle time for the induction heating is about 6 min, with 2.5 min on and
3.5 min off. The inductive coupling of the helical coils to the vessel is somewhat
nommiform; when the hottest portion of the vessel is at 150°C, the coolest portion is
near 75°C.
Heating tapes are used to heat the torus appendages; each tape is independently
controlled using a thermocouple as a sensor. The time to reach the maximum
allowable temperature of all appendages heated with tapes, except the Thomson
scattering stack, is very long (i.e. many hours). In fact, for a majority of the tapes, the
equilibrium temperature is less than 150°C, so these tapes remain on continuously
during the heating cycle.
GDC with hydrogen is used extensively in conjunction with baking. Salient
features of this widely used technique are described in a recent review by Dylla [3].
For ATF, initial breakdown occurs at about 15 mTorr for a "dirty" vessel and about
40 mTorr for a relatively "clean" vessel at applied voltages near 1 kV. The power
supply is limited to 1 kV and 2.5 A. For the geometry of our system, the hydrogen
flux to the wall is about 2 x 1013 H2 /cm2-s at 600 V, 2 A, and an operating pressure
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of 2 mTorr. This pressure was chosen because it was the lowest pressure at which a
glow discharge could be reliably maintained while still pumping without significant
damage to the turbopumps.
We have found an efficient method of operation that permits simultaneous baking
and GDC. The magnetic field created when the helical coils are used for induction
heating significantly reduces the size of the glow volume, so no effective cleaning
takes place during the heating phase, but cleaning does occur during the cooling
phase. This provides GDC about 58% of the time.
4. CLEANING AND CONDITIONING OF THE INTERNAL COMPONENTS

The pertinent surface areas of the vessel and major internal components are given
in Table I. The plasma-facing areas and the outgassing areas are based on reasonable
estimates for the surface roughness factor and the measured area per unit mass for the
graphite components.

4.1. Thomson scattering stack
It was thought to be necessary to begin the cleaning process by cleaning the black
anodized aluminum apertures in the Thomson scattering stack, since they are somewhat removed from the plasma region. The anodization layer is about 40 (im thick. In
addition, it was felt that the remaining parts of the system should be kept hot during
this cleaning so that the smallest possible amount of the outgassing constituents
would be adsorbed. GDC was not performed during this operation, since the outgassing gases would have been implanted into the surface region of the vessel walls.
The maximum pressure reached during a baking operation, starting with the initial
cleaning and conditioning operation after a major opening, is shown in Fig. 4. The
estimated amount of gas released (mainly water, as determined by RGA) is given in
Table II. Figure 5 shows pressure versus time for the second bake cycle. The time for
a bake cycle is about 5 x 104 s at a temperature of about 150°C. The power for
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FIG. 4. Maximum pressure reached during baking cycle for ATF.
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Table II. Estimated H2O released from
Thomson scattering stack

(Bake duration: 5 x 104 s,
bake temperature: 150°C)
Baking cycle

Gas released (Torr-L)

1
2
3
4

1000
300
50
1

TIME(x104s)
FIG. 5. Pressure response during second baking cycle of Fig. 4.

induction heating and for all heating tapes was started at approximately the same
time. The initial rise can be attributed to induction heating of the vessel; the second
peak, to gas released from the anodized aluminum. The jagged nature of the pressure
response results from the on-off cycling of the induction heating system. After five
baking cycles, no detectable release of any gas occurred when the Thomson scattering
stack was baked further. This simple procedure appeared to clean this component sufficiently for plasma operation. This component has essentially no plasma-facing
surface area; thus, no conclusions can be drawn as to its capability as a plasma-facing
surface.

4.2. ICRF antenna
The ICRF antenna is a resonant double loop antenna oriented for fast-wave
launch. It operates in the range from 10 to 30 MHz and will launch up to 800 kW in
plasma for periods of <500 ms. It has a two-tier, graphite-shielded Faraday shield and
graphite armor tiles on its sides. It is movable radially over a 15-cm range. The
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launching area is 21 x 36 cm, and the outside dimensions are 27 x 42 cm. The
pertinent areas are given in Table I. The antenna was initially conditioned during the
bake and GDC procedure described above and further conditioned (both for launching
RF power and for preventing vacuum contamination) through operation at increasing
power levels, ultimately to 100 kW in vacuum. The residual gas spectrum was
monitored during this process. Significant outgassing was observed only when the
antenna operated in the multipactor breakdown regime [4], i.e. the 7- to 8-kW power
range. Figure 6 shows partial pressure versus time during operation in this regime
with 100-ms pulses applied every 10 s. The dominant mass peaks released, 28, 44,
and 15, represent CO, CO2, and CH4. The amount of each gas released is given in
Table III. Operation in this regime did not appear to clean or condition the antenna for
MASS

20

40

60

80

100

TIME(s)

FIG. 6. Partial pressure of five dominant mass peaks vs time during voltage conditioning oflCRF antenna, taken during multipactor breakdown regime (see text).

Table III. ICRF antenna conditioning
(operating in multipactor breakdown
regime, 7-8 kW and 100-ms pulses)
Major species
released

Amount per
pulse (Torr-L)

CO
CO2
CH4

1.5 x 10-4
Ix ID"4
2.5 x 10~5

plasma operation. However, the initial vacuum conditioning accomplished with the
bake and GDC procedure allowed very fast conditioning for launching RF power;
only a few hours of conditioning were needed, in contrast to previous experience with
other antennas that required many days of conditioning.

4.3. Limiters and diagnostic plate

The limiters, which are made of AXF-5Q graphite, are located at the top and the
bottom of the torus (see Fig. 3). They are segmented, instrumented, and movable.
133

They were cleaned and baked before being inserted into the torus but were exposed to
air for several weeks after insertion and before pumpdown. The area per unit mass of
this type of graphite, as determined by the BET technique [5], is about 1 m2/g. The
diagnostic plate is similar to the limiters in many respects but is made of ATI
graphite. Like the limiters, it was cleaned and baked before insertion in the torus, but
it was exposed to air for a few days before pumpdown. No independent method was
designed for in situ baking of either the limiters or the diagnostic plate, so these components provide large possible outgassing sources when they are heated and interact
with atomic hydrogen.
5. GETTERING

Two chromium getter sources that have been installed in ATF provide surface
coverage of about 30% of the vessel area. In a typical getter cycle, each source is
heated to 1150°C and yields a sublimation rate of 0.1 g/h (1016 atoms/cm2-s). The
deposition process is continued for 30 min and deposits an average of 5 monolayers
of chromium. The results following the small number of getter cycles that have been
completed are much better than those obtained when only the bake and GDC
procedure was used.
6. PLASMA PERFORMANCE

Wall cleanliness influences many plasma properties; those most prominently
affected are density, stored energy, and radiative losses. Initial plasma operation after

a major opening is characterized by breakdown with no external gas applied and by a
large influx of impurities from the wall, due to particle-induced desorption. This leads
to radiative collapse terminating the plasma. An unfortunate incident that occurred

after a relatively long baking and GDC cycle made it possible to compare the efficacy
of the different cleaning and conditioning techniques. A bake and GDC sequence was
inadvertently initiated with air instead of hydrogen; this led to a rather "dirty" wall
and very poor plasma performance. A sequence of baking and GDC with hydrogen
was then carried out; plasma performance following this sequence was significantly
better. This was followed by a gettering cycle and plasma operation, during which
plasma performance again improved significantly. In Fig. 7, time from the start of
neutral beam injection to radiative collapse is shown as a function of discharge
number for shots taken during the operating periods following these three "conditioning" sequences. Figure 8 shows the peak stored energy for the same discharges.
The plasma parameters improve significantly as the walls are cleaned and
conditioned.
7. SUMMARY

The procedures used for cleaning and conditioning of ATF have been described.
Two significant results were obtained. First, baking to 150°C can clean anodized
aluminum sufficiently for operation in a plasma device but does not address the effect
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FIG. 8. Peak stored energy in the plasma. Data are from discharges during the
operating periods following three conditioning sequences.

of anodized aluminum as a plasma-facing component. Second, the cleaning and
conditioning procedure described here can clean a graphite-protected ICRF antenna
sufficiently to allow rather rapid conditioning for launching RF power.
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Abstract

Faraday rotation measurements have been successfully used to measure the poloidal fields on a number
of devices (ISX-B, TEXTOR, . . .). It is quite possible that a refinement of this technique, correlation of
crossed-sightlines, might be used to measure the fluctuating perpendicular (to Bt and Bp) magnetic fields.
Since it is suspected that these fluctuations might be the source of the anomalous cross-field transport
in present fusion experiments, this could be an important measurement. Calculations of expected signal
levels are presented and compared with possible noise sources. Possible techniques for inferring the
poloidal fluctuations from the measured Faraday rotation fluctuations are discussed, and a conceptual
design for the diagnostic is given.

Introduction
It is well known that energy confinement in magnetic fusion experiments is anomalously short compared
to the predictions of both classical and neoclassical theory. Magnetic fluctuations perpendicular to the

equilibrium magnetic field are a prime suspect as the source of the anomalous transport, with a number of
theories available as to why the fluctuations are present. In toroidal devices these perpendicular magnetic
fluctuations are necessarily in the "radial" direction, since following an equilibrium magnetic field line forms
a toroidal magnetic flux surface.
A method for making radially resolved measurements of the local amplitude and frequency dependence
(and possibly correlation length) of radial magnetic fluctuations in a toroidal fusion experiment is suggested.
Specifically, it is proposed to study the feasibility of using crossed-sightline correlation of Faraday rotation

to measure the radial magnetic fluctuations.

Physical Basis
A laser beam traversing a magnetized plasma undergoes a number of interactions, any of which, depending
on the position of the observer, plasma conditions, laser wavelength, and signal processing electronics, may
be important. For simplicity we consider only those interactions which are important at higher frequencies
(relative to the plasma frequency and electron cyclotron frequency in the plasma), since we are proposing a
high frequency laser system. In decreasing order of magnitude the interactions are:
1. Phase shift of the beam traversing the plasma. The phase of the laser beam is shifted, and the shift is
proportional to the integral of electron density along the beam path. The phase shift A^> (in radians)

is given by:

= (2.82 x 1(T15)A I ne(l)dl

,

(1)
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where A is the laser wavelength, ne(l) is the density at position / along the beam path, L is the length
of the beam path in the plasma, and all units are in MKS.

2. Faraday rotation of the beam traversing the plasma. The electric field vector of the laser beam is
rotated, and the rotation is proportional to the integral of electron density times the parallel magnetic
field integrated along the path of the laser beam through the plasma. The angle of rotation V1/ (in
radians) is given by:

V>/= (2.62 x 1CT13)A2 j

ne(l}B\\(l}dl

,

(2)

where A, L, and dl are in meters, ne(l) is in m~ 3 , and B\\(l) is the magnetic field parallel to the laser
path in Tesla.

Conceptual Design for a CO2 Laser Based Diagnostic
Figure 1 is a "generic" schematic for a Faraday rotation measurement system based on a CO-2 laser. Note
that the system is also designed to measure line-integrated density and density fluctuations. This is almost
a free good once the Faraday rotation (polarimeter) system is set up, and will be useful (to be discussed
below) when unraveling the local magnetic field fluctuations. It should be noted that our proposal is not
only innovative in suggesting correlation of Faraday rotation measurements, but also this (we believe) is
the first suggestion of using crossed-sightline correlation of phase measurements to produce local values of
the density fluctuation. These local measurements of density fluctuations have been inferred previously
from coherent scattering measurements. The alert reader will also notice that not all the elements on our
"generic" schematic will be necessary for some of the possible signal processing designs discussed below.
They are indicated for completeness in consideration of the possibilities.
A single transverse mode (TEMoo), single longitudinal mode, linearly polarized, frequency stabilized
CO<2 laser, with a power of 1-10 watts will be used as the beam source. It is intended to purchase a
commercial unit, and the specifications will be as above. In addition frequency stability of 1 X 10~9/°
(where /° is the nominal laser frequency) over any 100 microsecond period, and amplitude stability of
1 X 10~4 over any 100 microsecond period will be specified. These specifications are not difficult in terms of

present CO% technology, and insure that laser noise will not be the limiting factor in the proposed fluctuation
measurements. Following the laser is an acousto-optic beam splitter. This is a commercially available device,
and we intend to drive it at a frequency between forty and one hundred megaHertz (the acoustice wave in
the splitter is induced with an RF drive). The acousto-optic device will split the beam into two beams of
approximately equal power, and the deflected beam will have it's frequency shifted by the RF frequency
applied to the splitter (o>2 — <*>i + <*>a}> where wi is the laser frequency, wa is the RF drive frequency to
the acousto-optic beam splitter, and w% is the frequency of the diffracted beam. The frequency drive for
the acousto-optic cell will be phase locked to be frequency stable to 1 part in 106 over any millisecond time
period. The nominal choice for w0 is 100 MHz, since this will shift it comfortably away from the polarization

modulation frequency. Again this is easily available commercial technology. The purpose of the frequency
shift is to provide a reference beam with a shifted frequency so that a phase modulated interferometer can
be used to measure the plasma density. The diffracted beam will next have its electric field polarization
modulated at a frequency wm nominally chosen to be 9 MHz. The depth of modulation (rotation angle) Om is
chosen to be about 30 degrees (this is so that twice the angle in radians will correspond to the first maximum
of the first order Bessel function of the first kind, see below). The depth of modulation is controlled by the
peak voltage of the RF applied to the electro-optic polarization modulator. The modulator crystal itself is
commercially available in mounts good to 10 MHz, although it may be necessary to design the frequency
and amplitude stabilized 9 MHz RF driver. This would not be too difficult. The frequency wm is chosen so
that after synchronous or lock-in detection, a low-pass filter with a cutoff of 1 MHz can be used, to maintain
a 1 MHz bandwidth on the fluctuation measurements. The purpose of the polarization modulation is to
provide a signal on top of which the Faraday rotation of the polarization by the plasma can ride as a phase
shift. This will make it possible to move the magnetic fluctuation spectrum away from the noise due to
low frequency modulations of the laser power or polarization, and detector noise. After passing thru the
electro-optic modulator, the "plasma beam" will be split into two parts, and two beams for the reference
detectors will be split off from it.
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FIG. 1. Faraday rotation correlation system conceptual design.

Still referring to Fig. 1, one of the plasma beams will be passed thru the plasma so that it is "exactly"
perpendicular to the toroidal field and the plasma flux surface of interest. Since the flux surfaces shift
outward for non-zero plasma pressure, it will be necessary for the mirror directing this beam to be able to

translate in and out. The requirement that one beam be exactly perpendicular to the toroidal field and the
plasma flux surface will be discussed further below, but the origin of the requirement is easily understood.
It is desired to measure radial magnetic fluctuations. The Faraday rotation signal, however, is proportional
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to density times magnetic field. Therefore the fluctuations in the Faraday signal will be proportional to the
density fluctuations times the steady-state magnetic field, plus the radial magnetic fluctuations times the
steady-state density:

oc [neB\\\\Q + 5||tte0

•

(3)

The proposed method for unraveling the radial magnetic fluctuations becomes more obvious. If 5y0 = 0,
then the fluctuation in the Faraday rotation angle tj) is due only to the radial magnetic fluctuations. Of
course it is still necessary to time correlate the two sightlines against one another, so that the measurement
becomes a local measurement rather than a chord integrated measurement, but the basic idea becomes clear.
The second plasma beam must also be exactly perpendicular to the toroidal field, but it is directed at a small
angle in the poloidal plane so that it crosses the path of the first beam at the flux surface of interest. The
"exactness" of the perpendicularity of the beams with respect to the toroidal and poloidal fields is a question
of some considerable interest, but the answer is given by Eq. (3). The angles must be small enough so that
the density fluctuation times the steady-state parallel field is small compared to the magnetic fluctuation
times the steady-state density,

(neB\\Q} <S (B\\neo)
Several reference beams and two reference detectors are also shown in Fig. 1 above. The undiffracted beam
from the acousto-optic splitter is split into two main reference beams. The first of these is passed through
another polarization modulator driven by the same signal source as the one for the plasma beams. This
beam is then used as the reference beam for the plasma phase shift (density) detectors. The purpose of
this is to allow these phase detectors to see only the modulation at the difference frequency wa between the
plasma and reference beams. Since the polarization of both beams is modulated, this modulation doesn't
show up at the $ detectors. An alternative to this if heterodyne detection is used for the i/> detectors is not to
modulate the polarization of the plasma beam at all, but just to modulate the polarization of the reference
beams for the ^ detectors. This would accomplish the purpose of having the Faraday rotation signal ride
on a high frequency modulation, but leave the $ detectors unmodulated at this frequency. The reference

detectors shown in Fig. 1 may or may not be necessary, depending on exactly how the signal electronics
are designed. They are useful for some phase-modulated and lock-in schemes. If some form of quadrature
detection is used, then the relevant reference detector would-not be necessary.
The Faraday rotation due to radial magnetic fluctuations in TEXT can be estimated from Eq. (2).
Using ne0 = 4 X 1019m~3, BT = ITesla, B\\ = 1 x 10~45r,'.and dl = .Olm gives:

^ = 3.2 x 10~9

radians.

(4)

This leads to a signal power considerable larger than the detector noise (see below). Also, if the specifications
on our laser, and acousto-optic and electro-optic modulators are as advertised, then noise from these devices
will not limit our ability to detect 1/1 (see below). The other noise source which immediately comes to mind
is vibration of the optical components. It can be shown rather easily that the apparent rotation signal due
to vibration of an optical component is given by:

4>v(t) = -w m cos(w u £)

.

(5)

C-

In this equation tj}v (t) is the time variation of the polarization angle (in radians) due to an optical component
vibrating parallel to the beam path with amplitude I at frequency w„, with a/m the electro-optic modulation
frequency (as before), and c is the speed of light. All units are MKS.
Then for not unreasonable values
(I = 10~4m, wm = 2^r X 107 radians):
i/>v(t) = (3 X l(T 6 )cos(w„£) radians.
On the surface this vibration noise looks like the death knell for using a CO^ laser system, since this adds
directly to the apparent Faraday signal. However, there are three causes for hope. First, the natural
frequencies of the optical system w„ can be designed to be small compared to the magnetic fluctuation
frequencies of interest (/ > 10kHz). Second, with very careful optical design the vibration amplitudes can
be greatly reduced. Third, if necessary the vibration frequencies and amplitudes can be measured by passing
a higher frequency laser through the same optical chain. It would be preferable not to do this, but it is a
standard technique for high-frequency interferometers. It is also important to notice that vibrations are only
significant for the beam which has its polarization modulated, the linearly polarized beam suffers no rotation
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due to vibrations. If heterodyne detection is used and the reference beam is polarization modulated, rather

than the plasma beam, it may be possible to retain the reference beam on a vibration isolated optical table
(distant from the Tokamak) so that vibrations are totally negligible.
The work that needs to be done on the CO2 laser and optical system design follows immediately
from the above discussion of the "generic" system. The various choices for the optical layout and detection
scheme need to be explored and refined into a final conceptual design. The question of vibrational noise
needs to be fully explored and a decision made on how to eliminate it, and calculations done as to the
effectiveness of the elimination. Our estimates of the stability of the laser, acousto-optic modulator, and
electro-optic modulator need to be checked more fully, and refined calculations made of their effect on the
system noise. Present calculations show that, given small fluctuations about a steady-state value, all of
these quantities only enter in second order in the expression for the noise in the Faraday rotation signal, but
these calculations need to be carefully checked. The optical design needs to be studied carefully for other
possible sources of noise. The conceptual design for layout of the optical components, supporting structures,
and pointing and translating mounts necessary for alignment needs to be considered carefully and refined,
particularly in regards to the importance of and elimination of vibration, and with respect to aligning the
laser beams perpendicular to the toroidal and poloidal magnetic fields, as necessary. The desired alignment
accuracy with respect to the toroidal field is 100 microradians, and the desired alignment accuracy of the
"perpendicular" beam with respect to the poloidal field is about 10 milliradians. This level of alignment
is achievable with optical alignment tools, but this may not be necessary. It is likely possible to tune the
alignment during plasma shots. Alignment with respect to the toroidal field can be tuned up by varying the
angle in the plane parallel to the toroidal field so as to minimize the polarimeter signal. Assuming density
fluctuations are present, then alignment of the perpendicular beam with respect to the poloidal field can be
tuned up by minimizing the cross-correlation signal between the two beams (this will leave only the signal
due to magnetic fluctuations). In addition, the necessity of a second, higher frequency, laser beam co-linear
with the interferometer optics should be evaluated. If vibrations cannot be suitably minimized, this may be
necessary to measure and eliminate the effect of vibrations on the interferometers. If it is decided to use the
interferometers to measure phase fluctuations (<j>) only, then the second laser should not be necessary.
Signal Processing Electronics and Software. The effort with respect to the signal processing electronics
involves evaluating the various possible schemes for deriving phase and polarimetry (<f> and 1/1) information,
and evaluating the signal to noise ratio and available bandwidth of the signals at the data acquisition hardware. A signal to noise ratio considerably greater than one for the zero order plasma signals is desired, and a
signal to noise ratio of at least one for the fluctuating quantities (<^ and ^) would be nice. Cross-correlation
of the fluctuation signals (in software) will greatly increase the signal to noise ratio. The available bandwidth of the signals at the computerized data acquisition hardware (CAMAC) is important. A bandwidth
of 1 MHz for the fluctuating quantities is desired, since past experience and theoretical considerations show
that the frequency range of these fluctuations may be hundreds of kHz. It is therefore important that the
signal bandwidth not be unnecessarily reduced in the electronics.
Figure 2 is a conceptual schematic of one possible design for the signal processing electronics. The
upper schematic is for the polarimetry electronics and is based on the work of Ma, Hutchinson, et. al.
[International Journal of Infrared and Millimeter Waves, Vol. 3, No. 2, p. 263 (1982)]. If the optical layout
is as shown in Fig. 1, then it can be proven that the signal at the polarimeter photoconductive detector
(where the plasma and reference beams are combined) is given by:

Vs = k(PpPr}1/2 cos [if>f + em am(umt)] cos(wa* + <f>]

.

(6)

Only the difference frequency wa term has been retained, since the dc and higher frequency terms are filtered
out in the first bandpass filter shown on the diagram. The power of the laser beam passing through the
plasma is denoted as Pp, the reference beam as Pr, and the faraday rotation angle as if>f. The signal is next
passed through a diode detector with time constant such that it time averages (demodulates) the wa term,

and then fed to a lock-in amplifier, whose reference signal is derived from the polarization modulator signal.
Ma and Hutchinson show that the output of the lock-in Vout is proportional to:

Vout <x (PpPr] Jx(20m) sin(2^)

.

(7)

Where Jx is the Bessel function of the first kind of order one, and all the other symbols are previously

defined. Examination of this equation shows where all the noise terms from the modulators and laser enter,
in the respective amplitudes and frequencies. Note that to first order frequency drift in either modulator
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FIG.
2. Possible signal processing scheme of the
combined polarimeter/interferometer system.

or the laser does not cause any noise. Errors in the beam splitter modulation amplitude enter through the
laser power terms, as does fluctuation in the laser power itself. Errors in the amplitude of the signal to

the electro-optic polarization modulator enter through the 9m term. Detector noise at the first detector
will dominate the electronically introduced noise, and using Eq. (4) as an estimate of the signal, it can be
shown that for heterodyne detection the expected signal to noise ratio (considering detector noise only) at
the output of the lock-in is approximately 100, where it is assumed the power in each laser beam is about
10 mW at the detector.

The interferometer electronics scheme shown on Fig. 2 is for a, phase-modulated interferometer based
on the work of Wolfe, et. al. [Applied Optics, Vol.
15, no. 11, p. 2645 (1976)]. This system may not
be stable enough (this is to be determined) for measurement of ^ fluctuations, but if not then it has been
demonstrated by Jacobson [Plasma Physics, Vol.
24, No. 9, p. 1111 (1982)] that a quadrature system
[Buchenauer and Jacobson, Review of Scientific Instruments, Vol.
48, No. 7, p. 769 (1977)], is stable enough
to make the measurement. A quadrature system would require some additional optics and detectors for the
interferometer system.

The <j> and ^i signals will be digitized at a rate between 1 and 10 kHz,
and the $ and ^ signals will
be digitized at about 1 MHz.
After the signals are stored in the computer, it is still necessary to process
them to determine the value, and frequency dependence of the radial magnetic field signals. Suppose that
the system has been calibrated and the signals normalized so that we have V>i(t) and faft], where the first
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is the fluctuation on the polarization signal from the plasma beam at a slight angle to the poloidal plane
and the second is the fluctuation on the polarization signal from the plasma beam exactly perpendicular to
the poloidal flux surface. Define the time correlation (time averaging) operator { ï>i(t)ï>2(t) ) as:
I fT/2 „
Ri2(t) = — I
Ipi(t + T} fa(t + 1") dr

.

(8)

T ./-T/2

Where T is the averaging period and the data has been individually filtered so that its time average over T

is zero. Note that if the fluctuations are correlated, the time average of their product is not zero. Using the
expression for the Faraday rotation, passing the time integral through the spatial integrals, noting that the
correlation function rapidly goes to zero for distances greater than the correlation length in the plasma, and
taking the correlation length lc to be short compared to the plasma size, it can be shown that:

ne0(rx]

(9)

Where C is a constant, 5||10(ra;) is the magnetic field parallel to sightline 1 at the crossing point rx of the
two sightlines, neo(rx) is the electron density at the crossing point, B± and B? are the fluctuating radial
magnetic fields at the crossing point, and ne is the fluctuating density at the crossing point. This equation
was derived assuming, as discussed above, that -B||2o(ra;) the field parallel to sightline 2 at the crossing point
is negligible. Examining Eq. (9) it can be seen that if ne is known (from cross-sightline correlation of the
interferometer signals), or if (He/neo} «C (Bi/B\\io), then the equation can be immediately solved for B
(assuming BI = By).
The work to be done concerning software analysis is to verify the derivation given above, and estimate
the error implied by doing the cross-correlation with a finite time T. Note that the fluctuation signal
as a function of frequency is found by either band-pass filtering the fluctuation signals (in software), or
equivalently by varying the averaging time T.
Alcohol and Laser System Designs. The work discussed above could also be performed for an alcohol laser system (A = 119 microns), and at other wavelengths if it appears necessary to go to longer or
intermediate wavelengths to achieve the required amplitude and frequency resolution of the radial magnetic
fluctuations.

Discussion
Local measurement of magnetic fluctuations in high temperature plasma devices is extremely difficult. We
have proposed a method which may, or may not work. However, since the understanding of fluctuations
and energy transport is so important, we believe that it is worthwhile to pursue the conceptual design and

design calculations until some disqualifying fault is found, or until the proposed diagnostic measures the
radial magnetic fluctuations (if present).
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Abstract

The local value of the magnetic field B(r) inside the plasma in magnetic fusion experiments is a
quantity of considerable interest. Given information about plasma density and temperature it can be
used to calculate the poloidal magnetic field, or (for a zero current device) the local value of beta. The
time history B(r, t] can be used to infer the level of magnetic fluctuations in the plasma. These local
values are particularly interesting quantities, since they are difficult to measure, and are important for
understanding particle and energy transport.
It has been recently suggested that crossed-sightline correlation of electron-cyclotron emission might
be used to infer B(rx,t] at the crossing point rx of the two sightlines. The equations and techniques necessary to simulate this proposed diagnostic are discussed below, and the results of a numerical simulation
of the diagnostic resolution for both TEXT and CIT are presented.

I

Introduction

It has been suggested that crossed-sightline correlation of electron cyclotron emission (ECE) might be used to
experimentally measure the absolute value of the local magnetic field and its time variation in a magnetically
confined plasma.' ' The basic idea is to time correlate the ECE received by two antennas having sightlines
which cross in the plasma (see Fig. 1) to obtain the cross-correlation function. This function will represent
the ECE near the crossing volume of the two sightlines (for short correlation lengths). By resolving the line
center (in frequency space) of this correlated emission and following it in time (at frequencies less than 1/T,
where T is the correlation time), the total magnetic field B(t) can be measured since the local value of the
cyclotron frequency w& is given by

me

(D

where q is the electron charge, and me is the electron mass. References [1], [2], and [3] provide a more
detailed discussion of the theory, conceptual design, and resolution of this diagnostic. Figure 2 shows a
possible hardware conceptual design for the diagnostic.
The sightlines can be scanned so that a magnetic field profile over a portion of the minor radius can be
constructed. If the density and temperature are known, then the poloidal magnetic field can be calculated
over this region. In zero current devices, the measurement is a 'direct measurement of the local value of ß,
or if the current profile is known or estimated, ß can be calculated. If multiple sightlines are used, then a
magnetic field profile, and therefore poloidal field or ß profiles, across the minor radius can be constructed
without scanning.
We have developed a numerical routine which simulates the correlated signal from the crossed-sightline
diagnostic and then determines the error in the magnetic field inferred from the simulated data. To obtain this
simulated data, the uncertainties in the cross-correlation function are estimated and then used by a Monte
Carlo routine to randomize the expected cross-correlation function. A nonlinear curve fitting routine 1^1
is used to fit a function to the randomized data so that the error in the line center due to the expected
experimental errors can be calculated.
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Fig. 1. Conceptual schematic of the antenna system, viewing sight lines and dumps, and mixer, local
oscillator (LO), and intermediate frequency (IF) amplifier for crossed-sightline system.
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Fig. 2. Conceptual schematic of the balance of the microwave electronics for the crossed-sightline ECE
system (see Fig. 1 for the front end).
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This numerical routine has been used to perform magnetic fluctuation and absolute magnetic field
strength |J3| measurement simulations for TEXT and GIT. We believe the results of these simulations show
that the proposed diagnostic will be able to measure perpendicular magnetic fluctuations with an error of
the order of 4 % of the toroidal magnetic field and measure the absolute magnetic field strength with an
error of the order of 0.1 %. The error in measurement of parallel magnetic fluctuations will also be about
0.1 % of the toroidal magnetic field, the same order as the error in the absolute magnetic field.
A second numerical simulation has been developed to determine the uncertainty in inferring the poloidal
magnetic field from the \B\ measurement. In this simulation, the uncertainty in the poloidal magnetic field
is calculated from the contibuting field terms and their uncertainties. Results of this simulation indicate
that the poloidal magnetic field can be inferred from the \B\ measurement for r /a > 0.2 with an uncertainty
of less than 10.0 % under many conditions.
The equal time correlation function is estimated ast 1
r 2

1 r /

AIS(WM*) = — /

1 J-T/2

=

ii(u>i,t + T) iï(uitt + T) dt

<«i(w,-,*)»2(w.-,t))

(2)

where { } is defined as the equal time correlation function operator, and T is a finite period.
If ji and fa are defined as the local values of the fluctuating part of the emission at positions «i and s<z
along the two sightlines, that is,

AK-i,*) = ^

(3)

y 2 (w«,s 2 ,i) = —dsz

(4)

and

where Si and «3 represent respective positions on the two sightlines, then by definition, in regions of a turbulent plasma that are separated by more than a correlation length lc, the time-correlation (cross-correlation)
function rapidly goes to zero, in which case R^ can be written as
rx+lc

rrx-\-lc
dSi

/ x-lc
Jrx-lc
where rx is the spatial crossing point of the two sightlines, and the time operator has been passed through
the two spatial integrals. It can be seen from the above equation that as the correlation length becomes
small, the cross-correlation of j\ and fa comes only from the crossing volume of the two antenna sightlines.

II

Possible Measurements

The cross-correlation function RI% can be used to infer several different plasma parameters. From the center
frequency of A 12 (w,t), the absolute magnetic field strength |J5| at the crossing volume of the two sightlines
can be calculated, and from \B\, either the poloidal magnetic field or ß (for currentless plasmas) can be

inferred. By following the peak of Ai2(w,t) in frequency space, fluctuations in \B\ can be measured. The
correlation length for fluctuations at the crossing volume can be inferred from the width in frequency space of
Rii(<j),t). Finally, at optically thick harmonics temperature fluctuations can be inferred from the amplitude
of Ri2, or at optically thin harmonics a summation of temperature and density fluctuations can be obtained.
This assumes that magnetic fluctuations are small compared to temperature and density fluctuations. Below
we discuss only magnetic fluctuation measurements, and poloidal magnetic field measurements inferred from

\a\.

III
III-A

Numerical Simulation of |J5| Measurement
Overview

A plot of the predicted cross-correlation function Ri2(wi,t) and a typical set of randomized data is shown
in Fig. 3. A non-linear curve fitting routine is then used to calculate the line center wy of this randomized
data. Figure 4 shows a plot of the true cross-correlation function Riz{^i^} and the function fitted to the
randomized data. The distance between the line centers of these two functions is the error au in the line
center w0.
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Fig. 3. The predicted cross-correlation function and randomized data versus frequency.
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Fig. 4. The predicted cross-correlation function and the function fitted to the randomized data plotted
versus frequency. The horizontal separation between the marked line centers is the error in the estimated
line center.
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The randomization procedure is repeated n times (typically n = 100) for each set of plasma parameters.
The predicted error in measurement cru of the line center w0 is then calculated. For each set of plasma

parameters, the calculation is repeated for many possible values of A/0, the fractional fluctuation in ECE
emission due to fluctuations in density, temperature, or magnetic field.

III-B

Results

In running this simulation for a particular plasma device, a set of parameters describing the expected conditions for that device must be established. The important parameters dependent on the plasma device include
the expected relative amplitude of the emission fluctuation compared to the amplitude of the cyclotron peak

(the fluctuation fraction A f 0 ) , the electron temperature Te at the crossing volume, the correlation length
lc at the crossing volume, the wall reflectivity R^, the viewing dump efficiency rç, and the integration time
T over which the correlation is performed. The parameters which axe determined by the diagnostic device
design include the number of channels of data per sightline, the bandwidth £w,- of each channel, the center
frequency w^ of each channel, the response time T of the microwave crystal detectors, the angle of intersection
of the two sightlines, and the digitization rate of the signals at the detectors.
Figure 5 shows a plot of the fractional error in the magnetic field (SB/B — cr w /w 0 ) versus A/0 for typical
TEXT conditions (see Table I for a description of the parameters listed on the figure) Here we assume the
amplitude fluctuation Af0 (fluctuation fraction) might be due to density fluctuations for instance.
We have also used our simulation to study the use of this diagnostic on GIT. At r/a — 0.5, we take the
electron temperature as 5.5 keV to 6 keV. Figure 6 shows that at this location with a correlation time of
100 ms, the magnetic field can be measured with an uncertainty of less than la;10~3 of the toroidal field.

IV

Numerical Simulation of the Poloidal Field Measurement

The poloidal magnetic field B@ can be inferred from the \B\ measurement. We have performed a numerical

simulation to determine the uncertainty in inferring Bg from \B\.
This simulation calculates the uncertainty in the poloidal magnetic field, inferred from a \B\ measurement,
as a function of radius.
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been set to 10 ms to emphasize the low uncertainty that can be obtained.
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TABLE I
Description of Parameter List for Figures 5 and 6
LC The center frequency of the ECE Line Center at the sightline crossing point, w0.

NC

The Number of data Channels per sightline.

BW

The frequency BandWidth of each channel, 6(jJi/2ir.

CSP The frequency spacing between channel centers, (Channel SPacing).
DTC The response time T of the microwave crystal detectors, (Detector Time Constant).

VDE The Viewing Dump Efficiency, tj.

WR The vacuum vessel Wall Reflectivity, Rw.
COL The assumed Correlation Length lc of the plasma fluctuations.
DIG The DIGitization frequency of the ADC's.
COT The Correlation Time T of the cross correlation integral.

RAD The sightline crossing point on the major RADius, R.

ANG The ANGle of intersection of the two sightlines.
NUM The NUMber of random data sets to be averaged over per set of input parameters.
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For GIT this simulation demonstrates that we can hope to make Be measurements for r /a > 0.2 with an
uncertainty of less than 15 % and for rja > 0.4 with an uncertainty of less than 5 %. Figure 7 shows a plot
of this uncertainty for our GIT reference parameter set: a = .5 m, R0 = 2.0 m, B0 — 7.0 Tt IT — 7.0 MA,

ßo = 5 %, n = 2, m = 2, eB = .1 %, e„ = .05 %, e^p = 5%,eß = 5%.

V

Discussion

We believe that the calculations above indicate that the potential of this diagnostic is excellent. With careful

design and construction, it has a very good chance of measuring parallel fluctuations in |J3| as small as lo;10~3
of the toroidal field at 10 K Hz or even smaller fluctuations at lower frequencies on both TEXT and CIT. Our
results also indicate that the absolute magnetic field strength can be measured with an uncertainty of less
than 0.10% on both devices. For a stellarator, the \B\ measurement gives ß directly. With ß measurements
from another source, we should be able to infer the poloidal magnetic field with an uncertainty of less than

10% for r ja greater than about 0.2. The diagnostic also has the potential of measuring electron temperature
and density fluctuations.

U N C E R T A I N T Y IN POLOIDAL M A G N E T I C FIELD
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Fig, 7. Uncertainty in the poloidal magnetic field inferred from the \B\ measurement on GIT for a low
field, low current configuration.
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Abstract

A 15-channel far-infrared (FIR) interferometer system has been constructed to
measure the electron densities on the ATF plasmas. The system consists of a pair of cw
214-/im difluoromethane (CH2F2) lasers, optically pumped by separate CO2 lasers. The
large number of channels is achieved by the use of reflective beam expansion optics to
create a beam of 2 cm x 45 cm. After passing through the plasma discharge, the
elongated beam produced by the cylindrical mirrors is dissected by an array of 15 off-axis
paraboloid reflectors, each of which illuminates a single Schottky-diode detector. The use
of the beam expanding optics system reduces the number of optical elements required for
the interferometer to approximately 2-3 per channel. The FIR laser beams are transported
from the laser room to the experimental area by 25 mm i.d. dielectric waveguides purged
with dry nitrogen. The system can also be operated at a wavelength of 119-/zm by
changing the gas in FIR laser cavities to methanol for high density experiments. Details
of the system are described.

A study is underway to determine the optimum design of a FIR scattering system for
the ATF. This scattering system will be used to investigate density fluctuations with scale
lengths from 0.1 cm to the plasma radius. The laser for this scattering system may be
operated at wavelengths of 447, 307, 214, 184, and 119 /um with power levels of 100 to 500
mW. A summary of the study is presented.

FIR Interferometer System
The interferometer system is configured to measure the line-integrated electron
density along 15 vertical chords on the 0 = 0 plane of the ATF plasma. The system is a
modification of the FIR interferometer system that was used on the ISX-B tokamak [1].
However, instead of using separate probing beams, a phase image technique [2] is used to
improve the spatial resolution of the measurement. A schematic diagram of the
interferometer system is shown in Fig. 1. Briefly, the system employs a pair of cw CH2F2

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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Fig. 1. Schematic of the 15-channel FIR interferometer system on ATF.

lasers, optically pumped by separate CO2 lasers. The FIR cavities are tuned such that the
two oscillate at frequencies differing by Af of the order of 1 MHz. As shown in the figure,
cylindrical mirrors and mirrors shaped parabolically in one direction are used to create a
slab-like probing beam of 2 cm x 45 cm. The beam is transmitted through almost the
whole cross section of the plasma. After passing through the plasma, the probing beam
is dissected at the focal plane of the optics system by an array of 15 off-axis paraboloid
reflectors, each of which illuminates a signal detector. Part of the beam from the
reference laser is mixed first m a reference detector with a portion of the probing laser,
which is split off before passing through the beam expansion optics, and the remainder is
also expanded and is guided to the signal detectors to mix with the probing beam.
Schottky diodes are utilized for all detectors. The detector signals are filtered, amplified,

and fed into a digital phase detection circuit to extract the phase shift between the output
of the signal detector and the reference signal, which is proportional to the line-integrated
electron density. The outputs of the phase detectors are displayed on oscilloscopes for
photographic recording and are digitized for computer storage and processing.
The pump laser is a 80-W invar-stabilized waveguide CO2 laser, grating tuned to the
9R34 line. The resonator is formed by a grating of 150 lines/inch and a piezoelectric
tunable ZnSe output mirror with radii of curvature R = 20 m and reflectivity r = 69% and
two sections of 1.1 cm i.d. correlated Pyrex tube. The discharge length is approximately
215 cm. The FIR laser, also invar-stabilized, produce about 200 mW power on the 214^m line. Each resonant cavity consists of a 1-in. i.d. Pyrex waveguide and two flat
reflectors which are separated by 240 cm. The input reflector is a 2-in.-diam gold-coated
copper mirror with a 4-mm hole. The input end is sealed by a ZnSe Brewster window.
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The output reflector is a gold-coated Si mirror with a 1-cm hole, and is attached to a
motorized translation stage. The output end is sealed by a Z-cut crystalline quartz window.
Each reflector is set between two bellows in order to be free from atmospheric pressure
changes. CH2F2 is used as the active gas in the cavity and is sealed off at a pressure near
200 m Torr. The laser is operated at the waveguide EHn mode. The frequency difference
between two FIR lasers is obtained by slightly detuning the two cavities by mechanically
changing their lengths. The entire laser system is mounted on an optical table of 2 ft x
12 ft, and is enclosed in a Plexiglas shield. The enclosure is slightly pressurized with
breathing air to eliminate the water vapor absorption.
Because the electron density is measured interferometrically, vibrations must be
reduced to the lowest possible level. Therefore, all the optical elements and waveguides
are mounted on a single frame which is independent from the ATF. The frame is
constructed of 1 ft x 1 ft fiberglass I beam to eliminate the effects of eddy currents. The
frame consists of three vertical mounts, an upper shelf and a lower I beam. The structure
stands approximately 5.5 meters tall. The waveguides are made of 1-in. i.d. Plexiglas
tubing. Water vapor absorption is eliminated by slightly pressurizing the waveguide with
dry nitrogen. Emerging from the FIR laser, the beam is immediately passed into the
waveguide where it is directed vertically to the ATF area. In the waveguide, the FIR laser
beam assumes an EHU high-order waveguide mode and is transmitted without the need
for relay lenses to maintain a uniform beam size. Transparent pellicles of mylar are used
to seal the ends of the waveguide against the atmosphere. The waveguide system consists
of ten 90° bends and two 60° bends. The total beam pathlength is approximately 30
meters.

Because stray magnetic field levels at the interferometer can exceed 500 Gauss, it is
necessary that all components be nonmagnetic, hence all optical mounts are constructed
of stainless steel while the frames of beam splitters and the joints of waveguides are
constructed of Plexiglas. All mirrors are made of first surface gold-coated glass. The beam
splitters are made of quartz which exhibits the double advantage of having a low
absorption coefficient for CH2F2 radiation and being transparent to visible light for easy

alignment. The vacuum windows on ATF consist of six 2-in. x 6-in. x 0.25-in. Z-cut
crystalline quartz. To reduce absorption, the windows are made as thin as possible,
consistent with their size, which is the minimum needed to pass the FIR beam through the
vacuum vessel. Shutters are installed to minimize window coating which could occur during
discharge cleaning or other similar operation. The beam combiner is a free-standing wire
grid with the electric field of the FIR beams parallel to the wires. The wire grids are

made of 10-^m-diam copper wires with 70-jj.m spacing.
Sixteen Farran Technology quasi-optical Schottky diode detectors are utilized: fifteen
are configured in an array to detect the probing beams, and one is used for the reference
detector. Each detector has a corner cube wire antenna mixer with a whisker contacted
Schottky barrier diode. This type of detector was chosen because it is fast enough to
respond to the 1 MHz interferometer modulation signals and sensitive enough so as not
to require cryogenic cooling with all the attendant complications. An off-axis paraboloid
is used to focus the FIR beams into the antenna pattern of the diode. Parabolic reflectors
work well with corner cubes since the relatively small effective waist radius at the apex of
the mirror ensures that one is operating in the far field. Each mirror and mixer is preassembled and tested in a right angle bracket, with the mirror oriented so that the input
beam is vertical. This unit is held in place by fixing screws and compressed against a ball
pivot so that angular adjustment of the unit with respect to the input beam is possible.
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Five of these units are stacked closely together and are held in place on two sliding rails
with locking screws. The signal processing circuitry consists of a phase comparator, a
fringe counter, and low-pass filters. The heart of the phase comparator is a phase-locked
tracking filter. The output of the phase comparator is sampled by the fringe counter which
stacks the individual fringes in real time. A digital-to-analog convertor then samples the
output of the fringe counter so that the output of this circuitry is proportional to the line
density. The analog voltages are displayed on oscilloscopes and are digitized at typically
a 10 kHz sampling rate. The data are read by the CAMAC acquisition system and are
archived for data analysis.
FIR Scattering System

Collective Thomson scattering of FIR laser radiation has been successfully used to
measure the electron density fluctuations in tokamak plasmas [3-5]. However, to our
knowledge, this powerful technique has not been utilized on stellerators. Fluctuations in
ATF plasmas have been investigated using soft X-ray detectors and Mirnov coils [6]. A
study is carried out to determine the optimum design of a FIR scattering system for the
measurements of spatial and temporal fluctuations in ATF plasma. The system may be
operated at wavelengths from 447 /xm to 119 /um. Lasers operated at these wavelengths
have been designed, constructed, and tested. Output power levels from 100 to 500 m W
have been achieved. A pair of crystal quartz windows 38 mm x 300 mm located adjacent
to the multichannel FIR interferometer windows will allow scattering angles of ±15° from
the incident beam. A single FIR laser beam will be split to provide both the scattering

beam and local oscillator beam in a 3 to 5 channel detector array. The detector is
designed to observe scattering from a single point at 3 to 5 different angles or several
points at the same angle. Storage of the scattered signals will be accomplished by a PCbased CAMAC data acquisition system.
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Abstract

A spatial multipoint Thomson scattering system has been
developed for the Advanced Toroidal Facility (ATF) torsatron. The
system measures temperature and density at 15 vertical locations on a
vertical chord for each laser shot (one per plasma discharge). By
remotely relocating the laser beam and reconfiguring the viewing optics
during a series of ATF discharges, a two-dimensional (2-D) electron
temperature and density map of the plasma cross section can be
obtained. Results obtained with this system during ATF operation in
1988 and early 1989 are presented.

INTRODUCTION

The Thomson scattering system for the ATF [1] can provide a 2-D
profile of the electron temperature and density by shot-to-shot horizontal
translation of the vertically directed ruby laser beam coupled with a
repointing of the viewing optics [2]. A sketch of the Thomson scattering
system is shown in Fig. 1. The source light for Thomson scattering is
provided by a single-pulse ruby laser (made by Quantel Inc.). The
maximum output energy is 25 J. Typical laser shots deliver 13 J to the
scattering volume with a pulse width of 40 ns (FWHM). Laser energy is
measured on each shot. To obtain Te and ne scans, the laser beam is
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FIG 1. The ATF Thomson scattering system outline.

translated along a major radius (4) = 0 plane) between plasma
discharges. The beam is focused with a 7-m focal length lens to a
diameter of 2.1 mm at the ATF midplane. The scattered light is viewed
through a toroidally offset port at the ATF midplane (Fig. 2). The viewing
optics relay the scattered laser light onto a vertical image plane, which
is coupled via fiber-optic bundles to a maximum of 15 spectrometers.
The fibers receive light from a 24-mm segment of the laser beam in the
plasma. Each spectrometer has from five to eight output channels,
depending on the particular grating used. The output of the spectrometer

channels is coupled via optical fibers to an array of approximately 105
photomultiplier tubes. The viewing optics track the laser beam by means
of the set of rotating and translating mirrors shown in Fig. 2. The complex
shape of the ATF vacuum vessel means that the different scattering
positions in the plasma have varying levels of reflected stray laser light
and plasma radiation light. The restricted viewing angle, limited access
to the ATF device, and measurement on the red side of the spectrum
result in an overall collection efficiency (detected photoelectrons) for
scattered light of 0.24%
for our arrangement.
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PHASE II RESULTS (MAY-SEPTEMBER 1988)

During this phase of ATF operations, the Thomson scattering
system could obtain data from only one vertical chord and from seven
vertical scattering volumes. ATF was operated during this period with
known field errors [3, 4]. The largest magnetic field islands (~6 cm wide)

were present at the -t = 1/2 surface (r/a ~ 0.6). Figure 3 shows electron
temperature data obtained during second harmonic electron cyclotron
heating (ECH) operation of ATF ( 53 GHz, 0.2 MW at 0.95 T).

The

temperature profile represents the average of data obtained at t = 0.190 s
from 28 identical discharges. The laser chord was located at 210 cm for
these discharges. The data are mapped to flux coordinates (p) using a

finite-ß equilibrium [5, 6] (ß(0) ~ 1 %). For this narrow temperature
profile, the central flux surface shifts approximately 4 cm outward from its
vacuum field location (R = 205 cm). The central temperature and profile
shape are representative of other times during the quasi-steady-state
phase of ECH pulses.
Data were also obtained during 1.4 MW balanced neutral beam
injection (NBI) operation [4] for the phase II operating period. The
temperature profile shown in Fig. 4(a) is from measurements made at
161

150

J

T

7

J
O THOMSON

SCATTERING

125

t-0190 6

100

I 75

50

25

02

04

06

08

10

12

RADIUS

FIG 3. Electron temperature profile obtained at t = 0.190 s for 200 kW, 53
GHz ECH operation. Data are averaged from 28 identical discharges.
Data are mapped to flux surfaces using a fmite-ß equilibrium with ß(0) =
1%

02

Û.4 0.6
RADIUS, p

08

0

02

0.4

0.6

0.8

10

RADIUS, p
4b

4d

FIG. 4 Electron temperature measured (a) along a vertical chord (|Z|)
and (b) as a function of flux coordinate (p), and electron density
measured (c) along a vertical chord (|2|) and (d) as a function of flux
coordinate (p) All plots are for 1.4 MW NBI at t = 0.265 s.

162

t = 0.265 s along a chord at R = 209 cm. Figure 4(b) shows the data
plotted in a flux coordinate system based on a finite-ß equilibrium [5, 6] of
ß(0) = 3%. The vacuum and the finite-ß equilibrium used to obtain the
flux surfaces are shown in Fig. 5. The central flux surface shifts
approximately 11 cm outward from its vacuum field location (R = 205 cm).
This narrow profile shape was obtained during all NBI discharges. The
time evolution of the electron temperature for a typical 1.4 MW NBI
discharge is shown in Fig. 6(a). The data points were obtained from
averages of multiple discharges of the central channel of Thomson
scattering. The solid line is derived from measurements of the central
third harmonic electron cyclotron emission [7] (ECE) normalized to a
Thomson scattering value at one time The line-averaged density,
central and volume-averaged ß, and input power (ECH and NBI) for
these discharges are shown in Fig. 6(b). The density rises with
application of NBI and the electron temperature, after an initial drop,
increases until approximately 0.265 s, at which time the diamagnetic
stored energy reaches a peak. The plasma undergoes a radiative
collapse at t = 0.300 s, as indicated by the sudden decrease in the lineaveraged density.
Electron density measurements were made during this period of
operation. Density calibration was obtained by the standard technique
of Rayleigh scattering. For both ECH and NBI operation, the density
profile was slightly broader than the electron temperature profile. The
density profile for the 1.4 MW NBI case discussed above is plotted in
real space and flux coordinates in Figs 4(c) and 4(d). Good agreement
was obtained when the line-integrated density (nji ) from 2 mm
interferometry was compared to the integrated density from Thomson
scattering.

FIG. 5. The vacuum (dashed) and
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EARLY PHASE HI RESULTS (FEBRUARY-MARCH 1989)

Prior to phase III operation of ATF, the current feeds were modified
in order to reduce the field errors. As of the date of this meeting, the
Thomson scattering system can obtain data from 13 vertical scattering
volumes at 5 vertical chords. Alignment measurements now in progress
will allow data collection from an arbitrary number of vertical chords.
At this writing, plasma operation for phase 111 has been with only
one NBI source. Because of the limited time of operation, optimized
plasma conditions have not yet been obtained. Preliminary results from
this period of operation indicate broader electron temperature and
density profiles. The maximum electron temperatures remain lower than
for equivalent phase II operation. Absolute density calibration for this
operating period has not yet been obtained.
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Abstract
Bolometer measurements are made under various plasma conditions in
ATF. Each bolometer module includes four pairs of detectors; each pair consists of a sensor
and a reference detector. Two or three detector pairs in each module were installed with
various types of aperture masks to serve as radiation detectors. The rest were completely
shielded from plasma emissions and used as blind detectors to measure background levels.
When electron cyclotron heating (ECU) power was applied to ATF, the radiation signal was
more than 10 times higher than that expected for 100 kW of radiated power. Surprisingly,
similar signal levels were observed on the blind detectors. It is hypothesized that the
bolometers are sensitive to ECH power at 53 GHz. (This problem may be general in
near-term fusion experiments, in which microwave power will be an important tool for
plasma heating.) In this paper, experiments aimed at proving this hypothesis are reported;
bolometric signals before and after chromium gettering are discussed; and measurements
of the microwave power deposition profile around the torus, made by using the observed
microwave interference with the blind detectors, are presented.

1. INTRODUCTION
In near-term fusion experiments, microwave power will be used for both plasma heating
and current drive. With higher magnetic fields, an increase in the microwave frequency
allows microwaves to penetrate diagnostic systems. The result is interference of ECU
power with diagnostics. Interference of this type has been observed in the bolometers on
the Advanced Toroidal Facility (ATF). We identify the problems, report the results of
experiments aimed at solving these problems, and discuss the present status.
The target plasma for neutral beam injection (NBI) in ATF is produced by ECH
at 53 GHz. During the first phase of ATF operation, the magnetic field strength was
limited to 1 T. Consequently, target plasmas were produced by second harmonic ECH.
Such plasmas are reported to have lower densities and temperatures than those generated
by fundamental ECH [1]. In addition, the vessel wall was not well conditioned at first
(there was no baking during the early phase of operation), and the plasmas produced had
3Oor parameters. These limitations resulted in poor single-pass absorption of microwaves
2]. When single-pass absorption is poor, microwave power can be reflected many times
before being absorbed by the plasma or the wall or escaping from the plasma. This multiple
reflection is a potential source of microwave interference.

Present address: Igen, Inc., Rockville, MD 20852, USA.
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The bolometer system on ATF uses detector module and signal processing electronics
designed at Princeton Plasma Physics Laboratory [3]. Two or three of the four detector pairs (sensor and reference detectors) mounted in a bolometer module were installed
with various types of aperture ma,sks and used as radiation detectors. The rest were completely shielded from most other plasma emissions and used as blind detectors to measure
background levels.

2. MICROWAVE INTERFERENCE FROM ECH POWER
When ECH power was launched into ATF, the radiation detector signal was more t h a n
10 times larger than the anticipated level for 1ÜO kW radiated power. This surprising result
was obtained simultaneously in the blind detectors. The critical issue to be resolved was

the interpretation of the signals from the blind detectors.
As noted in Section 1, the poor plasma parameters resulting from second harmonic
ECU and poor wall conditioning result in poor single-pass microwave absorption. When

n -- 5 x 1018 m"3 a.nd Te = 0.6 keV, then the single-pass absorption coefficient a — O.L [2].
Thus, microwave power is reflected 22 times before 90% of the i n p u t power is absorbed.

This is a potential source of strong microwave interference, since the bolometers can absorb
power each time the microwaves are reflected toward them.
Figure 1 shows blind detector signals for several cases, in which the EC-IT power was
about 200 kW. Case 1 is for a signal with extremely low plasma, density (nel ~ 2 x
1020 m" 2 ). The signal level for this plasma was similar to that obtained when ECH is
launched into vacuum (no plasma).
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FIG. 1. Signals in blind detectors. Plasma
conditions for each trace are given at bottom
of figure.

The blind detector also receives an extremely high signal when ECH breakdown is
delayed (case 2 for t < 0.04 s), after the density collapses during the ECH pulse (case 3
for t > 0.06 s), and after the density collapses during the ECU pulse with simultaneous
NBI heating (case 4). The signal level in case 2 is essentially the same as that in case 1.
When ECH breakdown occurs soon after t — 0, this high signal level is not observed (see
cases 3 a.nd 4).
When the density collapses, ECH power cannot sustain the plasma; electron cyclotron
emission (ECE) signals (third harmonic) indicate low electron temperatures after a, collapse. The single-pass microwave absorption is lower for lower-temperature plasmas; thus,
the blind detector signal remains high after a collapse.
168

When a neutral beam is injected into an ECU target plasma (case 4 of Fig. 1), the
ECE signal starts to decline at t ~ 0.22 s, and the signal on the blind detector increases
until t — 0.27 s, when the neutral beam cannot sustain the plasma. This increase results
from the poor single-pass absorption of microwave power when the plasma density reaches
the cutoff value for electron cyclotron transmission. For this case, the plasma collapsed at
i = 0.27 s and was no longer sustained; thus, the unabsorbed ECH power appeared at the
blind detector, whose signal level became similar to that for case 3 at t — 0.06 s.
From these observations, we conclude that the blind detector signals are high when
single-pass absorption is poor, as it is for ECH launch into vacuum, for low-density plasmas,
for low-temperature plasmas, and for plasmas in which the cutoff density is attained. It
appears that the blind detector signals might result from microwave interfeience vuth the
bolometer system.
To confirm this possibility, several experiments were conducted. First, a bolometer was
mounted outside the ATF vacuum vessel so that it viewed the plasma through a shuttered
glass port. When closed, the shutter blocked most plasma emissions but did not seal
tightly enough to block ECH power. When ECH power was injected into vacuum, the
signal level in this detector with the shutter closed was similar to that in the radiation
detector. Covering the module with aluminum foil reduced the signal to a low level, thus
confirming that cable pickup was not the source of the interference.
Plasma parameters have been improved by wall conditioning, and ATF plasmas can
now be sustained by NBT without ECH power. The microwave interference in the bolometer
system that occurs with ECH power has been confirmed by comparing the signals from the
blind detectors with and without ECH power during NBI. The data in Fig. 2 were taken
for a discharge with simultaneous ECH and NBI; those in Fig. 3, for a discharge with ECH
power removed during NBI. The signal from the blind detector during NBI increases in
Fig. 2 but is reduced in Fig. 3, confirming that the source of the blind detector signal in
Fig. 2 is the ECH power. To strengthen this confirmation, the blind detector signals of
Figs. 2 and 3 were compared with measurements of microwave power leakage made through
a glass window with a 53-GHz microwave horn. The behavior of the blind detector signals
was qualitatively equivalent to that of the microwave leakage signal.
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3. PLASMA RADIATIVE POWER MEASUREMENTS
The signal level on the blind detector has continuously declined from 5 V when initially
measured to 0.2 V. This decrease appears to be related to wall conditioning; unfortunately,
the bolometric power was not measured during the early phase of operation because of the
microwave interference. At this point, it is reasonable to assume that the same quantity
of ECH power observed by the blind detector should reach the radiation detector. Thus,
a "radiated power" is calculated by subtracting the signal of the blind detector from the
signal of the radiation detector. This difference is proportional to the bolometric power. By
applying the geometric constant and the conversion constant from output voltage to power
(kW), the bolometric power can be determined. The traces identified as "radiative power"
in Figs. 2 and 3 were obtained in this way. Note that, at the moment, this quantity
consists of both radiation power and charge exchange power. The "radiative power" is
50 kW during ECH (200 kW) and -300-450 kW during NBI (1.4 MW). The bolometric
power constitutes around 25% of the total input power for both ECH and NBI plasmas.
To determine the effect of wall conditioning on bolometric power, we analyzed the
radiative power for a series of discharges that began immediately after a vacuum opening.
Figure 4 shows the fraction of input power radiated as a function of shot mimber. To
minimize the charge exchange contribution, the "radiative power" was analyzed during
the ECH phase of the discharge; in the figure, the data are averaged arithmetically from
0.1 s to 0.2 s. The vacuum vessel was closed just before shot 2743. From shot 2743 to
shot 3104, simultaneous baking and glow discharge cleaning with H 2 gas were carried out.
Chromium gettering started after shot 3104. The long arrows in Fig. 4 indicate occasions
when chromium gettering was carried out after and before a day's operation; the short
arrows; occasions when chromium gettering was carried out in the middle of the day's
operation. The fractional radiation from ECH plasmas decreased continuously from 45%
immediately after the vacuum vessel was closed to 25%. There is no significant change
in the fractional radiation after gettering. The fractional radiation divided by n e l was
also evaluated, but no distinguishing effects on the radiative power are associated with
gettering, in contrast to the results for ISX [4].
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FIG. 4. Fraction of total ECH power that
appears as bolometric power, as a function
of shot number. Chromium gettering does
not have a significant effect on the ratio of
bolometric power and total ECH power.

4. ELECTRON CYCLOTRON ABSORPTION PROFILES
The blind detector signal resulting from microwave interference can be used to evaluate
the power absorption profile around the torus. The ratio of the signal from the blind
detector with plasma to that when ECH power is launched into a vacuum was measured
for six bolometers and one microwave leakage detector distributed around the torus. This
ratio is roughly similar to the ratio of the blind detector signal at t ~ 0.15 s for trace 2 or
4 in Fig. 1 to that for trace 1. This ratio is peaked near the ECH launcher; that is, it is
about 0.65 at the sector adjacent to the ECH launcher (toroidal angle of 15°) and 0.05 at

180° in toroidal angle from the ECH launcher, indicating that the microwaves are strongly
absorbed near the launcher.
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DIAGNOSIS OF RADIATION LOSS ASYMMETRIES
IN TJ-II FLEXIBLE HELIAC
M.A. OCHANDO, A.P. NAVARRO

Asociaciön Euratom/CIEMAT,
Madrid, Spain
Abstract

In this paper the designs of special collimators for single detectors and
simulations of their use in TJ-11 installation are presented. The numerical
iterative tomographic technique is applied to determine the local etnlssivity
distributions.

INTRODUCTION
Even in absence of local accumulations, strong asymmetries in radiation losses are
expected in TJ-II device (1) due to the toroidal dependence of the plasma shape. Detailed
plasma confinement studies in this helical magnetic axis experiment would require the use
of a great number of detector arrays, located at different poloidal and toroidal positions,
and adequate tomographic techniques to reconstruct the local plasma emissivity from
chord measurements.
When possible, the use of single detectors to obtain array-like information in
diagnostics such as bolometry or soft-X-ray, would be very convenient because of the
reduction of channels devoted to these diagnostics and the much easier attachment of
single detectors to vessel ports.
On the other hand, tomographic techniques that allow to detect local perturbations
with few poloidal views in any plasma shape, and able to analize data from conventional
arrays and array-like detectors would be required.
In this paper we are presenting designs of special collimators for single detectors and
simulations of their use in TJ-II. Besides, the numerical iterative tomographic technique
EBITA (2) is applied to determine local emissivity distributions even in the case of
hollow profiles or very localized perturbations in the emission.
TVCD's
In slowly variable plasmas, array like information can be obtained with only one
detector, whenever is possible to associate signals to well defined plasma regions.
Depending on the shot length, spatial information of the emission is drawn when
modifying the plasma volume viewed by the detector along a shot or from shot to shot.

Among the ways for practical performance of this method, we have already used
movable detectors in repetitive discharges in the TJ-I tokamak (3) and now we discuss
the capability of some kinds of time variable collimated detectors, TVCD, in TJ-II to
provide spatially resolved signals.
a) Shutter collimator
Fig. 1 shows a detector, D, looking at a plasma poloidal section through a slit that is
shut with an absorbing foil, S. When collimator shuts down, the plasma volume viewed
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by the detector decreases and the difference in signals obtained every two selected times
is associated to the plasma chord defined by the volume difference. The signals expected
from integral detectors, such as bolometers, are shown in fig.2a and line integrals
deduced from them are represented in fig. 2b. T, the time necessary to define the upper
plasma chords, is fixed depending on the plasma emissivity level and the number of
chords resolved is chosen depending on detector sensitivity. Lower chords are defined
when shutter goes from positions 3 to 5, according to the scheme shown in fig. 1.
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Figure 1. Shutter collimator scheme (—) represents the detector
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b) Deduced line integrals emissivities when shutter goes from 1 to 5.
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b) Chopper
A rotary disk with holes at different radii chops the radiation passing through a fixed
slit paced in front of the detector. Now the signals are directly related to the plasma
chords (see fig. 3).
As above, number of chords and angular velocity of the disk, depend on detector
sensitivity and plasma emissivity levels.
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Figure 3. Chopper collimator scheme. One turn of llie wheel scans a complete

poloidal section and resolves 26 plasma chords in the order indicated at 3..

Table I
Input power
Electron density
Electron temperature
Toroidal field
Discharge length

Pin = 400 kw
n e o =1.6xlO- 1 9 m-3
Tco = 700eV
B0=1T
t « 500 ms

In TJ-II, under the normal
operational conditions (shown
in Table I) expected and
supposing detectors being Ge
bolometers, it will be possible
to obtain between 10 and 20
line integral profiles by any of
the proposed methods.
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TOMOGRAPHIC RECONSTRUCTION
Equilibrium Based Iterative Tomography Algorithm (EBITA) is a tomographic
technique that reconstructs the local emissivity distribution of any plasma shape from line
integral data provided by a low number of arrays.
For a plasma emissivity Eo(x,y), array signals are given by:

NX

S(on,pj)

NY

= S
E E ( x . , y )M(n, i , j , k )
j = 1 k=l ü J

M is the contribution matrix of each grid cell (i,j) to detector signals (calculated
once for a particular array geometry), Oj is the array angular position and pj is the
detector impact parameter.
EBITA deduces the local emissivity as:

, k)
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i, j,
WN(n,i)

W is the weight matrix for signal distribution, \VN the weight normalization factor
matrix and NC the number of contributions of each cell to detector signals.
Array signals are calculated with this emissivity:
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Reconstruction error evaluated as:
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Convergence is analyzed by following Ej. (it) evolution.
After each iteration, deduced local emissivity values are used as new weights

W h ( j , k ) = E it _ 1 (x j) y k )
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TWO ARRAYS RECONSTRUCTION
With adequate weights, deduced from flux distributions obtained in equilibrium
calculations, TJ-II local emissivity distributions can be determined even with few arrays.
Complicated structures, such as hollow profiles or local perturbations, can be also
determined using this technique in spite of they are not assumed in the initial weight
functions. As an example, results are presented in figure 4 for the local perturbation
case. Using 2 TVCD at the top and outer sides of the device, the local accumulation is
detected after a few iterations. Same behaviour appears in the case of the hollow profile.

INITIAL

RECONSTRUCTION

22
58

Figure 4. Two arrays TJ-II emissivity reconstruction, a) local
perturbation after 6 {iterations; b) hollow profile (1 iteration).

CONCLUSIONS
Study of very asymmetric emissivity distributions would be affordable if single
detectors could provide array like information. This is possible by using movable ones or
adequately designed colimators or choppers, as those presented in this paper. In addition,
a tomography technique able to deal directly with information from this kind of detectors
has been developed. Based in the use of algebraical iterative techniques, it enables to
study strong asymmetrical distributions with a reduced number of arrays. The standard
drawbacks of these techniques have been avoided by using as initial weights in the
reconstruction process, the flux distributions deduced from equilibrium calculations.
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A DIAGNOSTIC FOR 2-D DENSITY PROFILES
IN HELIAC H-l
J. HOWARD, L.E. SHARP
Plasma Research Laboratory,
Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract

A novel multi-view scanning interferometer is described. An air turbine driven scanning rotating grating
wheel is used to produce > 30 distinct spatial channels in four equi-spaced views of the H-l plasma. The
interferometer signals, derived from just three detectors, are multiplexed in time with a temporal resolution of
- 1 ms.

1. INTRODUCTION

Here is described a novel scanning, heterodyne interferometer which employs a rotating disc grating as the
scanning and frequency shifting element [1]. The probing laser beam is reflected through a fan of discrete
scan angles from the grating surface allowing sampling of the plasma over a range of different impact angles
and impact radii. Signals from different postions are multiplexed in time so that spatial resolution is obtained
at the expense of time resolution.
The H-l flexible heliac currently under construction at the A.N.U. is a helical axis stellarator offering almost
unhindered viewing access to the poloidal cross section of the plasma. This feature has motivated the design
of an interferometer system which, within the anticipated resource constraints, posesses a truly tomographic
capability. This is most important given the distorted "bean" shaped plasma cross-sections typically produced
in such a device and the large range of magnetic configurations accessible. The scanning rotating grating is
ideally suited to this application, offering high scan rates and excellent spatial resolution at low cost in detector
and hardware resources. The design and performance of the grating/turbine assembly are discussed in [1].
2. THE INTERFEROMETER

Figure 1 shows one of several conceptual arrangements for the interferometer which are currently being
assessed. The optical system has been modelled using a geometric ray trace code. The optics, including
grating/turbine are to be mounted in a vertical plane on a solid granite slab. A finite elements analysis
confirms the excellent mechanical and thermal properties of the granite table. Both horizontal and vertical
views are of Michelson configuration, with the probing beams in each case executing a double pass of the
rotating grating (twice the Doppler shift). The incident and return beams are separated using polarizing optics
[2]. To minimize losses, reflecting components are used wherever possible.
A reference signal for the horizontal arm is taken from a point on the grating diametrically opposite the
horizontal source position. A similar reference for the vertical arm is not shown, though, in principle, it is
necessary only if the wheel rotation speed fi changes significantly in a wheel rotation. Also not shown in the
diagram are the local oscillator arms derived from the unshifted laser radiation.
The return optics (curved reflecting mirrors) inside the vacuum vessel must be mounted on the magnetic
coil support structure (CSS) independent of the main interferometer and so are a possible source of spurious
phase shift. This may necessitate the installation of a vibration monitor. However, computer models of the
electromagnetic deflections in the CSS indicate maximum displacements of <0.3 mm [3]. These movements
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are expected to be reproducible and of low frequency and so could be subtracted in the post processing of the
interferometer signals. Note that the internal, curved reflecting mirrors shown in Fig. 1 could be replaced by
an array of corner cube reflectors. This would significantly reduce alignment difficulties but at the expense of
power received by the detector.

Two diagonal views bissecting the vertical and horizontal scans are generated using optics mounted on a
separate rigid support surrounding the plasma and attached to the CSS. The source radiation is obtained by
sampling some portion of the vertical beam power. These views form Mach-Zehnder interferometers (single
pass) and so require a separate reference detector not shown in Fig. 1. The entire probe beam is collected by
each detector (rather than shared by an array) ensuring adequate signal to noise even for many more than four
distinct views. The number of attainable views of the plasma is limited only by the logistics of positioning
and maintaining alignment of the various optical components.

-350

-300.
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-200,

-150.

-100.
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Figure 1: Proposed intereferometer arrangement for the H-l heliac. Local oscillator arms are not shown. The axes are
marked in centimetres and the origin is the centre of the vacuum vessel. The solid square represents the main poloidal

field coil and the shaded "bean" the plasma region. Key:
rotating scanning grating.
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D - detectors; PR - polarization transforming reflectors; G -

3. TOMOGRAPHIC CAPABILITY

Constant density surfaces in the low beta, current-free H-l plasmas should conform closely with the shape
of computed vacuum magnetic flux surfaces. This has already been confirmed using Langmuir probes on
the prototype heliac device SHEILA [4]. An analytically invertible transformation between "straight field
line" or flux coordinates and laboratory coordinates has been invented [5] to allow testing of the proposed
interferometer tomographic capability. The transformation in its simplest form has four adjustable parameters
which can be extracted from a least squares fit to the computed magnetic surfaces. Using this transformation,
a two-dimensional Gaussian density distribution ^(R, 0) = exp(- J R 2 /cr 2 ) (a - 0.6) in the flux coordinate
domain | R \< 1 maps onto the distribution tp(r, 0) (| r |< 1) computed for the standard H-l configuration
and shown in the line contour plot of Fig. 2. This type of density distribution models well the measured
equilibrium density profiles in the SHEILA device [6].
Expanding V as a Fourier series

Figure 2: Contour plot of the source distribution if) described in the text (solid lines). The broken contours represent the
approximation to rf obtained by removing all higher angular harmonics than I = 4.

(1)
allows retrieval of the angular harmonic components //(r) and hence an estimate of the relative energy content
Ei/Ey where
E,= t~ \fi(r)\*rdr
J

(2)

—— tx>

and E$ is the total energy. This ratio has been computed for the distribution ^ and is plotted in Fig. 3 in
histogram form for / = 1 to / = 7.
The energy in components / > 4 is quite small, suggesting that a four view tomography system should be
capable of encoding V> without serious loss of definition or risk of aliasing contamination [7]. Note that the
/ = 4 component is retrievable by the H-l four view system due to its favourable orientation with respect to
the chosen viewing angles.
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Ei/Ev

Figure 3: Histogram of the relative energies EI of angular components of the plasma distribution tp shown as percentages
of the total energy E$. The plotted line shows the improvement in image fidelity a (right hand scale) with number of

included angular harmonics.

Unfortunately, however, the higher angular harmonics significantly influence the shape of the outer, lower
density contours. This can be seen upon comparing t/> with its filtered (/ < 4) approximation shown as the
dashed set of contours in Fig. 3. In terms of the measure

a =

1/2

(3)

where I/'F is the filtered ip and V> is the mean of the distribution V"> significant improvements in image fidelity
can be obtained by increasing the number of views to six. The relative improvement thereafter, however,
becomes increasingly less significant.
Initially only the vertical and horizontal arms of the interferometer system will be installed on H-l. In this
case, / > 2 features will alias contaminate the reconstruction unless strong a priori constraints are imposed.
One possible approach for the extraction of 2-D information in this case is to use maximum entropy techniques
to recover an image on a pixel grid which conforms to the shape of the vacuum flux surfaces. This technique
is currently being investigated. Another possibility is to use the abovementioned transformation to peform
an Abel inversion of the now distorted line integrals for a density distribution which is assumed circularly
symmetric in flux coordinates.

Adequate sampling within a view is also of importance for the fidelity of the tomographic reconstruction.
Assume that V> is effectively bandlimited in the sense that energy in the spectrum above some spatial cutoff
frequency or wavenumber 7\ Q can be neglected. Adjacent channels within a view should then be sufficiently
close (separation As) to satisfy the Nyquist criterion As = w/K0. Unfortunately, it is not always possible to
anticipate KO or indeed to provide sufficient channels in the event that K0 is known.
A major feature of the proposed interferometer is that the views obtained are naturally bandlimited by
diffraction to approximately half the sampling frequency within the view, irrespective of the natural bandhmit
K0. Aliasing contamination is then avoided even when As > ir/K0. To see this, note that wavefront
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perturbations of wavenumber K — 2?r/A diffract at a rate greater than the natural Gaussian beam divergence
8ÔR whenever A < W where W is the probing beam diameter. For propagation distances greater than a
Rayleigh length z > ZR from the density perturbation, wavefront irregularities for which K = Km^ > 1/W
have been effectively lost from the beam. Propagation has caused the density information encoded by the
beam to be low pass filtered. When certain grating design criteria are satisfied [1], the spacing between the
probing beams at z — KR is As = ZR Ad R < itjKmn and the Nyquist condition is satisfied for the bandlimited
information.
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MEASUREMENT OF ATTENUATION PROFILE OF INJECTED
NEUTRAL BEAM INTO A HELIOTRON E PLASMA
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Abstract

Attenuation profile of the injected neutral beam into a Heliotron E plasma was
measured using the Doppler-shifted Ha emissions of beam particles, which were excited by
collisions with electrons and protons.

§1. Introduction
High power neutral beam injection has been recognized as a promising method to heat
plasmas confined in tokamaks [1], stellarator [2], and Heliotron [3]. It is an important task
to measure the attenuation profile of the injected neutral beam into a plasma in order to
understand the heating processes. Attenuation or ionization profiles of the injected neutral
beams are usually analyzed with Monte Carlo simulations and up to now there was not
a direct measurement. Recently the Doppler-shifted Ha emissions have been observed in
the plasma [4,5], which are excited by electron and proton collisions with the injected
beam particles. The wavelength of this emission shifts by the Doppler effect if the beam
line and the sightline is not perpendicular, because of high speed of the injected beam
particles. The Ha emission from the injected neutral beams is distinguished from the
unshifted H^ emission which is localized in the peripherally of the plasma. The beam
density is estimated by the intensity of these Doppler- shifted Ha emissions.
In this report, the attenuation profile of the injected neutral beam was obtained by the
space-resolved measurements of the Doppler-shifted HQ emissions.

§2. Experimental Setup
The neutral beam injectors, BL-2,3 and 5, are installed on Heliotron E. The bucket type
ion sources are used and the maximum extracted ion current is 55 A, and the acceleration
voltage is varied from 10 keV to 30 keV. The injection angles are 90 degrees to the minor
axis for both BL-3 and the half of the ion sources of BL-5. The other three ion sources of
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BL-5 have an angle of 79 degree and BL-2 has 62 degree to the minor axis. The diameter
of the beam was 20 cm. These neutral beams were injected into a plasma, which was
initiated by high power gyrotrons with a frequency of 53.2 GHz.
The Doppler-shifted Ha emissions were measured at the two beam lines, BL-3 and BL5. The collecting optics, consisting of quartz lens and fiber optics, bring the emissions into
two spectrometers (SPEX 1269) equipped with 512-channel detectors (Tracer Northan,
TN-6133). The diameter of the sightline was 3 cm. The angle between the sightline and
BL-5 beam line is fixed at 45 degree, but that of BL-3 can be varied from 76 degree to 63
degree, and we can observe the Doppler-shifted Ha emissions from near the half way to
the edge of the plasma of the inner side.
§3. Intensity of the Doppler-shifted HQ Emissions from the Injected Neutral Beam
Figure 1 shows the typical spectrum observed from the BL-5 beam line. The integration
time was 20 msec. The average electron density was 2 x 1013cm~3, and the electron and
ion temperatures were about 300 eV. The magnetic field was 0.94 T. Near the unshifted
Ha emission, there are three peaks designated E, E/2 and E/3, and E was 23 keV. These
lines are due to beam neutrals originated from H+, H* and H* ions in the ion sources,
since they appeared only during beam injection and their wavelengths shift according to
the Doppler effect.
The intensities of these three emissions are described as

= {nenb(E/k)

+npnb(E/k)(o(E/k)v(E/k))}(tt/47r)Vbs
(k =1,2, 3)

g(E/k, np/ne)(U/4<7r}Vbs

= nenb(E/k]
>

656

ne

658

660

Waielengtli(iitn)

Fig.l The spectra of the unshifted and the Doppler-shifted Ha emissions. The vertical
axis is the intensity and it is expanded to show the Doppler-shifted Ha emissions

from the beam particles. Three peaks, designated by E, E/2, and E/3 originate from
H + , HJ, andHj.
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(1)

(2)

where ne, np and nb are electron, proton and beam densities, < a^ ve > is electron
excitation rate and cr(E/k) is cross section of proton excitation and v(E/k) is beam velocity,
Ü is solid angle and V^ is the emission volume denned as the intersection by the beam
path and the sightline of the optics. The contribution of proton excitation is included by
a function g(E/k, n p /n e ) [5]. The electron excitation cross section by Morrison and Rudge
[6] was used. The proton excitation cross sections were used from the references by Franco
and Thomas [7], and Bhadra and Ghosh [8].
To estimate the intensity of the Doppler-shifted Ha emissions, it is necessary to measure proton density, but the function g(E/k, n p /n e ) has a weak dependence on the proton
to electron density ratio. The typical acceleration energy of our neutral beam injection is
less than 30 keV, and correction from the proton collision is small.

§4. Attenuation Profile of the Injected Neutral Beam
The beam attenuation profile was measured along the BL-3 beam line. Figure 2 shows
the intensities of the Doppler-shifted Ha emissions. The average electron density was 3 x
1013 cm"3 and the electron temperature was about 300 eV. The magnetic field was 0.94
T. The acceleration voltage for the primary beam was 23.5 keV and 28 keV, respectively.
The input power of BL-3 was 200 kW, and BL-5 and BL-2 provide another 1 MW power
into the plasma. There were no differences in the electron density and temperature in both
acceleration energies. Figure 3 shows the beam densities estimated from the Ha intensities
in Fig.2. The vertical axis is the beam density in arbitrary scale, and the horizontal axis
is the length measured along the beam. line. Converting to the beam density from the Ha
emission intensity, the electron density profile is assumed as a parabolic one. The beam
density in the case of 28 keV injection is smaller than the case of 23.5 keV injection, since
the input power of both cases were 200 kW, and the beam neutral density is proportional

to E-3/2.
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Fig.2 The intensities of the Doppler-shifted HQ emissions along the BL-3 beam line.
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Fig.3 The attenuation profiles of the injected neutral beams with 23.5 keV and 28 keV.

§5. Conclusion
It was demonstrated that the attenuation profile of the injected neutral beam was obtained using the Doppler-shifted HQ emissions. The higher energy beam attenuates slower

than the lower energy beam, and in the high density plasmas the attenuation was strong.
These measurements are important for understanding the heating processes by the neutral
beam injection because the birth profiles are given.
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MODELING FOR RUNAWAY DYNAMICS IN STELLARATORS
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Abstract

A 2D model for runaway electron dynamics in tokamaks have been developed
based on the solution of a conservative numerical scheme. The bidiraensional
character of the model enables to study the situations where other component,
in addition to the toroidal one, is important.

INTRODUCTION

Plasma soft and hard-X-ray spectra, as is well known, present slopes that are
usually related to its electron temperature. In the case of H-X-R it has being shown [1] that
the denomination of "suprathermal temperature" is not correct since there is not a
maxwellian in the tail of the distribution. We have then correlated the slope or H-X-R spectra with the electron confinement time of runaway electrons x .
In [2] we used a 2D model to describe the dynamics of the runaway electrons and we
obtained a correlation between the slope of the H-X-R spectra and the confinement time of
runaway electrons in tokomaks. Our numerical scheme shows a discrete analogy with the
underlying continuous equation conservation laws, symmetries and stability properties.
Otherwise, the scheme can show numerical chaos and solutions would exhibit unphysical
properties [3] . Experimentally we can then obtain from the H-X-R spectra electron
confinement time and then deduce the electron distribution function in the plasma; that
takes few minutes in a VAX-11/785 computer. Here we discuss the application of this
model to stellarators determine from H-X-R spectra the electron distribution function, in an
attempt to relate this distribution with the ECH absorption in these devices. In the
application of this model to stellarators, we have to considerate the following features : a)
Electrostatics fields and b) Fields due to the application of ECH. As it was done in [5] for
the one dimensional case, we apply our single particle two dimensional model to an electron population with a maxwellian energetic distribution function. We consider that the tail
of the maxwellian distribution losses e times runaway electrons in a time x , defined as
runaway electron confinement time, and the initial maxwellian distribution is restored in
the thermal equilibration time given by:
3
eq

V2"rai.e4 In
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With this approach we obtain the electron distribution function, in the phase space,
shown at figure 1. In figure 2, we represent the distribution function along axis vx. For
each electron distribution function we obtain the hard-x-ray intensity spectrum P(k), using
as cross section the expression given in [4]. In figure 3, we represent hard-X-ray photon
and intensity spectra for the conditions of figure 1. For different values of the runaway confiment time we obtain intensity spectra with different slope a. In figure 4, the relation
between oc and T is shown.
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TWO DIMENSIONAL MODEL

Motion equations for a single electron in a fully ionized plasma for a force field with
Coulomb collisions can be expressed as:
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where, (we use the natural units c=l), m0 is the rest mass of the particle and , P the momentum, U(x) the potential energy of the particle and a the total electron momentum loss
collision frequency with relativistic corrections and:

= -eËx,

Ê = (E x ,E y ,0)

To solve this system we apply a two dimensional conservative scheme [5] to the following
modified discrete equations:
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The electric field has a main component EX parallel to vx and to the magnetic field lines.
As initial conditions we take -l<(vx)Q<l, and (v )0=0. All calculations are normalized for

p using p=p/pt, where pt is the
momentum for the
electron
temperature Te. For different values of
Tg, Zeflf and electric fields EX and E
to .
we obtain momentum-space trajectories as is shown at figure 5. We can
define two regions in the momentumspace plot, delimited by a separatrix S.
With our scheme we can approximate
qualitatively
the
trajectory
corresponding to S, calculating
trajectories above and below it. The
value of the intersection of S with axis
-IO^P./P, o'
a
x is called pf. An electron lying on a
trajectory above S will gain energy,
Fig 5: Momentum-space plot for Ex=Ey=2
then ninaway, and an electron lying on
a trajectory inside S will lose energy
V/m, Z rp=l
and stay thermal. Therefore S
represents a trajectory of constant energy. Electrons with negative momentum can become
runaway, when their trajectory is above S.

SCHEME FOR ECH ON STELLARATORS

This model can be extended to stellarator by considering three different phases in the
usual case of ECH star-up and heated plasmas in these devices. In the first phase, when the
coils are energized, we can applied the model as it was developed for tokamak considering
an adequate set of values for the parameter group, (Ex, E , Tg, n ß and a).
During the heating phase, two different approaches can be taken. In the first one, the

2D model is enough by considering only those electrons with the resonance energy for the
applied wave (6). In this case the main limitation is coming from the grid precision when
defining the resonance population. Only the center guide trajectory is considered for the
electrons. The second approach considers the full movement of the electrons in the device
magnetic field and the wave fields. In this case, displacements due to cyclotron effect are
considered and a 3D model must be invoked. In both approaches the step time in the calculation must be very short due to the high frequency range involved, in the order of GHz;
and, because Tg changes along the process, a must be change accordingly. Out of the spatial region where the wave is launched, the standard model that was applied in the preheating phase can be applied, with the adequate set of parameters.
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CONCLUSIONS

A 2D model for runaway electron dynamics in tokamaks have been developed based
in the solution of a conservative numerical scheme. The bidimensional character of the
model enables to study situations where other component in addition to the toroidal one
can be important such as ECR heated or stellarator plasmas. The application to stellarators
can made possible the determination of the runaway distribution function and its influence
on the ECH absorption. Nevertheless a detailed study of this phenomena would require a
3D model to take into account the electron cyclotron displacements.
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Abstract

During the first period of 70 GHz ECRH experiments on W VII-AS electron
heating at second harmonic and fundamental resonance has been investigated.
Plasma build-up from neutral gas and electron heating with quasi-stationary
plasma behaviour at microwave pulse lengths up to 500 ms with a power level
up to 0,5 MW could be attained. Owing to the flexibility of the quasioptical microwave beam injection antenna, different energy deposition profiles were realized. For central energy deposition peaked Te profiles (Te_
= 1.2 keV, neo = 3-10 19 m~3 at B = 2.5 T with Prf = 380 kW) were measured,
whereas with off-axis heating flattened Te profiles were observed. The microwave absorption efficiency was deduced from single-pass absorption measurements. The measured values at fundamental (~ 70%) and second harmonic
resonance (> 90%) are in good agreement with theoretical calculations.
Experiments with EC current drive were successful in compensating the pressure driven bootstrap plasma current. With the variation of the k// value
of the wave by change of the toroidal launching angle different current
drive scenarios could be verified.

1. Introduction
One of the requirements for the stellarator approach to plasma magnetic

confinement is a non-ohmic electron heating avoiding disturbances of the
toroidal magnetic configuration by a toroidal plasma current. Electron cyclotron resonance heating (ECRH) by wave particle resonant interaction at
the gyrofrequency of the electrons or at their harmonics is a direct way of
energy transfer from an electromagnetic wave launched from the outside into
the plasma. Owing to the resonance effect the energy transfer is localized
in the inhomogeneous toroidal magnetic field. This localization of the
energy deposition allows the programming of a well defined heating profile
for modelling of the temperature distribution, as well as the generation of
heat waves used for transport diagnostics by temporal modulation of the
wave power. In addition the localized absorption of wave energy is con-

1

The members of the W VII-AS Team are identified in the paper entitled 'Status of the advanced stellarator Wendelstein W 7AS: first results and further programme', these proceedings, p. 25.
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nected with the localized parallel momentum transfer from the wave to the
electrons, a method for toroidal current drive when the wave is launched
with some wavenumber k„ parallel to the magnetic field. This localized
current drive is a means of counteracting the pressure driven bootstrap

current to maintain net current free configurations. In addition this current drive can be used to modify slightly the t-profile by introducing some
additional shear to the magnetic field.
All these types of wave plasma interaction at ECR were tested in the first
period of experiments on the newly installed W VII-AS stellarator. Some
typical results are presented in the following sections.
2. Wave launching and detection
The magnetic field configuration of the W VII-AS stellarator is of the linked mirror type. The magnetic surfaces at the five toroidal positions of
the magnetic field maxima on the magnetic axis have the shape of nested
upstanding ellipses [1]. Electron heating by ECR at this position offers
several advantages: The gradient of |B| in radial direction has a maximum
in this plane which localizes absorption. Owing to the elongation of the
magnetic surfaces which determine the equidensity contours of the plasma,
the irradiating RF-beams are nearly normal to these surfaces if they are
launched radially inwards. This minimizes the effect of ray bending due to
density gradients allowing central plasma densities near the cut-off value.

To meet the requirements for programmable energy deposition profiles and
RF-current drive, up to 4 microwave beams with Gaussian shape are launched
from circular waveguide antennas via focusing ellipsoidal mirrors into the
plasma from the low magnetic field side. The angle of injection with respect to the toroidal and poloidal direction can be varied by tilting the
mirrors. The beam diameter at the plasma center is approx. 6 cm. Each launcher is supplied by a 70 GHz CW gyrotron via a transmission line of about
60 m length containing elements for power monitoring and controlled mode
conversion from the circular symmetric TE02 gyrotron output mode to the
linearly polarized HE-j-i mode in the launching antenna [2]. Up to 200 kW
microwave power at 70 GHz with a pulse length of up to 3 s is radiated in
one beam. The polarization of the beam can be changed from linear to rightor left-handed elliptical polarization to meet the accessibility condition
for plasma wave penetration without reflection for different launching
angles with respect to the direction of the magnetic field.
For enhanced wave absorption the nonabsorbed part of the beam is reflected
back into the plasma in a controlled polarization state from a graphite
mirror installed at the inner wall of the plasma chamber, opposite to the
launching system. This mirror is equipped with an array of polarization
sensitive coupling holes (monomode waveguides) which allow the monitoring
of the beams which have passed the plasma. The beam quality without plasma
as well as beam absorption and deflection by the plasma can be measured.
3. Experimental results
Up to now 3400 shots with ECRH were explored on W VII-AS. Up to 3 beamlines
with total injected power of 560 kW were in operation. Most of the experiments were performed with one or two beamlines at pulse lengths up to
500 ms. Plasma breakdown and build-up from neutral gas to temperatures
above 200 eV can be achieved by one microwave beam with a power of 150 kW
whenever the resonance layer is within the confinement region.
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3.1. Plasma parameters with ECRH at 70 GHz

3.1.1. Second harmonic heating
Most of the experiments up to now were performed at a magnetic field of B =
1.25 T. The wave is absorbed at the resonance layer where u> = 2-wce. The
wave is polarized perpendicular to the magnetic field (X-mode) thus it is
absorbed in the first pass through the plasma with
high efficiency. Plasmas
with central densities of just below n = 3-101' m~3, the cut-off density
for wave propagation, could be produced.
In long pulse (0.4 s) quasi-stationary operation, at optimal -t value of
0.53, a central electron temperature of Teo = 1 keV was obtained at an
axial density of n"or\J. = 1.5-10 m~3 with 200 kW injected microwave power.

3.1.2. First harmonic heating
About 300 discharges were investigated at fundamental resonance with B =
2.5 T. In this case the wave, polarized parallel to B (0-mode), launched
from the low magnetic field side can penetrate into the plasma whereas an
X-mode is reflected at the outer plasma edge. In_this
case for 0-mode propagation the cut-off density is nec = 6-10'9 m~3^.3 With 200 kW microvave
power Teo=1.5 keV was obtained at neo=1.5-10'9 m~ in long pulse quasistationary conditions at -t = 0.34. With 370 kW power at the same
conditions
but with increased gas puffing an axial density of 3'W
m~3 was achieved
with Teo = 1.3 keV.

3.2 Measurements of wave absorption
One of the main parameters for the evaluation of the energy balance in the
plasma is the fraction of absorbed microwave power. This fraction is measured by the wave absorption in one transit through the plasma. If the
single-pass absorption is about 70% or higher, the second pass via reflection from the inside mirror leads to more than 90% total absorption in the
plasma core. Less than 10% of the power is absorbed in an uncontrolled way.
The single-pass absorption is measured at the monitor coupling hole array
in the surface of the inner reflector. These measurements are compared with
the results of a 3 D ray code E3L This code moreover calculates the energy
deposition profile required for transport codes [4].
In the case of second harmonic heating nearly full single-pass absorption
is observed.
The 0-mode absorption at fundamental resonance shows a temperature and density dependence as predicted by theoretical calculations. At Teo = 1.5 keV
and neo = 1.5-101^ m~3 70% single-pass absorption was found experimentally
in agreement with the numerical code.
3-3 Temperature profile shaping
The microwave beams illuminating the plasma can be moved in poloidal direction by pivoting a pair of the mirror antennas. If the resonance layer is
crossing the plasma center the energy deposition will be concentrated there
when both beams are crossing the center. If the beams are moved up and
down, respectively, the energy deposition moves to the outer magnetic surfaces. Fig. 1 shows temperature and density profiles with on-axis and offaxis deposition at reff = 8 cm. In Fig. 2 the numerical simulation with the
ray code of the off-axis deposition is shown. Even in this case the X-mode
is fully absorbed in the first pass.
3.4 EC current drive experiments

By moving the mirror antennas in toroidal direction the krt value of the
wave can be varied. Therefore a momentum parallel to the magnetic field can
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Fig.1: Temperature and density profiles with cm-axis and off-axis (reff
cm) energy deposition.

be transferred to the electrons when the wave is absorbed, which means that
a toroidal current will be generated.
This current has a density distribution which depends on the absorption
profile changing the internal i profile.
In a first step of investigation concerning this RF current drive method
the loop voltage generated by the wave was measured. This voltage in the OH
circuit of the stellarator used in a feed back loop holds the net toroidal
current to zero [5]. Fig. 3 shows the change in the loop voltage induced by
the wave as a function of the wave injection angle with respect to the
radial launch. The measurements were performed with RF-current drive in coand counter-direction to the bootstrap current. In the analysed experimental case a maximum of the induced voltage appears at a launching angle in
toroidal direction of about 10°. Without feedback circuit this voltage induces a current of about 4 kA which means an RF current drive efficiency of
20 A/kW. These results are also theoretically analysed with the ray code

and a kinetic particle code [3].
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ELECTRON CYCLOTRON HEATING EXPERIMENTS IN CHS

H. IGUCHI and the CHS GROUP1
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Abstract

Electron cyclotron heating with 28 GHz gyrotron has been carried out
in a low-aspect-ratio helical system CHS. Spatial profiles of electron
density and temperature are measured in various heating and magnetic
configurations. It is shown that the drift motion of the trapped particles
across the magnetic surfaces play an important role in the energy
transport in electron cyclotron heated currentless plasmas, especially in a
low collisionality regime. It is concluded that optimization of particle orbit
is of primary importance even for electron confinement in low aspect ratio
helical systems like CHS.

1. Introduction
In the Compact Helical System(CHS), plasma aspect ratio as low as 5
is achieved by introducing the pitch modulation a* = 0.3, where the loss
cone is enlarged in comparison with normal winding. CHS is designed to
study on the optimum magnetic field configuration by changing magnetic
shear, magnetic well, helical ripple and so on, which can be done through
magnetic axis shift by vertical field control. Main purpose of ECH
experiments in CHS is a radially resolved transport study of a currentless
plasma in a low-aspect-ratio helical system, especially in a low
collisionality regime. Here we report the experimental results on the
electron cyclotron heating with 28 GHz gyrotron at the power level around
100 kW, in which plasma parameters range: ne = (2 - 6) x 1012 cm-3 and
Te = 200 - 900 eV. Experiments have been performed in various heating
(on axis and off axis) and magnetic configurations (magnetic axis shift).
2. Global Confinement
Microwave is injected from an inside port of the torus with a typical
pulse duration of 40 ms. Hydrogen plasma is produced and heated, and its
density is controlled by gas puffing combined with a small amount of
prefill which is introduced to suppress hard X-rays at the start-up of the

1
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these proceedings, p. 51.
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main helical field. In the standard operation, the magnetic axis is located
at Rax = 97.4 cm and the average plasma radius is 20 cm. Plasmas reach
quasi-steady state within 10 ms from the initiation of ECH and most of the
data point in the experiments are taken at 12 - 16 ms. Figure 1 shows the
ECH power dependence of the central electron temperature and the density
(left), the line averaged electron density and the pyroelectric detector
signal which is a measure of total radiation loss power(right). At power
levels below 50 kW the line averaged electron density increases with
increasing the ECH power but the electron temperature remains low. The
radiation loss increases in proportion to the ECH power. The data indicate
that the radiation power is comparable to the input microwave power.
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detector signal which is the measure of the total radiation
loss(right).

Above the threshold power the electron temperature abruptly increases
up to 600 eV at the ECH power of 100 kW. The line averaged density
remains almost constant in this range while the central density decreases
with increasing the ECH power. From the behavior of the pyroelectric
detector signal, we estimate the power lost through impurity radiation to
be about 40 % at 100 kW injection. This estimate is consistent with that
from the results of soft X-ray spectrum analysis^), which indicates the
oxygen concentration of a few percent before radiation collapse. The
electron density and the temperature profiles are measured by Thomson
scattering. Total electron kinetic energy is calculated from the profile data
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to be about 90 Joule, while the total stored energy measured by a
diamagnetic coil is 120 Joule. Thus the global confinement time is about 2
ms. A simple neoclassical estimate with Kovrizhnykh's formula evaluated
at half plasma radius gives a confinement time of several milliseconds for
a flat density and the measured temperature profile. The effect of pitch
modulation is not taken into account in the estimate. Although the
transport in the central region is most likely dominated by neoclassical
process, there is a discrepancy between the experiment and the simple
neoclassical estimate.

3. Hollow Density Profile
In low density and high temperature operation, the electron density
profile exhibits a hollow profile i), and the hollowness defined by
ne(center)/ne(peak) is enhanced with less collisionality and is sometimes
up to 40 %. Now they are measured in off axis heating case with the same
microwave power and the same magnetic field configuration except
slightly reduced magnetic field strength. The results are compared in
Figure 2. The data with on axis heating are the same as reported
previouslyi), but the density scale is readjusted with help of the data from
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a 4 mm microwave interferometer. Furthermore, three data points are
eliminated because they are concerned with the discharges where 28 GHz
klystron(2 kW) for pre-ionization was accidentally turned off. Data points
are re-plotted as a function of averaged radius and double circles are data
at opposite side with respect to the magnetic axis. In the case of on axis
heating, the electron collision frequency is on the boundary between
plateau and 1/v regime within half plasma radius. It is observed that the
electron density is depressed near the electron cyclotron resonance zone,
that is, with off axis heating the density dip appears near the inner most
electron cyclotron resonance zone where the microwave power absorbtion
seems to be maximum, and the central electron density recovers. The
electron pressure profiles are compared between two cases in Fig. 3. It
should be noticed that the electron kinetic energy has a centrally peaked
profile in spite of no resonance zone in the central region for off axis
heating, although the profile is not so strongly peaked as in the on axis
heating. The hollow density profile has been observed in Heliotron-E at
high power electron cyclotron heating, and it is discussed as a density
clamping phenomena commonly observed in ECH experiments2). In CHS,
the density hollowness is more conspicuous in spite of lower microwave
power density (The plasma volume is about one half of that in Heliotron-E).
Those results indicate that direct energy and particle flow associated with
particle drift motions across the magnetic surfaces cannot be ignored in
comparison with diffusion processes.
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Qualitative explanation for the hollow density profile is possible with
the theory by K. Itoh et.al.3). It is pointed out that enhanced transition
from passing particle to trapped particle by electron cyclotron heating
causes particle pump out from the central region. This effect is more
serious in a low aspect ratio helical system like CHS. Centrally peaked
electron pressure profile observed with off axis heating comes from the
same process but the opposite direction of the energy flow. Electron
cyclotron heating gives perpendicular energy to electrons near the
resonance and those energetic electrons can drift into the central region
across the magnetic surfaces and deposit their energy there. Even if the
fraction of those power is rather small, good confinement in the central
region may support peaked pressure profile. Discrepancy of the
experimental results from the simple neoclassical estimate might partially
be explained by this process, for which detailed analysis by computer code
with CHS magnetic field configuration is necessary. Information on the
power absorption profile and radiation loss profile is required there, and
those diagnostics are under preparation.
4. Magnetic Axis Shift
Intending to optimize magnetic field configuration in low-aspectratio helical systems, we tried to vary the position of the magnetic axis by
vertical field control. Several parameters characterizing the confinement
magnetic field structure such as magnetic shear, magnetic well, plasma
wall clearance and so on are changed with the shift of the magnetic axis as
discussed in Ref.4. Spatial profiles of the electron temperature and the
density and the total electron kinetic energy calculated from them are
compared among three different magnetic axis positions(R a x = 94.9 cm,
97.4 cm, 101.6 cm). It is noted that the total electron kinetic energy as
well as the central electron temperature has the highest value for inward
shift (Rax = 94.9 cm). The total stored energy measured by the
diamagnetic coil shows similar tendency4). Figure 4 shows the central
electron temperature versus the central density measured by Thomson
scattering for typical four positions of the magnetic axis. Each data point
with an error bar is an average over several to ten shots. In the two cases
of the outward shift of the magnetic axis with slightly different resonance
locations, the central temperature is limited at around 300 eV, while it
reaches up to 900 eV for inward shift (Rax = 94.9 cm). The data point
without error bar is taken every shot for different amount of gas puffing,
and the plasmas are transient at high densities above 5 x 1012 cm-3. It is
clear again that higher central electron temperature is attained with
inward shift of the magnetic axis. Two possible explanations have been
discussed. Firstly, the power deposition profile is more peaked with
inward shift, because the magnetic field ripple on the magnetic axis
becomes small with inward shift and vanishes at R ax = 94.9 cm. Secondly,
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shift of the drift axis for trapped particles from the magnetic axis becomes
small with inward shift, which reduces the radial transport. In view of
particle confinement, the latter effect seems to be important, because the
loss cone is reduced with inward shift. However, measurements of power
deposition profiles are necessary again in order to get the final conclusion
on the magnetic axis shift.

5. Summary
The electron cyclotron heating with 28 GHz gyrotron has been carried
out in the low aspect ratio helical system CHS. In order to study the
electron transport, especially in a low collisionality regime, spatial profiles
of electron density and temperature are measured for various heating and
magnetic configurations. It is shown that the direct energy transport
across the magnetic surfaces through drift motions of trapped electrons
with higher energy than thermal ones plays an important role and thus the
transport is enhanced from the simple neoclassical model. It is concluded
that optimization of particle orbit is of primary importance even for
electron confinement in low-aspect-ratio helical systems like CHS.
REFERENCES

1)

K. Matsuoka, et. al., in Proc. 12th Intern. Conf. Plasma Physics and
Controlled Fusion Research (Nice, 1988) IAEA-CN-50/I-I-3.

2)

H. Zushi, et. al..Research Report of Plasma Physics Laboratory, Kyoto
University, PPLK-R-27(August, 1988).
K. Itoh, et. al., ibid. PPLK-R-25(May 1988).
S. Okamura, et. al., in Proc. 16th European Conf. Controlled Fusion and
Plasma Physics (Venice, 1989) and Research Report of Institute of
Plasma Physics, Nagoya University, IPPJ-

3)
4)

208

POWER BALANCE STUDIES FOR RF HEATED PLASMA
IN THE URAGAN-3 TORSATRON
V.L. BEREZHNYJ, M.P. VASIL'EV, V.S. VOJTSENYA,
E.D. VOLKOV, Yu.V. GUTAREV, A.G. DIKIJ,
G.V. ZELENIN, B.V. KRAVCHIN, S.V. KOVALEV,
V.G. KONOVALOV, V.I. KONONENKO, V.D. KOTSUBANOV,
G.G. LESNYAKOV, A.P. LITVINOV, Yu.K. MIRONOV,
N.I. NAZAROV, I.K. NIKOLSKIJ, O.S. PAVLICHENKO,
I.I. PATLAY, V.K. PASHNEV, V.V. PLYUSNIN,
N.F. PEREPELKIN, A.I. SKIBENKO, A.S. SLAVNYJ,
V.S. TARAN, T.O. TKHORYAK, S.I. FEDOTOV, I.P. FOMIN,
A.N. SHAPOVAL, O.M. SHVETS, V.M. ZALKIND
Institute of Physics and Technology,
Ukrainian Academy of Sciences,
Khar'kov, Union of Soviet Socialist Republics
Abstract

Power balance of RF heated currentless plasma in the Uragan-3 torsatron has been studied for low density quasi-stationary discharges ( Q-discharges p ] ). It v/as shown that the
most part of RF power is absorbe'd and dissipated by a cold
plasma mantle surrounding a hot plasma core. In the hot core
energy losses are determined by electron heat conductivity
and radiation.

1. INTRODUCTION

Studies of currentless plasma production and heating by RF
waves in the u^'^ ^d
frequency range in the Uragan-3 torsatron resulted in a revelation of regime of quasi-stationary
discharges with ion temperature up to 1,1 KeV and average beta
up to 0,6% jlj* Highest ion temperature and plasma energy 5
content realized at low electron density (K?g = (2*3) • 10^cm'-' ) .
The electron density increase resulted in the decrease of the
ion temperature and energy content of plasma as well.
To understand the reason of this degradation of plasma
energy it is necessary to analyze the power balance of RF
plasma.
This report presents the results of the power balance
studies in low density Q-discharges performed for the Uragan-3
torsatron before device shutdown in March 1988.
2. THE EXPERIMENT

The Uragan-3 torsatron has been operated with a confining
field 4,4 KG. Hydrogen RF discharges were produced by one
antenna which radiated the power of 0,2-0,3 MW at u)~ 0,8'<~q.c .
Principal diagnostics were described in a paper (_1j * In
this experiment electron density profiles were reconstructed
from multichord interferometer data (^ =8;2;1;0,337 mm),
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The UFA with a vertical line-of-sight scanning was used for
the ion temperature profile studies. Electron temperature
profiles were reconstructed from a single-point Thomson scattering data ( at the plasma axis), spectroscopic data("carbon
thermometer" at 7 i 0.7ft ) and electric probe data ( oi the
plasma edge). Hydrogen atom density profiles were determined
from the Eß~ line profiles, liadiation and charge exchange loss
power PritK' was measured by a collimated pyroelectric detector.
Total plasma energy content W7 was measured by a saddle-type
magnetic coil.
3. RESULTS AND DISCUSSION

Figure 1 shows the time behaviour of the plasma, parameters
in the studied Q-discharges. Figure 2 shows T ,T:, /•?., profiles
measured at the time moment shown by an arrow at Fig.1.
Electron temperature and density profiles were narrower than
ion temperature one. Hydrogen atom density profile was rather
flat inside of /£,0,8^ -/?„< =1 ,7- "Id*9 cm"3 ). Volume averaged
loss power measured by the pyroelectric detector is equal 5 K'<
Saddle coil plasma energy content evaluation agrees(within
an error of 30^5) with data obtained from T, y\. profile measurements.

JHFI
au'

40

20

0

5
0

20

30

t, MC

FIG. I.The time behaviour of parameters (TMF:
antenna current, ne: electron density, WT: total
plasma energy, Prad: radiated power).
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r. CM
FIG. 2. Profiles of ne, T„ Te. Black points on the
ne-profile: data obtained by Thomson scattering
and by electric probes.

The RE power deposition profiles for electrons and ions
are neccessary for power balance calculations» Until now we
don't have a reliable data on power deposition profiles.Therefore we have limited the power balance calculations for the
decaying plasma (A t^ 0,5 ms after RF power switch-off).
Figure 3 shows the time behavior of total plasma energy W r ,
\'i?t{ and ion and electron W e energy after RP switch-off
( W^; = We + V/,: ).
W,J
50

r
wZT
e+i

30

20

0
0

0,2

0,4

0,6

0,8 t, MC

FIG. 3. Decay of energy after RF switch-off.

One can see that the total plasma energy decay rate is governed
by a rapid electron cooling inspite of their minor role
(^20% ; in the total energy content. The electron cooling is
determined by the heat conductivity ( P/*- = 5 KW) and radiation
(Prod ~ 6 KW) and slow ion cooling is determined by a chargeexchange losses ( P<-x = 1 KW ). Ion-electron collisional heating is negligible ( P;E^0,2 KW).
In this regime the global energy confinement time'Z'g equals
5 ms, the electron heat conductivity time/r^ equals 1,5 ms.As

the ion cooling time is giverned by charge Ixchange mostly,one
can have only minor estimate for the ion heat conductivity time
?£•*, 30 ms.
This power balance analysis showed that in this Q-discharges
a small part of antenna radiated power (^,10% ) is absorbed
by a plasma core and ions and electrons are heated independently. High ion temperature is the result of a small power
losses by ions.
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It's worthwile to compare estimates of ion and electron
energy confinement times with, the theory predicted ones [2].
In the studied regime the ions are in a banana regime
/? « £t )» the electrons are in a plateau regime
L

The ion energy confinement time estimate taking into
account the profile data gives a value of-t^, m 20*65 ms
which doesn't contradict to experimental data. Electron heat
losses are of the order of neoclassical value in the nearaxis region, "but tv/o orders of value higher at the plasma
edge (zz, 0,7 a ), (Fig.4).
Strong hydrogen atoms "burning-out" in
the plasma
created in the large vacuum chamber ( V = 70 m* //
) filled
by the hydrogen with a molecule density of 2.10 cur-"5

HO

FIG. 4. Radial profiles of electron energy flux n8.
neo: neoclassical one [2], nanom: corresponding
to
n

1-10

18

Xe =

cm-sec

n.-!.*

needs an explanation. This "burning-out" may be the result
of the plasma core screening by a plasma
in an ergodic
layer (target density.f^jt = 1.^0/J cur* , T =15 eV)and
a plasma mantle ( n,g '~ 1.£§"• cm, ^d. 5 V 10 iv) existing
in the whole vacuum chamber ( 1 - 2,5 m). Nearly 90% of
RF power is absorbed and lost by this cold plasma mantle.
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4. CONCLUSION

The power balance studies for RP produced Q-discharges in
the Uragan-3 torsatron showed that the main part of RP power
( 90%) is absorbed by a non-confined plasma which is screening a hot plasma core hydrogen atoms coming from a vacuum
chamber. The rest of power ( c^ 10$) is lost from a hot plasma
core mostly by electrons.
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EXPERIMENTAL STUDIES ON
THE TOHOKU UNIVERSITY HELIAC

H. WATANABE, S. KITAJIMA,
N. TAKEUCHI, M. TAKAYAMA
Department of Nuclear Engineering,
Faculty of Engineering,
Tohoku University,
Sendai, Japan
Abstract

Recent experimental results on TU-He1 Lac are presented. This device is a
small-size heliac without an inner S, = 1 helical winding around the central
conductor. Measurements of magnetic surfaces have been done by electron beam
method. Plasma is produced by ECRH. The enhanced d i f f u s i o n due to the
trapped particles was observed.

I n t e r e s t in the h e l i c a l axis s t e l l a r a t o r s such as heliacs, has
been growing in the recent years due to many advantageous
c h a r a c t e r i s t i c s f o r plasma c o n f i n e m e n t ( ' ~ 6 ) .
We p r e s e n t r e c e n t e x p e r i m e n t a l r e s u l t s o n Tohoku U n i v e r s i t y
H e l i a c ( T U - H e l i a c ) . T U - H e l i a c is a s m a l l s i z e heliac w i t h o u t an
inner 1=1 h e l i c a l winding around the c e n t r a l conductor.
This
conductor is i n s t a l l e d inside the h e l i c a l l y deformed vacuum
v e s s e l ( F i g . l ) . T h e m a c h i n e s t a r t e d o p e r a t i o n i n J u l y 1988. T h e
m a i n device p a r a m e t e r s are l i s t e d in T a b l e I.
* 21 e o
TP Coil Support

Vacuum Vessel

Toroidal Field

Colls

Turbomolecular
Pump

Plasma

Vertical Field
Coils

Co-axial Cable for Center Conductor

Fig.

Center Conductor Coil

1. Bird's eye view of Tohoku University Heliac (TU-Heliac)
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TABLE

MACHINE PARAMETERS

4

No. of field periods
Major radius (m)
No. of TF coil

0 48

32
0 19
0 08
R= 0.9

Mean TF coil radius Cm)
TF coil swing radius (m)
VF coil location (m)
Max.
Flat
Flat
Flat

I.

z=±0.3
100
12
12

C e n t r a l ring current (kAT)
top of CR c u r r e n t ( m s )
top of VF coil c u r r e n t ( m s )
top of TF coil c u r r e n t ( m s )

20

Magnetic Configuration

The m a g n e t i c coil s y s t e m s of T U - H e l i a c c o n s i s t of the t o r o i d a l
f i e l d c o i l s , t h e c e n t e r conductor a n d t h e v e r t i c a l f i e l d c o i l s .
Typical magnetic surfaces produced by these coil systems are
s h o w n in F i g . 2.
F i g u r e 3 i l l u s t r a t e s the v a r i a t i o n w i t h a v e r a g e r a d i u s , of the
r o t a t i o n a l t r a n s f o r m * and of the s p e c i f i c v o l u m e V.

5'

o

100:

o -

20
19

o
i

18
17

9 S75"
O l

95
16

15
002

004

006

A V E R A G E R A D I U S im

-01

0

01

-01
R(rn)

0

01

and 67.5° with^o= I . 54 , Ic/(RHo)=0.4 and B V /B O =

Fig. 3. Typical rotational
transform profile -c and
specific volume V' for the

0 08.

same configuration of Fig 2

Fig.

2.

Typical magnetic surfaces in constant

toroidal angle planes snown for 0=0°,22.5°,45°
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II. M e a s u r e m e n t of Magnetic C o n f i g u r a t i o n Parameters
The broad p r e d i c t i o n s of the m a g n e t i c s u r f a c e s and the
r o t a t i o n a l t r a n s f o r m c o m p u t a t i o n s have been e x p e r i m e n t a l l y
confirmed by two methods of using a low energy electron beam. One
is
the resistance-capacitance method (R-C method) with the
e l e c t r o n beam energy of
Electron Gun
15.0 eV, a p u l s e length 2.0
ms
and the o t h e r is the
e l e c t r o n beam mapping
m e t h o d w i t h 7.5 eV, 1.0 ps
To Oscillo.
pulse.
P r i n c i p l e of m e a s u r e m e n t
by R-C m e t h o d is
as
follows.
The injected
electrons accumulate on
some magnetic surface.
(b)
There appears capacitance C
b e t w e e n e l e c t r o n c l o u d and Fig. 4. (a); The injected electrons by
the gun form C and R to chamber wall.
the vacuum v e s s e l and a l s o (b); Equivalent circuit of the R-C method:
there
is
a
l e a k a g e R^; internal resistance of the gun, R o, C0;
r e s i s t a n c e R i l l u s t r a t e d in external resistance and capacitance.
F i g . 4.
By m o v i n g the e l e c t r o n gun
t w o - d i m e n s i o n a l l y on a meridian
o 10Mß
p l a n e , one can get C and R c o r responding to the location of
the gun.
P l o t t i n g the c o n t o u r lines of
equi-resistance or equi-capacit a n c e , we can get the approximate shape of the magnetic
surfaces.
One example of the
s u r f a c e measured by this method
is s h o w n in F i g . 5 .
The s h a p e
of the e x p e r i m e n t a l l y obtained
s u r f a c e s shows good a g r e e m e n t
Fig.
5. Plots of constant equivalent
w i t h the c o m p u t e d ones.
resistance which is measured by R-C
method. The computed magnetic surfaces
are shown corresponding to the
experimental results.
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III.

Plasma Production by ECRH

P l a s m a is produced u s i n g ECRH of 2 . 4 5 GHz microwave source
w i t h 3 ms p u l s e of 3 kW peak power.
The d e n s i t y and t e m p e r a t u r e
9
10
are m e a s u r e d by L a n g m u i r probe. The d e n s i t i e s are n e =1 X 10 ^ 3 X 10
cm -3 and t e m p e r a t u r e s are T e = 2^10 eV. W o r k i n g gas is argon at a
•v-3
p r e s s u r e of 5x10"
Pa. In F i g . 6 ,
we show the r a d i a l p r o f i l e s
through the horizontal midp l a n e , of ion saturation current
b y L a n g m u i r p r o b e f o r t h e case
of I C / ( R H 0 ) =0.4, B V / B 0 = 0 . 0 9
a f t e r 2.0 ms and 4.6 ms of
microwave t u r n e d on and also
show the
computed magnetic
s u r f a c e s under the same experimental conditions. Measurements
of t w o - d i m e n s i o n a l
i s o l i n e s of
ion s a t u r a t i o n c u r r e n t have been
made to v e r i f y more c l e a r l y the
3.0
e x i s t e n c e of the bean shape
equilibrium surface. Figure 7 ( a )
corresponds to contour lines of
2. o
ion saturation current a f t e r 2.0
ms of m i c r o w a v e on and (b) a f t e r
1.6 ms off w i t h the same conditions of Fig.6.
These shapes
of contour lines c l e a r l y r e f l e c t
those of the p r e d i c t e d m a g n e t i c
surfaces.
0.05

0.1

0. 15

R ( m )

Fig. 6. The radial profiles of ion
saturation currents after 2.0 ms
and 4.6 ms of microwave on.
The
predicted magnetic surfaces under
the same experimental conditions
are also shown.
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0.14

-0.10,

0.00

(a)

(b)

Fig. 7. Contour lines of ion saturation current a f t e r 2.0 ms
of microwave on (a) and a f t e r 1.6 ms off (b) with the same
conditions of Fig. 6.

Figure 8 shows the decay of the e l e c t r o n d e n s i t y and
t e m p e r a t u r e of the a f t e r g l o w plasma.
Soon a f t e r ECRH is turned
o f f , r e c o m b i n a t i o n which i s p r o p o r t i o n a l t o n 2 i s d o m i n a n t .
A f t e r the d e n s i t y has reached a low v a l u e , d i f f u s i o n becomes
d o m i n a n t and the decay is e x p o n e n t i a l .
The observed d i f f u s i o n
x
3
2
c o e f f i c i e n t is
2 . 6 1 0 c m / s for B0=0.9 kG.
This v a l u e i s
c o m p a r a b l e w i t h that of the enhanced h e l i c a l r i p p l e d i f f u s i o n of
the neoclassical theory.
10
center conductor current

I C /RH = .4I
-t„=l.5l

10
E

o

10 s

10

time Cms)
Fig. 8. The electron density vs time in the afterglow plasma
produced by ECRH. The decay of electron temperature is also
shown.
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IV.

Summary and Conclusions

(1) We have constructed a small size conventional heliac to
study the many advantageous characteristics of the helical axis
stellarators.
(2)
Measurements of magnetic surfaces have been done by
e l e c t r o n beam methods. The shapes of magnetic surfaces
experimentally obtained show good agreement with the computed
ones.
(3) Plasma is produced by ECRH of 2.45 GHz. Measurements of 2D
isolines of ion saturation current have also shown the existence
of the equilibrium surfaces in a heliac.
(4) The enhanced diffusion due to the particles trapped in the
helical ripple of the field was observed.
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SECOND STABILITY STUDIES IN ATF*
J.H. HARRIS, M. MURAKAMI, B.A. CARRERAS,
J.D. BELL1, G.L. BELL2, T.S. BIGELOW,
L.A. CHARLTON1, N. DOMINGUEZ, J.L. DUNLAP,
J.C. GLOWIENKA, H.C. HOWE, H. KANEKO3,
R.R. KINDSFATHER4, J.N. LEBOEUF, V.E. LYNCH 1 ,
M.M. MENON, R.N. MORRIS1, G.H. NEILSON,
V.K. PARÉ, N.F. PEREPELKIN5, D.A. RASMUSSEN,
J.B. WILGEN, W.R. WING
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

Soft X-ray detectors and Mirnov coils were used to measure fluctuations
in ATF plasmas. The beta-stabilization of the ideal MHD-modes permits the
transition to second stability region at low value of the average plasma
pressure.

The ATF torsatron was designed to study the physics of the ideal MHD second-stability regime,
wherein the magnetic well produced by the outward Shafranov shift at finite-ß stabilizes interchange
modes driven by unfavorable field-line curvature, which are the dominant instabilities for stellarators.
As a result, the plasma is expected to become more stable as ß increases ("ß self-stabilization"), with a
potential reduction in the anomalous transport induced by the curvature-driven instabilities.
For the original ATF design assumptions (plasma aspect ratio A=7, central rotational transform
* 0 ~ 0-3, and edge transform K, a~ 1), the ß self-stabilization effect should dominate at ßo = 5%. Initial
studies in early 1988 using electron-beam field mapping revealed substantial magnetic islands (now
corrected) that acted as a magnetic limiter and effectively reduced the plasma radius to rp = 0.6a (increasing A to 10) and the effective transform to ta=0.5. This led to a large increase in Shafranov shift
(5/a°c ßoAAa) that enhanced the self-stabilization effect, making it possible to access the secondstability regime at modest values of (ß) < 0.5%.
Soft X-ray detectors and Mirnov coils ~30 cm outside the plasma were used to measure fluctuations in ATF plasmas produced by ECH (< 200 kW) and NBI (<1.4 MW) with <ß> < 0.5%. The soft
X-ray signals show no evidence of instabilities. Spectral correlation analysis of the magnetic fluctuation
signal (Eg) reveals bands of high-coherence fluctuations in the frequency range 5-60 kHz with amplitudes -10-3 G. The fluctuations show predominantly n=l toroidal mode symmetry, with a poloidal
spectrum containing principally m=2 and m=3 components.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
' Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge, TN,
USA.
2
Auburn University, Auburn, AL, USA.
3
Plasma Physics Laboratory, Kyoto University, Kyoto, Japan.
4
Present address: Igen, Inc., Rockville, MD 20852, USA.
5
Institute of Physics and Technology, Khar'kov, USSR.
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The amplitudes of the n=l component of B0 rise with ß for (ß) < 0.2%, but then saturate and decrease as (ß) exceeds 0.3% (Figure 1). This behavior can also be observed in the time history of individual discharges. The pressure profiles broaden substantially as (ß) increases to -0.2% (Figure 2).
Theoretical studies of the ideal Mercier stability of the reduced-radius ATF configuration show that
the transition to second stability occurs at <ß)=0.3%. While the plasma remains resistively unstable, ß
self-stabilization is found to decrease the saturation amplitude of these resistive modes. Multiple helicity
calculations of resistive-interchange turbulence show that the magnetic fluctuation spectrum is dominated by (n, m) = (1, 2) and (1, 3) modes. These features are very similar to those observed in the experiment. The ß self-stabilization of these instabilities results from the radial expansion of the region with
magnetic well (Figure 2). When the pressure profile is allowed to broaden as ß increases (as in the
experiment), the calculations show that the plasma remains marginally stable along the path to secondstability.
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IDEAL LOW-n AND MERCIER MODE STABILITY
BOUNDARIES FOR I = 2 TORSATRONS*
N. DOMINGUEZ, J.N. LEBOEUF,
B.A. CARRERAS, V.E. LYNCH1
Oak Ridge National Laboratory,

Oak Ridge, Tennessee,
United States of America
Abstract

We studied the relationship between the stability properties of

ideal low-n internal modes and the three-dimensional (3-D) ideal Mercier criterion
for t — 2 torsatron configurations. For the low-n stability studies, we used the
stellarator expansion as implemented in the FAR code. The 3-D Mercier criterion
was applied to equilibria calculated with the VMEC code. We found that (1) low-n
modes with singular surfaces lying in a Mercier region are, in general, unstable and

(2) the critical beta given by the Mercier criterion agrees well with the critical beta

for the lowest-n unstable mode. This is verified even in the case of global n — 1
modes. Therefore, the 3-D Mercier criterion is a useful guide in mapping the ideal
stability beta limits for these torsatron configurations.

INTRODUCTION
Gruber et al. [1] and Merkel et al. [2] compared the unstable regions and equilibrium beta limits for low-n Mercier modes and high-n ballooning modes for a he-

lically symmetric equilibrium. We compared stability limits for ideal low-n modes
and Mercier modes for more general equilibria using different techniques.

CONFIGURATIONS UNDER STUDY
The vacuum magnetic flux surfaces were generated from a magnetic field produced by currents in axisymmetric coils and t — 2 helical coils having the winding
law <f> = 00 + ©/-M, where (j) and Q are the geometric toroidal and poloidal angles.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
1
Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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We studied torsatron configurations with different average plasma minor radius

ap and coil minor radius oc, different numbers of field periods M, and different
values of the rotational transform at the axis -tu and at the boundary -ca. These
configurations had the following parameters:

M

Ap

10

7.6

1.27

0.45

0.95

12

7.8

1.44

0.33

0.98

14

9.2

1.31

0.52

1.45

19

10.0

1.38

0.50

2.3

Here Ap is the aspect ratio of the configuration and pc = acM/Rgl is the coil pitch
parameter, with RQ the major radius.

NUMERICAL METHODS
2-D equilibrium arid low-n modes
For the two-dimensional (2-D) equilibria and low-n sta.bility, we used the stel-

larator expansion as implemented in the FAR code [3]. In this code, a perturbed

potential S is expanded as

cos(rn,6> + O + JT rmn(p)
where n and m denote the toroidal and poloidal mode numbers. In this initial
value code, a component with helicity q (— I/-/.- — m/n) is initially perturbed. In
this study, we considered n between 1 and 6. We used 800 radial grid points in

the numerical calculation, with convergence studies using 200 and 400 points. The
growth rate is interpolated to zero radial grid spacing. The higher the value of n,

the more localized the mode and the more resolution needed.
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3-D equilibrium and Mercier modes
For Mercier modes, only equilibrium quantities are needed. For this part of

the study we used the VMEC code [4|. Closed flux surfaces were assumed and

expressed in the inverse coordinate representation:
R =/ t-*t Rmn(s)cos(ma — TK/>)
mn

Z = P Zmn(s) sin(ma - n(/>)
mn

Here a is a poloidal-like angle and the flux label s is proportional to the toroidal
magnetic flux.

In calculating the VMEC equilibrium we used the set of modes

n = (.-3M, -2M, -Af,Af,2M,3Af) and m = (0,1,2,3,4,5,6). A radial grid of 61
points is considered.
The Mercier criterion is a necessary condition for stability that must be evaluated on each flux surface.

The ideal stability analysis is based on the energy

principle. We write the condition for stability à la Bauer, Betancourt, and Garabe-

dian [5] as DM = Ds + Dw + D/ + DG > 0, where
( % "$')2

DS — —————

shear

qS

weii

*?

"r - X"*' -

( J - B ) 2 g \ /B*g\
---

Ig J - B \ 2

^t currents

, .
geodesic curvature

with g the Jacobian. The prime indicates the derivative with respect to the flux
label 3, V is the magnetic well, / is the toroidal net current enclosed in the flux

surface, $ is the toroidal flux, and x ^ s the poloidal flux; gss = Va • Vs, and the

angle brackets indicate the operation ((x)} — J f da d<j) ( x ) .
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NUMERICAL RESULTS OF THE STABILITY ANALYSIS
Our results on stability for low-n and Mercier modes for the configurations with

M = 10, 14, and 19 are presented in Figs. 1-3, which shows the unstable regions
and the positions at which the dominant component of the low-n modes is localized
(thick lines). The helicities of the most dominant modes are also indicated. Figure 1

shows the results for two flux conserving M = 10 configurations, one unshifted
and the other with an inward shift in magnetic axis of 2.5% of the major radius.
Figure 2 shows the flux-conserving and zero-current modes of operation for the
M = 14 configuration. Figure 3 shows the unstable regions for the zero-current
M — 19 torsatron.
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CONCLUSIONS
The Mercier criterion usually yields a more pessimistic stability beta limit.
However, the unstable low-n modes map out the radial boundaries of the Mercier
unstable region quite closely.

There is good agreement between the 3-D low-n.

calculations made using a 2-D equilibrium and the 3-D Mercier stability calculations

for the full 3-D equilibrium, even for t = 2 torsatrons with fairly low aspect ratio.
Therefore, the similarity in stability with respect to low-n perturbations and Mercier
modes that was found for helically symmetric configurations by Gruber, Merkel,
and others still holds for the more general I = 2 configurations studied here. The
practical application of our calculations is that we can perform a stability analysis
for the ideal pressure-driven modes by studying either the low-n or the Mercier
modes.
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IN HELIOTRON DR
S. MORIMOTO, N. YANAGI, K. ICHIGUCHI,
S. KOBAYASHI, M. IIMA, S. BESSHOU,
H. NAKAMURA, M. SATO, M. WAKATANI,
T. OBIKI, A. IIYOSHI
Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji, Kyoto,
Japan
Abstract

The MHD stability and the maximum (ß) values were investigated in
Heliotron DR. Small plasma current drastically Improves the critical (ß)
value. By shifting the magnetic axis inward new mode of instability was
observed and the maximum (ß) values become lower. The experimental results
are well explained by the numerical calculation based on the STEP code for the
ideal interchange mode.

1

Introduction

The pressure driven MHD instability and the maximum beta value have been studied
both experimentally and theoretically for the currentless ECH plasmas (n£ = (2 - 3) x
1013/cm3, Teo = (300 - 400) eV, {/?} < 0.5 %) in Heliotron DR (R = 90 cm, ap ~ 7 cm, B
~ 5 KG).
The plasmas are produced through the second harmonic electron cyclotron heating
by using a 28 GHz, 200 kW gyrotron. Efficient heating has been observed at the electron
densities above the cut-off value for the ordinary mode (ne = 1 x 1013/cm3). The achievable
(ß} value is limited to ~ 0.5 % by onset of the MHD instability which has an m=l/n=l
mode and are localized around the *=1 magnetic surface [1].
The analysis of the MHD stability has been performed by using the STEP code under
the free boundary condition [2]. The calculated (ß) limit for the ideal interchange mode
agrees well with the experimentally observed one [1].

2

Effects of Toroidal Plasma current on the MHD
stability

Toroidal plasma current changes the rotational transform and therefore the MHD stability of the Heliotron DR plasma. A small current which decreases the rotational transform
(t p (a) ~ 0.05) suppresses drastically the low frequency (f ~ 3 kHz) MHD instability as is
seen in the magnetic probe (Bp) and the soft-X ray (SX) signals in Fig.l. The maximum
(ß} value is increased by ~ 50 % according to the suppression of the instability. However,
the high frequency (f ~ 100 kHz) fluctuations are not stabilized by the plasma current
and they seem to determines the maximum {ß} value. Figure 2 shows experimentally observed and calculated (ß) limits as a function of the edge rotational transform *p(a), where
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pressure profile is assumed to be (1 —13>)2 according to the experimental result [3]. The
calculation shows that the stability is drastically improved by the current with tp > Q
("sub" case) but spoiled in the tp < 0 ("add") case in consistent with the experimental
result. By increasing *p(> 0), the rotational transform is lowered and the rational magnetic
surfaces with * = 0.8 and 0.75 appear in the central part of the plasma where m=5/n=4
and m=4/n=3 modes can be unstable. The calculation, however, shows the rather high
(/?) limits for these modes. This is because the lowered * leads to an enhanced outward
axis shift of plasma and therefore to a deeper magnetic well [4],

3

Magnetic Axis Shift Experiment

The MHD stability of plasma has also been investigated by changing the location of
magnetic axis (and the vacuum magnetic configuration) with the additional vertical field.
As shifting the magnetic axis inward, critical (ß) value is predicted to become lower
due to the m = 5/n = 4 mode instability. This mode becomes unstable because of the
appearance of t = 0.8 surface in the central region of plasma and also of the magnetic hill
configuration. On the other hand, as shifting the magnetic axis outward, magnetic well
tends to be produced at lower (ß) value. However in Heliotron DR, the * = 1 surface shifts
into the central region of plasma and the critical (ß) value is not improved as a result.
Figure 3 shows the experimentally obtained maximum (ß) values against the shift of
magnetic axis A. Toroidal plasma currents are kept below ~ 5QQA(tp(a) ~ 0.04). Critical (/?) values calculated by the STEP code are also shown. As seen in this figure, the
experimentally obtained maximum (ß) values well coincide with the calculated ones.
In the case of inward magnetic axis shift(A ^, — 0.2cm), different type of instability
(as compared to m = l/n — \ mode) is observed and the maximum (ß) values are limited
to be much lower than in the standard case. Signals of the magnetic probes show the
oscillation with the frequency around 10 ~ 15kHz, which is several times higher than that
of m = l/n — 1 mode. As seen in Fig.4, signals of the soft X-ray diode array show that the
inversion radius of the instability fairly coincides with the mode rational surface of t = 0.8
in the central region of plasma. Although the mode numbers have not yet been identified,
these results indicate that this instability is likely to be m = 5/n = 4 mode as predicted
by the STEP code [4].
In the case of outward shift, the characteristics of instabilities are almost the same as
in the case of standard configuration. Signals of the magnetic probes and the soft X-ray
diode array (Fig.4) indicate that the mode numbers are m = l/n = 1 and the instabilities
are localized around the i — 1 surface.
It is to be noted that as in the standard case, small plasma current in the subtractive direction stabilizes the MHD instability in both cases of inward and outward shift of
magnetic axis. It is especially drastic in the inward shift case (maximum (ß) values are
improved by the factor ~ 2), and this condition is favorable for good confinement together
with good stability.
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Fig 1 Time evolutions of (/?} (diamagnetic), Bp (magnetic probe) and SX (soft X-ray) signals in the discharges (a) without and (b) with a small toroidal plasma current

Fig 2 Maximum (/?) value versus
edge rotational transform produced

by the plasma current * p (a) The net
rotational transform is decreased for
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Conclusion

The MHD stability and the maximum (ß) values were investigated in Heliotron DR.
Small plasma current drastically improves the critical (ß) value. By shifting the magnetic
axis inward new mode of instability was observed and the maximum (ß) values become
lower. The experimental results are well explained by the numerical calculation based on
the STEP code for the ideal interchange mode.
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Abstract
ECH generated and sustained plasmas at an ECF power level up to 600 kW at mainly 2nd harmonic (B0 = 1.25 T)
are analyzed. Electron temperature profiles depend sensitively on the radial position of the resonance zone. The ECF
power absorption profiles were estimated using a 3-D Hamiltonian ray tracing code with global heating efficiencies
in agreement with the experimental findings. ECF current drive at 2nd harmonic was clearly demonstated by
changing the injection angle with respect to the magnetic field direction (corresponding to a change of A||-spectrum)
with maximum efficiencies of typically 20 A/kW. The theoretical current drive efficiency based on the quasi-linear
diffusion tensor (computed by the ray tracing code) in combination with a Fokker-Planck solution or with a simple
Spitzer function convolution agrees fairly well with the experimental findings. The dependence of ECH current
drive efficiency on both the electron parallel momentum confinement and the power loss mechanism (electron heat
conduction) is theoretically discussed.

Introduction
The possibility of plasma heating and current drive with RF waves became very important in the

last years. While the estimation of wave propagation and absorption is very complex for lower
hybrid waves, it is much simpler for waves in the electron cyclotron frequency range (ECF). For
ECH in the old W VII-A stellarator, good agreement was obtained between experimental data
of power absorbtion for both fundamental and 2nd harmonic heating and theoretical predictions
based on ray tracing calculations /I. 2{. As ECF power deposition profiles are rather close to
the resonance zone, ECH current drive is a natural candidate for current profile control.
In the nearly shearless W VII-AS stellarator as well as in the predecessor W VII-A. a strong
correlation between the global energy confinement properties and the edge value of the rotational
transform has been observed in "net current-free" discharges.

Strong degradation of energy

confinement was found at low order rational values of the rotational transform. Additionally,
extended magnetic islands were measured in the W VII-AS vacuum field at values of t ~ 5/m
/3J. The pressure driven bootstrap current which is clearly confirmed in W Vli-AS significantly
affects the t-profile. up to few kA were observed. Operation in the narrow t regimes with optimum
confinement during the whole duration of the discharge required external current control, in most
cases by a small loop voltage. The W VII-AS ECRH system consists of four 200 kW. 70 GHz. 3

s pulse-length gyrotrons. highly oversized circular waveguide transmission lines and quasi-optical
wave launch antenna. Before reaching the plasma the Gaussian beams are reflected by focusing
mirrors which can be tilted in both toroidal and poloidal directions. With this launching system,
the Arii-spectrum and the radial power deposition profile can be varied over a wide range.

1

The members of the W VII-AS Team, NBI Group and ECRH Group are identified in the paper entitled
'Status of the advanced stellarator Wendelstein W 7AS: first results and further programme', these
proceedings, p. 25.
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Theoretical Models
The ECF power deposition is estimated by means of a 3-D Hamiltonian ray tracing code in the
rather complex topology of the W VII-AS magnetic field. The cold plasma dispersion relation and
an absorption coefficient for general angle of propagation (relativistic Doppler shifted resonance
condition) based on a Maxwellian distribution function are used. The ECF power deposition is
estimated in full configuration space.
In principle, ECH current drive must be described by a drift kinetic Fokker-Planck equation (FPE)
in full phase space with particle, parallel momentum and energy conservation. For axi-symmetric
configurations, velocity space can be transformed to the adiabatic invariants of motion which are
given analytically. This approach is unqualified for configurations as W VII-AS stellarator where,
similar as in neoclassical theory, a full numerical treatment is necessary for a full selfconsistent

solution. As this solution of the nonlinear FPE in full phase space is not available, two independent approaches are used and stationary conditions are assumed. The neoclassical transport

problem is treated numerically by the DKES code /4/ without parallel momentum conservation
in the collision operator and without additional particle and energy sources. By this approach,
the neoclassical transport and the bootstrap current are calculated. For the other approach, the

configuration space dependence is strongly simplified: a dependence of the electron distribution
function of poloidal and toroidal angle is neglected. Radial transport, trapped particle effects and
connected damping of parallel momentum are outside of this model. Consequently, the condition
of energy conservation requires an additional loss term in the simplified FPE.

With the local power deposition and /cii-spectrum from the ray tracing calculations, the flux surface averaged quasi-linear tensor in velocity space is calculated for different radii. As the electron
energy balance can not be described by neoclassical transport /5/ and radiative losses are unimportant for the type of discharges reported here, a simple convective loss term (proportional to
the electron distribution function) which conserves particle and parallel momentum is additionally
used in the FPE. The collision operator is linearized with respect to the deviation of the electron

distribution function from the Maxwellian. The collisional interaction with the background ions,
modelled by an unshifted Maxwellian, represents a sink for electron parallel momentum and energy. The simplified FPE is iteratively solved using Legendre polynomial expansion, numerical

differencing in the quasi-linear operator and straight forward integration of the collision term.
The electron distribution function is calculated for each radius separately leading to the ECH
driven current density profile.

For low levels of ECF power absorption (< 0.1 W/cm3), these simplified Fokker-Planck calculations are in very good agreement with a much simpler approach which is also used within the
ray tracing code: the current densities are estimated by convolution of the quasi-linear operator
where a Maxwellian is used with Spitzer's function (self-adjoint method). This procedure leads to
an upper limit of the ECH current drive efficiency. At higher power levels, however, the simplified
Fokker-Planck calculations show a degradation of the current drive efficiency due to quasi-linear
effects. Analogous to more realistic calculations for an axisymmetric case /6/, parallel momen-

tum damping due to trapped particles will result in a significantly reduced current drive efficiency.
Furthermore, the parallel momentum loss due to transport is linked to the obscure problem of
global electron energy transport. On the other hand, the deviation of the distribution function
from the Maxwellian driven by the ECH, especially a suprathermal tail at small parallel velocities
(neoclassical ripple losses), can significantly increase the neoclassical transport and affect the

bootstrap current.
ECF Heating Efficiency
At half field operation, nearly full single path absorption of the 2nd harmonic ECF waves was obtained. At fundamental heating, efficiencies of 70 to 80% were found. The absorption efficiencies
were estimated from the remaining ECF power measured on the inner side of the vacuum vessel

(ECF
wave launch from low field side) and agreed very well with predictions of the ray tracing
code /7/'. Up to now, the diamagnetic loop data indicate a rather long time constant leading to
an underestimate of absorbed power in the ECH switch-off phase. The ECE system is optimized

for full field operation (12 frequency channels covering a half profile), however, no information
close to the resonance zone is available. Up to now. no separation of power deposition and heat
propagation after ECH switch-off is possible. With the heat wave propagation technique (ECH

power modulation), both the electron heat coductivity profile as well as the power deposition
profile can be estimated /8/. this will be done in future.
ECH Current Drive

In discharges with very small ECH current drive (ECF wave launch perpendicular to the magnetic
field), the bootstrap current could be clearly identified. The estimates from the neoclassical
238

DKES code which were based on measured electron temperature and density profiles were smaller
by a factor of typically up to 2 than the measured value /5/ (some uncertainty is related with
Spitzer's conductivity in case of small loop voltages being applied to stabilize the discharges).
In one series of discharges with 2nd harmonic on-axis ECH. one gyrotron with wave launch
perpendicular to the magnetic field was used to generate and sustain the plasma. Using an
additional ECH pulse, the launching mirror was toroidally tilted leading to ECH current drive. In
the discharges of Figure 1, no external loop voltage was applied. The bootstrap current evolution
is damped (L/R time constant) in the inital phase of the discharges. The additional bootstrap
current driven by the 2nd gyrotron with a wave launch angle of 14° from the perpendicular is
mainly compensated by the ECH current drive. Furthermore, the injection angle of the 2nd
gyrotron was scanned (Ary-scan) where current control (U ~ 0) by external loop voltage was
used in order to fix the edge value of c and to have comparable confinement conditions. As
the plasma parameters were nearly independent from the launching angle, the change in loop
voltage was directly related to ECH current drive (Figures 2 and 3). The bootstrap current driven
by the total ECH cannot be compensated by the 2nd gyrotron also when the launching angle
corresponds to optimal current drive efficiency (cz 14°).
The dependence of the observed loop voltage on the launching angle is that expected from ECH
current drive theory (Figure 3). For comparison, the scan of launching angle was simulated
by means of the 3-D ray tracing code in combination with the Spitzer convolution (self-adjoint
method) leading to an upper limit of the current drive efficiency. For a quantitative comparison,
the experimental electron temperatures and densities must be used, however, Thomson data
are not available for this scan. Profiles of temperature (Te(0] ~ 1.2 keV) supported by EC E
and X-ray signals and density (ne(Ö) ~ 1.4 • 1013cm~3) reproducing the observed line density
and in agreement with the diamagnetic energy were assumed. With these profiles, nearly full
absorption of injected X-mode polarized waves was found by the ray tracing code. Passing from

~. 1 5

Fig. 1
Diamagnetic energy and pJama current vs

time

for 2 discharges with 2nd harmonic ECH by 1
gyrotron (dotted lines) and by an additional gyrotron (solid lines). The 1st gyrotron beam was
launched perpendicular to the magnetic Seid, the
launching angle of the 2nd was 14° to the perpendicular.

Fig. 2
External loop voltage for current control vs. time
where a 2nd gyrotron with different angles of the ECH
beam to the perpendicular is added

Diamagnetic

energy is similar to the case of Fig. 1 (solid line).
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Fig. 3
Change of external loop voltage (upper part, comp. Fig. 2) and theoretical estimate of ECH current drive
efficiency flower part) versus tie ECF
wave launching angle to the perpendicular.

perpendicular to oblique launching, the degree of X-mode polarization as well as the single path
absorption were slightly decreased (10% effect). A maximum current drive efficiency 23 A/kW
at an launching angle of ~ 15° to the perpendicular was estimated. Neglecting trapped particle
effect and using Spitzer's resistivity, the observed change of loop voltage due to current drive is

consistent with a Z

value of about 4.

The ECH current drive is concentrated to the power absoption region which is very narrow for
the usual launching conditions in W VII-AS, typically of the order of about 3 cm in effective
radius (broadness of the focused Gaussian beam). Consequently, in case of ECH current drive,
the resultant current density profile can lead to a very strong deviation from the nearly shearless
vacuum magnetic field configuration even in the case of net current-free operation. In Figure

4, the ECF power deposition and current density profiles (estimated by the simplified FokkerPlanck code in combination with the ray tracing code) are shown together with the bootstrap
current density profile (from neoclassical DKES code). In this series of nearly net current-free

discharges without external loop voltage, the resonance was slightly off-axis. Current drive with

absorbed ECF power of about 370 kW was obtained with a launching angle of 10°. During
these discharges, the current compensation was also maintained for three different ECH power
levels. Based on measured Thomson profiles, the calculated total bootstrap currents were within

a factor of about 3 smaller than the estimates for the ECH driven component. For the case
shown in Figure 4. the ECH driven component was scaled to the bootstrap value in order to
get vanishing total current. The rotational transform contribution. At, shown in the lower part
of Figure 4 resulted from this current density profile. This example shows that, although the
boundary value of the rotational transform remains fixed, very high local disturbances can be

present for ECH current drive close to the magnetic axis.
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Conclusions
The absorption of ECF wave power described by the 3-D ray tracing code is in good agreement
with the experimental findings in the W VII-AS stellarator. For the discharges of the inital
phase of plasma operation mainly at 2nd harmonic ECF heating, no significant degradation of
heating efficiency depending on the ECH power densities was found. Neoclassical bootstrap
current and ECH driven current had been identified. In particular, the theoretically predicted
dependence of the electron cyclotron current drive efficiency on the angle of the launched ECF
waves with respect to the magnetic field has been experimentally verified. A maximum current
drive efficiency up to 20 A/kW was derived, however, the value of Zeff was not directly measured.
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ECH current drive was demonstrated to be an appropriate canditate for net current control which
is of importance due to the dependence of the energy confinement on the edge value of the
rotational transform. However, the highly localized ECH driven current densities can also lead to
strong local contributions to the rotational transform so that low order rational values of t can
exist within the confinement region. All these experimental findings are described fairly well by
the different simplified models, the quantitative agreement was typically within a factor of two.
Considering the complexity of all these phenomena, where transport, quasi-linear and trapped
particle effects are strongly linked together in the magnetic field topology of W VII-AS stellarator,
this result is fairly satisfactory.
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MEASUREMENTS OF ECH ABSORPTION ON ATF USING
A POLARIZATION-CONTROLLED BEAM LAUNCHER*

T.S. BIGELOW, C.R. SCHAICH, T.L. WHITE
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

Electron cyclotron heating (ECH) is used on the Advanced Toroidal Facility! 1]
(ATF) experiment at ORNL for plasma formation and heating. A 53.2 GHz
gyrotron generates 200 kW cw which is transported to ATF in 6.35 cm evacuated
waveguide. Power is launched into ATF using a recently completed polarization
controlled beam launcher which can launch a linear polarized beam with a -20 dB
diameter of 12 cm at the plasma center. The launcher consists of a Vlasov mode
converting antenna, a Teflon-copper laminate polarization rotating grating, and a
spherical focusing mirror. The plane of polarization can be remotely adjusted by
rotating the grating with a motorized vacuum feedthrough. First pass plasma
absorption is monitored in two planes of polarization using a dual-polarized
detector looking through a dome shaped scattering cut-off screen. During plasma
operation, the detected signals indicate that absorption under ideal conditions is
nearly complete. With low density or a shifted resonance zone, absorption is small
and there are cases where there is mode coupling to the perpendicular polarization.
This is presumably due to shear in the ATF magnetic field.

Introduction
The ATF experiment will be operated at both 0.95 and 1.9 Tesla central magnetic
field so that ECH power can be absorbed at either second harmonic or fundamental
resonance. Ray tracing results by Goldfinger and Batchelor[2] show that for second
harmonic heating nearly complete first pass absorption of a microwave beam can
occur. There are several requirements for this absorption efficiency. The beam
must be narrow enough (10 cm) to pass inside the saddle point that occurs near the
magnetic axis of the ATF fields. The beam must be linearly polarized in the
extraordinary mode (Erf perpendicular to BQ). Plasma density must be slightly
below cutoff (1.8 x 1013 cm-3) and temperature should be at least 200 - 300 ev. For
1.9 T operation, similar beam requirements exist however the polarization must be
ordinary mode, and plasma density can be up to 3 x 10*3 cm-3. ATF vacuum vessel
ports allow power to be launched either from the outside in a horizontal plane or
vertically. In the vertical plane, the saddle point is several cm closer to the
magnetic axis which is desirable for maximizing the central power deposition. This
plane was chosen for the beam launch for this reason, however in this plane the
magnetic axis and saddle point move away from the beam during operation with a
shifted plasma configuration.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract

DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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Due to shear in the magnetic field along a chord into the center of the plasma, the
local orientation of ordinary and extraordinary mode polarization plane will vary
with respect to launch point and resonance zone coordinates. This implies that a
wave launched in a particular polarization will, at certain points in the path toward
the center, be coupled into both ordinary and extraordinary modes and then back
into the desired mode at the center. Since the phase velocity of these two modes are
not equal at higher plasma densities, it is possible that there will be net rotation of
the polarization at the plasma center due to the shear.
The ECH beam launcher was designed to have a continuously rotatable linear
polarized beam with as narrow a beamwidth as practical. The adjustable
polarization allows optimization of absorption for either fundamental or second
harmonic operation and also allows experimental studies of the polarization
rotation caused by the shear. Due to the beam pointing capabilities of the launcher
mirror it is also possible to aim the beam away from the plasma either at a high
field reflector for improved density operation or just to spoil the first-pass
absorption to compare non-optimized launch performance.

ECH Launcher Design
Figure 1 shows the launcher recently installed on ATF. A vacuum shroud encloses
the entire device and serves as support for the various components. This vacuum
shroud is modular which allows reconfiguration of the launcher so that it could be
mounted either on a side or top port of ATF. The launcher has been installed above
ATF with the output beam pointing downward. The weight of the launcher is
supported by the ATF structural shell.
Input power from the gyrotron is primarily in the TEoi mode in a 6.35-cm diameter
waveguide. This diameter is reduced to 3.83 cm in an optimized down taper which
feeds a square-cut Vlasov mode converting antenna. This down taper is used to
reduce the effective waist size of the input beam and also to significantly shorten
the length of the Vlasov device. From the Vlasov device, a linearly polarized beam
radiates at an angle of about 9 degrees from vertical which is set by the wave
bounce angle for the TEoi mode in the 3.83 cm waveguide at 53 GHz. This
expanding beam hits a flat polarization rotating grating tilted to bring the beam to
a horizontal plane. The grating is a pure Teflon substrate 0.078-cm thick with
copper lines 0.1-cm wide on the surface. The substrate is attached to a 33-cm
diameter copper plate connected to a vacuum rotary feedthrough. The output
polarization can be rotated from 0 to 180 degrees by rotating the grating 90 degrees.
A 33-cm diameter spherical focusing mirror directs and focuses the beam down to a
-20 dB beamwidth at the plasma center of about 12 cm. This beamwidth is in the
radial direction of ATF where the magnetic field saddle point width is about 10 cm.
Low power testing of the launcher with the entire waveguide run included has been
performed. The l a u n c h e r p e r f o r m a n c e was v e r y s i m i l a r to l a b o r a t o r y
measurements with some evidence of effects from vessel wall scattering.

To measure the absorption efficiency of the launcher, a diagnostic is located on the
bottom port of ATF in line with the beam. This diagnostic consists of a 30 cm glass
vacuum window with a dome shaped cutoff screen that scatters most of the power
away but permits a small amount of the beam (-35 dB attenuation) to pass. Holes in
the screen are uniform and round so polarization and beam shape are preserved. A
dual polarized receiver which consists of an ortho-mode transducer and two
detectors is located below the glass. The transducer is oriented so that the detectors
receive 0- and X-mode. Extra attenuation is necessary to reduce the signal levels
about 30 db to keep the detectors linear.
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1. Configuration of the ATF ECH beam launcher

and absorption diagnostics.

Measured Results
Several phenomenon have been observed using the absorption diagnostic during
ATF operation. Since ATF has only operated at 0.95 T to date, X-mode launch has
mainly been used. On a typical plasma shot, the plasma forms rapidly after a 10 to
40 ms delay. As shown in Fig. 2, the X-mode detector will show a large signal which
falls rapidly to zero as the plasma density rises. There is usually very little signal
on the O-mode detector except for cross-polarization coupling due to misalignment
and lack of mode purity in the transmission system. In cases where the plasma
density is low and is slowly rising, coupling between the X-mode launch and 0mode detector is observed as shown in Fig. 3. It is thought that this occurs due to
the magnetic shear in ATF near the edge of the plasma. On some experiments, the
plasma is deliberately shifted in or out from the centerline which moves the
resonance zone saddle point away from the beam. With this configuration, only
partial absorption of the beam occurs and a large noisy signal is observed in both Xand O-mode detectors.
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Planned Experiments
In the near future improvements to the absorption diagnostic and launcher are
planned. Beam profile and plasma diffraction can be measured by the addition of
several detectors in a radial line below the plasma. Since a large window is used for
viewing, it is possible to add more detectors at arbitrary locations without affecting
the ATF vacuum condition.
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ECH EXPERIMENTS IN SHEILA
G.D. CONWAY, B.D. BLACKWELL
Plasma Research Laboratory,
Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract

We present preliminary experimental results of the first application of ECH power to plasmas confined in
the heliac geometry. Employing up to 2 kW at 2.45 GHz we have observed strong absorption at both the
fundamental and second harmonic with either a helical or a shaped dipole antenna. Either peaked or broad
radial density profiles were obtained, depending on the location of the resonant field layers. Breakdown at the
second harmonic appears to require seeding by a fundamental produced plasma. Densities up to two orders of
magnitude above O-mode cut-off are observed.

1. Introduction

We have applied 2 kW (10 ms pulse) of ECH power at 2.45 GHz [1] to both H 2 and Ar plasmas confined
in the SHEILA heliac. Strong absorption has been observed at both the fundamental (w = u c f ) and the second
harmonic (w = 2w ce ) under a variety of operational conditions. Depending on the position of the resonant field
layer and other parameters, either peaked or broad density profiles are observed. Recent theoretical studies [2]
have predicted good ECH absorption profiles in a flexible heliac which are independent of the density profile.
Breakdown at the second harmonic appears to require seeding by a fundamental produced plasma. We present
cases in which this is achieved through variation in \B\ with lime or by exploitation of the spatial variation
of \B\. Densities up to cut-off (nc = 7.4 x 1010 cm~ 3 ) are easily achieved with a helical launching antenna
positioned on the low field side. A conforming profile dipole antenna in contact with the plasma can produce
overdense plasmas approximately two orders of magnitude above cut-off [3].
2. SHEILA

The SHELIA heliac is a toroidal device of major radius (R0) 18.75 cm and minor radius (a) of about 3 cm.
24 toroidal field coils (TFC) are displaced 2.5 cm about R0 to form a N = 3 period helix. A centre ring coil
and 2 vertical field coil pairs complete the configuration. An additional 3 period helical winding about the
ring coil allows optimization of the heliac field. Fig.l is a plan view of SHEILA showing the coil layout and
the location of the diagnostic ports and ECH antenna. The device is described more fully in réf. [4] and in
accompanying papers this conference. The vacuum field forms a set of nested flux surfaces with a bean shaped
cross section. Fig.2 shows a cross section of the flux surfaces at 4> = 0° together with contours of constant
\B\. The ratio of helical winding current to ring current is adjustable, but for all the results presented here a

field configuration with Ih/Ir = +0.16

was employed.

3. Microwave source

The ECH power is produced by a 2.45 GHz pulsed 2 kW peak magnetron [1] which is coupled to a coaxial
transmission line (TEM mode) by a tunable cavity. A directional coupler monitors the incident and reflected
powers prior to a double stub tuner which matches the antenna and vacuum feeder. Of the several types of
antenna tested, two have proved most successful; i.e. highest densities and lowest antenna VSWR. The first is
a non-resonant dipole shaped to conform to the flux surfaces at <f> — 150°. The direction of k is unrestricted
relative to B, but E has components both perpendicular and parallel to B. The second is an end-fire helix
antenna located at a side port outside the TFCs with k l B (nearly transverse) and E right circularly polarized.
In the far-field the radiation would couple into both the O- and X-mode. However for both antennas, but
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particularly the dipole, the plasma is in the near-field region (evanescent fields) and the plasma scale length is
small compared to the wavelength (a/A < 1), which makes it inappropriate to consider coupling to the various
plasma modes.
z (m)
moveable
probe

radial
probe

-o ooo

visible
light detector

fig.l: Plan view of SHEILA showing toroidal location of antenna and probes relative to coils.

fig.2: Puncture plot of flux surfaces and \H\ contours
at <j> = 120°

4. Results
A typical SHEILA shot with microwave only breakdown is shown in fig.3. The toroidal field pulse (ring
current 7r) lasts approximately 45 ms during which two ECH pulses occur. The pulses are 10 ms wide with
a separation of 10 ms. The relative delay between the field pulse and the microwave pulses can be varied
in 1 ms steps, but under normal operating conditions the centre of the first ECH pulse is timed to coincide
with the field maximum. The density trace (Langmuir probe) and ionization rate (visible light emission) show
breakdown at both the field maximum (fundamental) and at half the field strength (2nd harmonic). For most
operating conditions the amplitude of the 2nd density pulse is at least twice that of the 1st.
The radial density profile at 4> — 0° for the 1st and 2nd pulses are plotted in fig.4. The 1st pulse
(fundamental) ECH profile is much broader and flatter than that obtained with the previous RF/ohmic breakdown
(400 W at 96 kHz) [4], but the 2nd pulse profile is strongly peaked around the second harmonic resonant layer.
The resonant field layers can be spatially positioned by varying the maximum current in the coil set 7 r .
Increasing Ir moves the fundamental resonant layer outward and transforms the 1st pulse profile from a low
density flat profile to a high density peaked profile, fig.5.

In fig.6 the central density (magnetic axis) of the 1st and 2nd pulses are plotted as a function of 7 r . For
IT > 10 kAt, for which the fundamental resonant layer lies outside the last closed flux surface, no plasma is
formed. With decreasing 7r the w = wce resonant layer enters the plasma confinement region and the 1st pulse
density rises. The density maximum corresponds to the resonant layer roughly coincident with the magnetic
axis. As the resonant layer continues to move inward the volume of intersection of the resonant layer decreases
and the density falls, until at Ir « 6 kAt the w = 2wce resonant layer enters the outside of the configuration
and the density recovers. The density continues to rise until at Ir ~ 4 5 kAt the w — uce resonant layer exits
from the inside of the configuration. At this point the fundamental resonant layer no longer provides a seed
plasma for the second harmonic absorption and there is no plasma.
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For the more complicated case of the 2nd ECH pulse the magnetic field strength decays rapidly during the
10 ms pulse (fig.3). The density variation with Ir(t) is plotted for several shots with different maximum Ir
values. As Ir decays the density rises and falls for each shot with the maxima tracing out a sharp peak around
the second harmonic resonant layer. However, if 7r is less than =4.5 kAt at the start of the pulse, then again
there is no w = wce resonant layer to initiate the plasma.
5. Discussion

In figs.5 & 6 the core density is well above the cut-off for the X-mode at fundamental resonance. This
suggests the possibility of mode conversion (O —» X —» Electron Bernstein) or that the concept of mode cut-offs
is not relevant in the evanescent field region. Localized microwave breakdown at the antenna is unlikely, since,
as seen in fig.6, the presence of a resonant field is required to sustain the plasma.
n

cm' J

<w"

Helix

Dipole

2

^-^
/'

\

Argon
2 ^ x10"

\

/

\

1 S-IO-'-Torr

.016

10"

/

Argon

35

R; 231 mm
« = 0°

30

\

lh/lrs.016

5

//
\ \
//^\\
•/
\ •

2

/

- n„

\

/

10"
/

-ng

/"^^--

/'

5

V

\
~'\

20

Bm Ir

• 1150 G / 9 0 kAt
\

-9650/75

\

10

•835 G / 6 5

05

2

in»
160

15

t
180

200

220

2^0

260

260

300mm

2

3

9

R

fig.5: Variation of radial profile with toroidal field
strength Bm.

10 kA!
Ir

fig.6: 1st and 2nd pulse core density as a function of ring current
(toroidal field strength).

REFERENCES

[1] G.D.Conway (1988), Design report, ANU-PRL-TR 88/2. Available on request,
[2] C.Alejalde & J.Guasp (1987), Nucl. Fusion, 27, 2153.

[3] G.D.Conway, B.D.Blackwell & S.M.Hamberger (1989), 17th AINSE Plasma Phys. Conf., Lucas Heights,
Australia, Feb. 1989.
[4] B.D.Blackwell et al. (1989), Aust. J. Phys. 42, 73.

250

MICROWAVE ABSORPTION IN STELLARATORS (TJ-II)
AND TORSATRONS (STORM)
C. ALEJALDRE, F. CASTEJÖN,
V. KRIVENSKI, V. TRIBALDOS
Asociaciön Euratom/CIEMAT,
Madrid, Spain
Abstract

Numerical simulation of the electron cyclotron wave power absorption by
stellarator-lvke plasma has been performed and applied to the TJ-II and STORM
installations to be built at CIEMAT.

It is shown that the part of electrons

from the tail of distribution function plays a crucial role in the absorption
processes through the efficiency decrease and change of the absorbed power
radial distribution profile.

Recent ECH experiments on stellarators and tokamaks show the existence of a superthermal
tail in the electron distribution function and at the same time a disagreement between the
linear theory of microwave absorption and the experimental values is usually reported . To
account for the effect upon microwave power absorption of a superthermal tail in the electron
distribution function, an absorption module that takes into account the existence of a
r*

superthermal tail has been added to the ray-tracing code RAYS . Then, an study has been
conducted to determine the optimum
launching position, including the
more realistic simulation module, and
the influence upon profile deposition
and power absorption of the tail distribution, for waves propagating in the
first (28 GHz.) and near second
harmonic (53.2 GHz) of the electron
cyclotron frequency in the flexible he-

liac TJ-n3 and the 1=1 torsatron
STORM4 to be built at the CIEMAT
site in Madrid.

16.25 IB.50 16.75 17
PHI

17.25 17.50 17.75 IB

(degrees)

Figure 1
Fractional power absorbed in one-pass. f= 53.2 GHz.
ne(0)=1.5xl013 cm-3, Te(0)=lkeV
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TJ-II
Nine rays, located in a 3x3 rectangular array of = 5x5 cm. to simulate a
five cm. radius beam, are launched

into the plasma at the toroidal angle <|>
=

16.815- , chosen to be the

1)
PH[

L7 5
15
(degr-se

illuminating point after this study.

The plasma parameters are : ne(0) =
1.5 x 10*3 cm-3 , Te(0) = 1 keV and a
parabolic profile is assumed for both
magnitudes. The rays were launched
into a plasma with a 10 keV tail temperature and a tail population of 10

•3

[5,6]. It is observed that the region of

absorption increases sensibly with
respect to the pure maxwellian case in
agreement

with

experimental

Figure 2
Fractional power absorbed in one pass for waves propagating

at 28 GHz. using the non-maxwellian model (a) and the pure
maxwellian one (b)

observations, no appreciable difference can be observed in the absolute value of the absorbed power in the second harmonic, figure 1, since in both cases 100% of the power emitted is absorbed in one pass. Figure 2 shows

a degradation in power with an increasing value of the tail population for propagation in the
first harmonic, 28 GHz that depending on the ray direction can be of significance.
Quasilinear effects can play a major role during Electron Cyclotron heating if the RF

diffusion coefficient is sufficiently large. If this is the case the distribution function presents
non-thermal features in the resonant range of velocities; the modification of the distribution

function results in a modification of the wave damping and therefore of the absorption profile
and of the total power absorbed during a single transit of the microwaves across the plasma.
The strong absorption near the second harmonic results in a strong quasilinear effect. The
initial deviation of the wave damping from the Maxwellian value can be obtained following
Ref. 7 . For the conditions used, we found a strong quasilinear modification of the wave
damping, expecially for the on-axis heating where the radius of the magnetic surfaces is
smaller by a factor of 5. The overall power absorption decreases from the Maxwellian value
( 9 9 % ) to 90% ( T = 1.8) and 30% (t =9.3), the parameter x is the time normalized to the
collision frequency.
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The modification of the wave damping is due to the quasilinear flattening of the distribution
function, and therefore a compromise must be found between the launching angle and microwave absorption properites.

STORM
The small 1=1 torsatorn STORM will be heated by an ECRH system. Given the availability
of a 28 Ghz. gyrotron in our laboratory, the machine was design for .5 Teslas of magnetic
field
0.2
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0.1

u

-0.1

-

.45

.55

.65

.75

.85

Figure 3

at the magnetic axis, to use 2cd harmonic heating in the X-mode. Microwave launching was
simulated using five rays separated one cm. each. After considering the limitations imposed
by the building, the diagnostic ports and the results from the code, the toroidal position of 30Q
was chosen as the optimum for microwave heating. Figure 3 shows the ray tracing of five rays
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launched horizontally (equatorial
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Figure 4

used, ne(0)=.45 x 1013
cm"3, the density cut-off
already covers part of
the plasma, although it
actually helps to the microwave absorption by
forcing the waves to pass
twice through the resonance layer. Figure 4
shows the power absorption obtained, close to an
80% of the launched
power.
A low density case
13
cm-3
n (0)=.3 x 10

plane) at <j)=302. At this position
the passing through the resonance
layer at high densities is garanteed not only for the reference
configuration used but also for
the alternative configurations
considered, see réf. 3, even if a
considerable displacement of the
plasma occurs. At the density

0.2

Û U
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.45

.55

.65

.75

R Ccm)

p

Figure 5
shows that the one-pass
power absorption value
is close to 45%, although , in this case the waves are reflected at the low density cut-off, and
again due to the low density of the plasma refraction is low and the waves are able to cross
over the resonance layer for a second time, see figure 5.
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IMPURITY BEHAVIORS OF ECH AND RF PLASMAS IN CHS
S. MORITA and the CHS GROUP1
Institute of Plasma Physics,
Nagoya University,
Nagoya, Japan
Abstract

Spectroscopic measurements have been carried out for ECH and
ICRF currentless plasmas. The results from the ECH plasmas are
described for typical three operations of magnetic axis shift, limiter
insertion and gas puff control. From the spectroscopy it is observed
that the inward shift causes radiation collapse because of the severe
contact with vacuum wall. Although the limiter insertion also causes
the radiation collapse at the end of the 35ms discharge, it is due
to the increase of the hydrogen recycling rate on the limiter surface.
The discharge without gas puffing realizes a low-density and
low-impurity concentration plasma (ne=2xl012cm~3, Te=800eV) indicating
no buildup of the impurity. The ICRF plasma is produced with Ti
gettering. The Ti gettering drastically suppressed a large amount
of the oxygen influx. As a result, relatively long discharges of 12ms
are obtained with parameters of ne=3.5xl012cm~3 and Te=200-300eV.

I.

Introduction

Compact Helical System (CHS) is an 1-2., m-8 torsatron device
with R-lm, <r>=20cm, and it is characterized by a low aspect ratio
of 5. The first plasma of the CHS torsatron was obtained on last June
(1988) with ECH pulse after magnetic surface measurements using an
electron gun. The electron temperature, however, was still low
because of the electron density rise arising from a rapid increase
in impurity concentration. Hz ECR (2.45GHz) and He glow discharges
were carried out for wall conditioning with simultaneous 100°C baking
of the device. The quantities of light impurities and hydrogen
recycling rate could be successfully suppressed to a permitted level.
As a result, high-temperature ECH plasmas with an injection power
of lOOkW were obtained after a few months, although the electron
temperature decreased at the latter half of the ECH pulse during
50ms. The plasma parameters obtained are ranging in Ign e sl0xl0 l2 cnf^
and Tea800eV.
As the CHS device is a low aspect ratio torsatron, the
plasma-wall distance is relatively small. For example it has only a
distance between 0 and 2cm in usually used magnetic configurations.
Then, it becomes important to investigate the impurity behaviors, in
addition to the realization of good wall condition and of clearly
defined scrap-off layer. One of studies of the ECH plasma is carried
out along these purposes. The results are obtained on (i) variation
of the plasma-wall distance, (ii) limiter insertion and (iii) gas puff
control.
1

The members of the CHS Group are identified in the paper entitled 'Overview of CHS experiment',
these proceedings, p. 51.
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On the other hand, ICRF plasmas could not be sustained without
using Ti gettering because of the rapid increase in radiation loss
due to a lot of oxygen influx from antennas and simultaneous density
rise For the experiment of the ICRF plasma production the large
effort was made on extension of the discharge length Consequently
plasmas with the electron temperature of 200-300eV have been
sustained during 12ms by the ICRF wave injection only, when the Ti
gettering was applied shot by shot. The impurity behaviors of the
ICRF plasmas are roughly described in relation with the Ti gettering
II.

ECH Plasmas

ECH hydrogen plasmas have been produced with a 28GHz gyrotron
under a magnetic field of around IT. The input power of the ECH is
about lOOkW.
The measurements of the impurity VUV lines were done by a 1m
normal incidence vacuum monochromator with an osmium-coated
1200g/mm grating. The VUV lines of hydrogen, carbon, oxygen and
chromium are routinely monitored. From the observations of these
lines over three months in CHS the dominant impurity making electron
densities increased is understood to be oxygen.
Figure 1 shows the results of the magnetic axis shift experiment
The plasma-wall distance for the inward shift of the plasma at
Ror=94 9cm is smaller than the standard case at Rar=97.4cm. In the
case of the inward shift the electron density is linearly increasing
until just before the ECH pulse off (see Fig 2). The radiation loss
observed from the pyro-electric detector is higher compared with
the standard case and the peak value exceeds the input power of
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Fig.l Impurity behaviors of magnetic axis shift experiment
Solid lines and dotted lines indicate inward shift ^^=94 9cm)
and standard (R a£ =974cm), respectively
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the ECH. The impurity lines, especially carbon and oxygen, increase
in the inward shift case. In addition, the hydrogen recycling
suggested from the HI emission also increases in the middle phase
of the ECH pulse. According to it, the electron temperature decreases
and finally the radiation collapse happens. On the contrary in the
standard case the plasma is sustained without the radiation collapse.
These phenomena clearly depend on the plasma-wall distance and/or
plasma-wall interaction.
The limiter insertion experiment of Mo material is carried out
as shown in Figs.3 and 4. It is easily noticed that Mo and Cr ions
increase in the limiter insertion. The enhancement of the Cr ions
is coming from the material (stainless steel) of the limiter support
bar.
The hydrogen recycling is relatively large in the limiter
experiment, although it is located at the limiter section. Moreover,
the recycling increases at the later phase of the plasma and the
radiation from the light impurities is enhanced. This increase leads
to the radiation collapse. At present the radiation from the limiter
material of Mo is not dominant in CHS. It is probably important to
reduce the recycling rate from the limiter using some method such
as a limiter baking.
The electron temperature of the ECH plasma strongly depends
on the electron density. The lower density of 2xl012cnT3 is obtained
in the case of without gas puffing. At that time the maximum electron
temperature of SOOeV is established. In this case the impurity levels
become low and the recycling rate decreases drastically as shown in
Fig.5. The total radiation loss is saturated at a middle of the ECH
pulse (see Fig.6). This behavior is in contrast to that of the
discharge with gas puff.
These phenomena are limited to the
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Fig.3 Impurity behaviors of Mo limiter insertion experiment
Solid lines and dotted lines indicate limiter-on
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Fig.4 Plasma behaviors of Mo limiter insertion experiment
Line indications are the same as Fig 3.
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Fig.5 Impurity behaviors of gas puff control experiment.
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Fig.6 Plasma behaviors of gas puff control experiment.
Line indications are the same as Fig.5.
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discharges of reduced hydrogen recycling rate, and the saturation
of the radiation loss and impurity levels might be considered in
relation with the plasma electric potential
III.

ICRF Plasma

ICRF plasma production has been made by injecting only the ICRF
wave under various magnetic fields In this report the results are
described on the ICRF plasma using Nagoya type-Ill antenna (500kW,
75MHz, B t =06T)
The discharge length of the ICRF plasmas was limited to less
than 5ms because of the radiation loss and the density rise caused
by the intense oxygen influx, although the accumulation of the
discharges reduced the oxygen level a little, as shown in Fig 7
(shot 3473, shot 4690) The use of Ti gettering, however, extremely
improved such a condition The flashing of a Ti ball facing to the
antenna and two more Ti balls at other locations covers 10"« of the
total vacuum wall area Especially, the pulse length reached 12ms
in carrying out shot-by-shot-based Ti gettering (shot 5988) Thus,
the oxygen level becomes comparable to that of the ECH plasma
Figure 8 shows an effect of single flash of Ti gettering on
the discharge length It indicates that the duration of the effect
is less than 10 discharges So, the shot-by-shot-based Ti gettering
controls the oxygen influx also, and it leads to the improvement of
the reliability of the ICRF plasma (see Fig 9)
The electron density and the impurity line behaviors of the
typical discharge in the ICRF plasma production are shown in Figs 10
and 11, respectively
The averaged electron density obtained is
3 5xl012cm 3 at the flat top The rapid rise at the initial phase of
the discharge in the HI emission disappears because of the intense
Ti flashing
The TiXII having an lonization potential of 292eV
appears gradually in proportion to the discharge summation with the
Ti gettering
From the Fig 11 it is estimated that the electron
temperature is 200-300eV Further wall conditioning including the
antenna will give a potentiality to get longer discharge length
10
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Fig.7 Time behaviors of 0V line
Numerals indicate shot number of the ICRF plasma production
shot 3473 and 4690 (without Ti gettering), shot 5890 (after Ti
gettering of a few times), shot 5988 (shot by shot gettering)
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EXPERIMENT ON RF PLASMA PRODUCTION IN CHS
K. NISHIMURA, T. SHOJI, CHS GROUP1
Institute of Plasma Physics,
Nagoya University,
Nagoya, Japan
Abstract

ICRF waves are applied to produce and heat a currentless plasma. Three
waves (a whistler wave, a slow wave and an ion Bernstein wave) have been
chosen for the plasma production. Two different type antennas are used to
excite these waves. One is a pair of quarter turn antennas for the whistler
wave excitation and another is the Nagoya Type-III antenna [1] for
excitation of the slow and ion Bernstein waves. Both antennas have Faraday

shields. These antennas were designed to fit the plasma boundary. Plasma
of neO = 2-5xlO!2cm~3, Te(0) = 100-300 eV and T,(0) = 200-300 eV was produced and
sustained with the RF only.

1. Introduction
ECR discharge has been used to produce plasma in a helical system.
However, the operating frequency of the Gyrotron is fixed, and a usable
magnetic field range is narrow. It is inconvenient for the confinement
studies in a wide range of the magnetic field. ICRF plasma production is a
suitable method, because it is easy to change the operating frequency.
Moreover, the cost of ICRF system is cheaper than that of ECRH system.
This paper describes the ICRF plasma production in Compact Helical
System (CHS) [2]. Objectives of the ICRF plasma production in CHS are as
follows; development of antenna system for plasma production in a helical
system, research of plasma confinement in a wide range of the magnetic
field, and research of equilibrium and stability of high beta plasma.
2. ICRF plasma production
Usually a slow wave propagates in lower frequency range than the ion
cyclotron frequency. However, it is known that a complex magnetic field
configuration like a helical system leads to a local Alfvén resonance and

1

The members of the CHS Group are identified in the paper entitled 'Overview of CHS experiment',

these proceedings, p. 51.
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wave components of BO and EB become strong. This component of EH gives the
energy to electrons by the Landau damping and these electrons are expected
to produce a plasma.
On the other hand, the ion Bernstein wave is an electrostatic wave
which propagates in the region of nu>Ci <w < (n+l)cocj (nâl). The propagating

direction of this wave is perpendicular to the magnetic field lines of
force, and this wave is also expected to give the energy to electrons by the
Landau damping. The propagation region of the ion Bernstein wave is a
peripheral region (co/coci > 1) .
The whistler wave is an electromagnetic wave with right-hand circular
polarization which propagates in the region of u*ci su>Sùôce. Since the phase
velocity of this wave is slow, this wave is expected to couple with low
energy electrons of the bulk plasma which is expected to sustain the
ionization.
By use of these waves with suitable frequency, it is possible to
produce a plasma in a wide range of the magnetic field.
3. Experimental results
A pair of quarter turn antennas (poloidal antenna) , shown in Fig. 1 , is
used with 40MHz/l .5MW/ 100msec for the excitation of the whistler wave. The
dependence of the line averaged electron density on the magnetic field
strength is shown in Fig. 2. Abscissa is the normalized frequency by the
ion cyclotron frequency on axis of the hydrogen (COQ/) . Decrease of the
electron density near the ion cyclotron frequency (W/WCH ~ 1) shows that
these frequency region is not effective for the whistler wave excitation.

10"
Type-I a n t e n n a

o

10"

Poloidal antenna

i

10

Fast Wave Heating

Ion Bernstein Wave Heating

Whistler Wave Plasma Production

Nagoya Type-Ill antenna

Poloidal antenna

Fig. 1. RF antennas used in the experiment.
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Fig. 2. Dependence of the line averaged electron
density on the magnetic field strength
for two type antennas.
The magnetic field strength is
normalized by the ion cyclotron
frequency of hydrogen (a/coo/).

i
/ - 13KHz
Bi-l.lT
P,t » 200 Of

r
0.8

0,6

The ion Bernstein and slow waves
are excited in the range of the ion
cyclotron frequency by the Nagoya
Type-Ill antenna, shown in Fig 1.

This antenna is movable radially by

15cm. Production efficiency is
sensitive to the distance between the
0.4t
tco
le
antenna and the plasma boundary.
Figure 3 shows the line averaged
0.2
electron density and the loading
resistance as a function of the
i i i i i i
0.0
-2
-4
-6
-8
-10
distance between the antenna and the
D i s t a n ç a ( cm )
plasma boundary. When the antenna
position is inside the plasma
Fig. 3. The line averaged electron density
and the loading resistance.
boundary, which is indicated with the
Abscissa is the distance between the
antenna and the plasma boundary.
negative sign in this figure, the
loading resistance becomes larger and
the electron density higher. In these experiments, the ion Bernstein wave
is expected to be excited, because the region between plasma center and the
antenna satisfies the condition of 2><Vcoci>l.
Figure 4 shows the dependence of the line averaged electron density on
the magnetic field strength with two frequencies. When the magnetic field
strength is high (>1.5T for 13MHz and >0.9T for 7.5MHz), there is no
region of co/a>c; > 1 inside
x1012
the plasma. In such
10
cases, the slow wave is
TYPE-II
thought to play the
f=7.5 MHz
main role in the plasma
o
production, because the
ion Bernstein wave can
not propagate into the
plasma region. The ion
temperature measured
0.5
1.0
1.5
with the time of flight
Bt(T)
particle energy
analyzer is about
Fig. 4. The line averaged electron density produced by
150eV in all range of
the Type-Ill antenna as a function of the
magnetic field strength.
the magnetic field.
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This shows the possibility of the ion heating at the ion cyclotron resonance
layer (cd/a>c,- = 1 ) in the plasma.
The profiles of the electron
co
density and temperature measured
u
cv
with Thomson scattering system
'b
are shown in Fig. 5. Plasma of
n<,o = 2-4xl012cnf3 and
Teo = 200-300 eV has been produced
I
and sustained for 10-15msec.
T
This experiment has been done
400
under the following conditions:
RF 7.5MHz with Type-III antenna,
200
position of the magnetic axis
Roxis = 93.6cm, Bt = 0.59T
(cü/toci ~ 0.8), titanium gettering
95
100
105
and careful control of gas
R (cm)
fuelling. This magnetic field
configuration is suitable for the
Fig. 5. Profiles of the electron density and
ion Bernstein wave excitation and
temperature with Thomson scattering.
This experiment is done with the
the slow wave heating. Titanium
Type-III antenna (7.5MHz).
gettering is effective to
suppress the oxygen impurity and to prolong the discharge with the high
temperature.
4. Summary
Plasma of neo = 2-5x1012 cm"3 is produced and sustained with the ICRF
waves only in a wide range of the magnetic field strength (0.15T~ 1.5T).
The electron temperature of 100-300 eV and the ion temperature of 200-300 eV
are achieved with careful control of gas fuelling and titanium gettering.
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ICH SYSTEM FOR HELIAC Hl
B.D. BLACKWELL, G.D. CONWAY

Plasma Research Laboratory,
Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract

An Ion Cyclotron Heating system for the HI heliac has been defined. Stage 1 (1987-90) has concentrated
on the construction and optimization of a fast wave (15 MHz - 180 kW) antenna system. Stage 2 of operation
(1990-92) will investigate heating by ion Bernstein and whistler waves.

1. Introduction
For the initial operation of the HI heliac, the plasma will be heated by RF power in the ion cyclotron
range of frequencies. The heliac geometry provides a challenge for ICRF heating: the ring conductor causes
the magnetic field strength to vary considerably in a poloidal cross-section, and the helical axis makes toroidal
variation quite significant. Several wave modes - fast and slow modes, ion Bernstein and the whistler modes
[1] are being considered in view of requirements for the RF - plasma formation, plasma density buildup and
plasma heating.

2. Fast mode heating
A prototype antenna for hydrogen minority fast wave heating has been constructed [2], and will shortly be
tested at high reactive powers in a vacuum test stand. The antenna consists of two sections of shorted strip line
with an array of electrostatic shields. Each antenna half (top and bottom) is in the same poloidal plane with
its own coaxial current feeder. The antenna is of all-metal construction (stainless steel) and is curved in the
poloidal direction with two radii chosen to conform to the plasma boundary on the low field side at <j> = 135°
(fig.l). The 40 mm wide active conductor (silver plated) is 20 mm above the backplane and is surrounded
by a double layer of shields 80 mm wide (fig.2) The top antenna is 564 mm long and the bottom 449 mm.

The antenna design calls for water cooling and side limiters, but the prototype antenna omits these features to
allow easily dismantling for repairs and modifications. This simple, proven geometry will provide experience
in construction techniques, high voltage standoff and surface coatings in the HI environment, and will ensure
that a tested antenna will be available for the first plasma experiments.
3. ICRF System

The ICH power system consists of six 30 kW (continuous) transmitters, installed below the machine room.

The transmitters have an operational frequency range of 4-26 MHz and are externally synchronized. A lumped
element two channel tuning circuit, with a high degree of flexiblity, has been designed to accommodate the
various antennas (fig.3). A twin 6| inch dia rigid coaxial transmission line connects the tuning circuits to the
vacuum feedthroughs. The matching box will also house the transmitter power combiners and the DC-breaks.
Directional couplers are located in both the rigid line sections and at each of the transmitter outputs. The
RF cabling and dummy load have been installed, and the first transmitter is ready for power tests. HI will
operate in either of two modes, pulsed with B0 = 1 T, or quasi-continuous with B0 = 0.25 T. However, even
for dc field opaeration the RF system will be pulsed (typically 10 Hz with a 10 ms pulse length) to reduce
unnecessary heat loads on the transmitters and antennas.
4. Numerical modelling

Analysis of the ICH system falls into three distinct parts: a) the antenna - evaluation of the plasma loaded
antenna impedance; b) the transmission line - calculation of the voltage distribution along the line and the
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fig.1 ICRF antenna and plasma boundary at <j> — 135°.

fig 2: Detail of top half of antenna & shields.
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feedthro's

'6V coax line

fig.3: Layout of transmission line system & tuning circuit.

transformation of the antenna impedance; c) the matching circuit - determination of the optimum component
values and operational limits.
a) Antenna. The antenna design has been analysed with a code based on the 2D model developed by the
Brussels group [3], [4]. Their EMF method uses a cold plasma description, retaining only the magnetosonic
wave, a uniform magnetic field with single pass absorption (no reflection beyond cut-off). We retain the linear
radial fcj profile and have scaled the density gradient from experimental results from SHEILA [5].
The specific resistance R and reactance L are related to the resistive and reactive spectra g'(k^) and h'(k\\)

by:
R-

27T

f
J

——0

•f(fejl)

UP

The (toroidal) width of our antenna is narrow compared to TT/ | fey | which requires us to calculate fully
g'(k\\) and h'(k\\) using fractional order Bessel functions before integrating through fey. Fig.4 shows the g'
and h' spectra multiplied by a flat antenna current profile J 2 (fc||)/I 2 (gpl & hpl) and a profile peaked at the
antenna edges (gp2 & hp2). Fig.5 compairs the antenna spectra for two core densities (gpl) 1 x 101S m~3
and (gp2) 5 x 1019 m"3.

The antenna impedance is calculated from the specific resistance, capacitance and inductance using the
transmission line equation. Fig.6 & 7 show the impedance computed as a function of the core density for a)
/ = 15.2 MHz, B — l T (pulsed operation) and b) / = 3.8 MHz, B = 0.25 T (quasi continuous operation).
For the expected operating density ne = 5 x 1019 m~3 Ra is approximately 0.8 ohms and La is 8.3 ohms at
/ = fcH = 15.2 MHz. The results shown are for the top half of the antenna alone.
b) Transmission line. From the standard transmission line equations the standing wave voltage \Vy\ and the
transformed resistance Ry and reactance Xy were computed as a function of the distance from the antenna
input. Fig.8 shows a typical distribution for the antenna parameters in fig.6. The attenuation factor a is

determined primarily by the conductivity and dimensions of the copper coax line.
c) Tuning circuit. An impedance matching circuit with four elements was chosen for maximum flexibility
(fig.3). Xy is compensated by the equal and oposite reactance of the variable vacuum capacitor d; while Ry
is transformed to Z0 = 50 ohms by the pi-network formed from L, Cz and the variable capacitor C%. Fine
tuning is through C\ and Cz, whilst L and Cs are replaced for different operating frequencies.
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Design work is also in progress on the breakdown antenna (a short unshielded stripline antenna) and the
ion Bernstein antenna (a twisted 1-2 m long shielded antenna conforming to the last flux surface but parallel
to B).
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PLASMA PRODUCTION USING MICROWAVE
AND RADIOFREQUENCY SOURCES*
M.D. CARTER

Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

This paper is devoted to the plasma production by microwave and RF
sources in magnetic trays. It is shown that microwaves with frequencies at
the fundamental electron cyclotron resonance can be used for this purpose.
Waves with frequencies of a few megahertz have been used to produce plasmas at
the Uragan-3 device at KE'TI. Qualitative agreement was found between the
results of these experiments and the analytic predictions were presented in
this paper.

1.

INTRODUCTION
The initial breakdown of neutral fill gas is an important issue for stellarators where ion-

ization of the neutral gas prefill is necessary before other auxiliary power can be coupled to
the system. Microwaves with frequencies at the fundamental electron cyclotron resonance
can be used for this purpose because they couple to electrons through linear wave-particle
interactions. In addition, microwave applications at twice the electron cyclotron frequency
typically have a strong enough nonlinear coupling to initiate breakdown with reasonable

agreement between theory and experiment [1,2]. Nonlinear couplings at higher harmonics
are progressively weaker, and the possibilities of using the third harmonic are discussed in

Section 2.
A difficulty can arise when microwave sources are used for plasma production because
it is often too expensive to support the frequency ranges needed to obtain breakdown at
arbitrary static magnetic field values. Thus, devices that rely exclusively on microwave

sources to obtain target plasmas may be limited in their operational range by their microwave source frequencies. Alternatively, RF sources possessing a broad band of tunable
frequencies are often available in the megahertz frequency range. The use of these types

of power sources to produce target plasmas could add to the operational limits of many
devices.
Waves with frequencies of a few megahertz (well below the frequency for vacuum cavity
modes) have been used to produce plasmas at the Institute of Physics and Technology at

Kharkov (KFTI) for many years [3,4]. The technique and mechanism by which the neutral
gas is broken down in the very early phases of these discharge are presented in Section 3.

A summary and conclusions are presented in Section 4.

2.

MICROWAVE PLASMA PRODUCTION
When considering the interaction of microwaves with frequencies equal to a localized

value of the electron gyrofrequency, the linear interaction of particles with waves having
polarization in the same sense as the electron gyration is strong regardless of the electron's
initial energy. Thus, any free electrons can be excited and breakdown can easily occur if
power balance requirements are satisfied.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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For waves that are resonant at higher integer multiples of the electron cyclotron frequency, the linear interaction becomes negligibly small for low initial electron energies and
nonlinear wave-particle interactions must be considered. When multiples of the cyclotron
resonance occur in regions of broad magnetic scale lengths, the gyrophase of the electron
can be "locked" by the waves so that energy can be added over many gyroperiods until relativistic or finite gyroradius detuning effects become comparable to the nonlinear
"locking" effect. When the resonance becomes detuned because of the energy change, the
electron energy decreases so that a periodic energy excursion occurs [1]. The change in
fj, — ( f j _ / c ) 2 , A^, that produces a phase slippage comparable to the phase "locking" effect
for a precisely tuned resonance is given roughly by
1

(1)

and the approximate frequency of the energy excursion is

i/rf « ewju«/ 2 - 1 '

(2)

where t is the harmonic number, e = (2e\E -\)/(mcu>) is a very small parameter typically
of order a few x l O ~ 5 , e is the electron charge, \E-\ is the right-hand circular component
of the microwave field, m is the electron rest mass, c is the speed of light in vacuum, w
is the microwave frequency, and p, is roughly the average value of /z. Efficient ionization
of the surrounding neutral gas can then occur if me A/i is greater than or of the order of
the ionization potential, Ip, and i/rf is greater than or of the order of the electron-neutral
collision frequency, v en .
Note that for t — 2 (second harmonic) the change in /j, giving rise to the phase slippage
depends only on the microwave field strength and frequency, so that a strong nonlinear
coupling occurs even if the initial electron energy is very low (~ 1 eV). The resulting
energy excursions for 1 = 2 can then take place with frequencies of the order of megahertz
and amplitudes of the order of several times I p for typical parameters found in present
experiments. The marginal requirements for plasma production at the second harmonic
(t = 2) can then be summarized by [2]:

V/m
and

ls" 1

(3)

where / is the microwave frequency in GHz, Ip is in eV, and E _ | is in V/m.
For the case of a third harmonic interaction (f
3), Eqs (1) and (2) show that the
required for significant phase slippage is smaller by a factor of order v/c such that only a
very small nonlinear coupling can occur over a very long time scale for electrons with low
initial energies. Thus, one would expect that the enhancement in the electric field strength
required to achieve a nonlinear interaction comparable to that at the second harmonic is
of the order of several hundred for 1 eV electrons. Such an enhancement could be obtained
only by providing extremely high microwave power levels, greatly increasing the cavity Q,
or strongly focusing the microwaves directly on the resonance region. Alternatively, some
linear microwave coupling for i = 3 might occur with tenuous, very hot (~ koV) electrons
produced by some other source.

3.

LOW FREQUENCY PLASMA PRODUCTION

The method by which plasmas are produced using low frequency RF sources (~ MHz)
in the Uragan-3 device at KFTI is illustrated in Fig. 1. Figure 1 shows that the process
occurs in two stages, a "preionization" phase where there is no wave propagation as shown
by RF pickup loops located roughly half way around the torus, and a "build-up" phase
t > AÎ) where waves propagate and heat the plasma by various damping mechanisms
3,4]. The antennas used are frame-type antennas that are contoured to fit around the last
closed flux surface of the stellarator plasma with the longest elements separated poloidally
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by roughly one-third of the plasma poloidal extent and having a length of roughly 70 cm
along the static magnetic field. These longest current elements are at an angle to the
toroidal magnetic axis.
A window in the applied RF antenna voltage (current) is observed experimentally
such that if the RF current is either too low or too high the preionization" phase is never
completed. The low-current limit is expected on the basis of the electron oscillation energy
requirements to cause ionization driven by RF electric fields parallel to the static magnetic
field. The high-current limit is not intuitively expected, but can be understood in terms of
the ponderomotive trapping effect by the RF near fields. By looking at the RF near-field
patterns from a rectangular loop of RF current, it is found that the electric field along a
field line can be approximated by

A

I < A

(4)

giving rise to Mathieu's equation for the parallel electron motion:

^£2 + (2£2
dr

COST ) z

0

(5)

where £ — eE0/(2m\u2} and only the largest slowly varying and oscillatory terms have
been retained. The concept of a ponderomotive force on the electrons (first term in parentheses in Eq. (5)) remains valid so long as the solutions to Eq. (5) remain stable for
many RF periods. The condition for the existence of stable solutions to Eq. (5) is that
£ < (v3 -- l)/4) RÏ 0.183 [5]. Electrons will remain confined in the exciting region and
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produce more electrons in the region if their oscillation energy is sufficient to ionize neutral
atoms and if the electron is not expelled from the exciting region on the RF period time
scale. Note that if an electron is expelled because its orbit is unstable, it may produce
more electrons in the region away from the antenna, but these electrons will be born in a
region of low excitation and will be repelled from the exciting region by the ponderomotive
force; thus, the efficiency of the "preionization" phase is greatly reduced if the electron
orbits are unstable in the RF near field region.
The criterion for efficient "preionization" by low frequency waves can be summarized
in terms of the dimensionless parameters, a — \eEoX\f Ip, and ß
mX2w2/Ip, by
(6)

In Fig. 2 the regions satisfying Eq. (6) in front of a planar loop antenna are shown superimposed over the confining flux surface regions of the Uragan 3 device for several different
RF currents for a frequency of 5.4 MHz, an angle of 16° to the static magnetic field, and
with the length of the loop along the static field equal to 70 cm. Although effects caused by
the helical geometry are not included in the calculation, the movement of the breakdown
region with antenna current strongly indicates that the experimental preionization phase
in Uragan 3 was governed by the existence of a "ponderomotive" potential electron trap in
the antenna region. In fact, the window in RF current for this calculation is in very good
quantitative agreement with the experimental measurements.
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CONCLUSIONS

The efficient breakdown of a neutral gas using microwaves with frequencies that are
resonant at the electron gyrofrequency can be understood from power balance considerations alone because of strong linear wave-particle interactions. For microwave frequencies
that are resonant at twice the electron gyrofrequency, a strong nonlinear interaction can
take place with cold electrons if the resonance is located near a region of broad static
magnetic field scale length, and breakdown requirements for this process can be identified
in terms of the frequency and electric field strength. Microwaves that are resonant at three
times the electron gyrofrequency have an extremely weak nonlinear interaction with cold
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electrons such that a very strong focusing on resonance, or extremely high power levels,
or extremely high cavity Q would be required to initiate an unassisted breakdown of the
neutral gas.
Qualitative and reasonably close quantitative agreement is found between the experimental results for Uragan-3 showing a window in the applied RF current and the analytic
breakdown criterion given by Eq. (6) and illustrated in Fig. 2. This agreement strongly
suggests that the successful "preionization" of a neutral gas requires the existence of a
"ponderomotive trap" along with an RF electric field parallel to the static magnetic field.
However, if the RF electric field parallel to B is too strong, the concept of a "ponderomotive force" becomes meaningless because the electron orbits become unstable and electrons
are expelled from the exciting region along a field line in a time scale on the order of an
RF period. When the "ponderomotive force" does provide a trapping effect in front of the
frame antenna, the oscillation energy of the trapped electrons can ionize the surrounding
neutral gas and build up to a density that begins to support plasma waves. The linear and
nonlinear damping of these waves can then heat the plasma [3,4] so that the "build-up"
phase of the production process can continue, resulting in good target plasmas for nuclear
fusion experiments.
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AN ANALYTICAL MODEL FOR ELECTRON
CYCLOTRON HEATING PROFILES*
R.C. GOLDFINGER, D.B. BATCHELOR
Oak Ridge National Laboratory,

Oak Ridge, Tennessee,
United States of America
Abstract

A model is described which scales electron cyclotron heating (ECH) profiles
derived from ray tracing over a range of plasma beta. The model includes terms
that incorporate the magnetic geometry and the local dependence on density and
temperature. With this model, a heating profile generated from ray tracing is calculated once for a given magnetic field and used to predict new heating profiles
for arbitrary beta without any need for further ray tracing. The current level of
sophistication allows realistic prediction of heating profiles (agreement of 20%
between the integrated power predicted from ray tracing and the scaling model)
over several orders of magnitude in plasma beta. Since temperature and density
dependence is incorporated in the model, sensitivity to different profile shapes
can also be predicted. This model is applied to the laborious calculation of treating the second harmonic extraordinary mode rays that scatter from the vacuum
chamber walls of the Advanced Toroidal Facility (ATF) device.

ANALYTIC MODEL FOR ECH PROFILES
The heating profile calculated by the RAYS code [1,2,3], P(0), is a histogram
of the fraction of power AP(?/>) deposited into the flux-surf ace-averaged volume
A'!/' located at tfy. This profile is calculated in RAYS by taking output data along
the ray trajectory and allocating the power decrement into bins of Ai/>. Figure 1
shows a cross section of ATF [4] where 5(0) has been adjusted to make the second harmonic electron cyclotron resonance fall on the the magnetic axis. The
volume lying between two adjacent flux surfaces, located at ip, is indicated by
cross-hatching. Since the deposition of power into this flux bin will occur near
the regions where the resonance surface intersects the flux volume, the model
takes AP(^6) to be proportional to the number of times a given ensemble of rays
hits the resonance surface in A^>. This factor is multiplied by a second term that
models an average absorption profile per ray:

*/0 — (Number of resonance hits (?/>)) x (Average absorption (?/>) per ray)

(1)

These two factors are expanded to give

Number of resonance hits (ip) = (ray flux (^>)) X (A(i£>) x <j(n e (V>)/ra c ))

(2)

(Average absorption (^>) per ray) = 1 — exp(— n e (0) x Te(^>) x jF(^))

(3)

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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FIG. 1. Intersection of the second harmonic resonance surface (indicated by
bold lines) with a flux tube in the <j> = 0° plane. The volume lying between two
adjacent flux surfaces is indicated by cross-hatching.

Here nt and Te are the electron density and temperature and are assumed to be
constant on a flux surface, and nc is the cutoff density.
The term (ray flux (^>) x ^4(^0) is a measure of how much of the surface area
of the cyclotron resonance lies in the given flux bin. It is approximated by doing a ray tracing calculation for the set of rays that is to be modelled with the
desired value of J?(0) and counting the number of times that the resonance is
crossed in each flux bin. The quantity G?(n e /n c ) models the refractive effect,
which tends to direct rays outward as the local cutoff density is approached. The
form that has been empirically determined to best fit the model is
(4)

This function has zero effect on the heating profile at low density (minimal
refraction at low density) and gives zero heating on flux surfaces when the local
density is above cutoff.
The factor "average absorption (T/>) per ray" serves to model the scaling of the
heating profile as a function of density and temperature. The motivation for this
is the fractional absorption of wave energy for a ray,
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(5)
where Ki is the imaginary part of the wave vector along the ray trajectory, s. At
this point, all the terms in Eq. (1) have been denned with the exception of F (if)).
F(ip) is obtained by doing a run with RAYS and using the resulting heating profile on the left-hand side of Eq. (1) to permit solving for -F1(^>). The full equation
is written as

P(</>) = A(t/>) x G(n e (</OK) x {1 - exp[-n e (</>) x Te(</>) x F(ij>)]}.

(6)

This analytic model can now be applied to the case of second harmonic wallreflected rays in ATF, where 5(0) = 0.95 T and /^ = 53.0 GHz. For other values
of 5(0), new calculations are needed to determine the A(^>) and F(tp~) profiles.
The assumption of a uniformly illuminated wall is approximated by choosing
four toroidal launch angles covering half a field period in ATF and four poloidal
launch angles at a constant minor radius of 40.0 cm. At each of these 16 launch
points, 96 rays are launched at various angles toward the plasma. Figure 2 shows
and F(IJJ] functions derived from a low-density, low-temperature ray tracing
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FIG. 2. Calculated forms for the F(t{>) and A(^) functions as described in the text.

run (n e (0) = 3.5 xlO 11 cm"3, Te(0) = 50 eV), with 5(0) adjusted to make the second harmonic resonance pass through the magnetic axis corresponding to Fig. 1.
The histograph runs from the magnetic axis, ip — 0, out to the plasma edge, with
~20 bins spanning the range. The A(^>) function varies approximately linearly
from the axis. Inspection of Fig. 1 reveals that the intersection of the resonance
surface with the flux surface volume qualitatively displays this dependence. The
F(ij)) profile, derived from the same RAYS calculation, turns out to be nearly
constant across the plasma. In Fig. 3 the model is used to predict a heating profile for T e (0) = 1000 eV, n e (0) = l x 1013 cm"3, with the same profile shape
used to define A(^~)~ and F(ij)). To test the accuracy of the model, the RAYS code
was also run for these parameters. It is seen that the heating profile shapes are in
good agreement and the total power deposited (= S -P(VO) *s 17.9% with RAYS
versus 17.0% with the analytic model. Considering that the plasma beta is nearly
three orders of magnitude greater than in the case used to derive the model, this
agreement is remarkable.
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FIG. 3. Comparison of heating profiles predicted by the analytic model and

calculated by the RAYS code. The central density is l x 1013 cm"3. The central

temperature is 1000 eV.

Since the density dependence is incorporated in the model for both the
ray propagation (through the G r (n e (t/>)/n c ) function) and absorption (through
exp[—n e (tp) x T e (V>) x .F(-0)]), the model should be able to test the effect of different ne and Te profiles. Figure 4 shows a comparison for a case with density
and temperature profiles about half of the width of those in the previous case.

The model predicts 7.1% total absorption with a narrow profile, compared with a
RAYS calculation of 9.5%.
A striking demonstration of the predictive capabilities of the model over a
wide range of parameters is seen in Figure 5, in which total absorption is plotted as a function of peak density for peak temperatures of 100, 500, and 1000 eV
(all done with the standard-width profile and the same model parameters). The
solid curves are the analytic model predictions, while individual symbols denote
selected RAYS runs.
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FIG. 4. Heating profiles generated with the RAYS code and with the analytic
model for narrow density and temperature profiles.
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CONCLUSION
A heuristic model has been developed to scale ECH profiles generated from
ray tracing calculations over a wide range of density and temperature. Most of
the important features of ray absorption and propagation are phenomenologically incorporated in the model, including the refraction of rays as the density
approaches cutoff, the fraction of resonance surface lying between flux surfaces
for the device of interest, and the dependence on density and temperature of the
local absorption rate. These features model the scaling of the ECH profiles surprisingly well. The model is applied to the laborious calculation of the wall reflections in the ATF torsatron. Agreement between the scaling model prediction and
ray tracing runs is usually within 20% when the plasma beta is varied over several
orders of magnitude.
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EQUILIBRIUM AND STABILITY

AVERAGED EQUILIBRIUM AND STABILITY
IN LOW-ASPECT-RATIO STELLARATORS
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Abstract

In this paper the results of the numerical calculations of local
stability properties in low-aspect-ratio stellarators are presented. The
results for the magnetic axis shift with beta and for the magnetic wall depth
agree well with those obtained using 3D codes.

INTRODUCTION
The MHD equilibrium and stability calculations for stellarators are complex because of
the intrinsic three-dimensional (3-D) character of these configurations. The stellarator expansion [1] simplifies the equilibrium calculation by reducing it to a two-dimensional (2-D)
problem. The classical stellarator expansion includes terms up to order e 2 , and the vacuum magnetic field is also included up to this order. For large-aspect-ratio configurations,
the results of the stellarator expansion agree well with 3-D numerical equilibrium results
[2]. But for low-aspect-ratio configurations, there are significant discrepancies with 3-D

equilibrium calculations [3]. The main reason for these discrepancies is the approximation
in the vacuum field contributions. This problem can be avoided by applying the average
method in a vacuum flux coordinate system [4]. In this way, the exact vacuum magnetic
field contribution is included and the results agree well with 3-D equilibrium calculations,
even for low-aspect-ratio configuiations [5].
Using the average method in a vacuum flux coordinate system also permits the accurate

calculation of local stability properties with the Mercier criterion. The main improvement
is in the accurate calculation of the geodesic curvature term. In this paper, we discuss the

application of the average method in flux coordinates to the calculation of the Mercier
criterion [6] for low-aspect-ratio stellarator configurations.

METHOD
The vacuum flux coordinates used are those described by Boozer [7]. For a vacuum
configuration, the magnetic field may be written as Bv = Bo^p x V(# — -£„</>) ~ <7#V<^,
where -tv(p) 's the vacuum rotational transform, g B is a constant, and BgTrp2 = $ is the

toroidal flux. To do the stellarator expansion, we assume the standard ordering of the
basic stellarator parameters: ß ~ f ~ I/TV ~ £ 2 , where e = a/R0 is the inverse aspect
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ratio, a is the value of p at the edge, N is the number of toroidal field periods, RQ — ge/B0
is the major radius, and 8 is the strength of the helical field. To lowest order, the averaged
equilibrium equations yield a Grad-Shafranov-type equation for the averaged poloida! f l u x

[4]:

}

~P~dOJ

dF

The CHAV code [5] is used to solve this equation. The average pressure p is an analytical

function of the average poloidal flux ^ or the toroidal flux <J>. The dependence F(^) is
obtained by requiring either flux conservation (-i. = -t v ) or zero net current within each

flux surface.
The equilibrium solution can be used as i n p u t to evaluate the 3-D Mercier criterion [6]
for local instabilities,

DM = Ds + Dw 1 Dj + DG > 0
Here, DS gives the stabilizing contribution of the shear, DW is the contribution of the

magnetic well, Dj is the contribution of the net currents, and DO gives the contribution
of the geodesic curvature. Up to order e, these contributions are

ds

B2

l

v

T^T^TT } p d p d 6

ds

where s =• 3>/$>e, with $e the toroidal flux at the plasma edge.
The 2-D integrals can be written in terms of the average and toroidally varying contri-

butions to the parallel plasma current, ((J -B)/B2) and I (J • B)/B2 I, respectively. They
can be calculated from the condition V • J — 0; that is,

B • VI
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J -B
B2

V-

B x Vp
B2

At lowest order in t and for zero net current equilibrium, we have

.

B2

l

J -B

dp pd8\B2

The braces { } denote average over the flux surface, and

NUMERICAL RESULTS
In this section, we compare the results of equilibrium and Mercier stability calculations
obtained with the average method in vacuum flux coordinates, 3-D calculations using the
VMEC code [8], and 2-D calculations from the classical stellarator expansion (RSTEQ)
[9]. First, we consider the results for a low-aspect-ratio torsatron configuration, CT6
[3]. The CT6 is a 6-field-period, t = 2 torsatron with a plasma aspect ratio of 3.8 and
rotational transform ranging from 0.32 at the magnetic axis to 0.95 at the edge.

The

equilibrium calculations assume flux conservation and pressure proportional to (1 - s)2.

The value for the magnetic axis shift obtained with CHAV is better than the results
obtained with the standard average method (Fig. 1). The Mercier criterion contributions
for the CT6 configuration calculated with VMEC and with CHAV are compared in Fig. 2.
The equilibrium input for these calculations assumes zero net current within each flux
surface, and the pressure is proportional to Vf 2 . The agreement is good and shows the
usefulness of the average method approach for low-aspect-ratio torsatron configurations
when the vacuum magnetic field is taken exactly to all orders.
We have also studied the 4-field-period flexible heliac TJ-II [10,11]. The vacuum
rotational transform ranges from 1.46 at the magnetic axis to 1.48 at the edge, and the
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vacuum magnetic well depth is 2%. Although this configuration does not fulfill the ordering
assumptions of the method, some features of the equilibrium can be described by this
method. The reason is that the total magnetic axis shift is clearly dominated by the
toroidal shift, due to the low aspect ratio. For these calculations, the pressure profile
is (1 — s) 2 , and the equilibrium is calculated with the assumption of zero net current
within each flux surface. This configuration has been studied in detail with the VMEC
code [12]. The results of the average method for the toroidal shift agree well with 3-D
results. However, the magnetic well is deeper for the 3-D calculations. The magnetic

surfaces reconstructed with the average method calculation do not show the strong helical
deformations at high beta found in the 3-D numerical results. We would need to include the
helical corrections to the average equilibrium to improve the reconstruction of the magnetic
surfaces. When we use this equilibrium as i n p u t for the Mercier criterion, we f i n d that the
results do not give an accurate description of the s t a b i l i t y properties of t h i s c o n f i g u r â t ion

The Mercier criterion contributions for the TJ-H configuration c a l c u l a t e d w i t h V M K C [ 1 2 ]
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and with CHAV are compared in Fig. 3. The differences in the geodesic curvature term

are important. They are caused by the finite-beta contribution to the helical curvature,
which has not been taken into account in the average method calculation.
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CONCLUSIONS
The results for the magnetic axis shift with beta and for the magnetic well depth agree
well with those obtained using 3-D codes, and they represent a major improvement over the

results obtained with the classical stellarator expansion in low-aspect-ratio configurations.
The Mercier criterion is calculated accurately for low-aspect-ratio torsatrons. However,
that is not the case for low-aspect-ratio heliacs. The main reason is the differences in the
geodesic curvature term.
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Abstract

In the present paper the relation between the beta ]imit by Mercier
criterion and that by low-n mode stability have been established.

It has been pointed out that aspect ratio, plasma shift by the vertical field and
plasma shaping by the poloidal field coils are important ingredients to get high beta
plasmas in heliotron/torsatron plasmas. Ideal MHD stability is investigated from
various points of view. In the present study, we pay attention to the relation between
the beta limit by Mercier criterion and that by low-n mode stability, where n is a
toroidal mode number.
The vacuum configuration shown in Fig.l has a major radius at the center of the
helical coils R0=4m, an averaged plasma minor radius a ~ 42cm (A = Ro/ä ~ 9.5)
and the rotational transforms, *(0) ~ 0.5 at the magnetic axis and *(ö) ~ 1.3 at
the plasma boundary. Here the major radius of the magnetic axis, Raxn is equal to
RQ. This configuration more slender than the ATF Torsatron is chosen arbitrarily
and is not optimized with respect to the MHD stabilities. Figure 2 shows constant
D i contours in the plane of normalized poloidal flux ip and the axis beta value ßaxis
by the STEP code^. Localized ideal interchange modes or Mercier modes become
unstable inside the DI = 0 line or D/ > 0 region. It is found that Mercier modes
give the beta limit at ßaxts ~ 2%. This result is consistent with that by the threedimensional VMEC codeW. Dashed lines in Fig.2 show the positions of low mode

1

Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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rational surfaces and thick dashed line regions denote that the corresponding lown ideal modes analysed by the STEP stability code^ are unstable. Here we used
193 radial grid points and placed a conducting wall at the plasma boundary in the
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0.5

STEP stability calculation. It is found that dominant unstable eigenmodes are ideal
interchange modes in this case. Marks of square and circle denote the unstable
n = 3 and n = 4 modes at the specific ßaxis value by the STEPcode, respectively,
and the black square or circle means that the corresponding mode have dominant
contribution to the unstable eigenmode. In the present calculations, low-n mode
stability was investigated against n = 1 to 4, but here we showed only results for
n — 3 and n — 4 because n = 1 and 2 modes are less unstable than n = 3 or n = 4
modes in this case.
Stability beta limit against low-n ideal modes of the configuration in Fig.2 is
ßaxit ~ 3% and this axis beta value corresponds to the lower bound of D/ > 0.1 ~ 0.2
region. There is a gap between the low-n stability limit and the Mercier stability
limit. For beta values between these two limits, the interchange mode is considered
to be marginally unstable with a highly localized eigenfunction and a very small
growth rate as discussed later. Note that almost all low-n mode unstable lines (thick
dashed lines) are within D/ = 0.1 ~ 0.2 line except near the lefthand side boundary
of DI > 0 region in Fig.2. Thus, there is a correlation between the low-n mode
unstable region and D/ > 0.1 ~ 0.2 region. In the lefthand side boundary of D/ = 0,
which is close to the boundary between the inner magnetic well region (V" < 0) and
the outer magnetic hill region (V" > 0), the small difference between the V value
estimated by the standard stellarator expension ordering used in the low-n stability
analysis'3' and that by the improved stellarator expansion ordering'2' used to derive
the Mercier criterion would make an appreciable difference of V" value and change
the MHD stability result. However, the disagreement between low-n mode unstable
region and £)/ > 0.1 ~ 0.2 region caused by the difference of the expansion ordering
is usually small and it does not affect on the correlation between the low-n stability
beta limit and the D/ = 0.1 ~ 0.2 contour.
In order to elucidate the relation between the Mercier criterion and the low-n
mode stability, we examine it in the cylindrical plasma model. Growth rates and
eigenfunctions of global modes were obtained by applying the shooting method to
the linearized reduced MHD equations'5'. In Fig.3, growth rates, 7, of m=l/n=l,
m=2/n=2, and m=3/n=3 modes are shown as functions of the central beta value
/?(0). They have the same mode resonant surface at *=1. Here we used 10,000 meshes
equally devided in the radial direction to keep sufficient accuracy in the numerical
calculations. The Suydam mode growth rate is also given in Fig.3. Figure 4 shows
radial profiles of the stream function ( or electrostatic potential ) for m=l/n=l mode
at /?(0) — 4% and /?(0) = 2.5%. It is clearly seen that the more localized is the mode
for the lower beta value. The ratio of the mode width around the resonant surface to
the plasma minor radius a is characterized by ( J R 0 7/u j4 )/m, where VA and R0 are the
Alfven velocity and the major radius, respectively. Its value becomes about 10~4 for
m=l and /?(0) ~ 2%, which is the lower limit of beta that our numerical method can
resolve the mode structure. In the beta limit analysis on the STEP, the critical beta
has been obtained by extrapolating linearly growth rates calculated numerically in
the higher beta region than /?c(0) to the zero growth rate. The resultant critical beta
value is not rigorous since the beta dependence of growth rate obeys the exponential
scaling, 7 oc exp(-const./0?(0)//?c(0) - I)'6'.
The gap between the Mercier limit or the Suydam limit and that by the global
mode stability depends on the numerical procedures and particulary radial mesh
number, N. The gap may disappear when N —» oo ; however, this is not practical
in realistic numerical calculations. It is better to understand that the gap region
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corresponds to marginal stability because the growth rates are negligibly small in this
region. From this point of view, cr-stabilityt7] is useful in the beta limit determined
by the interchange modes. When finite L armor radius (FLR) effect is included, the
7 = \/7, — (a>*,/2)2, where u>», is the ion diamagnetic
linear growth rate is given
drift frequency. Even if the FLR effect is small, it completely stabilizes the mode for
/?c(0) < /?(0) < ßfLR and the gap region disappears, where ßpLR denotes the central
beta value determined by 7, = |w»,/2|.
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A FREE BOUNDARY ALGORITHM FOR THE BETAS CODE*
O.L. BETANCOURT
Computer Sciences Department,
New York University,
New York, N.Y.,
United States of America
Abstract

The three-dimensional spectral code BETAS is extended to include free

boundary calculations. The formulation is the same as that of the finite difference code
BETA , where the free boundary condition is obtained from minimization of the Hamilto-

nian and can therefore be used in free boundary stability analysis. The coils are represented

by a boundary condition for the vacuum potential which approximates a given winding
law. Earlier spectral versions have been developed using a Green's function technique .

1. Variational Principle

The variational formulation is analogous to that in the finite difference BETA [Ijcode,
which allows for free boundary stability as well as equilibrium studies. For a given position
of the free boundary F, we assume that the magnetic field in the plasma Bp and the vacuum

magnetic field Bv satisfy the equilibrium equations

V • Bp = 0 ,
and V • By — V x Bv

J x Bp = Vp ,

J = V x Bp in the plasma region,

— 0 in the vacuum region, with the boundary condition Bp • n =

Bv • n = 0 on the free surface F. The vacuum field is expressed in terms of a potential
Bv = V<^>, which has prescribed boundary values 4> = (t>(.uiv}

on

an

outer control surface,

representing coils with a given winding law.

The free boundary F is found by minimizing the Hamiltonian
mm JJ(D = mm

B + p)dV -

-B

* Work supported by the US Department of Energy under grant DE-FG02-89ER53285.
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with respect to variations of the free boundary F. The boundary condition for <f> implies

that it is the periods of ci>, corresponding to currents,which are prescribed. For the magnetic
field on the plasma Bp, the constraint is of zero net current in the stellarator case and a
given rotational transform in the Tokamak case.
The first variation of the Hamiltonian is then given by

where 6v is an arbitrary displacement of the normal to the free surface F. The requirement

that the first variation vanishes yields the free bondary condition
_ I

2

_ I

2_

which determines the position of the free boundary F.
We consider modified cylindrical coordinates a + r, </> = 2?rt;, z where a is the major

radius of the torus and <j> the toroidal angle. The location of the free boundary F is
represented by
rB - ro(v) + g(u, v)(rc(u, v) — TO(U))

ZB — ZQ(V] + g(u, v) (ze(u, v) — ZQ(V}}

whre re, zc are equations for the outer control surface, T*Q, ZQ are the equations for the

magnetic axis and u is the poloidal angle.
The free boundary condition reduces to a first order, nonlinear, partial differential
equation for the radial function g(u, t>),
?«,&) = 0 .

The coefficients of this P.D.E. are nonlinear functions of the values of the vacuum and

plasma fields on the free surface F.
The vacuum region is described by the mapping

r = rB +s(rc -rB)
z — ZB + s(zc — ZB)
with 0 < 5 < 1. The equation for the vacuum potential is given by

d
ds
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"

d
du

'

d
dv

where the coefficients a, 6, c, of, e and / are functions of the mapping r(s,u,v), z(s,u,v)
and its derivatives.
The boundary condition on F (s — 0) is

a(j), + d(j)u + e<j>u = 0
corresponding to Bv • n = 0. At the outer control surface (s = 1), we prescribe

.. " "

- Re
27T

•/

HC — Co)

-1

Sm

"

^0 — COS©

where C —rc + ^c ? Co = rO + ÎZQ, © — 27r[Lu — Mu]. Here 0 = 0 represents the winding
law for the helical coils, V is the vertical field and ci, C2 are the toroidal and poloidal

currents respectively. For stellarator cases ci is equal to zero, and in Tokamak cases the
term changes with the magnetic axis location, representing the influence of the plasma

current in the vacuum magnetic field at the control surface.
2. Numerical Method [2 , 3].
Details of the numerical method for the plasma region have been presented in [2]. We
use a spectral collocation method in the two angles u and u, and finite difference in the s

direction. The Hamiltonian is a minimum with respect to the free boundary variation but
a maximum with respect to variations of the vacuum potential. In practice this requires
that the solution of the vacuum equation be quite accurate for each position of the free
boundary, with the residuals well below that of the free boundary condition. To achieve
this we have implemented a fast solver analogous to that of the plasma region, with an

approximation to the inverse Laplacian used as a preconditioner in the accelerated steepest
descent method.
We define the approximation A* to the Laplacian A by

where (a) represents the average of a(s, u, v) on 5 = constant. Since the coefficients are
functions of s alone, evaluation of the inverse (A* )~ 1 for the spectral representation reduces

to solving a simple tridiagonal system. We then define accelerated path of steepest descent
given by the artificial time differential equation
301

where <^ m ,„ is the Fourier coefficient of (j), e(t) is optimized automatically to maximize the

convergence rate. The resulting scheme converges in a number of iterations independent

of the mesh size, instead of being proportional to the number of mesh points as it would
be if we do not use (A*)

as a preconditioner.

Steepest descent for the free boundary equation is given by

and the corresponding iterative scheme

_At

(G*) m . n

where gm,n is the Fourier coefficient of g, eB and a are empirically chosen and G* is defined

by
G* = G + vBh2(guu +gvv) .
Here VB is an artificial viscosity coefficient and h is the mesh size for the collocation points.

3. Some preliminary results
We have computed free boundary equilibria for ATF-like stellarator configurations.

We choose L — 2, M — 12 to represent the winding law for the helical coils, with A = —0.5
and RQ = 1.5 for the helical field amplitude and coil radius respectively. In these units the

control surface corresponds to RQ = I and the plasma surface is at R = 0.45. The plasma
aspect ratio is chosen to correspond to that of ATF.

Figure 1 shows the convergence to the solution of the plasma region equation, zero
net current condition, free surface Fourier coefficients, free boundary and vacuum equations respectively (clockwise from the top) as a function of the artificial time parameter.
Residuals shown are maximum residuals over the whole region, rather than the average of
the square of the pointwise residual as is sometimes customary. For example, the plasma
region residuals have converged to 10~ 6 ,

which correspond to residuals less than 10~12 for

the average of the square. The number of iterations is about 1000 and the plasma pressure
corresponds to ß on axis of 4%.
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FIGURE I. CONVERGENCE OF THE ITERATIVE METHOD.

Figures 2 and 3 show the free surface and the outer control surface as ß on axis
increases from 0 to 4%, with a fixed vertical field V = 0.08. As expected the free boundary

moves outwards, with the magnetic axis shifting by a larger amount creating a shift of the
axis relative to the free surface resulting in crowding of the flux surfaces on the outside.
Figure 4 shows the correesponding pressure and rotational transform profiles for the

same cases, showing a flattening of the iota profile as the pressure is increased.

Additional runs show that as pressure increases further, the free boundary can be
shifted back to the center by an increasing vertical field, but that this results in a distortion
of some of the middle flux surfaces into a bean shape and a rather uncharacteristic iota
profile.

As a conclusion, we have a working free boundary algorithm, which has an increased
resolution and efficiency as compared to the finite difference version. Equilibrium and
stability properties of stellarator configurations are strongly dependent on the shape of
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PRESSURE AND IOTA PROFILES FOR 3Q = 0.0 AND &Q = 0.04.

the boundary, and since in ATF like configurations this shape changes appreciably with
increasing pressure we think it is important to compute the effects of these changes on

iota profiles, Mercier criteria and transport coefficients. This will be the subject of future
work.
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FLUCTUATION STUDIES IN ATF
J.D. BELL

Computing and Telecommunications Division,
Martin Marietta Energy Systems, Inc.,

Oak Ridge, Tennessee,
United States of America
J.H. HARRIS, J.L. DUNLAP,
V.K. PARÉ, M. MURAKAMI

Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
H. KANEKO
Kyoto University,
Gokasho, Uji, Kyoto,
Japan
Abstract

Detailed measurements of plasma fluctuations and ATF torsatron are
described using Mlrnov coil system and a soft X-ray detector array. Soft
X-ray signals from the central region of the plasma show no gross
instabilities. Coherent oscillations in magnetic probes signals are seen.

The ATF torsatron was designed to study the physics of the ideal MHD second stabil-

ity regime, wherein the magnetic well produced by the outward Shafranov shift at finite
ß stabilizes interchange modes driven by unfavorable field line curvature, which are the

dominant instabilities for stellarators. As a result, the plasma is expected to become more
stable as ß increases ("/? self-stabilization"), with a potential reduction in the anomalous

transport induced by the curvature-driven instabilities. This paper details our measurements of plasma fluctuations in ATF. The companion paper by J. H. Harris et al. discusses

the observations in the context of second stability.

The ATF Mirnov coil system presently consists of five "monitor" assemblies, each with
three pickup coils mounted as shown in Fig. 1. The frequency response, with and without
anti-alias filters, is shown in Fig. 2.
A soft X-ray detector array, from the Heliotron-E group at Kyoto University, was

installed on an inner port on ATF, viewing a "horizontal" section of the ATF plasma.
Vacuum and mechanical pieces restrict the usable detectors to those whose lines of sight
cross R — 2.10 m (the vessel center) at \Z\ < 13.4 cm.

After anti-alias filtering, signals from these sensors were connected to a CAMAC-based

data acquisition system operating at digitizing frequencies of 256 or 163.84 kHz for Mirnov
loops, and 10 kHz for the soft X-ray signals. For each signal, 8K or 16K samples were
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1000

recorded per shot, and the signal processing code used 256 points per FFT segment, giving
an FFT frequency resolution of 0.64 kHz at 163.84 kHz.
To describe our analysis of fluctuation signals, we will use the following standard

frequency-domain terms:
(a)

FI, FZ = Fourier transform of a segment of data from signal 1 and 2.

(b)

GH = {(*i)(*?)) = auto-power spectral density (APSD).

(c)

G?i2 = ((-FiH-F-T))

=

cross-power spectral density (CPSD), which gives the frequency

component common to the two signals, and the phase shift of that component between the two signal sources.

(d) 7 = ^/(Giz)(G^)/(£n1X^22) = the coherence, a measure (0 to 1) of the extent to
which the two signals are correlated at each frequency.
The heart of our frequency-based analysis is a computer program which allows users to
compute APSDs, CPSDs, and 7 for two signals. Given the signals to process, the code
applies the following algorithm to a selected time interval:
(a)

Load a segment of data for signal 1 and 2.

(b) Compute the FFT and apply a Banning (cosine-squared) window.
(c)

Compute APSD for each signal, and CPSD amplitude and phase for that data segment.

(d)

Advance one-half segment and repeat.

When all segments are completed, the code computes average APSD and CPSD, and 7
for the selected interval and corrects for the Mirnov coil transfer functions, the amplifier
transfer functions, and windowing.

We have investigated the influence of electromagnetic interference (EMI) on our data.
EMI dominates the X-ray signals (above 300 Hz). For the Mirnov coils, the interference is

large at 360 Hz but negligible in the frequency range (5-60 kHz) of the plasma fluctuations
reported here.
Studies of the soft X-ray waveforms show no gross instabilities (no sawteeth, no dis-

ruptions). We see no plasma-induced fluctuations on the X-rays, and coherence between
X-ray and Mirnov signals is low, except for EMI.
To illustrate the magnetic fluctuation analysis, we have applied the signal processing
code to the high-Wj^ phase of shot 3819, for a pair of Mirnov coils 180° apart toroidally.
The CPSD amplitude and phase and the coherence are shown in Fig. 3.
The signal processing code can also write out selected results from its analysis. We
have chosen to examine [two-coil] CPSD frequency components for which 7 is > 0.7, since

at present we are interested in coherent fluctuations. The results obtained include:
1.

Plots of electrical phase difference for two pairs of coils which have different toroidal

spacing show predominantly n = 1 symmetry, with fragmentary evidence of other n
values.
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FIG. 3. Signal processing results for S-3819

2.

Plots of electrical phase difference for two pairs of coils which have different poloidal
and toroidal spacing show predominantly (n — l, m = 2) and (n = l, m = 3). The
cases assigned m = 2 and m = 3 also clump together in frequency (8-20 kHz for
TTi = 2, 20-45 kHz for m — 3) when B is plotted against frequency.

3.

A plot of (B(n

= 1)} versus (/?} (where (B(n = 1)} is defined as the square root of

the sum of amplitudes of n = 1 components in the CPSD, from 5 to 60 kHz) shows
an envelope with B increasing as (ß} goes from 0 to 0.25%

and decreasing thereafter.

The behavior of B does not obviously correlate with plasma current.
4.

Time histories of (J9(all coherent modes)}, (B(n — 1)), (B(n = l, m = 2)}, and
(B(n

= l, m = 3)) can be computed for a single shot, as shown in Fig. 4; note how

(B(coherent)) rises, dips when (ß) ~ 0.3%,

and then rises again as (/?) drops below

0.3%.
In summary, soft X-ray signals from the central region of the plasma (< a/2) show
no gross instabilities. Coherent oscillations in Bg are seen. Spectral analysis of the BO

oscillations shows that they have amplitudes of ~10~ 3 G in the frequency range ~5-60 kHz,
with low poloidal mode numbers (ra = 2 and 3) and toroidal mode number n = 1. Trend
analysis of B amplitude data from a variety of discharges shows that the n = 1 mode
amplitude initially rises with (ß),
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but saturates and may decrease as (/?) exceeds 0.3%.
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MAGNETIC FLUCTUATIONS DUE TO PRESSURE
DRIVEN INSTABILITIES IN ATF*
L.A. CHARLTON, B.A. CARRERAS,
J.N. LEBOEUF, V.E. LYNCH1
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

In this paper the results of the numerical simulation of the poloidal
magnetic field fluctuations based on the resistive pressure-gradient-driven
model are presented.

INTRODUCTION. The Advanced Toroidal Facility (ATF) was designed to have stable
access to the second stability regime. For the design conditions, this should occur at beta
values near ß0 = 5%. In its initial phase of operation, the ATF plasma minor radius and the
f\

edge rotational transform, *a, were reduced by field errors, which have now been repaired.
This reduction in radius and *a caused a large increase in the Shafranov shifts, and as a
consequence a reduction in the beta value needed to access the second stability regime. From
the low-n and high-n stability analysis using the experimentally measured profiles, the
threshold to second stability was found^ to be as low as ßg ~ 1.0%. The beta values reached
in the experiment, up to ßcj ~ 3.0%, are well above this threshold value. The magnetic

fluctuation measurements showed a reduction in the fluctuation level for ßg ^ 2%.4 In this
paper, we discuss the results of simulations of the poloidal magnetic field fluctuations based on
the resistive pressure-gradient-driven model.
MODEL. To model the observed fluctuations, we assume that the cause is the resistive
interchange instability. We can apply the reduced set of MHD equations^ for stellarator
configurations. This set of equations can be derived using the stellarator expansion.^ They
contain the main physics of the resistive interchange. The equations are

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
1

DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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Here \}/ is the poloidal flux, <j> the velocity stream function, p the pressure, U the toroidal
component of the vorticity, and Jr the current density in the Ç direction. The VQ js the

toroidally averaged curvature. At zero beta, this term includes only the average helical
curvature, but the deepening of the magnetic well with increasing beta modifies this term, and
is the cause of the self stabilization effect.
NUMERICAL RESULTS. Numerical studies of these magnetic fluctuations were done
using the reduced set of MHD equations implemented in the 3-D nonlinear codes KITEJ for
the cylindrical geometry approximation, and FAR, 8 for toroidal geometry. The linear resistive
stability properties have been investigated in toroidal geometry. For the lowest n modes the
dominant components were the (m;n ) = (3;1), (5;2) and (8;3). These components have their
resonant surfaces in regions which are Mercier unstable at low ß values. The resistive
interchange character of these modes is well established from the scaling of the linear growth

rate as S*' . Even though the linear growth rates keep increasing with ß, the poloidal magnetic
field fluctuations at the edge calculated from the linear eigenmodes decrease sharply for ßg >
1.0%. This is caused by the shift of the dominant component to a higher m value as the
magnetic well broadens in the inner part of the plasma. This is an indication of the beta self
stabilization effect.
The first estimates of the resistive interchange modes nonlinear saturation level has been
done in cylindrical geometry, allowing for pressure profile relaxation, using KITE. Single
helicity calculations show the spectrum peaks at low n's even though higher n's are linearly the
most unstable modes. In particular, for the 5/2 helicity, modes from (m = 5; n = 2) to the (m =
95; n = 38) have been included in the calculation. A radial grid of Ar = 10~3 was used. At
saturation most of the energy content was in the (m = 5; n = 2) component. The saturation
level as a function of ß shows a sharp increase at low ß, levels off and it is followed by a
strong reduction of the saturation level for <ß> ~ 0.25%. This is illustrated in Fig.l for the
5/2 helicity. Multiple helicity calculations in cylindrical and toroidal geometry show the same
effect. They further indicate (Fig. 2) that n = 1 modes achieve the highest level of magnetic
fluctuations through nonlinear coupling, consistent with experimental observation.
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DETERMINATION OF ELECTRON DENSITY FLUCTUATIONS
IN STELLARATORS BY MICROWAVE REFLECTOMETRY
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Abstract

Application of microwave reflectometry to the determination of electron density fluctuations is presented in this paper. Data
obtained in the W7AS stellarator, with an homodyne system working in the V band, have enabled to correlate these fluctuations
with different discharge parameters. Improvements of the system
to get fluctuation absolute values are also discussed.

INTRODUCTION

Experimental determination of electron density fluctuations in stellarator plasmas
is an important task, not only because of the intrinsic interest of characterization of this
phenomena, but due to the possible influence of turbulence on plasma confinement [1]
and the expected relationship between the level of these fluctuations and the access to
the second stability regime [2].

Microwave reflectometry [3], based on the measurement of the phase difference
between an incident wave in the plasma and the reflected one at the cutoff layer, has the
potential to determine electron density [4] and its fluctuations [5, 6] with good time and
spatial resolution. In the TJ-I tokamak this technique, using an homodyne detection system, has provided qualitative indication of the existence of big density fluctuations for
MHD dominated discharges with a radial profile that peaks around the singular surface
radius [7J. Figure 1 summarizes these results.

1

2

Facultad de Ciencias, Universidad Cantabria, 39005 Santander, Spain.
The members of the W VII-AS Team are identified in the paper entitled 'Status
'5
of the advanced stellara-

tor Wendelstein W 7AS: first results and further programme', these proceedings, p. 25.
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Results from the application for the first time of this technique to the study of density
fluctuations in Stellarators are presented in this paper, together with possible methods to
improve this diagnostics to make possible the determination of absolute values of density
fluctuations.

APPLICATION TO W7AS STELLARATOR

A single antenna reflectometer has been installed in the outer side of the equatorial midplane of the W7AS stellarator [8], looking at the plasma through a 28 mm diameter
port. It is basically an homodyne system working in the 50 - 75 GHz V band, that can
cover most of the density profile gradient part, when working with a toroidal field of
1.25 T, and only the plasma edge if the field is increased to 2.5 T. The spatial resolution
for fluctuation determination, in both cases, is better tlSin 5 mm, as deduced from [3] :
3
r

A=

i /j„\

2

where the standard density profile for W7AS was assumed.
a) Correlation between density fluctuations and plasma confinement.
Total fluctuation level was measured by the integrated reflectometer signal spectrum. This level was compared with the total plasma stored energy, deduced from the diamagnetic loop signal, for series of discharges with the same density and heating power,
during an iota scan. The reflectometer frequency was chosen to measure around r/a = 0.6,
by using the information from Thomson Scattering on density profile. As can be seen at
figure 2, a clear correlation between fluctuation level and plasma energy appears, with
the fluctuations decreasing when the plasma confinement improves. This behavior seems
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to be independent of the range of iota values scanned, because the same correlation appears when the scan is made around l = .3 with 2.5 T .
b) Dependence on heating power.

Keeping the density constant along the discharge, density fluctuations were measured at different times, when the heating power level was different due to the change
from ECH at the beginning to NBI at the end. The analysis results are presented at figure
3. They seem to indicate that Neutral Beam heated plasmas have a wider density fluctuaECH

NBI

ECH + NBI
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Fig. 3 Dependence of density fluctuation level on heating

tion spectrum than ECH ones and that increases in the injected power in the order of
50% do not introduce a big change in the fluctuation level.
c) Fluctuation radial dependence

A radial scan, in the range accessible to the available frequency span in the reflectometer, was made for different experimental conditions in W7AS. Results are shown at
figure 4. These results indicates the total fluctuation level, normalized to the density
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value at the
considered
point
(deduced from
Thomson
Scattering
profile), decreases
when moving inside
the plasma.
This effect

appears for both values of the toroidal field and for ECH and NBI plasmas.

SYSTEM IMPROVEMENTS

The absolute magnitude of the plasma reflecting layer displacement and hence of
the density fluctuations can be only determined by coherent phase measurements. With
this aim, several approaches are under test in our system. First, Frequency Modulated
Reflectometry is being tried by introducing sawtooth modulation in the BWO tube and,
by digital filtering and fringe counting, direct determination of the phase is obtained. The
system has been checked and calibrated in
the laboratory and it is now installed in
W7AS. A second approach is Broadband
Heterodyne Reflectometry. By heterodyne
techniques the millimeter wave is downconverted to a 50 MHz signal carrying the
phase information. Figure 5 shows a block
diagram of the system being assembled.
Since BWO tubes do not have high frequency stability, an IF system with tolerance to RF and local oscillator drift has
been constructed.

Fig. 5 Heterodyne Receiver
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COiNCLUSIONS
Preliminary results from microwave reflectometry on W7AS stellarator probes the

capabilities of this diagnostic technique for electron density fluctuation determination in
these devices. Indications of correlation between the level of fluctuations at the plasma
edge and plasma confinement have been obtained. Better confinement seems to be correlated with lower fluctuation levels. Radial dependence of the relative fluctuation level
decreases when going inside the plasma, that could be an indication of a turbulence layer
at the plasma edge. System improvements are in progress to make possible to determine
the absolute value of the density fluctuation.
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TOMOGRAPHY ANALYSIS OF MHD INSTABILITIES
IN W VII-A STELLARATOR
A.P. NAVARRO, M.A. OCHANDO
Asociacion Euratom/CIEMAT,
Madrid, Spain
A. WELLER
Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany
Abstract

Reconstruction of local Soft-X-ray emissivity in W7A stellara-

tor during MHD phenomena is made using an algebraical technique that enables to study very distorted distribution using single array data. This technique is also applied to finite ß discharges deducing from this analysis the distortion of emissivity
contour due to high pressure and the Shafranov shift.
INTRODUCTION

MHD instabilities can play an important role on energy and particle confinement
in any plasma device. Experimental study of these perturbations can be made by analyzing
plasma soft-X-ray signals, looking for magnetic island structures and their behavior during
the instability evolution. To determine the local distribution of plasma emissivity from line

integral measurements, as it is case for these signals in tokamaks and stellarators, tomography techniques are required due to the marked non circularity of those distributions during
MHD phenomena. In this paper an iterative algebraical method, that uses as initial weights
the fluxes deduced from equilibrium calculations for the used plasma configuration, has
been applied [1]. The most important feature of this technique is the possibility to deduce
complicated structures, such as local accumulations or very distorted distributions, with an
small number of detector arrays. Even one single array data can be inverted using this
method, by imposing the shape of the equal emissivity contours. Local emissivity is deduced
as:

x

W(j,k)

NA

ND

M(n,i,ik)

WN(n,i)

[1] A.P. Navarro, M.A. Ochando and A. Weller, "Equilibrium Based Iterative Tomography
Technique for Soft-X-Ray in W VU-A Steliarator", XVI EPS Conference, Venice, 1989.
323

where E(XJ, y^) is the local emissivity value of cell (j, k) and M(n, i, j, k) gives the contribution from that cell to the signal of detector i at array n . ( NX, NY are the grid dimensions, W
is the weight matrix, WN is the weight normalization factor for each line of sight and NC
the number of contributions of each cell to different detector signals. NA is the number of
arrays, each one with ND detectors). After each iteration
new weights are defined by calculating the average emissivi-

ty on each assumed contour. Chi-squared evaluation after
each iteration measures the method convergence.
\V7A STELLARATOR DATA ANALYSIS

Using the signals from a single array with 30 soft-

X-ray detectors, located at a bottom port in the W7A stellarator as it is shown at figure 1, different types of discharges
with OH have been analyzed. Results are summarized
below.In this figure the shape of the vacuum magnetic flux
surfaces are also displayed.

Fig.l

W7A Array Location

a) Sawtooth analysis
Many discharges present a sawtoothing behavior. In all the analyzed discharges

no hollow profiles appear after the sawtooth crash, for a 500 [is. time resolution, as shown

at figure 2a. Besides, the loss of energy from the plasma center due to this internal disruptions appears as an axisymmetrical mode. This is deduced from the determination of the increase in radiation between successive reconstructions, that is obtained by substracting them,

and that for the crash it is really a decrease for the center of the plasma and an increase at the
outer part as can be seen at figure 2b.

b) Loss of energy during crash

a) Emissivity before and after crash
0.123500

0.121000

Fig.2
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Sawtooth Analysis

0.124000

b) Soft disruption analysis
Soft disruptions often appear during
MB I in W7A plasmas when OH current is
present. Figure 3 displays the array signal evolu-

tion around one of these disruptions. Signal at the
central detector is also presented. It can be seen
that, after the disruption, no activity is detected.

1660

168.3'

167.0
TIME (MS)

Reconstructions of local emissivity distributions deduced from these profiles are pre167.5
sented at figure 4. After several cycles of pertur-

bation , the disruption occurs at 166.7 ms. In the
reconstructions the contour structure shows a big

Fig. 3 Signal evolution during soft
disruption
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Fig.4 Reconstruction for soft disruption

distortion, that can be identified as an odd mode, at 166.6 ms. This feature last for about 200
(is and disappears at the time of the soft disruption. But after this the contour distribution remains distorted, in an even structure, for a long period of time. In summary, there is some
indication about soft disruptions being produced by the interaction between an even (m=l)
and odd mode (m=2), with this last one remaining after the disruption but in a locked mode.
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c) Finite ß effects study

T - 173 47 -S i
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Using Neutral Beam Injection as additional
heating, plasmas with ß in the order of 1 % were obtained

KUATT
U*rr/C21"3

SOTT X-RAY fUJC

01

in W7A. Figure 5 shows the array signal evolution during
a discharge with injection taking place during the interval
140 to 170 ms. Reconstructed local emissivity contours,
deduced from these signals each 10 ms,, are shown at fig-

'** ^

ure 6. In spite of the assumed shape for these contours is
Fig. 5 Array signals for
45° inclined ellipses, deduced from the vacuum calculaNBI discharge
tion for the toroidal position of the array, a different structure appears when NBI is on. Basically they become less elliptical inclined at the plasma
center.
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Fig. 6 Emissivity reconstructions for NBI plasmas in W7A

These results are in qualitative agreement with equilibrium calculations for finite
ß, as shown at figure 7 , where the theoretical values for ellipticity and inclination of each
contour ( solid lines) are compared with those obtained from these analysis (dots). This
agreement does not occur when same analysis is applied to reconstructions when NBI is off.
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a) Flux contours

c) Displacement

b) Ellipticity and inclination
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Fig. 7 Comparison with equilibrium calculation

Emissivity contour displacements has been also analyzed, obtaining no vertical displacement
but a noticeable one for the the horizontal one, in the order of 1 cm, for the inner contours
and no displacement for the outer ones. These displacements agree with Shafranov shifts for
these plasma conditions.
CONCLUSIONS
Tomography studies for Soft-X-ray signals in W7A stellarator, using an iterative
algebraical technique, enable to deduce some characteristics of different phenomena such as
the axisymmetrical character of sawtooth crash and the no hollowness of emissivity after
those crash. There are also indication of the presence of even and odd mode simultaneously
during soft disruptions with the even mode remaining locked after that. Finally application

to NBI plasma enables to study the deformation and the displacement of emissivity contour
due to finite b effects. These results are in good agreement with theoretical calculations and
show clear Shafranov shift, in the order of 1 cm, for the central part of the plasma.
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DISSIPATIVE TRAPPED ELECTRON MODES
IN I = 2 TORSATRONS

B.A. CARRERAS, N. DOMINGUEZ,
J.N. LEBOEUF, V.E. LYNCH1
Oak Ridge National Laboratory,
Oak Ridge, Tennessee
P.H. DIAMOND
University of California at San Diego,
La Jolla, California
United States of America
Abstract

Trapped electron modes can play an important role in enhancing losses in
a toroidal magnetic traps. It could be one cause of the deterioration of the
confinement with beta increase in tokamaks. The helical ripple and short
connection lengths in stellarators could serve as a basis for suggestion that
trapped electron modes for those traps can be more unstable than in tokamaks.
In this paper this problem is theoretically investigated for a realistic 3D
stellarator.

Trapped electron modes [1] can play an important role in enhancing losses in a toroidal
confinement device. They could be one cause of the deterioration of confinement with beta
in tokamaks. For straight stellarators and for a model field, it has been shown [2] that the
helical ripple and short connection lengths allow for strongly localized solutions to the drift
wa,ve equation. Therefore, it is suggested that trapped electron modes in stellarators can be
more unstable than in tokamaks. This is particularly the case for low-shear configurations.
In this paper, we consider this problem for a realistic 3-D stellarator. We use as input a
3-D equilibrium and include the finite-beta effects self-consistently.
In contrast to tokamaks, stellarators have the advantage that the magnetic field can
be changed stibstantially by modifying the currents in the vertical field (VF) coils. In
ATF [3], for example, changing the quadrupolar moment of the VF coils changes the rotational transform at the magnetic axis and, a,s a. consequence, the shear. The change in
quadrupole field also changes |B| along the field lines, allowing the trapping regions to
change independently of the average curvature. This presents the opportunity for substantially changing the properties of these instabilities. We are exploring ways to devise
experiments in ATF that will permit us to study trapped electron modes and evaluate
their role in plasma confinement.
Guided by the results of Ref. [2], which show that stellarator drift waves are more
localized in shearless configurations, we have studied two ATF configurations: one that is
practically shearless in the inner half of the plasma radius and another for which the shear

1

Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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is strong over most of the radius. We expect that in the first case the mode will be localized
and that in the second case it will be extended along the field lines. The dissipative trapped
electron mode will be more dangerous in the first configuration, because of the localization
of the drift wave. The numerical results indicate that in the AT F experiment it could be
possible to control this dissipative mode and study its implications for confinement of
toroidal plasmas.

We obtain the 3-D equilibrium with the VMEC code [4]. To solve the drift wave
equation along magnetic field lines, the equilibrium is transformed to Boozer coordinates
[5], In this coordinate system the magnetic field lines are straight,

B = (Vs x V0)4>' 4 (V( x Vs)x'
Here, (.s,o,£) are the Boozer coordinates, $ is the toroidal flux, and x is the poloidal flux.
After the transformation [6] to Boozer coordinates, the flux surfaces are représentée] as
R = y

Rmn COs(mO — 7l£)

mn

Z — 2. ZmnS\n(m9 - n.£)
mn

4> — C + /

(frmn sin(mö

T?£)

The (/ï, 2,0) are the usual cylindrical coordinates in real space.

Zero-current equilibria have been considered, with the plasma pressure profile /' —
P(0)[l — (x/Xa)] 2 - Here Xa is the poloidal magnetic flux at the plasma boundary.
The dissipative trapped electron modes can be studied following the formalism of Antonsen and Lane [7]. Here, we present only the results for the electrostatic drift wave
model. The model is based on fluid ions and adiabatic electrons (i.e. we consider collisionless electrons without their non-adiabatic response). The eigenmode equation, using
an eikonal representation for the perturbation, can be written in Boozer coordinates as

- UF{-1 ~ (2pB x K • Va/p'B2)} - FÜ2

+- ( l / 2 B ) d 2 B / d 2 C where
|Va|2 = |V(C - q6}\2 -= (B2/X'2g3*) { L + ((g"/B)
v

I
J

is the perpendicular wave vector, g33 — |Vs|2 is the metric element, ( g ) 1 / / 2 = (</x'~ I3>'
is the Jacobian, K = (l/B2)V(p + B2/2) - (B/2B 4 )B • VB2 is the curvature vector,

S = (l/gss)(Vs

x B/g*3) • [V x (V. x B)]

B •
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is the local shear, and * = x'/^' i g the rotational transform.
The drift wave equation is essentially a Schrödinger-type eqtiation, which, when written
in dimensionless form, depends on three parameters: A —- ra/0j,|Va|o, un = oi'/^s) and &oTo solve the drift wave equation, we have used a Ntimerov shooting code [8] with outgoing
wave boundary conditions.
We have looked only for even modes localized in the outer region of the configuration.
We have found that these modes localize where the potential has a. minimum. Typical
eigenfunctions for ATF configurations (for wn ~ 1, A 0 ~ 1) are plotted in Figs 1 and 2.
Figures 1 and 2 correspond to ATF configurations with negative and positive quadrupolar
field [3], respectively. The configuration with a negative quadrupolar component ha.s a
flat rotational transform over most of the radius, in contrast to the one with a. positive
component, which has very strong shear. Thus, we have found tha.t we ca.n cha.nge the
localization of the modes by changing the external quadrupolar field of the configuration.
Because the ratio of helically trapped to toroidally trapped particles is also changed, this
presents a very interesting scenario to be tested experimentally.
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Abstract

The results of the theoretical calculations of the ATF equilibrium and
stability analysis are presented. Two sequences of equilibria with different
plasma pressure profiles have been analyzed. It is shown that the equilibria
with pressure profiles broadening with beta as the experiment are stable for
all beta values.

The Advanced Toroidal Facility (ATF) [1] was designed to have stable access to the
second stability regime. For the design conditions, this access should occur at beta values
of about ß0 ?z 5%. The electron-beam mapping experiment in March 1988 revealed the
presence of magnetic islands [2]. In particular, an -t = 1/q = 1/2 island, the largest
(width of ^ 6 cm, and chains of islands otitside q — 2 were found. The initial operation
in ATF (June- September 1988) proceeded with the field errors that created these islands.
The cause of field errors was identified as buswork for the HF and outer VF coils. It
was corrected in January 1989. A conseqxience of these field errors was that the pressure
profiles measured in the experiment were narrow. The q = 2 island acted as a stochastic
limiter for the discharges. Such narrow pressure profiles cause an effective reduction of
the edge rotational transform, * e dgej and an increase of the plasma aspect ratio, A. As a
result, the finite-beta magnetic axis shifts were large,
A

P

—— -

a

A

PO~2——
''edge

which caused a reduction in the beta value needed to access the second stability regime,

as discussed below.
Another result from the experiment was that the pressure profiles broadened with
increasing beta. To understand the stability properties of the experiment, two sequences of
equilibria with different profiles have been analyzed: (1) equilibria with constant pressTire
profile shape and varying /?o, and (2) equilibria with pressure profile width changing with
beta (Fig. 1), as given by the experiment.
The ideal MHD stability analysis based on the stellarator expansion approach shows
stability for n = 1, 2, and 3 modes. They are close to marginal stability at low beta values,
A, < 2%.

1
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FIG. 1. Pressure profiles, average magnetic surfaces derived from stellarator expansion
equilibria calculations with zero current, and 4, and V" versus average radius for equilibria

with pressure profile width broadening with beta

The results of the 3-D Mercier criterion (Dm > 0 for stability) calculation for the
constant pressure profile scan are shown in Fig. 2. The only region of instability is for
0.25% < ßo < 1.1%. The transition to the second stability regime is at a value of /?0 m
0.6%. The Mercier criterion results also show clear evidence of beta self-stabilization effects
(Fig. 3). The equilibria with pressure profiles broadening with beta as the experiment are
stable for all beta values. Therefore, for the highest beta values obtained in the experiment,
0o ~ 3%, the plasma is in the second stability regime [3].
The magnetic fluctuation measurements showed reduction in the fluctuation level for
ßo > 1% [4]. These fluctuation levels are in reasonable agreement with the theoretical
calculations based on the resistive pressure-gradient-driven turbulence and support the
evidence that ATF has already operated in the second stability regime.
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FIG. 2. 3-D Mercier criterion Dm versus average radius for zero-current equilibria with
the constant pressure profile and different values of beta.

FIG. 3. 3-D Mercier unstable region (hatched) in the (ß, r/a) plane for (a) zero-current and
(b) flux-conserving equilibria. The positions of the most relevant lovt-n singular surfaces
are also plotted. The constant pressure profile is used with the vacuum magnetic axis at

R = 2.05 m.
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STABILITY ANALYSIS OF FREE
BOUNDARY MODES FOR ATF*
F. BAUER, P.R. GARABEDIAN
Courant Institute of Mathematical Sciences,
New York University,
New York, N.Y.,
United States of America
Abstract

A. new MHO code called BE FREE has been developed to test the stability of
low order free boundary -modes in stellarator. This code has been used
particularly for the stability analysis of free boundary modes for ATF and
Hellas devices.

By thorough revision of the BETA code a new MHD code
called BEFREE has been developed to test the stability of
low order free boundary modes in stellarators. Artificial
viscosity has been added to the free boundary condition to
assure adequate convergence of the finite difference method,
and a spectral representation has been applied to the
equations at the magnetic axis that produces a robust
algorithm. The energy can now be calculated to ten or more
significant figures on any fixed mesh, and convergence
studies provide reliable growth rates from the usual second
minimization associated with a trial mode.
As predicted by two-dimensional theory, the free boundary modes of three-dimensional stellarators are found to be
generally more stable than internal modes of higher order.
However, the m = l, n = 0 free boundary mode of a twodimensional ATF configuration is only stable for average f t
below 57o.
Comparable modes for a Heliac of moderate aspect
ratio have a limits exceeding 7%. Runs of the new code
suggest that while ATF and Helias equilibria can be
stabilized by shifting the magnetic axis outwards, there is
then a risk that the magnetic surfaces deteriorate.

* Work supported by US Department of Energy grant DE-FG02-86ER53223 and NSF grant

DMS-8701258.
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Fig. 1. Convergence study of nonlinear stability for free boundary modes of ATF configura-

tions comparing the growth rate w with the mesh size h. Second minimization of the energy
for the n = 1 mode was performed over 12 field periods of a three-dimensional equilibrium
that had been calculated in one field period to begin with. Second minimization for the
n — 0 modes was done more economically over just one field period of two-dimensional
equilibria that were first calculated with the magnetic axis at the origin. A standard pres-

sure distribution of the form p = po(l — s) was used in the cases with ß = 0.04 and

ß = 0.15, where s is the normalized toroidal flux; but for ß = 0.02 the pressure distribution was adjusted to become nearly constant so that a sharp boundary mode could be
tested.
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.02 ..

ß

-.02..

Fig.

2. Graphs of the transformed growth rate — u>2 versus average ß for the m = l, n = 0

mode of ATF with p = po(l — -s). Ä is the ratio of the plasma radius to the radius
of an outer control surface on which the boundary values of the magnetic potential are
prescribed, and e is the inverse aspect ratio of that control surface. The case R = 1 refers
to a fixed boundary calculation, and the equilibria with e = 0 were two-dimensional. The
example with R = 0.3 is three-dimensional and has plasma aspect ratio 10; this is supposed
to model the ATF when there is a significant m — 2, n — I island defining a separatrix

at 6 = 1/2. The computed ß limit of 2% agrees more or less with what has been achieved
experimentally.

339

D

ß =

.00, M = 1, N = 1

O

ß =

.07, M = 1, N = 1

O

ß =

.07, M = 1, N = 0

.20 ..

10-.

.00

H

-.10..

Fig. 3. Convergence study of the free boundary modes for a Heliac with 6 field periods,
plasma aspect ratio A = 11, and rotational transform t in the range 1.5 < L < 2. The
pressure distribution was of the form p = po(l — s)2, and the finest mesh had 24 X 24 x 48
points in each field period. The stability of the free boundary modes is consistent with a
global magnetic well that appears to prevail in the vacuum region surrounding the plasma.
Stability of the ro = l, n = 0 mode seems to depend on the ratio i/A of rotational
transform i to aspect ratio A.
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STABILITY STUDIES FOR TJ-II*
A. VARIAS, C. ALEJALDRE, A. LÖPEZ-FRAGUAS
Asociaciön Euratom/CIEMAT,
Madrid, Spain
B.A. CARRERAS, N. DOMINGUEZ,
V.E. LYNCH1
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

The hard core winding of the four period heliac TJ-II, to be built at CIEMAT
site in Madrid, is composed of a circular coil and a helical winding with
separately controllable currents1. This makes the TJ-II a very attractive flexible
heliac with a broad range of controllable rotational transform and magnetic well.
This flexibility will permit to experimentally explore regimes with stability
average beta limit to Mercier modes, ranging from near zero to ~ 6% in an almost
continuous manner. Furthermore, configurations with second stability regime behaviour have been found.

Introduction

In this paper we study this flexibility by studying a set of configurations
having equal rotational transform and different magnetic well, to observe the
effect of the magnetic well upon the MHD properites of the configurations.
We have studied four configurations having equal rotational transform at the
axis and different magnetic well. The parameters that describe the configurations
are summarized in table I. Figure 1 shows the two extreme configurations (A)
and (D) at the toroidal angle 0°, it is clearly seen how the increase in the magnetic
well is obtained through an increase in the indentation of the flux surfaces.
Vacuum field configurations are determined with fixed TF coil line currents, fixed
VF coil line currents and various circular coil, I
and helical coil lu line currents.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
1

Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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Table I

Configuration
Configuration
Configuration
Configuration

A
B (Standard)
C
D

IO/M

-Icc (kA)

-Ihc (kA)

Well

0.36
0.36
0.36
0.36

290
219
105
65

92
95
82.5
55

1%
2%
3%
4%

The boundary of the confinement region is Fourier analyzed in a form suitable as
input for the VMEC equilibrium code. The selected modes are distributed in a
rectangle (0<m<5, 12<n<12)
. We
needed 138 Fourier
amplitudes
to
satisfactorily characterize theboundary of
the confinement region in terms of the
vacuum
rotational
b)
a)
transform and magt\
netic well .
Figure 1
The
fixed
Two vacuum configurations with
magnetic well a) 1% b)4%
boundary equilibria
four
the
for
configurations were obtained using the 3-D equilibrium code VMEC with a
radial mesh of 31 points. The total average force for the equilibrium
configurations was less than 10'9. Convergence studies were done with a radial
mesh of 61 pts. and average force of 10"11. Tipical CPU times in a CRAY-II machine range from 80 minutes for low values of ß (<2%) and >300 minutes for
higher values of ß. We considered a sequence of zero current equilibria with two
pressure profiles p oc (l-O) and p a (1-<X>)2 where 0 is the normalized toroidal
flux.
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Conclusions
The results from applying a 3-D Mercier criterion to the equilibria described previously is shown in figure 2. The value of the Mercier criterion at the fixed normalized radius 0.97 is ploted versus the averaged ß of the configuration. A linear
pressure profile was used. It is seen that the configuration with a shallow well (A)
is Mercier unstable for any value of ß. The standard configuration (B), reaches its
ß limit at ~2%, well in agreement with that found in reference 2. When we increased the magnetic well, the configuration becomes more stable and for a value
of the magnetic well of 3% (C), the ß-limit with this pressure profile is almost
4%. The last configuration studied (D) shows positive values of the Mercier criteria for ß-values of the order of 6% .

0>

'E

-001 -

• D
O C
D B (Standard)

A A
--

S lability limit

-002

6

<ß>7

Figure 2
The Mercier criterion for the four configurations vs. <ß> for a fixed
normalized radius = 0.97

The influence of the pressure profile on the stability can be clearly seen in figure
3 where the averaged ß is plotted vs. the normalized radius for the configuration
(C). The stable region sensibly increases when one changes from a parabolic to a
linear pressure profile. This increase occurs in all the configurations studied.
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Figure 3
The stable regions for the configuration (C) with
two pressure profiles a) Parabolic b) Linear

Self-stabilization

We studied a fifth
configuration with a
lower value of the rotational transform at
the axis (=0.30) and a
magnetic well of
~2%. This configuration is also characterized for having a
smaller average radius ~ 12 cm and therefore having an effective aspect ratio
greater than the previous set. Figure 4a
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Iota = 1.2
0 10

008 -

0.9 1.0

Radius

H

09487

*

09661

•
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0

Figure 4 a

shows thé postive
Standard
contribution to the
2.00e-3
Mercier criteria for
0
0.9832
this
configuration
*
0.966
and fig. 4b for the
• 0.9487
1.00e-3standard one as <ß>
is increased. It is
seen the quite differ-2.126-22 ent behaviour of this
configuration, clearly showing a ß2 de-l.OOe-3
pendence for high
values of ß characteristic of a second
Figure 4 b
stability regime, suggesting the possibility that higher stability limits can be found in configuration
space. Work is under way to study configurations with higher effective aspect
ratios and high rotational transform/period ~ 0.6.
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TECHNIQUES FOR COUPLING FULLY THREE DIMENSIONAL
MHD CODES AND TWO DIMENSIONAL AVERAGED CODES
FOR STELLARATOR AND TOKAMAK APPLICATIONS*

J.L. JOHNSON, A.H. REIMAN, G. REWOLDT
Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America
Abstract
The recently developed PIES code can be used to study three dimensional MHD equilibrium problems associated with both stellarators and tokamaks. We have worked out

techniques for studying the effect of plasma currents on the tokamak ripple field by carrying
through most of the calculation as if the tokamak were an axisymmetric configuration and
then adding the ripple field before doing the final iterations. Then the difficult part of the
program only needs a few further iterations. This modification enables us to use a true vacuum ripple field in the studies, rather than to impose the nonaxisymmetry by introducing
the previously used approximate distortion of the shape of the plasma surface. The ideas
that were developed in this application have led to a technique for converting the output
of the axisymmetric toroidally averaged STEP code into a form that can be used directly

as input for the PIES code. The coupling of these codes has the additional feature that
it provides good line following techniques for analysis of the output of the STEP code and
enables one to use its output as the initial values for a fully three dimensional study. It
is especially useful for the PIES code in that it makes it easy to determine free boundary
equilibria. A combination of this ability to transform from two dimensional to three dimen-

sional models with an inverse coupling from three dimensional calculations to the STEP
code should improve our tools for analysis of the equilibrium and linear stability properties

of both stellarators and tokamaks. These techniques could easily be adapted for other codes.

I. INTRODUCTION
The need for calculation of three-dimensional configurations, including stellarators and

the nonaxisymmetric properties of tokamaks, has increased. Fortunately, the capabilities of
computer hardware and numerical algorithms have been expanded so that it is now possible
to carry through elaborate calculations for fully three-dimensional systems. Codes such as
PIES [1], VMEC [2], BETAS [3], and MH3D [4] have been developed for this purpose. These
are still being complemented with results from two-dimensional averaged codes like STEP
[5,6], NAV [7], and H-APPOLO [8]. Three-dimensional codes by their very nature are timeconsuming and require careful monitoring in their execution. It is the purpose of this note
to show how two-dimensional and three-dimensional codes can be coupled so as to improve
the situation.

Work supported by the US Department of Energy under contract DE-AC02-76-CHO3073 with Princeton University.
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In the next section we describe some modifications that we have incorporated into the
PIES code [1] to provide the flexibility of modifying the magnetic field after several iterations
have been carried through. The studies that were done in connection with these modifications
of the PIES code led to the idea that it would not be difficult to convert the output of the
STEP code-into a form that could be used as input for the PIES code. Thus a reasonably
good approximation to a desired equilibrium could be obtained quickly and then the fully

three-dimensional code could be used for further refinement. This is discussed in Sect. III.
It has been proposed previously [10] that the output of a three-dimensional code could be
used as input for the STEP stability studies. This idea is described in Sect. IV. Finally,
some comments about the possible improvements and applications that have been suggested
here are given in Sect. V.

II. MAGNETIC FIELD MODIFICATION IN THE PIES CODE
The particular application that we have in mind is the study of the effect of currents
in a tokamak plasma on the magnitude of the magnetic field ripple associated with having
a finite number of toroidal coils. Such a study was done previously [9] by calculating the
shape of the plasma boundary and specifying it as an initial condition for the calculation.
The model used for the fields produced by the toroidal field coils was

B = R0B0V{<t> + [(R/b)N/2N}coSN<j)},

(I}}

corresponding to a sinusoidal vertical sheet current at a major radius R = b. An approximation to this field ripple was inserted into the PIES code by distorting the plasma boundary
into the form
R=Ra{l-[(Ra/bf/2N]cosN(l)},
Z = Za.
(2)
This had to be done at the beginning of the calculation. Although the final solution can
be regarded as a small perturbation of an axisymmetric equilibrium, this approach required
that the full three-dimensional coupling be computed at each iteration of the equilibrium

algorithm.
We have recently written a program to modify the output of an axisymmetric calculation
to add the field of Eq. (1) directly so that we can then proceed to the answer. It will be
simple to modify the form of the added nonaxisymmetric field so that this program is quite
versatile.

III. CONVERSION OF OUTPUT FROM THE STEP CODE INTO INPUT FOR THE
PIES CODE
The work that was done in the previous section led to the realization that it is straightforward to convert the output of the STEP code into a form that can be used directly as
input for the PIES code. The basic idea is that what is needed is a subroutine which is capable of giving the magnetic field at any point, together with the specification of the pressure
profile and a profile of the net current inside a magnetic surface as functions of the toroidal

flux. We have the pressure p($) and the net current /(*) available at the end of a STEP
run. A simple spline fit can provide these values at the desired surfaces. Furthermore, we
have the magnetic field,

B(R, & Z) = R0BQ(1 - p^/tfoW + V<£ x VA* (A, Z] + BS(R, $, Z),

(3)

with the stream function associated with axisymmetric currents in the plasma, A" , given on
an (X, Z) array and a nonaxisymmetric vacuum field, -BA, prescribed. It is useful to compute
it in a divergence free form; for example the field of Eq. (1) should be written as
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B = V Z x VR0B0(R/b)N/2N

sin A^,

(4)

so that the field is intrinsically divergence free. A two-dimensional cubic spline provides the

necessary interpolation. The PIES code then follows field lines so as to establish magnetic
coordinates, determine the Fourier decomposition of the different field components, and
obtain the shape of the plasma boundary.
This conversion is useful for the STEP code as it enables the output to be studied with
powerful line-following techniques [11]. It should enable the PIES code to start with field and

position values which are close to the desired equilibrium so that the necessary calculations
are greatly shortened and simplified. It has the added feature that it provides a technique
to work with a free plasma- vacuum interface, rather than keeping the interface fixed as is
presently being done.

IV. CONVERSION OF OUTPUT FROM THREE-DIMENSIONAL CODES FOR INPUT
INTO THE STEP STABILITY CODE
Since the physics restrictions on the unstable modes that were introduced by the stellarator expansion are quite reasonable even for fully three-dimensional configurations, it

would be useful to average the results from codes like PIES, VMEC or BETAS over the
magnetic field periods to obtain the necessary input for the STEP code. These codes pro-

vide a description of the magnetic surfaces and fields in terms of a Fourier decomposition in
the poloidal and toroidal angle variables u and v,
A,m,n(*) sin(mu) cos(nu),

(5)

etc. We can easily average over the toroidal angle v to obtain the shapes of the averaged
magnetic surfaces,

, u) =

^ R™,° cos(mu), Z($, «) =

Zm

'° sin(m«),

m

(6)

m

and the associated Jacobian and metric elements. Averaging over v gives expressions for the

necessary input about the nonaxisymmetric fields: its contribution to the poloidal flux,

<3

JO

and the average field line curvature,
Of/? 7)ll(K,Z,)-D

2

V. COMMENTS
The techniques for modifying the plasma and magnetic field properties during the course
of a series of iterations towards a three-dimensional equilibrium should improve the versa-

tility of the PIES code significantly. Determination of the input parameters for this code
by making a preliminary two-dimensional STEP run should provide even more flexibility,

349

both by providing an easy way to incorporate free boundary conditions and by decreasing the
number of iterations necessary. Construction of the averaged properties of three-dimensional
equilibria obtained from PIES and then utilization of the stability code STEP should provide a reasonable way of determining the linear stability properties. These ideas could be
incorporated equally well into other two- and three-dimensional codes.
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CONFIGURATIONAL EFFECTS ON THE CONFINEMENT
IN THE STELLARATOR WENDELSTEIN W 7AS
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Garching
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Institut für Plasmaforschung,
Universität Stuttgart,
Stuttgart
Federal Republic of Germany
Abstract

The plasma containment of W 7AS exhibits a strong dependence on characteristics of the magnetic
configuration: rotational transform, shear and remaining plasma current. During the first
experiments by application of ECF 70 GHz in the accessible range for 6(0) < 0.5% optimal
confinement is found operating close to, but not at rational values of the rotational transform:
-t = 1/4, 1/3, 1/2, 2/3. Small shear is beneficial, if such "resonances" can be excluded from the
entire plasma column.
INTRODUCTION

The measurements of magnetic surfaces in Wendelstein W 7AS showed an excellent agreement of
the magnetic parameters with the values of the design. / 1,2 / Without the need for corrections of
the vacuum configuration extensive studies of the plasma confinement depending on rotational
transform, shear and the remaining plasma current were started. The parameters of the magnetic
configuration are widely variable by the adjustment of currents in the modular coils, the toroidal
field coils and the vertical field coils. Furthermore, nonhomogeneous current distributions in the
plasma with finite ß modify the profiles of rotational transform. Such currents are associated with
the plasma pressure in the case of equilibrium with secundary currents and bootstrap currents, and
are related to the heating method.

During the first phase of experimental work in W 7AS / 3 / detailed studies on the confinement
were performed to find optimal operational conditions. ECF generated plasmas could be
maintained with sufficient long pulse duration ( typically 0.5s ) to establish quasistationary
conditions with respect to the plasma parameters as density, temperature and remaining current,
with time constants of the order of 100 ms. A plasma current up to 3 kA is being observed
dependent on the energy content and strongly on the electron temperature, as expected for the
bootstrap current. To control the boundary value ot the rotational transform the plasma current
could be influenced either by induced loop voltages or by ECF current drive launching the
microwave power with variable kjj components: The contribution of the plasma current at field
1.25 T to the boundary value of the transform is A-k = 0.014 Ip (kA). In a more sophisticated way
by ECF applications even local current control is possible. The modification of the power
deposition profiles by tuning of the magnetic field or by geometrical adjustment of the plasma-beam
interaction and by varying the angle of incidence allow to shape current density profiles.
1

The members of the W VII-AS Team, NBI Group, ICF Group and ECRH Group are identified in the
paper entitled 'Status of the advanced stellarator Wendelstein W 7AS:
first results and further

programme', these proceedings, p.25.
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CONFIGURATIONS, EFFECTS ON THE CONFINEMENT
EFFECT OF ROTATIONAL TRANSFORM
The low-shear Wendelstein W 7A / 4,5 / exhibited a strong influence of the magnetic configuration

on the confmement.Therefore systematic studies of the global confinement properties of W 7 AS as
a function of the magnetic parameters were initiated.
To minimize the contribution of currents generated by the heating method to the magnetic
configuration almost perpendicular injection of the p.wave power with central power deposition was
chosen. The rotational transform was varied shot by shot by changing the currents fed to the
modular coils and the toroidal field coils. Figure 1 presents the energy content obtained versus the

boundary value of the transform, which was calculated for the last closed magnetic surface, either
being determined by the position of the limiter ( ZL= 0.275 m ) at low transform or by the
separatrix at high transform. In the investigated range of the rotational transform between 0.24 and
0.65 the effective plasma radius is slightly reduced from a = 0.18 m to 0.15 m. The energy content
is derived from the diamagnetic signals during the quasistationary phase of the discharge with a
pulse duration of 400 ms. Because of an almost constant absorbed heating power of P^ < 200 kW
( 1.25 T ) the energy replacement time is proportional to the given energy content. The line density

is being fixed at 1.5 10*" m~3 by gas feed.

WVH-AS
ECF 70 GHz, P <200 kW
80=1.257. 4s 1086 -1203

0.2

1-

0.5-

02

0.4

-éo

Total Rotational Transform

Fig.l: Energy content versus boundary value of the
rotational transform: the line density is kept constant
to 4.5E18 m~2. The observed stationary currents are
correlated with the energy content.
Time window: 0.1 - 0.35 s.
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Simularly to the results from W 7A the confinement of W 7AS is also strongly dependent on the
particular value of the transform: Reduced confinement is observed to be associated with low-order
rational values of the transform ^ = 1/4,1/3, 1/2, 2/3, at the plasma edge. The values 5/n should
also be avoided. Close to these "resonances" optimal confinement is found. As has been shown by
the vacuum field measurements, the system of nested magnetic surfaces can easily be destroyed
even by small error fields of the order of 10"^ at rational values of the transform, it appears to be
robust apart from rational ones. The formation of magnetic islands, ergodic regions, and the onset
of convective cells consequently enhances the transport. Convection becomes particularly important
if islands are localized at the plasma edge, with low temperature.
EFFECT OF PLASMA CURRENT

Relatively large plasma currents are observed which appear to be correlated to the energy content
and become almost stationary after several 100 ms. The current density distribution modifies the
profile of the rotational transform and contributes additive to the boundary value. The observed
plasma current is found to be in agreement with the expected bootstrap current and changes the
direction with inverse magnetic fields. Parameter studies based on measured profiles support this
conclusion. Figure 2 shows the temporal development of discharges at 2.5 T. In addition to the
global parameters: line density, energy content and plasma current, temperature profiles measured
by ECE diagnostics are being presented for two different cases: "free current" and controlled
current ( Ip = 0 ), using the ohmic transformer at UL ~ - 0.1 V. The transient behaviour of the
discharge, with relatively long time constants as expected on the resistive time scale, is
demonstrated by varying the net current and the perturbations of the temperature profiles. The
vacuum field has been adjusted to a rotational transform close to 1/3 and small negative shear. The
perturbations may be associated with resonant magnetic surfaces and the shift of their position
across the plasma radius with varying plasma current. Good confinement can be maintained by
controlling the plasma current and adjusting the rotational transform.

WV1I-AS

ECE
Shot 1845

2.5 T
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ECE
Shot 1844

2.5 T
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Fig.2: Electron température profiles by means of ECE and global parameters: energy content, plasma current, and the
measured loop voltage during discharges with free current and with current control by the ohmic transformer. 2
A second gyrotron is switched on for a short pulse at time At = 0.32 s. Controlled line density with 5E18m~ .
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Experiments with induced currents of up to 5 kA were performed to introduce shear by shaping the
current density profiles. Figure 3, like fig. 1, presents data from discharges at -1.25 T in the

vicinity of the transform close to 1/2. Three cases were considered with induced currents -5 kA,
0, and +5 kA. For the bootstrap current distribution a maximal current density is expected at the
pressure gradients, especially at the temperature gradients. The current distribution of the induced
current is determined by the conductivity profile.The case with + 5 kA introduces a current in the
direction opposite to the bootstrap current, so that by overcompensating the local current densities a
strong positive shear will be established.
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Fig.3: Energy content versus rotational transform
with induced currents: Ip = +5kA ( subtractive to the
transform ), Ip = 0, !„ = -5kA (additive to the transform )
Note: the inverted magnetic field.

The energy content now shows a rather weak dependence on the boundary value. Probably as a
consequence of the increased shear and the reduced extent of the associated island, the discharge
can be maintained even at -t = 1/2 . Maximum confinement is being obtained in the case of low
shear with L. = 0 close to 1/2. A critical influence of the current density distribution on the
confinement is indicated for the last case, where with -5 kA additive to the bootstrap current the
shear may become negative.
SUMMARY AND CONCLUSIONS

For plasma conditions in the investigated range with BQ< 0.5% the confinement appears strongly
dependent on the boundary value of the rotational transform:
*At "resonances" , rational values of the transform -t = 1/2, 1/4, 1/3, 2/3 a deterioration of the
confinement is observed. Rational values -t = 5/n are also important. Together with the reduced
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confinement for cases with low shear and resonances at the boundary strong particle losses are
observed. Perturbations correlated to resonant surfaces at the plasma core flatten the temperature
profiles as indicated from measured temperature profiles.
The destruction of the confinement seems related to a loss of equilibrium by island formation at
resonant magnetic surfaces.
* Optimum confinement is being found close to these "resonances".
* Small shear is being favourable, if such "resonances" can be excluded from the plasma column.
In the case of W 7AS slight shear can be introduced into the vacuum configuration, but plasma
pressure effects, the bootstrap current and currents associated with the different heating schemes
modify the profile of the transform significantly.
* By proper processing of the plasma, adjustment of the magnetic configuration optimal
confinement can be maintained.

These experiments clearly demonstrate the influence of resonances, and for improved confinement
the need for configurations which exclude resonances from the confinement region. The destruction
of the confinement so far seems caused by loss of equilibrium rather than by MHD instabilities. In
practice, the control of the boundary conditions is mandatory. Effects due to internal resonances
are also visible and therefore internal resonances should be excluded. In W 7AS such perturbations
should be controlled by local current density shaping using OH, ECF current drive / 6 / or
unbalanced NBI, especially at higher ß > 0.5% , when finite ß-effects will become important.
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Abstract
For the rather complex magnetic field topology of W VII-AS stellarator. the full neoclassical transport matrix
with radial electric field included in both the plateau and long mean free path regimes was calculated using the
DKES code. Electron temperature and density profiles measured by the Thomson scattering diagnostic for ECF
heated discharges (at both fundamental and 2nd harmonic heating) were analyzed, the electron heat conductivity
coefficient was estimated and compared with the neoclassical prediction. Based on the measured profiles, the
neoclassical bootstrap current was calculated. To the net toroidal current contribute a pressure driven component,
an ECH generated and a component induced by a small loop voltage. The pressure driven component was in rough
agreement with the prediction for the neoclassical bootstrap current.

Introduction
For stellarators as well as for tokamaks, the energy confinement depends sensitively on the electron heat conduction which is not understood at present time (anomalous transport is only an
other word for this fact). Typical values of the electron heat conductivity. \e. found experimentally in all larger devices are of the order of 104 cm?/s. much larger than predictions based on
neoclassical theory. Only for collisionalities in the long mean free path (LMFP) regime (l/Vregime), the neoclassical ripple loss in stellarators leads to similar poor confinement properties.
Since the optimization of neoclassical confinement is one important aim of the advanced stellarator concept, the examination of the neoclassical transport predictions is a main topic of the
W VII-AS experiment.
The new W VII-AS stellarator is characterized by a rather complex magnetic field topology /!/.
Particles being trapped in the minima of magnetic field strength on a flux surface contribute
significantly to the neoclassical transport in the LMFP-regime. The neoclassical transport coefficients were calculated using the DKES code (developed by S.P. Hirshman and W.I. van Rij
/2/). Together with Monte-Carlo simulations, the DKES code is probably the best instrument
for estimating the neoclassical transport properties of W VII-AS. One advantage for using DKES
is that also the bootstrap current densities and the neoclassical parallel conductivity are easily
obtained.
Only ECH generated and sustained discharges of the initial phase of plasma operation in W VIIAS both at 2nd harmonic (Bg c* 1.25 TJ and fundamental (Bg ^ 2.5 T) with an injected ECF
power up to 600 kW (3 gyrotrons at 70 GHz)
are reported here. Electron temperature and density
were measured by the Thomson scattering diagnostic with the old W VII-A system (a new single
shot system being under construction). About 10 to 30 single shots are necessary to get one

1

The members of the W VII-AS Team, NBI Group and ECRH Group are identified in the paper entitled
'Status of the advanced stellarator Wendelstein W 7AS:
first results and further programme', these
proceedings, p. 25.
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profile, in most cases, the reproducibility of the discharges was very high and only nearly identical
discharges were used. The estimation of the experimental electron heat conductivity is based
on these profiles. Modeling the energy source and loss terms with regard to the experimental
conditions, the energy balance equation is used to fit the electron temperature profile yielding
the experimental electron heat conductivity coefficient.

Neoclassical Transport Code
The DKES code (Drift Kinetic Equation Solver /2/) is based on the linearized monoenergetic drift
kinetic equation in magnetic flux coordinates with radial electric field included for each particle
species. As the poloidal component of the VB-drift is neglected, the solution depends only on
the |B| Fourier spectrum independently for each magnetic surface. For the complex topology of
W VII-AS magnetic field, typically more than 20 Fourier coefficients in the ]Bj-representation were
necessary for each flux surface (e.g.. with only 7 Fourier coefficients at half plasma radius, the
particle transport coefficient was decreased by a factor of about 2). About 200 Fourier harmonics
in poloidal and toroidal angle and up to 150 Legen'dre polynomials in pitch angle were used to
represent the neoclassical deviation of the distribution function from the Maxwetlian. Especially
in the LMFP with moderate radial electric fields, this large number of basis functions was
necessary for the estimation of the non-diagonal term in the monoenergetic Onsager transport
matrix which is related to the bootstrap current and the Ware pinch. For each magnetic surface,
the 3 monoenergetic transport coefficients were computed for varying collisionality and radial
electric field (more than 200 values with up to 10 min. CPU on the CRAY 1 for each run). On
this grid of stored monoenergetic transport coefficients, the energy convolution was performed
based on bi-cubic interpolation resulting in the full neoclassical transport matrix. Dty. For a
fixed magnetic configuration (defined by rotational transform, t-, vertical field. Bz. and pressure
profile, ß(r)) the monoenergetic transport coefficients were computed for different minor radii,
cubic interpolation in r was applied in connection with the energy convolution algorithm. For
larger values of radial electric field, high resolution was necessary close to the toroidal resonance,
Er = tvrBo/R. strongly affecting the ion transport coefficients in both the plateau and the
LMFP regimes.

Due to this toroidal resonance, several roots of the ambipolarity condition (up to 7 values for
radial electric field) can exist in the LMFP regime. This result is contrary to the picture of radial
electric field based on the Shaing-Houlberg transport model /3/ (only 2 stable and 1 unstable
root possible). In principle, however, with the condition of ambipolarity, the radial electric field,
particle and energy flux and the bootstrap current can be calculated for given profiles of density
and electron and ion temperature. For an axisymmetric field, DKES computations were compared
with Monte Carlo simulations /4/. nearly identical particle and energy transport coefficients were
found. Furthermore, the bootstrap coefficient was tested for symmetric configurations using a
relation to the particle transport /5/ where reliable agreement was found. For the W VII-AS
configuration, the particle and energy transport coefficients in the plateau regime are comparable
to those of an equivalent axisymmetric model showing some improvement due to the advanced
stellarator concept. However, with exception of the innermost flux surfaces, one deep strongly
localized minimum in |B exists leading to a rather large fraction of trapped particles with mainly
radial VJ3-drift. By an additional B^-field of ± 300 G. the magnetic configuration was modified
in such a way that the neoclassical particle and energy transport coefficients were changed
by a factor of about 2. the bootstrap current coefficients, however, were nearly unaffected.
The electron energy transport coefficient related to the temperature gradient. Z>22 (called heat
conductivity Xe). was typically by a factor of 3 larger than the coefficient Z?21 witri 's related to
density gradient and radial electric field. Furthermore, the density profiles were found to be much
broader than the electron temperature profiles justifying a simple diffusive ansatz for the electron
energy flux. At present time, DKES results with radial electric field included are available for
only one W VII-AS vacuum field configuration at c ~ 0.51, all DKES results reported here are
based on this magnetic field configuration.

Local Electron Heat Conductivity
Electron temperature and density profiles were measured by the Thomson scattering diagnostic
in a series of nearly identical discharges. After transformation of the real space positions along
the laser chord to magnetic coordinates, the symmetry of the measured profiles was analyzed:
in most cases, only the pressure profile was found to be highly symmetric (Figure 1) which is
consistent with the ideal MHD condition, p = p(r). While the electron temperature profiles
were strongly peaked for central heating, the much broader density profiles were mainly hollow
and asymmetric: above the equitorial plane, the densities were typically up to 10 % higher
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independent on magnetic field direction. At higher densities (e.g. NBI heated discharges), also
highly symmetric density profiles were measured, but an adjustment problem of the Thomson
scattering system cannot be fully excluded at present time. Correlations to an external particle
source (e.g. neutral gas valve located at the top of the vaccum vessel close to the Thomson
diagnostic) must be analyzed in future. As a consequence, symmetric least squares fits to the
pressure profiles were used to define an experimental origin for the profile analysis. The electron
energy balance equation with the ansatz —neXs ' dTe/dr for the electron energy flux density is
integrated with simplified models for ECH power deposition (adjusted to ray tracing calculations)
and for power losses (radiative cooling and collisional ion heating). By means of a least squares
fit to the measured electron temperature profile, the energy balance integration leads to the
electron conductivity, x«(r) (Figure 2).
For almost all types of ECH discharges in W VII-AS. the electron heat conductivity. x&- found
experimentally is minimum at about half plasma radius, slightly increasing for smaller radii, but
strongly increasing towards the plasma edge (Figure 3). Only little variation of xe at about half
plasma radius was found for the quite different discharges, whereas the corresponding neoclassical
values estimated using the DKES code were more than one order of magnitude smaller showing
a strong variation mainly depending on the local temperature. At outer radii, the behaviour of
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Electron pressure profile versus radius derived from the transform of laser chord
positions on magnetic coordinate (same series
of discharges as in Fig. 2). The dashed line is
the symmetric fit, the dotted fines represent the
functional variance of the asymmetric pressure
fit (bold line).
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the experimental Xe is close to the old W VII-A scaling (\e a ne l • T~°-67). Furthermore,
Xe decreases with increasing magnetic field, but less than expected from neoclassical theory
(Xe oc 5~ 2 ). For strong off-axis EC F power deposition, hollow pressure and even hollow electron
temperature profiles were found, the central radiative and collisional cooling is too small to explain
these hollow profiles. As a consequence, the diffusive ansatz for the electron energy transport
leads to very small values of heat conductivity in the region with positive temperature gradients
indicating that the electron energy flux cannot be described only by a simple diffusive term related
to the temperature gradient.
On the basis of the measured electron temperature and density profiles, also the neoclassical
particle flux was estimated, the influence of radial electric field was disregarded. The particle
flux was maximum at about 5 cm, at larger radii strongly decreasing. For the hollow electron
temperature profiles, the neoclassical particle flux was negative in the center. Consequently,
these radial dependences of the neoclassical particle flux on the basis of measured profiles are
inconsistent with the particle balance condition.
Plasma Current
Most discharges of the initial phase were stabilized by a small loop voltage induced by the
transformer to control the plasma current and to avoid critical rational values of the rotational
transform at the plasma edge. Also by ECH current drive, net current-free conditions (/„; less
than some 100 A) could be obtained, ECH current drive was clearly demonstated /6/. As ail
current sources are linked together, the quantitative estimation of the pressure driven component,
the bootstrap current, depends on the reliability of the models for the other current components.
Futhermore, the value of Zeff was rather uncertain /?/. The experimental database without
additional loop voltage nor ECH current drive is very small up to now. In these discharges
with higher electron temperatures, the bootstrap current component found experimentally was
up to a factor of 2 larger than the neoclassical prediction ([electrons only, the ion contribution
was neglected due to the small Tt- values) based on the DKES code. This finding was also
confirmed by discharges controlled by small loop voltages. In some discharges with low electron
temperatures, however, rather large currents (up to 4 kA) were found in disagreement to the
neoclassical predictions.

Conclusions
The pressure profiles derived from the experimental data of electron temperature and density
are highly symmetric in magnetic coordinates. For the ECH discharges under consideration,
mostly hollow density profiles were found. Additionally, Thomson scattering data indicate a
slight asymmetry in electron density and temperature independent on magnetic field direction.
For central ECF power absorption, strongly peaked pressure and temperature profiles were found.
In case of off-axis ECH deposition, hollow pressure and even hollow electron temperature profiles
were measured.
Almost all electron heat conductivity profiles were minimum at about half plasma radius with
Xe values between 0.7 and 2 • 104 cm 2 /s for the quite different types of ECH discharges, but
lowest for BQ — 2.5 T. Here, the neoclassical heat conductivities estimated using the DKES code
were more than one order of magnitude lower than the experimental values, in the central part
more than a factor of 3. Furthermore, the variation of the neoclassical Xe- mainly dependent
on electron temperature, was much larger than the one found experimentally for the different
discharges. Al! the ECF heated discharges of the initial phase of plasma operation in the W
VII-AS steilarator with rather low densities were not dominated by neoclassical electron energy
transport. Neoclassical bootstrap current and ECH current drive had been clearly identified. For
most discharges, the experimental estimate of the bootstrap current was in rough agreement
with the neoclassical prediction. Future experiments at higher heating power levels (ECH. 1MB I
and ICH) and with higher densities will extend the range for a more detailed parameter analysis
of both the experimental electron heat conductivity and the plasma currents.
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Abstract

The effects of the magnetic axis shift on the transport and s t a b i l i t y in
Heliotron-E device have been studied by varying an auxiliary vertical f i e l d .
The optimum confinement condition was found when the magnetic axis was shifted
inward. It was also found that even small it is e f f e c t i v e to stabilize the
internal modes near the central region.

I. Introduction
It has been considered that the global energy confinement is dominated by an
anomalous transport even in a currentless stellarator/heliotron plasma [l]. Therefore
the reduction of an anomalous transport should have a high priority in order to improve
the global transport. Although a mechanism of the anomalous transport has not yet
been clarified, the toroidally (or helically) trapped particle instabilities may be one of
the most probable candidates as in tokamaks. The condition for the shear stabilization
of the collisionless toroidally trapped particle instability has been given by dlm/dlnr >
3/2 [2]. This condition is favorable to the heliotron configuration with positive shear,
in contrast to a tokamak with negative shear. In the low collisional regime the direct
orbit loss should be also reduced in a sense of the absolute particle trapping [3]. Since
the orbit trajectory of the deeply trapped particles is shifted inward by sta/2eha x ä
from the magnetic surfaces, the inward axis shift will increase the trapping efficiency
[4]. The shear is the highest around this position because the increased last closed

magnetic surface leads to the higher edge rotational transform and the inward axis
shift reduces the central rotational transform. However, this inward shift is unfavorable
from the viewpoint of MHD stability because of the magnetic hill configuration [5]. In
this paper, the effects of the magnetic axis shift on transport and stability are studied
by varying an auxiliary vertical field.

II. Transport improvement by inward axis shift
Experiments have been done in currentless plasmas heated by electron cyclotron
resonance heating (ECRH) and neutral beam injection (NBI). The parameter range
is as follows; 0.7 < ne < 4 x 1013 cm"3, 0.4 < Te < 1.3 keV, 0.2 < Tt < 1 keV,
BO = 1.9 T and ß(0) < l %. In ECRH (Te > T„ collisionality of electrons (ions)
is deeply (shallowly) in the \jv regime (trapped particle regime), and in NBI (T, _>,
Te) ions are deeply in the \jv regime. Therefore these plasmas could be affected by
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the above mentions orbit effect. Figure 1 shows the A„ - dependences of Te, T,, n e /,
and electron temperature decay time rfe°H in ECRH plasmas. The line density nj
was kept almost constant around 7 x 10 14 cm ~2 with the constant gas puffing rate
and constant RF power of 320 kW. When Av = - 2 cm (A„/ä ~ 0.1), Te and T,
increased by ~ 15 %. For - 4 cm < A v < 0, these parameters were improved, but at
AU ~ - 5 cm they started to decrease, and then for A„ < - 6 cm a hot plasma state
could not be sustained at this power level. For Av > 0, both temperatures decreased
monotonie ally, and then for Av > 4 cm it was also difficult to maintain a hot plasma
state. To indicate the improvement of confinement in the central region, rfeCH within
r/a < 0.2 are also plotted. It was the longest at A„ = - 2 cm, being improved by
~ 20 % than the case of A v = 0 cm. Thus, a plasma with higher temperatures and
longer confinement time was obtained by shifting the magnetic axis inward [6].
Similar improvement was also found in low ß NBI plasmas, in which a change in
the beam deposition profile seemed not to be serious compared with ECRH. Under the
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Fig.l Te, T, and ni versus A„ in ECRH. The
electron temperature decay time rffCH in
the central region is also plotted.

same gas condition, the density increased by ~ 20 % with the inward shift. Generally
speaking, temperatures decreases with increasing ne. In this case, however, both Te
and T, increased by ~ 20 %. Here Te on axis was measured by varying the laser
scattering viewing chord along the major radius. It was clearly seen that Te (0) at
A„ = - 4 cm was almost twice as high as T e (0) at Av = + 3.5 cm. The electron
temperature decay time T^BI was also found to be the longest at A„ = - 2 cm.
However, sawtooth oscillations and internal disruptions occurred and they significantly
affected r^eBI, especially at Av = - 4 cm, as will be discussed later. For A„ > 0,
in which there were no MHD activities, r^BI decreased drastically. In NBI plasmas,
the electron energy transport is considered to be anomalous. Therefore, it could be
deduced that the inward axis shift was effective to reduce an anomalous transport.
Magnetic fluctuations were investigated by a pick up coil located outside the torus.
Although the frequency spectrum was studied up to 100 KHz, the power spectrum
between 15 — 50 KHz was found to be most sensitive to the axis shift as shown in
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Fig.2. Be was enhanced for A„ > 0 and was reduced for — 2 cm < A„ < 0 cm. It
was also increased for Av < — 4 cm. This variation suggests that Be is not simply
correlated with a distance between the coil and the outermost surface. For A„ < —4
cm toroidally trapped particles are confined in the bad curvature region, which will
enhances trapped particle instabilities [7]. The A„ variation in ner^eB! Te and Eg
seems to correspond to the change in shear.
In order to study the effects of the axis shift on the fast ion confinement the
following experiment has been carried out. Two beam lines were used. One (BL-5)
produced helically trapped particles with the pitch angle between 65° and 90° at the
injection energy of 22 keV and was pulsed for 20 ms into a target plasma maintained
by the other one (BL-2), which produced passing particles. A neutral particle energy
analyzer was set only to detect trapped particles with pitch angle of 70° — 90° along
its sight line and was located along the torus by ~ 45° from BL-5. The decay time
of the charge exchange flux was measured after switching-off of BL-5 for — 5 cm
T
< A„ < 4 cm and it was found that T^ at E = 21.5 ±1.1 keV was ~ 1.3 ms, being
the longest at A„ = — 2 cm, and the variation of r^0 was similar to that for bulk
plasma parameters, as shown in Fig. 3. The results in the outward shift suggests the
enhancement of the direct orbit loss due to the outward localized £h. Thus the axis
shift effects the bulk transport and the fast ion confinement in low collisional regime.
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III. MHD activities and well-stabilization
The effects of shift on MHD activities were studied in NBI plasmas by gas puffing
and pellet injection. The parameter range as follows; 2 < ne < 20 x W13cm~6, 300 <
Te < 1000 eV, 0.4 < ß0 < 3%, and PNBI < 4MW. For the inward shifted case (-5
cm < Av < -1 cm) at which the transport was improved, it was clearly observed that
MHD activities appeared at /?(o) ~ 0.5-0.7 %, as shown in Fig.3. The amplitude of
fluctuations grew at Au ~ -1 cm and then an internal disruption was found around
Av ~ -2 cm. At A„ = -4 cm, the sawtooth oscillations appeared with the amplitude
AA/A of 10 % and the repetition time of 2-5 ms. When the magnetic axis was further
shifted inward (Av < -5 cm), it was difficult to sustain the hot plasma. There were
no visible oscillations for 0 < A < 4cm. The vertical field can change the rotational
transform depending on the direction of the axis shift. When the magnetic axis is
shifted inward, the central rotational transform 4(0) becomes below 0.5, which means
the new rational surface 4 = 1/2 appears near the central region where the magnetic
hill is created. The phase inversion radius for these oscillations (SX, ECE, and ne)
was found to be around r ja = 0.2 to 0.4. The density profile becomes rather slightly
broad and the temperature profile seems to be peaked since the central electron and
ion temperatures increase for inward shift. Therefore a change in the pressure gradient

- A,, = 0 cm
I A., = -1 cm

A„=-4

26BTET
TIME CMSEC3

Fig.3 Soft X-ray traces at different magnetic

axis positions.

may be small. The global shear (= i(a) — i(0)/4(0)) increases from ~ 4 for A^ = 0
cm to 5 for A„ = -2 cm. Therefore, it is considered that these newly observed MHD
instabilities are mainly caused by a change of the magnetic configuration from the
small well at standard to the hill in the inward shift case.
It has been pointed out in Ref.[8] that self-stabilization of these MHD instabilities
is possible by the deep magnetic well due to Shafranov shift Aß(> 0). Here we studied
the beta effect on the phase inversion radii r,n„ of observed instabilities, as shown in
Fig.4. From horizontally viewing eight-chord soft X ray signals and the calculated
vacuum magnetic surfaces the phase inversion tangency radius was determined. For
At, = 0, there were no or weak instabilities below /?(0) < 1.5% and r,n„ was around
r/a = 0.5 - 0.7 above 1.5 %. Since the magnetic well region expands from interior
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with increasing beta, instabilities associated with the internal rational surfaces may

be stabilized. For A„ = -2 or -4 cm, rmw was found to be interior of plasma above
/?(0) = 0.5 %. From calculations the magnetic well is only formed when /?(0) >
0.8 - 1.5 %. Since shear is weak near the central region, these unfavorable effects
destabilize internal MHD modes associated with i = 1/2 and 2/3 surfaces. At high
ß(°) *mv moved outward, which was considered to be an evidence of well-stabilization
effect. For A w = +2 cm, instabilities were also found in pellet discharge and their
phase inversion radii were at r ja = 0.6 and almost the same as those for Av = 0 cm.
However, after instabilities occurred, a plasma was rapidly cooled down and the high
ß state was not sustained during the beam pulse length. It was difficult to produce a
high beta plasma by pellet injection for A„ > 2 cm. Thus, it should be noted that the
outward shift by B„ is limited by enhanced orbit loss, enhanced transport, reduced
heating efficiency and decreasing shear.

IV. Summary and Discussion
The optimum confinement condition (electron and ion energy decay time, trapped
fast ion decay time, and particle confinement time) was found when the magnetic
axis was shifted inward by A v /ä ~ 10 %. This optimum position corresponds to the
configuration with the maximum efficiency of the absolute trapping of helical trapped
particles and the highest shear. It is found that even the small well is effective to
stabilize the internal modes near the central region but in the hill configuration MHD

instabilities affect the improved transport by inward shift. The outward shift by Bv
seems to be impertinent to increase ß value. Thus, we must find a configuration with

the deep well at the optimized position. One solution may be given by adding the
strong toroidal field [9]. The effect of toroidal field is now being studied in Heliotron
E.

367

References
[1] B.A.Carreras, G.Grieger, J.H.Harris, J.L.Johnson, et ai, Nucl. Fusion 28 (1988)
1613. [2] B.B.Kadomtsev and O.P.Pogutse, in Reviews of Plasma Physics, edited by
M.A.Leontorich (Consultants Bureau, New York, 1970), Vol.5, p.249. [3] S.-I.Itoh,
Comments on Plasma Phys. Controlled Fusion 12 (1989) 133. [4] K.Hanatani, "Fast
ion confinement in Heliotoron E-EfFects of magnetic axis shift," P.S.J. (28aTE10)
March 1989. [5] O.Motojima, T.Mutoh, M.Sato, H.Zushi, et ai, IAEA-CN-50/E-1-4
(1988). [6] M.Wakatani, K.Ichiguchi, F.Bauer, O.Betancourt, P.R.Garabedian, Nucl.
Fusion 26 (1986) 1359. [7] M.Okabayashi, R.Freeman, Phys. Fluids 15 (1972) 359.
[8] V.D.Shafranov, Phys. Fluids 26 (1983) 357. [9] K.Uo, A.Iiyoshi, Sh.Yoshioka,
T.Ishida, Sh.Konoshima, M.Sato, IAEA-CN-28/H-8 (1974).

368

ATF FLUX SURFACES AND RELATED PLASMA EFFECTS
R.J.
D.L.
G.H.
Oak
Oak

COLCHIN, A.C. ENGLAND, J.H. HARRIS,
HILLIS, T.C. JERNIGAN, M. MURAKAMI,
NEILSON, J.A. ROME, M.J. SALTMARSH
Ridge National Laboratory,
Ridge, Tennessee

F.S.B. ANDERSON
Torsatron/Stellarator Laboratory,
University of Wisconsin - Madison,
Madison, Wisconsin
R.F. GANDY, J.D. HANSON, M.A. HENDERSON
Auburn University,
Auburn, Alabama

D.K. LEE, V.E. LYNCH
Computing and Telecommunications Division,
Martin Marietta Energy Systems, Inc.,
Oak Ridge, Tennessee
C.M. SIMPSON
University of Maryland,
College Park, Maryland
United States of America
Abstract
Flux surfaces in the Advanced Toroidal Facility (ATF) were mapped
using an electron beam which was incident on a fluorescent screen. Islands were found
at r/a > 0.6, indicating the existence of field errors. Failure of the island size to scale
with magnetic field indicated that the islands were intrinsic to the coils. The source of the
field errors was found to be uncompensated dipoles in the helical coil feeds. The electron
temperature was observed to be very low in the vicinity of the islands.
Modifications were made to the helical field buswork to eliminate the field errors, and
the flux surfaces were again checked using an electron beam. Islands at r/a > 0.6 were
found to be greatly reduced in size, with the residual island at -t = 1/2 scaling to 1 cm at
B = l T. Initial experiments indicate that the plasma operating space has been extended
since the buswork modifications.

INITIAL FLUX SURFACE MAPPING EXPERIMENT
During the commissioning of the ATF torsatron (March 1988), experiments were
performed to determine if field errors were present. The experiments were run with steadystate magnetic fields of 1 kG (decreasing to 125 G during scaling experiments). An electron
beam was used to trace out flux surfaces. It was detected when it impinged on a phosphorcoated wire screen. Pictures of the flux surfaces were taken with a light-intensified CCD
camera and recorded on a VCR. The electron gun was driven by a X-Y probe drive which
was capable of scanning all of the contained flux surfaces in ~4 min.
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Flux surface scans revealed the existence of islands located from r/a K 0.6 outward.
The most prominent islands were located at -c = 1/2, 2/3, and 1. The largest island was

located at -c 5= 1/2 and was 6 cm wide (for B — 1 kG) at its widest extent. Theory indicates
that island size (A) should scale as A ~ (B/Bç)1/2, where B0 is the applied field and B
is the error field. Scaling experiments (see Fig. 1) showed that the width of the -c = 1/2
island did not appreciably change as the applied magnetic field was lowered from 1 kG to
125 G. This implied that B/B0 = const, indicating an intrinsic error in the magnetic field
coil system.
A small misalignment (~l-2 cm) of one of the vertical field coils was first suspected
as the cause of the field error. A probe capable of measuring the Br and Bz fields of
individual coil pairs was used to determine the alignment of the coils. No misalignments
large enough to cause the observed islands were found. Subsequently, detailed modeling of
the buswork revealed the presence of four uncompensated dipoles of ~600 cm2 each in the
current feeds to the helical field coils. The size and phase of the islands calculated using
these field errors agreed with those observed. Details of the initial phase of this work are
given in Refs. [1] and [2].

INITIAL PLASMA RESULTS IN THE PRESENCE OF FIELD ERRORS
The first extensive plasma experiments were performed in ATF from May to September 1988. Electron temperature profiles [3], as determined by Thomson scattering, were

peaked near the center, and temperatures were less than 100 eV outside r/a KI 0.6 in the
region of the islands (see Fig. 2). These profiles may have resulted from rapid energy loss
due to efficient heat conduction across the islands.
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FIG. 1. Size of the -t — 1/2 island before and after the buswork repairs.
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BUSWORK MODIFICATIONS
Islands can be avoided in stellarators and torsatrons by eliminating all magnetic field
asymmetries. Thus, the islands observed during the initial flux surface mapping experiments could have been eliminated either by removing the four uncompensated dipoles or
by adding eight more dipoles to produce the 12-fold symmetry of the helical fields. The
latter course was taken since elimination of the original four dipoles would have involved
modifications to the structural supports of ATF. The necessary bus work modifications
were carried out from October to December 1988. Changes were also made in the outer
vertical field buswork to reduce smaller uncompensated dipoles and to strengthen the coils
in the area of the current feeds.

FINAL FLUX SURFACE MAPPING EXPERIMENTS
The electron gun and the fluorescent screen were reinstalled in ATF immediately after
the buswork modifications were completed. The islands originally seen from r/a Ä; 0.6
outward were found to either be small or absent. The •*• = 1/2 island size was reduced by
a factor of three at B = l kG. Scaling experiments were performed over almost two orders
of magnitude in magnetic field (from 125 G to 9600 G); the results are shown in Fig. 1.
The island size scales as A ~ l/v'jBO, implying that B xi const. The size and magnetic
field scaling of the remaining islands are discussed in detail in Ref. [4].

PLASMA RESULTS AFTER BUS WORK MODIFICATIONS
At this writing, only preliminary data are available concerning plasma parameter
changes after the buswork modifications. However, initial indications are that the operating
range of the plasma axis positions has been extended, as shown in Fig. 3. The stored energy
and the density remain high over a much larger range of plasma positions than before the
modifications, allowing operation with the plasma positioned outboard of the center. There
are also initial indications that the radial electron temperature profile is much broader.
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Abstract

Magnetic field configuration has been studied for the
modified URAGAN-3M Torsatron, Flux mapping was performed for
the vertical field range of - 1,5«10~* . B«, by means of
"electron emitter + grid "
and linear fluorescent detector
methods. It is shown that for optimal conditions the last closed
magnetic surface radius & is equal of 11 cm and limited by
island formation at -£ =3 rational magnetic surface.

1. INTRODUCTION

The Uragan-3 has been operated in Kh PTI with magnetic field
up to 1T since 1981. This magnetic field limit was established
due to the increasing risk of the helical coil insulation
damage.
The new magnetic system ( URAGAW-3M) aiming to increase the
magnetic field up to 2T has been designed and manufactured in
Kh PTI during 198? ^ 88.

Essentially the new 1 = 3, m=9 helical

winding has the same design parameters as the URAGMT-3 winding.
Major change in the helical coil support system was an
inclusion of 9 ring bandages welded to helical coil in each
coil period. Two inner vertical field coils were put in the
system also.
The magnetic system has been tested with the magnetic field

up to 1.6 T. The stress measurements confirmed a conclusion
coming from the stress calculations that the highest achievable
magnetic field in the URAGAÏÏ-3M is limited by the thermal
expansion forces due to the helical coil heating during the
current pulse. An extrapolation of experimental data allowed to
conclude that the magnetic system can be operated with the
magnetic field up to 2T and the current pulse flat top time up
to 0.5 s.
The magnetic alignment studies has been performed by the
method developed earlier [1-3]. These studies showed that all
coils are centered within an error of 1 mm.
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In this report the results of calculation and experimental
studies of the magnetic flux surfaces in the URAGAN-3M
torsatron are presented.
2. CALCULATED FLUX SURFACES IN URAGAN-3M

URAGAN-3M is 1=3, m= 9 torsatron with the coil configuration
shown in Figure 1. It has a major radius of R^l>0mta minor
radius of 26 cm, and a winding law
5

- " o~ ( Q-0.2-sin0+ o.oj-sin

where 0 and (p are the poloidal and toroidal angles,respectively. All coils are powered in series from flywheel
generator,
with shunts provided to vary the relative currents in the VP
and trim coils.
For flux surface calculations, each of helical coils is
modelled with filaments, and each of VF coils is represented by
a single filament.

(oil dimension in cm

Fig. 1

Gross-sectional view
of the URAGAN-3 coil

system.

Figure 2 shows closed flux surfaces calculated for URAGAN-3
and URAGAN-3M coil configurations. Larger area of given JC -value
flux surfaces in URAGAN-3M is a result of improved vertical field
homogeneity after inclusion of inner VF coils. In URAGAK-3M the
closed flux surfaces existed for wider range of the vertical
field Bj. change (-/,;f%> < %• <• -41.5 % ).
jn this range paramerer u\/'/V(J changed from + 0,1 ( "hill") to - 0.1 ("well").
3. MAGNETIC FLUX SURFACE MEASUREMENTS

Two methods : "electron emitter + grid " (EEG) [l] and
linear fluorescent detector ( LFD) [2j were used for flux surface
mapping.
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Pig.2

Plxix surfaces in URAGAJT-3 and URAGAN-3M.

In the first method the emitter with size of 1 mm scanned
= 0" crossection and the grid with a transparency of K=0,985
was put in 0 = 120° crossection. A computerized measurement
system allowed to scan the emitter position by steps of 5 nun,
to measure the emitter coordinates, emitter ( J>„, ) and grid(J^ )
currents and-to calculate "magnetic field line transit number"
M= (?n ( 1 - tt;
) /In K flj . The emmitter position was
displayed at TV screen, colour of each point depended on value
of K.
In the second method a fluorescent rod with a diameter of
1mm scanned 0 = 160° crossection, an electron gun(electron
energy - 40? 100 eV, beam current- 5* 10^.A, beam diameter
i 1 mm ) could be put in any point of 0=0 crossection. The
lumination of detector hit by the electron beam was photographed
by a "Polaroid" camera through the tangential port. Unfortunately, part of crossection view was shadowed by the helical
winding.
The first experiments with EEG method (magnetic field of
B0 = 0,1 T ) showed that magnetic flux surfaces were up-shifted
(At-8 cm). This shift was eliminated by imbalance of current
in one of outer vertical field coils and flux mapping was
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performed for wide range of vertical field BJL chahge
+ 0,015 ). A qualitative improvement of mag
netic field configuration in URAGAN-3M illustrates Figure 3.
For URAGAN-3M the value of N in near axis region reached of
N/??««* =300( l£ /I<v,7= 0,99) while for URAGAN-3 this value was
not more than 100 ( 1$ / Tt/n e. 0,78).

U-JM

Pig.3

EEG map of flux surfaces in URAGAN-3 and URAGAN-3M.

More data on magnetic flux surface structure were obtained
with LFD method (magnetic field of B0 = 0,5T. ). In the studied
range of vertical field magnetic islands at rational surfaces
with -£ = jr > 'v > 3" were observed. For low shear configurations
<s-0,1. For
maximum width of£ - ^ islands reached value of
higher shear configurations the islands a t-£:=:•*•
( -4— i: 5• • 10"* ) were observed also. No nestea surfaces were
observed out of -£ - 4; surface. The last closed surface shape
observed by LFD method is similar to N =60 surface obtained by
EEG method. Comparison of data obtained by both methods is
illustrated in Figure 4« The radial position of islands is in
a good agreement with the calculated -^ (ï^ profile.

4. CONCLUSION

Studies of magnetic field configuration for the URAGM-3M
torsatron showed a considerable improvement as compared with
URAGAN-3 configuration. For optimal VF value the last closed
magnetic surface (-£cL 0,3 ) has an average radius of #^11 cm
rather than of Ü & 8 cm for URAGAU-3 [4] • Nevertheless the
magnetic field perturbations 13 of unknown nature (-— & .{• jff"^
at t- ~ 10 cm ) destroyed the outer magnetic surfaces and
brought the ergodic magnetic layer (ûu — 2 cm, H = 10* 1)between
the confinement region and diverted magnetic flux. This ergodic
magnetic layer is benefitial for a plasma core screening
against an impurity influx.
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Operational VF range allows to study the influence of parameter V" on a high beta plasma stability. These experiments are
planned for RP heated'plasma in the URAGAN-3M torsatron in
future.
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Abstract

The paper is devoted to the analytical and numerical analysis of the
confinement properties of the Heliac TJ-II device to be built at CIEMAT,
Madrid. The EGRF power absorption has been calculated using RAYS numerical
code. The method of transport losses reduction was found through spatial
modulation of the toroidal field coil location. The stability of the TJ-II
plasma of high pressure has been studied.

The TJ-II configuration consists of 32 toroidal field coils centered around a toroidal helix
of major radius RQ = 1.5 m., minor radius rsw = 0.28 m., and pitch law 6 = -4O, where 9
and O are the usual poloidal and toroidal angles. The hard core is made of two
components, a circular coil located at the major axis, 1.5 m., and a helical winding
wrapped around the circular one following the same winding law as the toroidal coils, see
figure 1. These separately controllable currents in the hard core windings give the device
its unique flexibility and differentiate it from the original heliac design. Two circular
vertical field coils complete
the coil configuration^In this
paper, it is shown our latest
understanding of TJ-II physics
in the fields of ECH, Transport
and MHD, and the engineering
changes introduced in its final
design.

I.
Electron
Cyclotron
Resonance Heating

Figure 1
The TJ-II coil configuration

In a first stage, plasma
breakdown and heating will be based upon an electron cyclotron resonance heating
(ECRH) system. Preliminary experiments will be done with a 200 kW, 28 GHz. gyrotron.
Due to the density dependent cut-offs in the wave propagation frequency and to obtain
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more relevant plasmas in the TJ-II, an ECRH system based upon two gyrotrons, 200 kW
each, working at 53.2 GHz. will be provided.
To take into account the three dimensional TJ-II geometry, the ray-tracing code RAYS2
has been adapted to the geometry of TJ-II and a new absorption module has been
introduced that permits to calculate power absorption when a non-maxwellian electron
distribution is present3. Using RAYS a study ,taking into consideration the limitations of
the actual vacuum chamber for access to the plasma, has been conducted to obtain the
optimum position of ray launching from the point of view of maximizing power
deposition and controlling the temperature profile .The power absorbed by the plasma in
"one-pass" has maximum values of the order of 40% for first harmonic propagation in
the O-mode and in excess of 99% for X-mode propagation in the 2nd Harmonic. The
strong absorption near the second harmonic induces strong quasilinear effects that
degrade power absorption to about 90% at t=1.8 and 30% when T=14. (t is the time
normalized to the collision time). Work is continuing to find the optimum incidence
angle to minimize quasi-linear effects.
II. Transport

To minimize the magnetic field ripple at the magnetic axis and therefore optimize the
transport properties in TJ-II we will spatially modulate the toroidal field coil location.
The harmonic content of the magnetic field diminishes globally and in particular, the
corner ripple term (0,1), due to the "square" shape of the TJ-II, almost disappears.
Figure 2 shows the normalized diffusion coefficient D* as a function of the normalized
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Figure 2
The mono-energetic normalized diffusion coefficient for the a/2 surface

and several values of the radial electric field. The dotted line correspond to
the difusion coefficient of the equivalent tokamak.
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id'

frequency v* for the magnetic surface located at a/2. For comparison purposes the values
corresponding to the equivalent Tokamak are included. The influence of a radial electric
field upon transport can be clearly seen in the figure . For electric fields strong enough
the 1/v regime can disappear, particles going from "plateau" to the v1/2 regime directly.
Table I shows the confinement times obtained from the ambipolarity condition

Table I
Confinement times in ms

ne = 1.65 x lO1* m-3, Te = 620 eV, TI = 170 eV
Pot(V)/re
+1.7
+1.6

+1.3

Tc

Tee

Tei

Te

13.5
13.8
15.6

3.8
3.9
4.5

7.5
7.7
8.7

4.3
4.4
5.0

where TC is the particle confinement time, Tfee/tei the electron.ion energy confinement
time and % the global energy confinement time.

III. Stability
The high degree of flexibility of TJ-II makes it a very attractive device to study the

stability properties of helical axis plasmas with a broad range of rotational transform and
0.01
4)

'E
0.00

• D
-0.01 -

O C
D B (Standard)

A A
- — Stability limit
-0.02

6

<ß>7

Figure 3

The Mercier criterion for the four configurations vs. <ß> for a fixed
normalized radius = 0.97
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magnetic well. This flexibility will permit to experimentally explore regimes with
stability average beta limit ranging from near zero to 5% in an almost continuous
manner7.
We have studied four configurations having equal rotational transform at the axis and
different magnetic well. The parameters that describe the configurations are summarized
in table II.

Table II

IO/M
Configuration A
Configuration B (Standard)
Configuration C
Configuration D

0.36
0.36
0.36
0.36

-Icc (kA)
290
219
105
65

-Ihc (kA)

Well

92
95
82.5
55

1%
2%
3%
4%

The fixed boundary equilibria for the four configurations were obtained using the 3-D
equilibrium code VMEC8 with a radial mesh of 31 points. We needed 138 Fourier
amplitudes to satisfactorily characterize the boundary of the confinement region. The
total average force for the equilibrium configurations was less than 10"9. We considered a
sequence of zero current equilibria with a pressure profile p a (1-O) where O is the

normalized toroidal flux. We found that the configuration with a shallow well depth (A)
is unstable to Mercier modes even at small values of beta but when the vacuum well
becomes deeper, its stability increases until for the extreme case (D) the beta limit is
«6%. And this change comes without changing the value of the rotational transform,
therefore suggesting the possibility that higher stability limits can be found in
configuration space. Work is under way to study configurations with higher effective
aspect ratios and high rotational transform/period ~ 0.6.
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IV. Engineering Studies
A detailed design for TJ-II is under way at the Italian company ANSALDO.
To maintain the hard
core conductors outside
the
vacuum
and
therefore relaxing the
requirements
on
feasibility for these
coils, the chamber will
I
be almost circular with
an helical indentation to
accommodate the hard
core coils. Nevertheless,
even with this restriction it is possible to
build the chamber by
octants. These octants
will be joined by
X
flanges which will help
to
achieve.
the
Figure 4
Schematic drawing of an octant of the vacuum chamber
geometrical accuracy
required for this device.
Figure 4 shows an octant of this design. Special protections for energy and particle
deposition have been designed. They are basically a toroidal shield for thinnest part of
the chamber, all along the hard core position, and nine poloidal ones, covering the
welding between consecutive sectors.
A high degree of access to the plasma is guaranteed through 3 windows per sector,
located at the top, external and bottom side of the device.
Démontable coils have been chosen for the toroidal field coils. This design , together
with the vacuum chamber described above, enable to build independently the main
components of the device and assemble them later in the experimental hall. This water
cooled coils are made in copper and work with a current density around 5 kA/cm2
The design for the hard core coils is based in copper conductors with a high density
current, J=10kA/cm2, to accommodate them in the small available space. Cooling will
be made by water, hollow conductors have been chosen for the circular coil. The helix
will be indirectly cooled from water flowing at both sides of the package. Feeders have
been calculated to test they have no influence on the vacuum magnetic surface structure.
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Abstract

The results of the ATF magnetic surface structure checking by electron
beam magnetic surface mapping techniques are reported.

The Advanced Toroidal Facility (ATF) torsatron was designed as a high field plasma
confinement device which produces the plasma confining magnetic surfaces using helical
and vertical field coils. Inherent device flexibility was incorporated into the ATF design
through additional vertical field coil sets which permit a wide range of magnetic surface
topologies and rotational transform profile control. To check the magnetic surface structure
after construction, electron beam magnetic surface mapping techniques were implemented
which permitted easy evaluation of any magnetic configuration.
The use of a highly transparent screen, which fluoresced on electron impact, permitted
a complete record of an entire magnetic surface cross-section to be stored on video tape for
subsequent data analysis; the entire surface structure could be scanned with the electron
gun in approximately four minutes. Computer frame-grabbing, and subsequent image
distortion compensation, enabled real-space analysis of any desired magnetic surface to
obtain information on island widths, island phasing, island scaling with magnetic fields,
magnetic axis location, or any other desired surface data. Computer control of the electron
gun drive unit enabled accurate electron beam scanning of the magnetic surfaces. The
identification of rational surfaces, together with the accurate electron gun location, enabled
an accurate determination of the rotational transform profile to be made.
Initial surface mapping experiments demonstrated the existence of broad magnetic
islands in the outer half of the ATF magnetic surfaces; low-order rational surfaces from
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-fr = 1/2 out to the •*• = 1.0 surface were all found to have islands which maintained a constant width under magnetic field scaling. Measurements of the rotational transform profile

confirmed that the overall magnet coil construction was close to the design specifications
(Fig. 1), but the island scaling data indicated the presence of an intrinsic error field (later
determined to arise from uncompensated helical field coil feed dipoles). Implementation
of the auxiliary vertical field coils also demonstrated the design flexibility of the device,
and the magnetic configuration of various rotational transform profile configurations was
determined.
A second phase of magnetic surface mapping experiments was instigated subsequent to
symmetrization of the helical feed error, implemented to remove the low-order error fields
causing the outer surface islation. As predicted by computer models, the outer surfaces
were measured to have a greatly reduced island width, with the * — 1/2 surface island being
reduced from 6 cm to under 3 cm for toroidal field strengths of 0.1 T. Rational magnetic
surfaces internal to the -c = 1/2 surface were found, however, to now have significant
islands. In particular, the -t = 1/3 surface was seen to have a 6 cm island at 1 kG fields,
which did not reduce in width significantly as the magnetic field strength was increased.
The rotational transform profile or the repaired magnetic configuration is shown in Fig. 2.
The reduction in the outer island widths is clearly evidenced, as is the significant increase
in the internal surface islation.

PROFILE BEFORE FIELD ERROR REPAIRS

—— COMPUTED
Q EXPERIMENT

PROFILE AFTER FIELD ERROR REPAIRS

1.00

-

0.75

0.75

-

0.50

0.50

-

1.00

JL

0.25
0.05

O

COMPUTED
EXPERIMENT

0.25
0.15 0.20

0.10

Z(m)
FIG.

0.25

0.05

0.15 0.20

0.10

0.25

Z(m)
1.

FIG.

2.

Mapping of the vacuum magnetic surface structure was also performed when a large
billet of iron (1m long and 0.6 m dia.) was placed at various locations about ATF to
simulate the effects of the implementation of plasma diagnostics on the ATF magnetic
surfaces. This iron was placed either on the equatorial midplane, to simulate the charge
exchange diagnostic, or directly above the vacuum vessel to simulate the heavy-ion beam
probe diagnostic. Unless the iron was placed extremely close to the vacuum vessel, closer
than anticipated for any diagnostic implementation, no significant magnetic surface deformation or islation could be measured. When placed close to the vacuum vessel, the iron
billet was found to actually reduce the width of the * — 1/2 island for each of the toroidal
locations at which the iron was placed. This island width reduction is shown in Fig. 3 for
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the *• = 1/2 surface, which also clearly shows the island width reduction as the toroidal
magnetic field was increased. Figure 4 shows that the iron billet increased the size of the
•f = 1/3 island.
The final phase of the electron beam mapping experiments involved mapping the
magnetic surfaces when a controlled low-order error field had been introduced. Two 1/2 m
diameter coils were placed 180 degrees toroidally apart and directly above the vacuum
vessel, and energized along with the standard ATF magnetic coils. The current phasing of
these error-coils was chosen to intentionally add a 2-1 harmonic to the ATF magnetics. The
electron beam mapping of this magnetic configuration clearly demonstrated the ability to
significantly increase the low-order rational surface islation (Figs 3 and 4). Maintaining a
constant current in these coils while the main ATF fields were scaled clearly demonstrated
a (1/v-B) scaling of the island width. The electron beam mapping experiments determined
the entire magnetic surface configuration of both the optimal ATF magnetic configuration
as well as the configuration under intentional error field surface islation. Thus, ATF has
now the opportunity to directly investige the effects on plasma transport of the introduction
of a known field error and surface islation.
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Abstract

Initial flux surface measurements on the ATF torsatron revealed
the presence of a large magnetic island of width ~6 cm on the -r = 1/2 surface
and smaller islands on other rational surfaces. Modeling studies of a large number of possible field error sources were carried out by considering various coil misalignments, current feeds to the helical (HF) and vertical field (VF) coils, and
ferromagnetic materials. The results of extensive calculations showed that the
magnetic dipoles due to the HF current feeds were the most likely cause of the
islands, while the VF coils contributed a smaller additional perturbation. The
buswork was redesigned to "symmetrize" the perturbations, and extensive optimization studies were done to find an arrangement of feeds resulting in minimum
island widths at the -t — 1/2 and the other rational surfaces. The buswork modifications based on these studies have been installed on ATF, and flux surface measurements have been completed. The results are rather surprising: the •*• = 1/2
island was essentially eliminated without the final optimization step envisioned in
the design studies, but the -K = 1/3 island increased in size.

THEORETICAL BACKGROUND
Toroidal confinement devices having rotational transform are highly sensitive
to perturbing magnetic fields that resonate with rational values of the rotational
transform to produce magnetic islands that break up the closed flux surfaces.
There are various sources for the error fields, which include coil misalignments
during installation, imperfections in coil windings, perturbations by fields from
busworks and leads, and the presence of ferromagnetic materials in the vicinity.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
1
Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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A perturbation field with helical harmonics of the type
Bmn = bmn(r) cos(m0 - n<j>)

(1)

produces magnetic islands at the resonant rational surface •*• = n/m with the
maximum island size (width) [1]

where RQ is the major radius, -f1 = d-cjdr is the shear at the rational surface, and
BO is the average toroidal component of the magnetic field.
CONTRIBUTIONS FROM NON-RESONANT ERRORS
Although the dominant contribution to the formation of an island at the surface of -f = n/m comes from the resonant harmonics of the perturbation field
given by Eq. (1), error fields of the form

Bm±i,n = &m±i,n(0 cos(mô — n(f>)

(3)

can also generate islands at the n/m surface with a width
/ Ql b 1 P \ 1|/2
d±i = 4 (
"I '", ° )
,

(4)

where aj is the (m = l, n = 0) Fourier coefficient in the expansion of

-00

-DO

+ ...),

(5)

For a closed flux surface with an average radius of r, we have ai ~ r/Ro. Thus, if
bm±i,n — bmn, then d±i/do — (ai/2) 1 / 2 . In the case of the -v — 1/2 flux surface of
the ATF, r = 17.2 cm, RQ = 210 cm, and hence the non-resonant error fields BU
and BZI would produce islands whose sizes are about 29% of dc.
MODELING STUDIES AND BUSWORK MODIFICATIONS
Initial flux surface measurements on the ATF torsatron showed that there
are magnetic islands present on the -t = 1/2 and other rational surfaces [2]. The
largest island, at -^ = 1/2 surface, had a maximum width of about C cm; shown in
Fig. l(c). Smaller islands were observed at the •*• = 1/3 and 2/3 rational surfaces,
as shown in Figs. l(b) and l(d), respectively. To determine field error sources
responsible for these islands, we carried out quite extensive modeling studies by
considering various types of misalignments for the helical field (HF) and vertical
field (VF) coils, perturbations due to current feeds to the HF and VF coils, and
dipole field contributions from ferromagnetic materials in the vicinity of the ATF.
The results of these studies revealed that the four current feeds to the HF coils at
0 < (f> < 90° [Fig. 2(a)] produce islands at surfaces of -t- = 1/2, 1/3, and 2/3 in
close agreement with the experimental observations, as shown by Figs. l(a)-(d).
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FIG 1. (a) Computed islands at surfaces of -c = 1/3, 1/2, and 2/3, assum
ing field errors due to uncompensated currents in HF and VF coil feeds shown in
Fig. 2(a). (b)-(d) Corresponding measured flux surfaces

An obvious solution to this imbalance was to "symmetrize" the perturbations by
adding eight additional loops as shown in Fig. 2(b). This modification reduced
the •*• = 1/2 island to 2.9 cm. A further fine tuning to compensate the current
feeds to the VF coils was carried out by moving the "trombone" sections 15 cm
radially outward at (/> = 150°, 180°, 270°, and 300°, as shown in Fig. 2(c). This
final optimization reduces the -K = 1/2 island to 1.1 cm The buswork modifications shown in Fig. 2(b) have been completed. The results of flux surface measurements now show that the size of the •*• = 1/2 island is quite small [3] and
hence the final optimization step shown in Fig. 2(c) has not been implemented.
On the otherhand, the -K = 1/3 island size has increased Further studies are in
progress to find possible explanations.
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(a) INITIAL

(c) AFTER
OPTIMIZATION
AR =15 cm

(b) AFTER
SYMMETRIZATION

(d) ISLAND SIZE vs "TROMBONE" POSITION
3,
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AR (trombone)

FIG. 2. (a) Initial coil configuration (before modification), showing uncompensated feed coils, (b) Symmetrized coil configuration, (c) Optimized configuration with "trombone" sections shifted 15 cm radially outward at <f> = 150°, 180°,
270°, and 300°, (d) Reduction in island size as a function of "trombone" positions
at </> = 150°, 180°, 270°, and 300°.
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MAGNETIC SURFACE MEASUREMENT IN CHS
H. YAM ADA and the CHS GROUP1
Institute of Plasma Physics,
Nagoya University,
Nagoya, Japan
Abstract

The magnetic-field-mapping experiment has been done in CHS. Closed
magnetic surfaces have been successfully confirmed up to 95 % of the expected
outermost surface and coincided with computed ones within the experimental
resolution.
Magnetic—island structures seen at the major rational surface (t
= 1/3, 1/2, and 2/3) tend to shrink with the increase of ßt. The experimental
results and the computed analyses consistently explain that the error field is
the ambient field due to magnetization of the building structure. The m = 2
island width is estimated around 5 mm in ECH experiment at ßt = IT.

1.

INTRODUCTION

Compact Helical System (CHS) is characterized by small aspect ratio ,
which leads to fragility of magnetic surfaces in general. Therefore, the strict
execution of the engineering design is prerequisite for physics study. During
the construction of the machine, extended efforts have been devoted to

suppressing error fields in order to realize requisite magnetic field
configurations.
In particular, choice of small cross-section conductor and
employment of the vacuum vessel as frames of the helical—coil windings enable
adequate tolerance to electro—magnetic and thermal stresses, highly accurate
winding and significant reduction of error fields due to the crossovers and
the bus—works ' . Engineering mission of the accuracy of fields is realization
of ôB/Bt ~ 10
in the plasma—confining volume.
The dimension and the
magnetic-field measurements suggest that the coil alignment is within the
tolerable scale (±0.5 mm for the helical coil and ±3 mm for the outer two sets
of poloidal coils)
. In order to verify designed magnetic surfaces, we have
done the magnetic-field-mapping experiment and analyzed the results.
2.

MAGNETIC SURFACE MAPPING

Magnetic—surface measurement has been done utilizing a fluorescent mesh
coated with ZnO and a movable electron gun with acceleration volotage of
200 V. They are away by 150 degree in the toroidal direction.
The size of
the meshes, which determines our experimental resolution, is 6 mm X 6 mm

and the transmittance is estimated around 90 %. Images of magnetic surfaces
on the mesh are observed through CCD TV-camera connected with a
micro-channel-plate image intensifier with gain of 10 . Data are stored on
VCR and transferred through the video digitizer with 256 X 256 space to the

' The members of the CHS Group are identified in the paper entitled 'Overview of CHS experiment',
these proceedings, p. 51.
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computer, where the pictures are regenerated and analyzed.
We have
conducted the magnetic field mapping under the steady state field up to 2.4
kG of Bt.
Since two of four sets of poloidal field coils can be energized
stationarily, magnetic configurations in the present experiment are limited
and the obtainable largest closed surface is expected to be a ~ 18 cm while
closed surfaces up to a ~ 21 cm are expected in the regular operation.

3.

RESULTS AND DISCUSSIONS

Closed magnetic surfaces are observed apart from major rational surfaces
and coincide with computed magnetic surfaces within the experimental
resolution (see Fig.l). Although the fragile -t — 1 surface does not exist in
the present experimental condition (ta ~ 0.9), fine surface structure is observed
up to 95 % (a. ~ 17 cm) of the outermost surface.
The outer periphery is
u n f o r t u n a t e l y out of the sight since clearance between the vacuum—vessel wall
and the outermost surface is not sufficiently large in CHS because of
introducing pitch modulation.
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Fig.l Magnetic surfaces in CHS. (a) Computed surfaces, (b) Experimentally

observed surfaces apart from major rational surfaces.

At major rational surfaces (t = 1/3, 1/2 and 2/3), island structures
corresponding to the rational numbers are observed (see Fig.2(a)). The width
of the m = 2 island at -t - 1/2 is 3 cm when Bt — 440 G. Figure 2 (b) shows
the computed island due to the horizontal error field with 0.2 % of Bt, which
is consistent with the measured ambient field ~ 0.9 G when the coils are
not energized. Modeling calculation gives good agreement with the experiment
in both the size and the phase of the island.
Computational analyses also
prove that other possible perturbed fields due to misalignment of the poloidal
coils and magnetization of the welded part of the vacuum vessel do not lead
to significant macroscopic destruction of magnetic—surface structure.
The

phase of the m = 2 island does not change for the reversal of Bt although
it should change by 90 degree depending on the direction of Bt if a fixed
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uniform perturbation in the horizontal direction exists.
The width of the
island, however, tends to shrink with the increase of Bj.
Since the power

dependence of the island size on the main
Bf1/2 in the investigated range of 0.4 kG
error field generating the islands is caused
machine itself.
These two observations,
dependence on the main field strength, are

field clearly shows proportion to
< Bt < 2.4 kG (see Fig.3 ), the
by a factor other than the CHS
immutability of the phase and
attributed to the reversal of the

perturbed field due to the direction of stray flux from CHS. The experimental

results and the computed analyses consistently explain that the error field is
the ambient field due to magnetization of the building structure.

From the

present study, we estimated that the m = 2 island, which has the largest width
among the observed islands, is around 5 mm in our ECH experiments at ßt

= IT.
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Fig.2 m = 2 island structure, (a) Experiment at ßt = 440 G, (b) Computation
including the ambient horizontal field OB/Bt = 0.2 % as an error field.
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ELECTRON BEAM MEASUREMENTS IN SHEILA USING
A SIMPLE METHOD OF IMAGE INTENSIFICATION

B.D. BLACKWELL, T.Y. TOU
Plasma Research Laboratory,
Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract

A simple, cost-effective image-intensifying fluorescent probe and
subminiature two-element electron gun have been developed and used in the
heliac SHEILA to map its magnetic surfaces. A 128 x 128 pixel CCD camera
records the visible image which is accumulated digitally as the fluorescent rod
is moved through the magnetic surface. Image-intensification allows the use of
a low velocity beam, minimizing drift errors. The gain characteristic and
resolution of the intensifier are examined, and result for typical closed and open
magnetic surfaces are given.

The image intensifying fluorescent rod was developed for the SHEILA heliac allows
multiple toroidal circuits of the device without obstruction [1] and then accelerates electrons
as they are collected to produce enhanced light output. A phosphor coated stainless steel
strip is placed in a 1.7 mm U-channel, and a bias voltage applied. Electrons are launched
from a 1.6mm cross-section gun with a 0.7 mm aperture with an energy of typically 8eV.
The electron energy remains low in flight(provided that the toroidal EMF is kept small) so
that the electron orbit closely approximates a magnetic field line. Because of the high
rotational transform (i)on axis in heliacs, the main deviation of drift surfaces form magnetic
surfaces is a distortion in the surface shape, rather than a gross shift. The departure from
the true magnetic surfaces in SHIELA has been measured to be <lmm for 8eV, 1200 G.
The image intensifier allows a beam of this energy to be used without experiencing energy
threshold effects in the phosphor, and allowing enhancements of more than two orders of
magnitude over the intensity produced by a lOOeV beam if the intensifier accelerating
voltage is raised to IkV (fig. 2).
There are two effects which limit the resolution of this intensifier at high accelerating
voltage: a de-focussing of the electron spot at voltages above 300 V, and the leakage of the
accelerating field outside the U channel which shields the rod. The fringing electric field
can deflect and attract the electron beam slightly and increase the effective collection crosssection for the gun. This effect is used to advantage in SHEILA as a resolution control:
when a quick scan of gross features is required, the accelerating voltage can be set high
(200-500V) and bright images can be found without the need to set the position of the
probe prescisely. Fig. 3 show the effect of moderate voltages on the effective resolution.
Precise mapping is performed with accelerating voltages ~ 50 V.
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Fig. 1. A schematic and cross-sectional view of the image intensifying fluorescent probe.
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Fig. 2. The dependence of image intensification
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Fig. 3. The defocussing effect for
high intensifier voltages.

Time-of-flight measurements are carried out with some slight variations to the
experimental setup. The time-resolved information, together with the spatial distribution of
the visible electron-beam images, enables calculation of the rotational transform of the
magnetic field line.
Figure 4 shows a typical "good" surface mapped by the fluorescent rod. The
agreement with the shape computed surface is excellent. Owing to a small horizontal
displacement of the centre conductor and the helical winding, error fields are produced
which produce some islands and displace the magnetic axis[2]. The position of the surface
shown in fig 4, slightly above the median plane, and other surfaces is in agreement with
numerical calculations that include the known deviations in the geometry. The agreement
degrades as the helical core current is increased; the source of this error is under
investigation.
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This mapping technique can also be applied to poor surfaces such is those shown in
Figure 5, which are close to being open or ergodic because the transform is near the
resonance t = 3/2 . Some difficulty was experienced mapping the surfaces in the centre
of the scan, close to the i = 3/2 resonance. A gradual transition can be seen from a closed
configuration to a bifurcated configuration and back. Dramatic changes in surface shape
can be seen for small changes in current (0.6%), and the changes for 0.2% increments are
quite apparent.

1cm

median plane••*
., , •*

Fig. 4. A measured magnetic surface (•) near mid-radius shown in comparison with the
corresponding computed surface (.). 1^/^=0.029, B0=1200 G, 0.6mm/pixel.

TRANSITION through * = 3/2 Resonance

Toroidal

field coils

e~-gun position unchanged

Fig. 5. Flux surfaces showing a transition from closed to open to closed as the helical core current
is adjusted in very fine increments to take the rotational transform through the I = 3/2 resonance.
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VACUUM FIELD OPTIMIZATION AND THE EFFECTS
OF FIELD ERRORS ON THE FLUX SURFACES
OF THE H-l HELIAC
B.D. BLACKWELL, T.Y. TOU, D.F. ZHOU, L.E. SHARP
Plasma Research Laboratory,

Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract

The H-l heliac configuration has been optimized for low aspect ratio and minimum IBI
ripple by modulation of the toroidal spacing of the toroidal field coils, and by
optimization of the vertical field magnitude and index. Two numerical studies of
symmetry breaking error configurations are presented, a displacement of the central
conductor and a stray field modelled by a dipole. The rate of growth of island size with
the error magnitude Ax is found to increase from the expected (Ax)1/2 scaling to Ax scaling
within the range of errors to be expected for H-l. It is expected that the island size in the
central 75% of the plasma volume can be limited to 10mm.

We present a preliminary

investigation of compensation of the toroidal coil position errors by adjustment of the
position of the ring conductor.

Magnetic Design of H-l
The large number of TF coils per period (12) was chosen to minimize ripple in the outer

plasma regions to aid particle confinement. A large swing radius ph optimizes the plasma size.
The resulting small aspect ratio ( A ~ 5), introduces strong toroidal effects which are partially
compensated by modulatig the angular spacing of the TF coils. A choice of 3 field periods

(N=3) allows a practical number of coils (Nj = 36).
This design complements that of TJ-II (N=4, 8 coils/period) in which more emphasis is
placed on optimizing the configuration for high ß-limits through reducting toroidal effects with
a larger aspect ratio and using more field periods to obtain the required rotational transform v.
The toroidal angle O of the TF coils is described by the winding parameter a as follows
where

„,

If a ~ inverse aspect ratio (0.2), then the TF spacing is approximately constant in units of
distance. Typical values are a = 0.3, (design 1), and a = 0.35(design 2). The primary effect
of this modulation is to reduce the toroidal ripple 03,0, by a factor of 5 or more. The overall
ripple at the magnetic axis typically falls by a factor of 2-4, or more for a special case discussed
later. The secondary effect is to reduce higher order toroidal effects, such as beating between
the 83,0 component and the basic heliac shape component 53,i to produce the toroidal 00,i
component. While this appears effective at very high aspect ratio, the effect in H-l has been
less obvious. The radial variation of these Boozer Fourier components in shown in Fig. 1.
Unless otherwise specified, the coil currents have been approximated by circular current
filaments distributed as follows: for the toroidal coil set by a filamentary current (at radius 383
mm) in each of the 36 toroidal coils; the poloidal ring by one filament at the centre of the ring
core, radius 1m; the helical winding by a single filament of winding law R = R0 + p h cos(N<j>),
z = ph sin(N<t>), where ph is the swing radius with respect to the minor axis; and an analytic
vertical field Bv = Bv0(Ro/R)Y.
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The vertical field index and value can be adjusted to reduce the magnetic field ripple,
particularly at the magnetic axis (Fig 2). The lowest value obtained (Q.8%) is at the expense of
magnetic well depth.
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Analysis of Error Fields
The presence of perturbations AB in the magnetic configuration will in general cause small
deviations from the ideal shape and position of the surfaces, and introduce small magnetic
islands on rational surfaces(Fig. 3). Numerical studies of the effect of such errors have been
performed on the ANU Fujitsu VP-100 supercomputer, using a version of the HELIAC
computer code[l].

Fig 3 Example of the magnetic islands produced when the central
circular conductor is displaced in the y direction by 10 mm

The island size for a given error field grows rapidly with minor radius, and the islands are
wider (in cartesian space) near the tips of the heliac bean-shape. For this study, the island
width is defined as the maximum width measured in mm. normal to the local direction of the
flux surfaces. Fig. 3 shows a set of islands near the outer surface of the plasma with poloidal
mode number m = 6, and toroidal mode number n = 7 (resonant at i = 7/6), for the standard
[1]

Ehrhardt, A.B.

"Optimization of the Magnetic Design of Heliac", 5th International Workshop on Stellarators, Proc. IAEA

Tech. Comm. on Plasma Confinement and Heating in Stellarators, Schloss Ringberg, FRO,
Ehrhardt, A.B.,
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"Heliac User's Guide", Jan 1985

H, p717-728, Sept. 1984.

(contact author at PPPL, or B.D.Blackwell)

case of H-l, with error fields introduced by a 10mm displacement of the axis of the ring coil.
In this case the surfaces have been displaced downwards at this particular location as a result of
the error in ring core position. This displacement of the surfaces, provided it is recognized and
allowed for when interpreting measurements, is usually less important experimentally than the
islands produced. An exception is when t ~ 1, where the surface displacement can become
very large.
Two cases have been studied in detail. The effect of iron reinforcements in the floor of the
H-l experimental area is simulated by a magnetic dipole located 2m below the midplane of the
coil set, at various radial distances (0,1,2 m) from the major axis and at various angles in the
plane of the floor. The results are found to depend primarily on the magnetic field strength at a
point on the magetic axis of the machine closest to the error source.

Fig. 4 shows the expected A/AB dependence of the magnetic island size on the dipole strength
for error fields much larger than those indicated by measurements of the actual magetic field
near the floor. If these results are extrapolated to the measured field strength, (0.5 G pessimistically assuming all the field measured is due to dipoles), islands no larger than 2mm
are expected. This prediction ignores the effect of magnetization induced by the relatively large
external magnetic fields produced by H-l itself (>50G), and of changes in the rémanent
magnetization.

Results for the second type of error are shown in Fig. 5: here the ring conductor is assumed
to be displaced from the major axis of the TF coils. The rate of growth of island size with the
error field magnitude AB is found to increase from the expected (Ax)'# scaling to Ax scaling
within the range of errors to be expected for H-l.

Fig. 6 summarizes the results of the calculations. Once again, the magnitude of the errors
has been chosen to be considerably larger than that expected to aid in the identification of the
islands. The simulations showed that random displacements and tilts of the TF coils, even
when applied to all 36 coils will be a factor of at least 3 times less significant than ring core
displacements or tilts. The sensitivity of the configuration to small tilts of the axis of the ring
core is about the same as for displacements of the ring of the same magnitude as the greatest

Scaling of 7/6 island with HC shift

Scaling of 7/6 island with dipole field
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Fig. 4: 7/6 island width plotted
against error dipole strength. The
solid line shows a VBdip dependence

Fig. 5: Scaling of the width of the 7/6 island with central
conductor offset. For large offsets, the island grows almost
linearly with offset.
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vetrical displacement caused by the tilt. These calculations have shown that the tolerances for
ring tilt and displacement are the most severe: avoidance of islands wider than 5mm requires
accuracies of better than 0.5mm.

7/6 island generation
error source
7.5mm HC shift

0.2 deg HC tilt
54 gauss dipole

TFC 1 cm radial
10

20

7/6 island width (mm)

Fig. 6: Summary of the effects of error fields on the 7/6 island.
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CONFIGURATIONAL EFFECTS ON PLASMA
CONFINEMENT IN SHEILA
S.M. HAMBERGER, B.D. BLACKWELL, X.H. SHI
Plasma Research Laboratory,

Research School of Physical Sciences,
Australian National University,
Canberra, Australia
Abstract

Comparison between the measured plasma configurations and those computed from the coil
currents show excellent agreement provided known field errors are taken into account. Low
order resonances in a configuration have a strongly adverse affect on plasma confinement.
Direct experimental evidence of island formation is seen when l ~ 3/2.

SHEILA is a three-field period heliac (Fig.l)
in which 24 two-turn coils, mean radius 6.25 cm, are
helically disposed with a swing radius 2.5 cm about
a four-turn poloidal field ring conductor (Ro = 19cm)
around which is a single-turn, 7=1 helical control
conductor wound in phase with the toroidal coil
centres and radius 1.4cm. These, together with
vertical field windings are operated in series at
I < 4kA, with the helical current adjusted by means
of a shunt between ± 0.251. The coil set is
immersed in a stainless steel vacuum vessel (base
pressure ~ 10'6 torr). Plasma is generated by gas
breakdown (H2, He, Ar, p ~10'4 torr), either by a
weak oscillatory ohmic discharge (< 100 A @
100 kHz) or by an ECRH pulse (< kW @
2.45 GHz).

I Wind ng

Pulsed plasmas with typical parameters
ne~ 1012cm-3, Te ~ 10eV, lasting ~ 20 ms, are
generated in fields up to 2.5 kG. Fig.2 shows some
rotational transform profiles, varied by changing the
helical winding current, for configurations in which
reproducible plasma can be formed. Articulated
probe mechanisms enable the interior bean-shaped
flux surfaces to be explored, and quantities such as
ne, Te, ne, $ to be measured at many known
FIG. 1.
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locations within the confinement volume. These locations can be referred to appropriate
flux coordinates via numerical computation of the vacuum field.

0.0

0.5

1.0

1.5

2.0

Flux surface parameter X

FIG. 2.

In all cases studied, the observed peak plasma pressure occurs at the calculated
magnetic axis, ¥ = 0, (computed to include a known ring positional error) to within an
absolute uncertainty (in probe position) ~ ± mm.
If probe positions are calibrated by assuming (ne Te)max occurs at T = 0, then
all measurements show plasma pressure is constant on each computed closed flux
surface X. Some examples are shown in Fig.3 for various configurations.

Fig.4 shows the effect of changing the configuration in the range 0.5 < i < 2
on both the electric field required for breakdown and on the central plasma density
achieved for otherwise constant conditions. The 'worst' conditions for plasma
formation clearly correspond to the presence of the low order resonances i = 1 and
i = 3/2. The case, i = 3/2 corresponds to the breaking up of the confinement region
into two main islands, while loss of confinement when i ~ 1 is related to the complete
absence of closed flux surfaces found when the symmetry breaking error is included in
the computation. Results from both RF and ECR produced plasmas are essentially the
same.
Figs.5 and 6 show density and floating potential profiles obtained for cases (i ~
3/2) where island formation is predicted: the discontinuities in both measured profiles
occur at places which agree well with the calculated boundaries of the islands.
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Abstract

A simple method for calculating magnetic island widths has been developed. This method uses only information obtained from integrating along
the closed field line at the island center. Thus, this method is computationally less intensive than the usual method of producing surfaces of section of
sufficient detail to locate and resolve the island separatrix. This method has
been implemented numerically and used to analyze the buss work islands of
ATF. In this case the method proves to be accurate to at least within 30%.

I.

Introduction
In the design of helical magnetic confinement systems, it is desirable to obtain a
system with nested flux surfaces. That is,
one would like there to be neither chaotic
regions nor islands. The Cary-Hanson
technique1 allows one to reduce systematically the size of islands while preserving
other desirable features of the system, such
as reasonable rotational transform, shear,
and magnetic well. However, practical
constraints, such as power supplies and
available space for coil locations, may pre1

clude the complete elimination of islands.
Thus, one must calculate the island widths
for a given design in order to determine
whether it is acceptable. Such calculations
are also necessary for comparisons of theory with experimentally observed islands to
due, e.g., error fields.
Determination of island widths using
standard methods is computationally intensive. Standard methods require the generation of puncture plots with sufficient detail
to find a field line just inside, but close to

Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,

TN 37831, USA.
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the island boundary. Then, this field line
must be integrated for a sufficiently long
time for the points in the surface of section
to sample the island boundary well enough
that the width can be measured. We have
developed a new, computationally less intensive method for calculating the island
width. Our method uses only information
obtained from integrating along the closed
field line at the center of the island.
The method works as follows. Fixed
points of the return map, the map of a
poloidal plane onto itself obtained by following a field line, are found. Such fixed
points are the intersection of a closed field
line and the surface of section. The map is
linearized about this fixed point. This linearized map, or tangent map, describes the
motion of points near the fixed point. The
trace of the matrix representing the tangent
map determines the eigenvalues of the linearized motion. Complex, unit-magnitude
eigenvalues imply that the fixed point is elliptical, and the argument of these eigenvalues determines the rotation rate about the
island center. In the small-island approximation, this rotation rate depends on the island width and the shear of the underlying
integrable system. The off-diagonal elements of the tangent map, suitably averaged
over the iterates of the fixed point, give the
shear. Thus, from the tangent map we are
able to deduce the island width.
This method has been implemented in
the stellarator design code, IFF (IntegrableField Torsatron). This method was used to
analyze the buss work2 islands of ATF.3
These islands are moderately well separated.
This comparison shows that this method of
calculation is accurate to approximately 20%
for this case.
II. Return map and fixed points
The systems we are considering are assumed to be mo-fold symmetric in the
414

toroidal angle to lowest order. Breaking of
this symmetry is due to small effects such as
coil errors and the ambient magnetic field.
The magnetic field-line map is generated as
follows. One begins at some point
X = (R,Z) in a particular poloidal plane defined to be (p = 0. From this point, a field
line is followed by numerically integrating
the field line equations until ^>-2K/mQ. At
this value of 9, the poloidal position is FQ =
(F 0 R(R,Z), Foz(R.Z)). This defines the
map for the first period of the torus. There

are mo such maps, one for each of the periods of the torus. If the periodic symmetry
is exact, then these maps are identical.
A fixed point of the map is the intersection of a closed field line with the surface
cp = 0. To find fixed points we first introduce the composed map,
Fn(X) = F n _ i ( F n . 2 ( . . . F 0 ( X ) . . . ) ,

in which the convention, Fi +mo = Fj, is
used. In the mo-symmetric systems, a k th order fixed point, XQ, is a solution to
F n (Xo) = Xo with n = k. In the nonsymmetric systems, a k^-order fixed point is a
solution to F n (Xo) = Xo with n - k m o .
(Note that symmetry breaking may change
the order of a fixed point.) In either case
such fixed points may be found by
Newton's method. Once the fixed point is
found, its iterates, defined by

Xi+i=Fi(Xi) may be obtained.
Motion of points near the fixed point is
governed by the tangent map,

_

We define the partial composition of the
tangent maps via T°sl, the identity, and
.

Composing the tangent

maps, Mo=T n _i»T n „2»...»To, for the entire
closed field line yields the motion of nearby
points around the initial point of the closed
field line.
This tangent map has been extensively
studied. (See, e.g., Ref. 4.) When islands

are small, the residue, %j= [2 - Tr(Mo)]/4, is
small. This provides the basis for elimination of islands in three-dimensional sys-

tems. The angular rotation about the elliptic
fixed points, those with 0<^,< l, per n
mappings is given by

0 = arccos( 1-230 •

(1)

The motion of points near the fixed point

has a quadratic invariant,^ 5X»Wo*6X,
where Woij=^(M 0 %J)ij + (M0«J)ji], and J

is the fundamental symplectic matrix, J =
( j o )• Diagonalization of WQ yields the
principal axes of the elliptical invariant
curves. The corresponding eigenvalues are
WQJ and WQII with WQJ. being the larger in
magnitude. (In the limit of vanishing island
the perpendicular direction is perpendicular
to the flux surfaces.) We denote the corresponding unit vectors by e o_L and eon.
III. Single-resonance model
Field line flow is a Hamiltonian system.6 Thus, to understand the perturbation
of flux surfaces away from the ideal nested
case, it is sufficient to study perturbed

Hamiltonian systems. The single-resonance
model for perturbation of a Hamiltonian

provides an accurate description of the
major islands in a perturbed Hamiltonian
system when the neighboring islands are far
from overlapping the island being considered. In this model, the Hamiltonian is

H = HO(\|/) +

- m(p- C(I)), (2)

where \)/ is the momentum variable, 6 is the
angle variable, and (p is the time. The first
term in this Hamiltonian is the integrable

piece, which corresponds to the system with
perfect flux surfaces. The second piece
induces islands. [In general, the cosine in
(2) may be some other periodic function.
However, typically the lowest harmonic is

dominant, so that only the cosine is
needed.] This Hamiltonian (2) has been
extensively analyzed.7 Given the limitations
of space we simply state the results of this
analysis.

Because the Hamiltonian depends on the
angles only through the combination,

TI = 6 - mc/r, phase-space structures, such
as the island, must have this same dependence. This implies that such structures
move (9 = ~tr(p + 6o) with the velocity,
i r =m/£ The resonant value of the momentum (or flux) variable, %, is the value at

which the unperturbed motion is in resonance with the perturbation, i.e.,
t(\)/r) = -TJ£ (\|/r) -

Without loss of

generality it is assumed that e(Yr) > 0.
The width of the island for the Hamiltonian (2) is found by calculating the width of

the separatrix. The standard calculation
yields the full-width, A\|/ = 4l£/Vl 1 / 2 , the
extent of the separatrix at the o-point, in
terms of the resonance amplitude and the
shear, i'(Ir)- The frequency of rotation

about the o-point is found by linearizing the
motion near the o-point, and diagonalizing
the appropriate matrix. This procedure give
a frequency, 5 = f le(\|/ r )t'(Yr)l 1/ ' 2 > for
oscillation about the o-point. From this
relation and its predecessor, the amplitude
of the perturbation may be eliminated to give
A\i/ = 45//"ll l (Vr)l. This is the width in the
flux variable \j/. To obtain the width, s, in
distance, we use must divide by the gradient

of\j/. This gives
s = A\|//|V\|/I = 4 0/riVtl

(3)

Thus, we have the island width in terms of
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the shear and the rotation 0, which can be
calculated from the residue via Eq. (1).

IV. Calculation of the shear
The basic idea of the shear calculation is
that the tangent map has the form,

MO = I V\|/I2e oie 01 + I Vill V0I e oye 01 +
IV6l2e one on,

Likely, the calculation of the third-order islands is less accurate because the presence
of the large second-order islands is beginning to make the single-resonance approximation invalid. Conversely, the smaller third-order islands do not affect the
second-order islands significantly.
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to lowest order in the perturbation. Thus,

by taking the appropriate element of the tangent map and averaging to obtain the angle
gradients, one finds the shear. The averaging over the surface is replaced by averaging
over the iterates of the fixed point, which to
lowest order are equally spaced in the flux
angle. (This approximation assumes that
the order of the fixed point is large.) Here
we present only the result,

-

(1.9,2.6) >! I/ (5.0,4.8) v\v„

'

0

(2.3,2.9)

-40
170

210

250

11

E

BTO

(4)

k=l

in which C is the circumference of the polygon defined by the iterates of the map and
Bfk is the toroidal field at iterate k. Combination of Eq. (2-4) yields the island width in
terms of the tangent map.
V. Comparison with the buss work
islands of ATF
A surface of section for the buss work
islands of ATF is shown in the figure below. We have calculated the island widths
using two methods. The results of these
two methods are the ordered pairs in the
figure. The first of the pair was obtained by
the direct method of measuring the width of
the island across the o-point from the surface of section. The second was obtained
via the calculation outlined here.
This comparison shows that the larger,
second-order islands are obtained to within
5% by this method, while the smaller, thirdorder islands are obtained to within 30%.
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VI. Conclusions
We have presented a method for calculating island widths using only that information obtained by integrating along the
closed magnetic field line at the center of the
island. Thus, our method is much less calculationally intensive than the standard
method. Our calculation predicts the island
widths produced by the buss work of ATF

to at least within 30% accuracy even though
these islands are within a factor of two of
overlapping.
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Abstract
The flexible heliac H-l has its coil assembly and support structure located inside a vacuum
baked chamber. The position of the toroidal field coils have limited adjustment while the the poloidal

field coil can be remotely adjusted in angle and position during final alignment before being locked into
place.The maximum deflection of any coil is < 1.8mm at B=1T. The device can also operate continuously
at B=0.25T.

H-l is a medium sized ,three
period heliac: Ro/a =
1.0/0.22m, B < IT
(pulsed),0.25 T (dc).The
thirty-six toroidal field coil
assembly located on a helix
of Ro=1.0m with a swing
radius p=0.22m., is mounted
inside a 4m high stainless
steel vacuum chamber
comprising a central
cylindrical section (2m high,
3.8m
diameter) and
spherically domed ends. (Fig
1). The 11 tonne coil and
support structure rests on
three tubular pillars which
transmit the weight through
the vacuum vessel to the
floor and support the tank.

Fig 1. H-l experimental assembly

Each toroidal field coil (Figs 2 and 3) consists of a double pancake of 10
turns of 30 mm square copper with a 6mm cooling hole, wound with a mean
radius of 0.38m . The coil is sheathed in a 1.2mm thick stainless steel, fully
419

welded canister whose inner clear radius is 0.28m and (toroidal) thickness is
65mm. Glass tape and Nomex provide primary insulation and the whole can is
vacuum filled with Dow Corning Sylgard 701.
0925

tape + 1 PTFIllmm t o t a l space

06mm w a f e r f i o f c

2»5 turns 30*30mm Cu

Fig 2 Toroidal field coil.

The poloidal field coil is wound
horizontally in situ inside the toroidal coil
assembly (see Figl). and consists of 36
turns of 17.5mm square copper with a
coolant hole.The 36 turns are grouped
into 3 double pancakes assembled
horizontally side by side with each group
having a separate current feeder, allowing
coarse control of the poloidal field coil
current(Fig.4). The principal insulation is
Kap to n with Nomex sheet separating each
6 turn layer.The whole coil assembly is
again sheathed in stainless steel and
vacuum filled as before. A four turn
helical control winding surrounds the
poloidal field coil at a radius of 98mm.

Fig 3 Construction of toroidal field coil.

HEUCAL CONOUCIOn
(225mm'l
I>AI «11'

POLOIDAL FIELD 'RING

Fig 4 Construction of poloidal field coil.

Two four-turn vertical field coils (mean diameter 1.4m) made with the same
fabrication technique as the toroidal coils, are located inside the tank with two
four-turn coils outside at a mean diameter of 4.0m. (Fig 1).
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A rigid space frame structure constructed from tubular section stainless steel
supports all internal coils and allows limited spatial adjustment in the vertical and
radial planes (Fig 5). The space frame consists of a central triangular column
welded to a box section base, and an outer frame connected by horizontal webs to
the upper part of the central structure (Fig 6).

Fig 5 Central support column

Fig 6.Coil support structure

Finite element stress analysis of the total system including the toroidal and
poloidal field coils (Fig 7) has been used to determine the deflections of the
various components due to electromagnetic forces and to gravity. These are
tabulated in Table 1 and indicate a maximum coil deflection due to
electromagnetic forces of less than 2mm.
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Fig 7a Finite element model of support structure

Fig 7b Finite element model of coil system

TABLE i
Deformations in mm

Lojd Case
Direction of Deflection
1 r Coils
Smallest value
Creates! value

PF Coils

Gravity only
Vertical

Honzonta!

Coil 11, -0.56
Coil 7, -0 65

Coil 2, 1 53

Coil 9, 008

-058

Maximum Deflection

-054
-052
-062
-052

0 18
0 14
022
027
0 16

between supports
Helical winding

-059

Outer vertical column
Outer diagonal beam
Inner vertical column
Inner dinsonal beam

-060
-055
064
065

Upper support
Lower support
Inner support
Outer support

ess

The forces on the toroidal coils are
diagrammatically shown in Fig 8 for a
representative set of 8 coils.
The 9.4MW power required for IT
pulsed operation is provided from the
mains using 4 six-phase grid
controlled arc rectifiers which supply
13.5 kA through all coils connected in
series. Continuous operation at
reduced field can also be obtained
using a 1MW motor generator.The
vacuum tank reached a base pressure
of 1.2 xlO 8 torr without bake-out
using two 2,200 1/s turbo pumps. All
exposed surfaces are mechanically
polished to approximately 0.6 (im The
whole device can be baked up to 150°
C using pressurized hot water in the
coils and heating pipes on the outer
surface of the tank .
422

Combined Gravity

Electromagnet
Forces only

and electromaunenc

Vertical

Horizontal

Coil 9, 0001
Coil 7, -0 28

Coil 7,0 14
Coil 2, 1 53
0 18
0 14

Vertical
Coil 7, 065
Coil 2 , 0 8 4

-086
072
-0 11
-002
030

022
027
0 17

-1 43
0 19
-063
063
022

064

040

064

-0 20

006
029
0.09
0 19

-001
OÜ5
-003
0006

004
026

-061
-050
-066
-064

009
0 19

elevahun

H-1

Forces

I 0

Fig 8 .The resultant electromagnetic forces on 8 coils.

At present Viton A O-rings seal the main two joints. We have the option of
replacing the O-rings with sacrificial welds if it is found necessary.

The machine control system is based on IBM -AT personal computers with
touch screen monitors ( Fig 9). The computers are interfaced through CAMAC
by an opto -isolated parallel ring system which delivers the latched instruction
set between machine discharges to up to 16 remote data handing stations. Each
station can handle up to 32 function modules with differing tasks, eg, A-D
converters, D-A converters, input/output opto-isolated relays. In addition to
controlling the machine parameters eg .peak magnetic field, timing sequences,gas
pressure,etc. the control system monitors the parameters which effect the
safety of the machine , eg coil water flow and temperature, vacuum integrity,
power supply voltage and current, and can initiate shut down procedures in the
case of emergencies. In parallel with this computer control system is a simple
manual system which will allow the machine to operate in a limited operational
range.

SIA r/av 16
TlMIM»

£."a^rso

1

f/û MootA.es
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STXT/C/V 6

I I

MM
I/O.

I/a M

1

I/O Moo.

1 1

1 1

I/O Mooix.es

SrHTKW

7

1 1 1

UP jo 32 I/O MoouiEsf 'STATION

Fig 9 Block diagram of H-l control system.
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EXPERIMENTAL EQUILIBRIA, INDUCED AXIAL CURRENTS,
AND NUMERICAL STUDIES OF SIMULATED TOROIDICITY
IN LINEAR HIGH-BETA HELIACS*
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F.L. RIBE, D.C. BARNES1, R. BISHOP1
University of Washington,
Seattle, Washington,
United States of America
Abstract

A 3 in linear high-beta ({/?)

= 0.3)

heliac equilibrium is produced in the High Beta Q

Machine (HBQM) theta pinch when the hardcore center conductor current rise time is

within a factor of two of that of the main I = 1 compression coil. However, this fast-rising
hardcore current is found to induce an oppositely directed net longitudinal current in the
heliac plasma, which presumably returns along an outer resistive plasma layer on the inside
of the discharge tube.
This induced current and its effect on the rotational transform have been studied in an
induced-current experiment on a cylindrical hardcore #-pinch (no / = 1 fields). The axial
current and its return are measured with internal Eg magnetic probes. In future linear
heliac experiments on the HBQM, the heliac plasma formation will utilize a programmed
(or "notched") hardcore current circuit to eliminate the return current.
Simulation of a toroidal heliac is proposed by offsetting (shifting) the hardcore from
the geometrical 1 = 1 stellarator axis. This represents the helical symmetry breaking effect
of a large aspect ratio torus. Numerical studies have been performed to investigate the
shifted-hardcore vacuum magnetic field lines, as well as the finite-beta plasma build-up on
these flux surfaces. Future numerical studies are aimed at determining the time scale of
magnetic-island formation in the shifted-hardcore linear heliac plasmas.

1. MACHINE DESCRIPTION
The High Beta Q Machinefl] is a 3 m low compression 0-pinch with two available segmented

coils sets: A cylindrical #-pinch set with coil radius rc = 0.11 m, and an / = 1 stellarator
set with rc = 0.1 m, helical axis radius rha — 0.02 m, and helical period L = 0.4064 m. The
current for these compression coil sets (main bank current) is produced by a 9 x 0.4 /j,F
capacitor bank, charged to 85 kV, and switched though L A N L staged #-pinch cylindrical
rail gaps (the current start time defined as time t = 0). The current rises to 850 kA
with a quarter-period risetime of T1/4 = 500 /js, and is then crowbarred with parallel gaps,
producing an axial vacuum magnetic field of 0.35 T.
An axial hardcore conductor (5 m long, 9.5 mm diameter Al rod) was used for the
experiments described here, carrying a current of IHC ~ 15 — 20 kA, 71/4 = 1.1 — 1.3 /us,
switched by 2 X 1.8 /uF capacitors with Syllac gaps through a 5:1 turn bitter plate trans-

* Work supported by the US Department of Energy under grant DE-FG06-87-ER53242.
1
SAIC, Inc., Austin, Texas, USA.
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former and crowbarred at maximum current. The hardcore when operated in conjuction
with the / = 1 or the 0-pirich coils, produced vacuum magnetic fields with a heliac geometry
or a screw-pinch like geometry, respectively.
Plasmas were produced by 260 kHz ringing preionization (PI) of deuterium filling pressures of 4 mT < P0 < 15 mT. The 3.4 m long compression coil set matching quartz
discharge tube used (0.2 m ID cylindrical for the 0-pinch coils, 0.22 ID helical for the I = 1
coils) was evacuated to 5 x 10~ s T by a turbomolecular pump.

1.1. Diagnostics
Miniature three-dimensional internal magnetic field probes (6 mm OD quartz jacket protruding radially 4-6 cm into the plasma) were used to locally measure B. Probe perturbation effects were checked with external flux loops and external field probes and were found
to be minimal. The raw signals were passively integrated, TRÇ = 0.25 ms, and mapped onto
a single plane (from several axial locations) using helical symmetry (u = 0 + hz, h = ITC/L)
in the heliac, and onto a single radius (from several probe angles) using axisymmetry in
the hardcore 0-pinch. Local plasma currents were deduced from the B meausurments by
using §~Q • d\ around a flux surface, bean shaped in the heliac and circular in the hardcore
0-pinch.
Global plasma parameters were provided by axial heterodyne quadrature laser interferometry, flux loops, and external magnetic field probes. Typical plasma parameters were
n ~ 0.5 - 1.0 x 1021 rrr 3 , Te + TT ~ 80 - 100 eV, and plasma lifetimes on the order of
10 - 15 /is.

2. HELIAC EQUILIBRIUM
A fast risetime hardcore current rising concurrently with the main bank current was found
necessary to produce a high ß heliac equilibrium,[l] Fig. 1. (A slower rising hardcore
current, initiated earlier than the main bank current, trapped an axisymmetric plasma
around the hardcore itself.) The peak beta was ß ~ 0.5 with the magnetic axis located at
r ma = 0.035 m. A Shafranov shift of î\ 3 = 0.005 m, relative to the vacuum magnetic axis,
was observed.

2.1. Induced axial current
The hardcore current was found to induce an axial current in the heliac plasma. The
preionization of the deuterium filling gas provided a helical plasma conductor to allow an
axial Faraday's law current to be produced during the hardcore current risetime. The
induced plasma current was in the opposite direction to the hardcore current, and had an
initial peak of approximately 12 kA.

The induced current was found to flow in one direction through the heliac bean, as seen
in Fig. 2-a. The return current was presumed to be along the inner wall of the discharge
tube. The induced plasma current decayed away more quickly than the hardcore current
circuit decay time, consistent with the presumed resistive return path through the low
temperature plasma near the discharge tube wall. The induced axial current modified the
heliac's rotational transform profile, Fig. 2-b, from nearly shearless in vacuum to highly
sheared in plasma.
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a) Rotational transform, vacuum and plasma,

b) Induced axial current in linear Heliac.

3. HARDCORE 0-PINCH EXPERIMENT
To study the nature of the induced axial current and test a proposed method of eliminating
it, a hardcore 0-pinch experiment was performed. The measured plasma equilibrium was
an annulus with peak pressure at r ~ 0.02 — 0.03 m.
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3.1.

Induced current measurements

Using the assumption of axisymmetry, the Be probe measurements were multiplied by 2?r

times their radius to give the total normal current piercing a loop of the probe radius.
Subtraction of the hardcore current from this total normal current yielded the net induced
plasma current within the probe radius. These B# measurements were made at several
radii 0.4 m inside of the end of the coil set (Fig. 3) and show the induced plasma current
to be small near the hardcore, increase to 6 kA at r = 0.045 m, (Inc = 11 kA at this time,
t — 5 /j.s) then decrease back to low values at larger radii. The net current density (also
in Fig. 3) derived from this total net current shows the induced current and its return to
flow through the plasma annulus itself (i.e. not returning at the wall as was the case in
the heliac).
Measurements of B# at several axial locations showed the induced current to decrease
near the end of the coil, and to be completely gone 0.1 m outside the coil.

3.2.

Proposed elimination of induced axial current

To produce a currentless heliac on the HBQM, it is proposed to use a slow risetime hardcore current (using ignitron switches) in series with the fast hardcore transformer circuit.
The slow circuit would be initiated before the main bank current, using the fast circuit
to: 1) reduce the current to zero, inducing an axial current in the PI plasma, then 2)
bring the hardcore current back up simultaneously with the main bank current, producing
both pressure in the heliac bean and removing the already induced plasma current. The
hardware for the notched hardcore experiment is presently under development.

4. SIMULATED TORIODICITY STUDIES
A vacuum magnetic field line solving program, HELIK,[2] found the field line structure and
Boozer harmonic structure to be quite similar between a large aspect ratio toroidal heliac,
Fig. 4-a, (without a helically wound ring conductor) and a linear heliac with a "shifted"
hardcore, Fig. 4-b, (i.e. the hardcore is translated off center from but parallel to the / — I

radius (cm)

Figure 3.

Induced axial current, I, and current density, J,
for the hardcore theta-pinch.

428

coil geometrical axis). The similar loss of helical symmetry for both of these cases can be
seen from the partial recovery of flux surfaces via an inward shift of the toroidal hardcore,
Fig. 4-c. The empirical relationship between the major radius, R, of the toroidal heliac
and the shift, <5, of the hardcore in the linear heliac is R8 = 0.371 m2. It is proposed to
study island formation and evolution in a toroidal heliac by simulating the toroidicity in a
shifted-hardcore experiment on the HBQM.

4.1. Desired currentless heliac equilibrium
The characterization and elimination of the induced plasma currents are deemed crucial for
the simulated toroidicity experiments on the HBQM. It is desired to produce islands in the
heliac plasma by the helical symmetry breaking, but these islands are predicted to produce
axial currents and grow[3], thus we wish to study them in an initially currentless heliac.
The notched hardcore #-pinch study will provide the basis of induced current elimination
in the shifted hardcore heliac experiment.

4.2. ISLE code results
The ISLE code is under development to study the build-up of pressure in the shifted
hardcore heliac experiment. A helically symmetric pressure profile is loaded onto the
shifted hardcore vacuum magnetic field lines. Using the finite-pressure resistive MHD
equations:

dA

—— = u x B — T?J,

dt

H =

*dt~
Po (r)/i
-P/r,

inside separatrix
outside separatrix

where A is the vector magnetic potential, B the magnetic flux density, J the current
density, u the MHD fluid velocity, P the plasma pressure, P 0 (r) is the initial helically
symmetric pressure, p and 77 are the plasma mass and resistivity (both held constant), and
H is a source or sink term, depending on the location in a constant z plane. The profiles
are Fourier analyzed in 9 and z, and finite differenced in r. The vector potential A is
advanced using a semi-implicit time difference method.

b)

lo
•z.
>1

0

1

X Normalized

Figure 4.

HELIK vacuum flux surfaces for a) 2 cm hardcore shift

linear heliac, b) toroidal heliac, R = 1.86 m, and
c) R = 1.86 m toroidal heliac with 2 cm inward hardcore shift.

429

Initial results show the evolution, of constant pressure contours from the symmetrically
loaded pressure at time t = 0, Fig. 5-a, to quasi-equilibria 200 Alfveii times later, 1 for
no hardcore shift, Fig. 5-b, and a 1 cm hardcore shift, Fig. 5-c. Note the asymmetry in

Fig. 5-c, resulting from helical symmetry breaking. These results are planned to guide
magnetic probe data taking stratagies, as the previous method of using helical symmetry
to map data at several axial locations to one plane cannot be used.
ISLE is presently being modified to specifically study island formation and evolution.
Helically symmetric fields near the hardcore will be interpolated onto shifted fields near
the / = 1 windings, allowing islands to form and evolve near this boundary.

Figure 5.

ISLE pressure contours for a) t=0 and b) t=200 t., no
A

hardcore shift, and c) t=200 t , 1 cm hardcore shift.
A

5. SUMMARY
• Heliac equlibrium experiments show a fast hardcore risetime is necessary to place
plasma pressure in the heliac bean, which unfortunately induces an axial current

• Fast-rising hardcore 0-pinch experiments show induced axial plasma currents that
confirm the return mechanism (though through a different path) presumed for the
heliac experiments.
• The proposed shifted hardcore/simulated toroidicity experiments are proceeding in
the experimental and theoretical areas.
— Hardware for the shifted hardcore experiment has been designed and is undergoing preliminary testing.

— Numerical modelling of the shifted hardcore heliac experiments include finite ß

build-up and island formation studies
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tji ~ 1 /is, making this long on HBQM time scales, but computationally necessary.
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DESIGN OF THE COMPACT AUBURN TORSATRON*
R.F. GANDY, J.D. HANSON, M.A. HENDERSON,
T. SCHNEIDER, D.G. SWANSON
Auburn University,
Auburn, Alabama

J.R. GARY
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and Atmospheric Sciences and
Department of Physics,
University of Colorado,
Boulder, Colorado
United States of America
Abstract

A detailed description of the Compact Auburn Torsatron are presented.
The optimization of the torsatron magnetic surfaces configuration was done by
new optimization technique which serves as a basis for Integrabie Field
Stellarator code.

The Compact Auburn Torsatron (CAT) is currently under
construction at Auburn University, and is scheduled for completion
in October 1989. The machine will replace the Auburn Torsatron
which has been operating since 1984. The design of CAT was done
using the Cary-Hanson Optimization technique. CAT will have two
helical field(HF) coils. The main component of the HF is from an
1=2,
m=5(A=1.9) coil. The second component of the HF comes from
an fl.=1, m=5(A=2.6) coil. Since the CAT vacuum vessel has a circular
cross section, effort was taken to force the magnetic axis to be
nearly circular. The role of the £=1 HF coil is to keep the magnetic
axis close to the vacuum vessel axis. The various parameters of CAT
can be seen in Table 1.
Figure 1 shows the vacuum magnetic
surfaces as well as the coil locations at (0=0°. Note that there is a
large distance between the plasma and the £=2 coil. CAT will have
moderate shear(see Figure 2) and a magnetic well.

Recent theoretical work by Gary and Hanson[1,2] allows
optimization of torsatron and stellarator magnetic surfaces based
on minimizing stochasticity of magnetic field line flow, and thereby

* Work supported by the US Department of Energy under grant DEFG605-85ER53192C.
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maximizing the enclosed plasma volume. It was realized that the
same principles used in this optimization method could be applied to
designing a new machine. The machine design was done with the
Integrable Field Stellarator (IPS) code. The coils are represented as
a collection of connected straight line filaments(multi-fi!ament
option). The filament endpoints lie on a continuous curve called the
winding law. A convenient parameterization for the helical coil
winding law is

<P = ±Tt/m + ie/m + <P0 +

sin(ne)

where <p (9) is the toroidal (poloidal) angle, and the ± refer to the
two components of the main helical coil.
The machine is then
optimized(using certain fixed constraints such as rotational
transform on axis) with the cx!ns as parameters.
The approach
described has relevance to a Stellarator or
torsatron reactor for several reasons. One impediment to building a
reactor is the high precision requirements placed on the windings.

Table 1: Machine Parameters for CAT

CAT Parameters
SIZE
Major Radius
Avg. Minor Radius
Vacuum Vessel Rad.
Avg. Hel. Coil Rad.
1=1
l=2
Number of turns
1=1 Coil
l=2 Coil
VF per
Plasma Volume
Vac. Vessel Volume
Vac. V. Surface Area
Port Surface Area

MAGNETICS
53.3 cm
11 cm
16.8 cm

Multipole Order
No. of Field Periods
Winding Law:

27.4 cm
20.6 cm

<j>=28/5 -0.21 sine +0.043sin29
- 0.021 sin38
1=1

l=2

150
64
60
0.12 m3
0.29 m3
3.5 m2
0.7 m2

POWER SUPPLIES
Main Coil Set 177V/500A(2) DC
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2 (1)
5

ECH Power

1kWCW
2.45 GHz

ICH Power
1-30 MHz

5kW CW
50 kW Pulsed

<j> =: e/5 - 0.1 sine
Rotational Transform
t ( 0 ) * 0 25
-t(edge)-0 6

Magnetic Field, B
Vacuum Mag. Well

1kG

4> =0

o

R
'20cm

Tab

Figure 1 : Magnetic Surface of Section for CAT.
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CAT IOTA BAR PROFILE
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0.55
0.50
0.45
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0.35
0.30
0.25
0.20
52

53

54

55

56

57

58

59

60

61

62

MAJOR RADIUS, cm

Figure 2: Rotational Transform for CAT.

Using the techniques described above, currents in a set of trim coils
can be adjusted to produce an optimum configuration despite small
errors in the main windings. This would certainly reduce the
precision requirements and probably lower the cost of the reactor.

Another area of relevance to reactor plasmas concerns the
ability to tune the magnetic island structure near the plasma
boundary. A set of trim coils should give this capability. Control of
the plasma boundary region in a reactor may be crucial for impurity
control and divertor action. The method has application with regard
to its original intent, that is to optimize the vacuum closed-surface
volume. This certainly constitutes one criterion for optimization of
future machine design studies.
Much of the work on CAT will be devoted to the study of
islands and the related plasma effects.
The diagnostics for the
island studies(vacuum magnetic fields) include the diode and
phosphor screen techniques of magnetic surface mapping. During
plasma
operation
the
diagnostics
include:
microwave
interferometers,
Langmuir
probes(1D
& 2 D ) , microwave
emission(ECE), magnetic probes, and visible spectroscopy.
To
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enhance the island studies on CAT, there is a large flexibility built
into the machine to alter the magnetic fields. For example, both the
£=1 and the £=2 coil packs are divided into four layers of windings.
Each layer can powered separately. Thus the coil aspect ratio can be
changed by shifting the HF current centers. Another adjustment to
the HF can be made through a sine trim coil which can change the
winding law by increasing or decreasing the sine modulation on the
current center of the £=2 coil.
The outer VF coil current centers
will also be very flexible with four degrees of freedom(see Table 2).
In addition to the outer VF, we will have a set of inner VF coils
which will be used as an auxiliary VF or as part of a quadrupole
field.

Table 2: Planned studies to determine island size dependency on
various error fields and coil adjustments.

ISLAND SIZE DEPENDENCE ON:
RESIDUAL FIELDS
EARTH'S FIELD

WINDING LAW ADJ.
Change aspect ratio of coil
center (1=1, l=2)

V FCO ILS
XZ tilts

AR shifts

BUS WORK/LOCAL Dl POLES

Modulated trim coils
AZ shifts

IRON

XY shifts

Inner VF

CES
[1] Hanson, J.D., Cary, J.R., Phys. Fluids 27 (1984) 767.
[2]

Cary, J.R., Hanson, J.D., Phys. Fluids 29 (1986) 2464.
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ANALYTICAL FIELD RESULTS FOR
STELLARATOR/ TORSATRON CONFIGURATIONS
F. ALLADIO, P. BATISTONI, F. CRISANTI,
F. DE MARCO, S. MANCUSO
Associazione Euratom-ENEA sulla Fusione,
Centra Ricerche Energia Frascati,
Frascati, Rome, Italy
Abstract

The analytical calculations for the vacuum magnetic configurations in
non-axisymmetric toroidal systems are described with the use of the "toroidal
harmonic functions".

The existence of nonergodic vacuum magnetic configurations for
non-axisymmetric toroidal systems is an open theoretical problem [1,2];
one of the ways used to explore this problem is the use of the well known
"toroidal harmonic functions" [ 3 ] , The Laplace equation, in toroidal
coordinates ( e,to,(j) ) with the concentration locus at R=Ro, admits the well
known quasi-separable solution [-4] for the magnetic scalar potential

q=0 p=0

where L

ejq{

)

rC

p{

s

pc

pc

pc

are the scalar external multipolar moments,

________

= Vch6 - cosw Qpq—1/7
(ch6)
\jft

fcoe

l

ll

.

sin

/_^»\
(poi)

[fcos

)

(2)

/_A\

» '

t

l

q

are the toroidal multipolar harmonics and Q
(ehe) is the second-kind
Legendre function [4L
p-i/2
The problem of connecting the scalar multipolar expansion to the current
distribution flowing on the surface of a torus e=6* can be solved in the
following way: i) given the current J flowing on the surface we can
replace it by an equivalent magnetization density M outside the torus
(6<e*) such that
W\M=J . ii) we then evaluate V ' M outside the
torus, iii) we finally solve by Green's function technique the
Laplace-Poisson scalar problem
Va<£>j-i = Ve M • iv) the field inside the
torus (6>e«) can then be evaluated as B = -ja0V4>M .
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Among the various winding laws that we can try for a hélicoïdal surface
current flowing on the torus 6=9*, a simple choice is the one of constant
pitch in toroidal coordinates.
^-

S(e o -e.)cos(imo
2R

(3)

where i is the modulus of the total current flowing between two lines of
null current (mwo+ n<J>0= it/2, 3jr/2, . . .) mis the poloidal winding number
and n the toroidal one. With this particular current we have been able to
obtain .a fully analytical solution for the multipolar moments that have a

pure q=n toroidal number, but contain all the p poloidal numbers. The
expression for these moments is
e,ns _

'»-U-U2(AeJ-AQ.b-l'Vpnf-^QJ

(p

~ n + 1 / 2 ) p"
np + n-t-1/2)

ejnc _

2V2 n

(ehe,
*

v
.(ch8.)-g,
• B im-pt (ch9.)

V.
(4)

where P q (ch0) is the first-kind Legendre function and /~ m (ehe), g m (ehe)
P-1/2
are the first and second-kind Fock functions [ 3 ] . When we consider the
configurations with m=1,2,3 ( i . e . the ones of practical interest for a
stellarator design) a truncation of the
expansion to p=12 is
computationally accurate. An idealized stellarator configuration is
produced as B = -jJ0V<E>^ + B ° ( c h e - cosw)/(sh6)* e^ - p0VOvM

where a pure toroidal field with value By at the concentration locus R=Ro
is added and furthermore a vertical axisymmetric field is superposed to

the toroidal-helicoidal field, A possible choice for the vertical field is
produced by an axisymmetric surface current flowing on the torus 6=8*

with distribution
B

j =f
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m

(chen-œE*Sj28(en-e.)

(5)

where /"v

is a constant of order unity that has to be chosen in order to

maximize the rotational transform 4? at the edge of the configuration. The
main interesting feature of such vacuum configurations is that they do not
show any internal magnetic island formation at any aspect ratio and are
able to provide extremely low aspect ratio A=<R>/<a> with •*;'ecjqe>1 when
A > 3.5 , Even at A = 2,7 (see Fig.1 ) we can achieve-£ ed

= 2/3 (see Fig.A}

and separatrix-like features at the edge of the configuration.
Z(m)

-1
3

O

0

3

4

R(m)

R (m)

R{m)

Mg I

3

Idealized surface current steilarator configuration with m=2 poloidal and

n=6 toroidal number with aspect ratio A=2 7 at * =0,-23r/4n and -2:r/2n

The main parameters of the configuration of Fig.1 are as follows: the
hélicoïdal current is distributed on the surface of a torus with R=2.26 m,
a=1.05 m ( 8*r 1 A, Ro=2 m ) with m =2, n=6 winding numbers and i=4.17 MA,
the toroidal field is B°=5 T and the vertical field has /" v =1.5 which means
a total net toroidal current of 0.97 MA to produce it A possible torsatron
configuration, designed to be as similar as possible to the ideal
configuration of Fig.1 is shown in Fig.2 .

2 (m)

2 -

-1

-2
-i——'

3
R( m)

Fig 2

0

3

R(m)

0

_ '

3

4

Rlm)

Torsatron configuration with same winding numbers and aspect ratio A=2 3
at at * =0,-2w/4n and -2JT/2n
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Its main features are 1=8 33 MA for each of the two helical coils, a return
current i ,=-2.37 MA for the inner vertical coil and i -=-4.49 MA for the
outer coil (see Fig 3)
The main difference with respect to the idealized steliarator is that the
volume of the configuration becomes even larger ( A=2.3 ) keeping the
same value of rotational transform at the edge (see Fig.4) but the sharp
separatnx-like features are lost.
*

V i,

TOP V I E W

Y(m)

-

-4

Mg 3

-2

Top view of helical and vertical field coils filaments for the torsatron

configuration

Fig A

Comparison between the Idealized steliarator and the torsatron

configuration a) Rotational transform -t? v s average minor radius <a>,
D) magnetic well depth vs <a>

The advantages of compact torsatron configurations, apart from the lower
cost of small aspect ratio machines, are the high equilibrium and stability
ßlimits. This fact was explored, in the case of the torsatron
configuration of Fig.2, by the code VMEC [5] . The equilibrium result is

quite encouraging as the ß limit, defined by the averaged magnetic axis
displacement equal to half averaged minor radius ( o/<a> =0.5 ), is found
at <ß> vo] = 8 % . The fixed boundary equilibrium as calculated from VMEC is
shown in Fig.5 where <ß> v o l = 6,9 %, ß a x l s = 10.6 % .
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Z(m)
+ 1.16

-1.18
1.09

3.41

1.09

3.41

1.09

3.41

R(m)

Fig 5

Torsatron magnetic flux surfaces at $ =0,-27T/4n. and -2ir/2n as
calculated from the VhEC code tn fixed boundary configuration with
<p> vo i = 6.9 », PaX)s = 10.6 K

The main effect of such ß value on the rotational transform profile is to

make it hollow, increasing the value *ax,is to 0,33 ( from 0.1 in vacuum )

and decreasing it halfway to a minimum £=0.07, whereas the boundary
value -ted decreases slightly to 0.61 ( from 0.66 in the vacuum ) .
The magnetic well depth is increased to 60 % ( from 20 % in vacuum ) . The
Mercier stability criterion is investigated on the equilibrium calculated
by the VMEC code with a parabolic pressure profile p (t]/)«* (v)/ec,ge-^)2 • The
main result is that the central part of the plasma column, from4^=0.33
down to £=0.25 is found to be unstable. This fact could be exploited in an
experiment to avoid impurity accumulation in the center of the plasma.
The most troublesome points in the design of compact torsatron are the
a-particle containment capabilities of such configurations and their
resilience to flux surface breaking due to field errors and beta effects.

A collisionless a-particle
orbit calculation based on the Boozer
formalism [6] has been performed using the ORBIT code [7]. The evaluation
of the magnetic coordinates
( tl/.o^^ ) for the idealized stellarator
analytical field produced by the winding law (3) is particularly simple.
The Boozer coordinates [8] x 0 is simply the known analytical magnetic
scalar potential x 0 = "Mo^ri > then, knowing the ty = <3>Tor / 2;r coordinate by

a few turns field line tracing, we can evaluate 90 by integrating

70

=

(6)

Then the magnetic coordinates are calculated as
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(7)

A new equally spaced mesh in 0^, ^ is set up on a

surface and the

Fourier coefficients of the various quantities such as

- 2

H

(8)

n

are easily evaluated

The spectrum of the most relevant Fourier coefficients as a function oft);
(0 < \l/ < 1 07 ) for the idealized steliarator configuration of Fig 1 is shown
in Fig 6 , it is interesting to observe that the toroidal coefficients ö 10(\[r)

is always dominant with respect to the mam helical coefficient o,6(i|;) .

o.o

4.0
2,-TT

IBI

Fig 6

Radial behaviour of the most relevant Fourier coefficients »n m as a
function of the radial flux variable $ = $ - j - o r / 2 T t

The plot of the minimum of IBI along <J>^ as a function of ( (<r>/a=\W//i|; ed
9^ ) is shown in Fig 7

),

It suggests [9] that roughly 40% of the trapped

particles should not be promptly lossed A rough estimate of the a particle
contained fraction can be obtained as
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To obtain a reactor relevant estimate of the a particle continement
capabilities of this configuration the product By' <a> has been rescaled by
a factor of 4; this reduces the Larmor radius of the a particle from 8% to
2% of the minor radius. A preliminary calculation based on the orbits of
200 « particles (some of wich are shown in the ( (<r>/a = Yt|r/>edge ) , 0^ )
circle representation of .Fig.7) gives fcont=:;66% at all radii investigated up
to <r>/a=0.8 . The fact that f cont does not increase toward the magnetic
axis is presumably due to the relevant (+/- 5 cm) m=1,n=6 helical
wobbling of the magnetic axis. Moreover the promptly lost a particles
escape in two narrow helical strips roughly coincident with the
separatrix-like features of the configuration and no particles are observed
to escape in the innerside of the torus in the poloidal angle range
7T - arcsin(1/A) < 8^ < n + arcsin(1/A).

That would mean that presumably in a torsatron configuration the
promptly lost a particles should escape far from the helical coils and
should not hit them. However a complete study of the containement and of
the prompt losses in the torsatron configuration of Fig.2 remains to be
done.
The resilience to flux surface breaking of the torsatron configuration due
to field errors has been partly assessed, A rigid displacement of 5mm
between the two helical fields coils, both in horizontal as well as in
vertical direction (+2.5 and -2.5mm opposite displacement with respect to
fixed vertical field coils) does not break up the internal magnetic flux
surface neither does decrease below 0.6 the rotational tranform at the
edge, A horizontal displacement of 5mm of a single vertical field coil
produces as well unnoticeable effecs.
The problem of magnetic surface breaking due to finite ß effects has
simply not been yet studied as it would require iterative equilibrium
codes that, at the moment, are not available to us.
The main feature and the main risk of the low aspect ratio torsatron
approach turns out to be the high shear region at the edge of the magnetic
configuration. An advantage of the torsatron approach versus the
stellarator one is that such high shear region becomes more large and less
steep (see Fig.A] in the torsatron case and so maybe less prone to
destruction.
The advantages of high shear at the edge are quite clear; from the

equilibrium point of view raising up the 4red raises up the ß limit; from
the ideal stability point of view it strongly stabilizes the edge of the
configuration leaving the possibility on an unstable centre that could
prevent impurity accumulation; from the o particles containement point of
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Fig 7

Orbits of a particles in the stellarator configuration of Fig 1 with <a>«b]increased by a factor A (so that P L a / < a >

=

2% ) in the

polar representation
Internally born a) circulating, b) trapped contained, c) lost orbits
Externally born d) circulating, e) trapped lost, f) lost orbits

g) plot of mean IB! over 0 < +^ < 27T/n in the same

polar
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representation

view it allows a good containement in the edge region and channels the
prompt a particles losses in the in the separatrix-like region far from the

helical coils.
However the high shear region remains in our view the main risk in a
possible low aspect ratio (A<3)
torsatron experiment as its destruction
could be due to field errors or to finite ß effects (the
strong compression
toward the outside of the magnetic flux surfaces at high ß, obtained from
the Lagrangian equilibium codes (see
Fig.5), is yet a warning).Should such
high shear region be destroyed then the experiment would reduce to a
higher effective A configuration with the disadvantage of far away helical
coils,that would mean a low shear and a low rotational transform. So we
think that much more work is ne'eded to asses whether a low aspect ratio
(A<3)
torsatron could become a reasonable experimental proposal for a
machine with R c^ 2,m and B°7^5 T .
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CONFIGURATION STUDIES FOR TJ-I UPGRADE
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Madrid, Spain
Abstract

The main characteristics of the new TJ-I Upgrade installation are
reported. It is shown that 1=1/ m=6 configuration f u l f i l l s all the TJ1
Upgrade requirements. It has a deep magnetic well, good stability, sufficient
microwave launching conditions and is rather insensitive to field errors.

1 .Introduction.
In order to fill up the temporal gap until TJ-II completion (1992) and to acquire ex-

pertise on ECRH with the available 28 GHz gyrotron, a new small Stellarator has been
planned at CIEMAT. It will share with the present TJ-I Tokamak, site, power supplies,
data acquisition systems and diagnostics.
By necessity it shall be of easy construction ( no extreme currents or accuracy), small
size and cost but with, at least, 10 cm of average radius and the most similar as possible
to TJ-II magnetic configuration.
2. Coil structure.
After many trials and optimisation the chosen configuration is an L =1 / m=6
Torsatron ( Figs. 1-2). It has an (.=1, six turn, helical coil with winding modulation given
by <]) = 1/6 (0 + 0.4 sin 0 ) and with a major radius of 0.6 m and a minor one of 0.24
m. Two couples of vertical field coils provide dipolar and quadrupolar vertical field components. That modulation is opposite to the usual in "ultimate" torsatrons and is essential
to achieve deep magnetic well, it makes the helix direction more closer to the vertical on
the inner side of the torus than on the outer one.

3. Configuration properties.
For the "reference" current settings ( Ihc = 280 kA, Iyfl = -122 kA, l^ = -49 kA )

the magnetic surface cross sections are shown at Figs. 3-4, the average plasma radius is
10 cm, rotational transform at axis 0.30, with shearless radial profile, the magnetic axis,

Departamento de Fisica Fundamental, Facultad de Ciencias, Universidad Complutense, Madrid, Spain.
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placed at Rax=0.58 cm for <J) = 0°, has a slight helicity (~ ± 2.5 cm) and, most important,

a deep magnetic well of 6.9% depth exists. Magnetic field intensity at axis for <f> = 30° is
just 0.5 T suitable for 2nd harmonic ECR heating at 28 GHz.
The VF coils allow some configuration flexibility by means of magnetic axis shift, it
can be positioned between 0.61 and 0.52 m, in this way the rotational transform can be
varied between 0.14 and 0.4 maintaining always an average radius greater than 7 cm,
magnetic well is optimal for the reference case, disappearing gradually for extreme shiftings (Fig.5).
An extensive field error analysis has been done, as well for periodic perturbations as
for symmetry breaking errors, in no case the accuracy requirements are finer than 1%, the
most dangerous case is a tilting of one of the external VF coils. The configuration shows
a remarkable robustness against any kind of errors. The effect of finite coils and current
leads has been analysed also.
4.Microwave heating.
Ray tracing analysis shows that the optimal launching position for 2

harmonic in

X-mode at 28 GHz appears at <t> = 30°, horizontaly. along the equatorial plane. Below
and near the density cut-off (n (0) = 0.45x10

io

cm

o

) the absorption can attain
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while for lesser densities (0.3x10 cm" ) single pass absorption is about 45% but the
total refexion produced on the cut-off can occasionate a second pass over the resonant
layer.
5. Equilibrium and Stability.
Equilibrium studies using the 3-D code VMEC have been done obtaining equilibria, at
least, up to <ß> = 1.16%

and showing 3-D Mercier stability against local modes for the

whole range of ß considered.
6. Drift particle trajectories.

Drift particle trajectories have been studied showing that for strong inner shifting of
the magnetic axis ( ARax < - 5 cm) these trajectories remain inside the magnetic surfaces
for almost all the plasma volume. This fact is shown at Fig. 6 where the projection on a
meridian plane ( § = Cte), in flux coordinates, of the magnetic surfaces ( circles) and the
drift trajectories are shown.

As for these inner axis shiftings the magnetic well disappears, this fact suggest the
possibility to realise on this device experiments on stabilisation by fast particles, produced either by the ECRH system or by additional RF sources.
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T.Transport estimations.
Transport simulations by means of a 1-D flux coordinates code, with a model including neoclasical and helical ripple losses as well as anomalous electron thermal conductivity, give a central electron temperature of about 435 eV for 100 kW ECRH and
I O

ne(0)=0.5xlO

O

cm , this corresponds to <ß> = 0.14% ( well inside the stability re-

gion), and a global energy confinement time Tg = 0.33 ms. The radial profiles are rather

rounded, almost parabolic for Te, and slightly dependent of the beam spread( ~ 8 cm).
8.Conclusions.
In conclusion the present L-\ 1 m=6 configuration fulfills all the TJ-I Upgrade requirements, it has a deep magnetic well, some flexibility that could allow the study of stabilisation by fast particles, it shows good stability and microwave launching conditions
and is rather insensitive to field errors.

The engineering dessign of the device is now well under way and the machine is expected to start working at the begining of 1990.
Next page(s) left blank
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R.F. STELLARATORS*
J.L. SHOHET
Torsatron/Stellarator Laboratory,
University of Wisconsin - Madison,
Madison, Wisconsin,
United States of America
Abstract

Conventional stellarators utilize twisted d . c . multipole fields for
confinement. This paper contains new proposes to either supplement or replace
the stellarator magnetic confining field with that produced by RF multipole
field. Combined RF and d . c . magnetic field multipole fields can be used for
either injection of charged particles into a magnetic stellarator or improving
the confinement properties of conventional stellarator.

I.

Introduction

R.F. multipole fields may be used as both a mass filter1 and a means to inject
ions into a region of a strong magnetic field2. If the multipole field is strong enough
to outweigh the d.c. magnetic field, then charged particles may be confined with the
multipole field alone. An approximate expression for the r.f. fields from a
quadrupole is:
v(x,y) = [(x* - yi-)/r$]VT

(1)

where v is the electrostatic potential inside the quadrupole region, x and y are the
coordinates perpendicular to the direction of the quadrupole rods, TQ is the radius
from the axis of the quadrupole to the rods and VT is the r.f. potential applied to the
rods.

In effect, if the frequency of the r.f. is high enough, the r.f. fields reverse before a
charged particle can be accelerated outside of the quadrupole region and a

ponderomotive force3, as in radio frequency plasma confinement exists. If the
charged particle moves fast enough to leave the confined region before the r.f. fields
reverse in sign, then confinement will not occur. The result is that the quadrupole

can then act as a mass filter.
If the r.f. quadrupole is twisted to form a helix and then bent into a torus, an r.f.
stellarator configuration can be generated. In addition, a combination of stellarator
d.c. magnetic fields together with superimposed r.f. multipole fields offers the
potential of improved confinement, especially under the conditions which might
result in direct orbit losses in pure d.c. magnetic field stellarators.

* Work supported by the US Department of Energy under grant DE-FG02-86ER53216.A004.
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II.

R.F. Multipole Confinement

Conventional stellarators utilize twisted d.c. multipole fields for confinement.
The work here proposes to either supplement or replace the stellarator magnetic
confining field with that produced by a r.f. multipole field. Combined r.f. and d.c.
magnetic field muitipole fields can be used advantageously for either injection of
charged particles into a magnetic stellarator or improving the confinement
properties of magnetic stellarators.

In the example used here, we assume that an r.f. quadrupole field, as produced
by the rods shown in Figure 1, is established. The r.f. quadrupole is a set of rods
which can be straight as shown or wound into a helix. There is no explicit
requirement, however, that the pitch of the r.f. multipole helix match that of the
stellarator helix. The electrostatic field produced from an r.f. source applied in
quadrature between the rods is that shown in equation (1). By finding the electric
field from the potential and finding its time average, we can obtain the

ponderomotive potential

provided that carf» ®c- The gradient of the ponderomotive potential is the net
time-averaged body force on a particular charged particle. Note that it is inversely
proportional to the mass and to the r.f. frequency. Thus, higher mass particles have
a smaller ponderomotive body force than lighter ones. It can be seen from
equations (1) and (2) that the force acts perpendicular to the z direction (axis of the
multipole rods) , but varies sinusoidally with azimuthal angle. It is a maximum in

the direction going directly to the rods, and a minimum half way between them.
If a particle moves fast enough to leave the confined region before the r.f. fields
reverse, confinement does not occur, and thus a mass filtering action can be
accomplished.

Similar confining fields can be found with waveguide modes, as shown in
Figure 2. Here the square region in the center of the cavity is a ponderomotive
potential well in which particles are confined provided that their energies are less
than the maximum height of the well as given by equation (2).

Quadrupole
Rods

FIG. 1.
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FIG. 2.

lu.

R.F. Multipoles in d.c. Magnetic Fields

The problem to be solved here is to determine the effectiveness of the
quadrupole field in the presence of a d.c. magnetic field. We show this by showing
the effects of the r.f. quadrupole on a particle entering a solenoidal d.c. magnetic
field. Figure 3 shows the particle trajectory without the use of the quadrupole. The
magnetic field is 100 times smaller at the left hand edge of the figure compared with
its maximum which is at the center. Note that the particle is reflected, just as would
be expected. Figure 4 is the projection of the trajectory in a plane perpendicular to
the magnetic axis.
Figures 5 and 6 show the orbit of the same particle, but with an r.f. quadrupole

field set up between the left hand edge of Figure 5 and the midplane. Figure 5 shows
that the particle is not reflected and passes through the center of the solenoid. The
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magnitude of the electrostatic field is such that it is greater than the magnetic force
at the boundary of the figure, but, because the magnetic field" increases toward the
mid plane; the magnetic force outweighs the electrostatic force at the mid plane
region. Figure 6 shows the effects. Near the outer edge, the orbit oscillates up and
down in following the r.f. field. As the particle travels toward the midplane, the
orbit begins to precess and then "open", finally reaching a full circular orbit when it
enters the mid-plane region.

Direct applications to stellarators can be used to improve confinement,
especially since the ponderomotive force acts in the opposite direction to the motion
of particles that are drifting out along the minor radial direction. It might also result
in particle "de-trapping" which can improve confinement as well.
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ULTRA-SIMPLE STELLARATORS
T.N. TODD
Culham Laboratory,
Euratom-UKAEA Fusion Association,
Abingdon, Oxfordshire,
United Kingdom
Abstract
An ultra-simple approach to achieving a.high rotational transform, low aspect ratio
toroidal magnetic confinement system is presented, featuring just two planar coils, optionally interlinked. The effect of the principle free parameters on the vacuum magnetic
topology of the configuration is explored, suggesting a compromise between minimising
magnetic field ripple and plasma aspect ratio. It appears that an attractively simple,
magnetically robust design can be achieved, with the possibility of further improvements
by more sophisticated optimisation of the coil shapes.
Magnetic confinement fusion is presently undergoing a revival of interest in stellarators, with a number of new devices recently commissioned and others in advanced stages of planning. The majority
of these devices feature a daunting level of technology, whether of the classical helical winding types

such as ATF, U2-M and LHS or the more recent modular and heliac [1] types exemplified by W7AS,
H-l and TJ-II. As such they are beyond the resource capability of all but the relatively well-endowed
plasma physics institutions, unless built more on the scale of Shatlet-M, IMS or Sheila. Some other
institutions e.g. universities in developing countries, would pursue the physics of plasmas in stellara-

tor configurations if they were as easy to build as the small tokamaks or plasma focus experiments
commonly favoured, thus broadening the stellarator community to the benefit of all concerned.
So what is the simplest possible geometry for a stellarator? Since helical or severely non-planar
coils are inevitably prone to engineering difficulties, it would seem reasonable that a heliac constructed from planar coils might be preferred. Such devices typically feature several field periods,
each consisting of several toroidal field coils, but there is no reason in principle why the number of
field periods and coils per period should not be reduced to one. This is equivalent, to constructing a
global q — 1 surface and then resonantly perturbing it with the stray field from the return limb of the
single toroidal field coil employed. Besides reducing the number of field periods, the choice of q = 1
for the global structure has the advantage of producing the minimum density of neighbouring lowmode-number rational surfaces, enhancing the immunity to satellite perturbations from harmonics
of the vacuum fields, constructional errors or pressure-driven plasma currents. The basic structure
of the proposed configuration is accordingly a single large rectangular TF coil with a hardcore ring
arranged axisymmetrically around one long limb, as shown in Fig 1.

When the TF coil is extremely large (200R x 200R, R being the ring radius) the structure of the

magnetic surfaces is broadly consistent with simple linear theory for the structure of an island in the
gradient of global rotational transform, Vt, i.e.

(r - r0) and
_
--—

Iprivate

Qprivatc ~ ~

_
T-T-

TflTTW Vi

Here r0 is the radius of the resonant surface, m is the resonant poloidal mode number, w is the full
island width, given by

w = -4Rbro
2 ~ "
4SI

Figure 1. Coil layout of ultrasimple,
single field period heliac.

(where R is the major radius of the resonant surface, b ro is the amplitude of the perturbing field
and BJ, is the toroidal field), 0\ is the poloidal angle subtended between the o-point and a point

in the island, and f is the nesting parameter, varying beween -1 (representing the o-point) and +1
(corresponding to the separatrix). The value of the integral is ir/^/2 K; 2.22 at / = —1, rising slowly
to ~ 4.1 at / — 0.9 and diverging to oo at / — -f 1.

Clearly as the size of the TF coil is reduced towards more manageable proportions, the field from the
return limb rises, eventually becoming too large for clean island generation and creating stochasticity.
However the field from the return limb can be compensated by tilting and/or outwardly shifting the
hardcore, until some optimum is reached where the magnitude of the satellite perturbation spectrum
(and hence the degree of magnetic surface destruction) arising from the various non-axisymmetries
is just tolerable. A wide range of such configurations has been found by simple field line tracing,
featuring various ratios of ring current to TF coil current and TF dimensions.
A natural property of simple heliacs is that the magnetic field strength explored by the field lines
includes the global variation with major radius, so that the field ripple rises with the inverse aspect
ratio of the original resonant surfaces, i.e. the ratio of ring to TF current. The achievement of good
surfaces when this ratio was low, however, was possible only with a moderately large toroidal field
coil, so that for a given plasma volume a compromise between machine size and trapped particle
losses due to field ripple seems to be necessary. Figure 2 shows a sequence of surface cross-sections
at the outboard midplane for various ratios of ITingl ITF with T F dimensions 10/2 X IQR, the longer
dimension being directed along the axis of (global) symmetry. All of these cases feature a monotonie
rotational transform profile falling from < 2/3 at the centre to > 1/2 at the surface. Sliding the
ring too far away from the return limb causes private m—2 (f — 1/2) islands to appear at the edge,
while sliding it the other way creates an m=3 (ï = 2/3) island chain near the magnetic axis. These
effects are due to the whole rotational transform profile shifting downwards as the compensation of
the return limb field is increased, consistent with the linear theory above. Another class of configurations with ï(r) < 1/2 (as found in the 200 m square TFC case) can only be preserved for modest
reductions in the size of the TFC, down to w 20Rx40R, without becoming ergodic.

Very tight aspect ratio configurations are possible with this approach, as shown at various toroidal
angles in Fig 3 for a case with Iringl'ITF — 0.15 (hence very large field ripple) and TF dimensions of
7Rxl4R. This achieves a ratio of mean major radius to mean minor radius (volumetrically averaged)
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of 2.74, while the equivalent current of the outermost surface (Ieq = /xft(a/A) 2 ) is 49% of the ring
current. Fig 4 shows the profiles of rotational transform, magnetic field ripple and spectific volume
V>
~ \ fo iff for this case and another at Irin3 = 0.05, TF size 10Rxl6R. Evidently although the
achievable aspect ratios and rotational transform profiles of this configuration class are (serendipitously) very favourable, the ripple and well depth (or rather, hill height) leave much to be desired.
The presence of a magnetic hill is theoretically expected to destabilise modes such as the resistive interchange [2] but the non-linear effects of such activity on energy transport etc are not easily
predicted and could perhaps be acceptable, as suggested in ref [3] for modest hills. Devices such as
asperators [4], bumpy tori [5,6,7] and levitrons [8,9] have been operated successfully at low ß with
magnetic hills, so that plasma initiation is not in question. The equilibrium currents associated with
finite plasma pressure will, particularly at tight aspect ratio, cause an outward shift of the inner
magnetic surfaces, reducing the vacuum hill, while the strong shear of the configuration will exert
a stabilising influence, but the necessary equilibrium and stability analyses to quantify these effects
are beyond the scope of this study.
Adding a uniform vertical field or single extra circular coil alters the shape of the surfaces considerably but has no significant effect on the profile of specific volume. Various shapes and/or
winding elongations for either or both of the coils have been tried, preserving their planarity, but the
principle effect was to introduce strong splitting of the magnetic surfaces. It may be that the addi-

3

IR/IZ = 0.025, tilt = 4.0°
Our a *#

*«% o 5 K 0

• • *;:."Vf-. /«
ja M &k

„

.

M

* *

n

.

o"

IR/I Z = 0.05, t i l t = 2.«°

o

K« »

IR!/Z " 0.075. til:

>:

U **••"".""5 "—

-•«••v^ *

I R /I Z = 0.15, tilt = :.r

a

•.

••...

. . ••

. •

a. x

. « <

2. i

2.8

Figure 2. Effect of varying /rmj//rXW/z) with optimum ring tilt,
for TF size = 10R x 16R

459

- oo

= 60 0
•o

06

08

18

10

°

20

22

..

24

2«

Z«

50

08

10

° »

10

12

12

14

It

18

l«

lt

IB

JO

22

2»

= 180.0

0 = 120 0

20

Plotting

Private

Character

Transform

l 2 ——

H————H————l————Ï
0«

0 «

4tX

22

2*

2«

2.8

30

°*

10

12

0.656

V

0 650

B

0.639

0

0.620

O

0.584

4

0.570

X

0 519

It

Figure 3 Low aspect ratio, high transform example (/H//Z = 0 15, tilt = 0°,
TFC size = 7R x 14R) shown for four toroidal angles «^ (j> - 180" corresponds
to the angle of the TFC return limb

A

0.70

0.65

0.60

0.55

0.50

_L
10

20 _

r

30

'10

50

(cm)

2.00
IBI/B,

1.50

1.00

0.50

0.00

10

20 _

30

50

T (cm)

8.50

J

JÎ«/!BI
2.00

1.50

1.00

0.50

10

20

30

-10

50

r" (r.m]

Figure 4 Profiles of (4a) rotational transform (t) (4b) magnetic field ripple
(max and rnin |/?|) and (4c) specific volume (1 // M,) for the case of Figure 2,

ln = 0.05, and Figure 3

461

tion of i = 2 fields (i.e. another ring coil, paralleling the plasma) would reduce the hill, but this or
any more sophisticated optimisation, e g. via an implementation of trie Cary-IIanson technique [10],
may well result in non-planar coil deformations as well as additional coils, complicating the structure.
A potential advantage with a penalty of increased geometrical complexity arises if the coils aie
formed without interlinking, as favoured for any wound-wire construction. As a demonstration of
the robustness.of the configuration, two such cases corresponding to case 4 of Fig 2, but with the
ring substituted by a "Pacman" shaped coil (modelled by ~70 straight filaments specified only to an
accurancy of 10~ 2 of the ring radius) were evaluated with and without a compensation loop Despite
the broad spectrum of perturbations these distortions created, the surface splitting was found to be
quite modest even in the uncompensated case, Fig 5, and could presumably be nulled by a more
subtle optimisation.

The lowest order resonance in this family of configurations (0.5 < I < 0.667) is at I = 0.60 with
m = 5, n = 3, and small islands were observed here in some of the cases studied. However the
effective n — 3 spectrum can be modified by forming the toroidal field coil conductor stack into a
triangular or trifoliate cross-section where it passes through the ring, readily producing a null or
inverse island phase in the cases examined, and simultaneously improving the outermost surfaces,
where the m — 6, n = 3 is marginally resonant.
In conclusion this limited study has shown that there exist classes of tight aspect ratio, high rotational transform heliac stellarators which feature extreme engineering simplicity and very robust
magnetic surfaces, capable of providing a suitable basis for the investigation of generic stellarator
issues such as magnetic hill and ripple effects. It seems likely that related configurations should exibt
which would preserve the fundamental simplicity of these examples but improve upon their magnetic
properties.
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RECENT STATUS OF THE LARGE
HELICAL DEVICE PROJECT
A. IIYOSHI
Institute of Fusion Plasma Science,
Nagoya University,
Nagoya, Japan
Abstract

The description of the administrative scheme and the scientific programme
of the newly established Japanese fusion institute is given. The major
objectives of the programme are construction and operation of Large Helical
Device with the purpose of physical investigation of the plasma with target
parameters close to the burning plasma region.

Establishment of the new Japanese fusion institute has been
approved in the draft of the government fiscal budget 1989, which
was disclosed on January, 1989. A total of about 32M$ (1989
budget) has been approved for operating the new institute, and
developing a large helical superconducting coil system and the
major component of the large helical device. This new institute
will be located at the site of Nagoya University (buildings of
Institute of Plasma Physics) for the first several years.
Institute of Plasma Physics will be abolished and the majority of
the staff will be transferred to the new institute. It will be
joined by a group of researchers from Plasma Physics Laboratory
(Kyoto University, Heliotron) and Fusion Theory Center (Hiroshima
University).
The institute will be the fusion research center (InterUniversity Research Institute for Joint Use) under the Ministry
of Education, Science and Culture, and many researchers of
various Universities will participate in the research activities.
The major activity in the first several years will be the design
and construction of the Large Helical Device. We will also keep
operating the small devices existing such as CHS and Heliotron E
(Kyoto University) until the experiment of the new device starts.

The main objectives of the large helical device project are
the physical investigations on the plasmas of which target
parameter region is set between the present plasma region
467
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attained by helical machines and the future burning plasma
region.
This helps us to obtain confinement
scalings
extrapolatable to the reactor plasma and contributes to develop
the fusion research. The basic and necessary machine parameters
R = 4 m, B = 4 T, m = 10, and ap = 50 - 60 cm. The heating
are,
power exceeds 20 MW with ECRH, NBI and ICRF.
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In the present plan, we will start the experiment on the
Large Helical Device in 1995. For this end, we have to finalize
the design specification early 1990, and we also need a year
developing the superconducting coil which is the major component
of the device. In this fiscal year, we have decided the basic
specification of the Large Helical Device and the coil design,
particularly m-number of the helical coil. As for the heating
systems, we start the research and development program on
negative ion source and new gyrotron in 1989.
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FIG. 1. Target plasma parameters space. Shaded
area in the centre is the target of this project.

TABLE 1. THREE PLASMA REGIMES

CASE 1 (high n r T ) B = 4 T
<Ti> = 3 - 4 keV,
<n> = 1020 „-3,

rg = 0.1 - 0. 3 sec,
(hight Tj) B = 4 T
T } <0) = 10 keV,
<n> = 2 x 1019 j»-3,
rE= 0. 05 - 0. 1 sec,
CASE 3 (high y3> B = 1—2 T
<ß> = 5 %,
CASE 2
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RECENT DESIGN CONSIDERATIONS
FOR THE LARGE HELICAL DEVICE
O. MOTO JIM A
Institute of Fusion Plasma Science,
Nagoya University,
Nagoya, Japan
Abstract

This paper describes the objectives of the new project for large
superconducting helical devices at the new Japanese fusion research
institute. The basic device parameters as well as the target parameter region
are reported.

A

large superconducting (SC) helical device of Heliotron
Type has been designed for two years by Design Team (A Joint
University Effort in Japan). This will be a major experimental
device for the new Toki Institute (Institute for Fusion Research,
Gifu Prefecture, Japan), which will be founded in 1989 by the
Ministry of Education, Science and Culture. After intensive
design study of both super-conducting (SC) and normal-conducting
(NC) systems, the SC design was adopted. This paper describes the
objective of this project and the recent design consideration of
the SC helical device.
The main objectives of this large helical system project
are;
(a) To carry out transport study in a wide range of plasma
condition and to achieve high ntT plasma conditions
extrapolatable to reactor plasmas.
(b) To realize high-beta plasmas with average beta value of 5%,
which is required for reactor plasmas, and to understand the
related plasma physics.
(c) To attain quasi-steady state operation and the related data
base using helical divertors.
(d) To study the behavior of high-energy particles in this nonaxisymmetric system, and to simulate alpha-particle
behaviors.
(e) To increase the comprehensive understanding of toroidally
confined plasmas by carrying out studies complementary to those
in tokamaks.
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LARGE HELiaL DEVICE

Large helical system device and supporting facilities.

The target parameter region of this project is set between
the present plasma region attained by helical machines and the
future burning plasma region, which help us obtain confinement
scalings extrapolatable to the reactor plasma. This region is
estimated by the neoclassical theory and two experimental scalings mainly based on the Heliotron experimental data. It is an
important engineering innovation to build a super-conducting
helical device of which stored energy is larger than 2 GJ,
largest in the world. The construction is scheduled to be
completed in 1995. At present, the device parameters have been
almost converged to the followings after the intensive design
studies.
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4
m
Major Radius
0.96 m
Minor Coil Radius
Magnetic Field(plasma center) 4.0 T
T
(maximum)
8
10
Toroidal Field Period
MAT
Helical Coil Current
8
4.0
kA/cm2
Coil current Density
0 .5
Rotational Transform(center)
(surface) 1 .0
Heating Power
20
MW
Basic design of the helical device were carried out in FY
1988 to determine the helical field period and winding law (basic
phase-2 design) and to conduct the further optimization. The
detailed phase-1 design for the decision of the cooling system
will be done in FY 1989. After the decision of the main
contractor for the machine construction, detailed phase-2 design
will be conducted in FY 1990. The device contraction will be
started in FY 1991 and completed in FY 1994. A first plasma is
expected in FY 1995.

DESIGN ACTIVITY IN FY1988
PHYSICAL DESIGN

— 1. MHD
— 2. TRANSPORT
— 3. DIYERTOR

L

DESIGN OPTIMIZATION

— 4. SCHEDULING

ENGINEBBING DESIGN

— 1. CONDUCTOR

— 2. MAGNETIC FORCE ANALYSIS
3. SUPPORT STRUCTURE
4. REFRIGERATION SYSTEM
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TIME
l 9

1989

1990

DETAILED DESIGN
PHASE I
R S D

DETAILED DESIGN
PHASE H

PHYSICAL DESIGN k OPTIMIZATION
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SCHEDULE
1

9

9

1

l 9 9 2 ~ 9 •!

STARTING EXPERIMENT

THEORETICAL STUDY OF THE LARGE HELICAL DEVICE
M. WAKATANI, Y. NAKAMURA, K. HANATANI
Plasma Physics Laboratory,
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Gokasho, Uji, Kyoto
T. KAMIMURA, H. SANUKI, T. AMANO,
N. NAKAJIMA, M. OKAMOTO
Institute of Plasma Physics,
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Nagoya
T. HAYASHI
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M. OHNISHI
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Abstract

In this paper the general properties of 1=2 torsatron/heliotron are
discussed from MHD equilibrium and stability, neoclassical transport, p a r t i c l e

confinement and auxiliary heating. Compatibility of high beta limit and good
confinement is studied for low aspect ratio systems.

General properties of 1=2 heliotron/torsatron are discussed from MHD equilibrium,
stability, neoclassical transport, high energy particle confinement and NBI or ICRF heating. Compatibility of high beta limit and good confinement is intensively studied for low
aspect ratio systems of M=10 configurations, where M is a helical period number.1'1
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M=14 Configuration
Since there is a size limitation, R ~ 4 m, for the Large Helical System (LHS), pitch

parameter 7 = a c /R • M/l must be less than about 1.3, where ac is a coil radius. If
7 exceeds this value, the outermost flux surface will get in contact with the finite size
helical coils having a current density of (30 - 40) A/mm 2 , which is given technologically to

produce B=4 T at the center of vacuum vessel. For 7 < 1.3, the rotational transform at
the edge, i(a), always exceeds one, which brings about a severe MHD stability beta limit.
It is usually in the range of /?(0) ~ 3 - 4 % for the standard pressure profile, P=P0(1-1/')2.
This beta limit is much less than the equilibrium beta limit of ßlq(fy > (15 - 20) %.

Though particle confinement properties is better than the configuration with M=12 or
M=10, it is not easy to enhance the stability to obtain the critical beta of /?c(0) ~ 15 %.
M=12 Configuration
Under the constraints of reserving a space for the divertor region larger than several cm
and of the maximum coil current density, jmax < 40 A/mm 2 , t(a) still exceeds one even in
the case of M=12, R=4 and B=4 T. ATF is optimized from the point of view of the high
beta plasma confinement, which requires 7 ~ 1.4. For an example where i(a) ~ 1.4 and

plasma aspect ratio is A=8, the low n mode stability limit is /?(0) ~ 5 % for P=P 0 (l-'0) 2 . 2 ^
M—10 Configuration

In this case, configurations with i(a) ~ 1 and no contact of the outermost flux surface
with the finite size helical coils are realized,
(i) Equilibrium beta limit (ß% )
When the magnetic axis position exists at the center of the vacuum chamber, which
is called standard case, we examined ßc for various i(0) with a fixed i(a) ~ 1. When
i(0) decreases, ßlq degrade a little bit; however, ßlq still keeps ßlq(ti) ~ 15 %. In the
case that the magnetic axis is shifted inside by the vertical field, ßlq again degrade a
little bit. By applying the quadrupole field additionally, the averaged flux surfaces can be

controlled. When they become horizontally elliptic, ßlq degrades due to an enhancement
of P-S current,

(ii) Stability beta limit (ßctt)
For the standard case, /?c(0) > 15 % limited by ßlq is obtained for various configurations
with i(0) ~ 0.3, 0.4, and 0.5 from both the low n mode stability limit and the Mercier
criterion. Thus the M=10 configurations satisfy the requirement for LHS. When the
magnetic axis is shifted inside, the magnetic hill region expands and there appears a
tendency losing MHD stability by the Mercier criterion. However, low n mode stability
limit does not decrease significantly for the inward magnetic axis shift of (5 ~ 10) cm.
When the inward shift of the magnetic axis exceeds a critical value, ßcft decreases suddenly
from /?sct(0) ~ (10 - 15) % to the level of /%(0) ~ (3 - 4) %.
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When the quadrupole field is applied additionally to the standard case for producing
the horizontally elongated averaged flux surfaces, the Mercier criterion degrades a little
bit due to the enhancement of the geodesic curvature term related to the P-S current.
However, the low n mode stability does not change when the quadrupole field is less than
a threshold value. In the case that the quadrupole field produces the vertically elongated
averaged flux surfaces, the confinement of trapped particles degrades. We have no interest
in such a case,
(iii) Confinement of trapped particles
It is known that the trapped particle loss is increased in the low aspect ratio heliotron/torsatron configurations. We studied two approaches to improve particle confinement properties. One is to shift the magnetic axis inside by the vertical field. However,
this is the direction that degrades the MHD stability properties. The velocity space loss
region disappears for r/a < 0.3 region, when the axis shift is larger than about 10 cm in
the vacuum magnetic configuration with R=4 m and B=4 T. When there is no direct loss
of high energy particles for the r/a < 0.3 region, ICRF heating with He minority works and
parallel neutral beam injection heating is shown effective by the Monte Carlo calculations.
Thus, if we can control the magnetic axis freely by the vertical field, the configuration is
varied from the standard one with good MHD properties to the inwardly shifted case of
the magnetic axis with good particle confinement properties.
The other approach to obtain good confinement of trapped particles is the application
of the quadrupole field to produce horizontally elongated averaged flux surfaces. When
the quadrupole field is chosen suitably, loss of trapped particles from the half radius region
becomes less than (20 - 25) %. Here it is assumed that particle density is uniform both in
the velocity space and in the real space.
The best way to improve the particle confinement without deteriorating the good MHD
properties of the standard case is to combine the inward magnetic axis shift of (5 - 10)
cm with the application of the quadrupole field to produce almost circular averaged flux
surfaces at R=4 m and B=4 T. It is noted that degradation of the particle confinement
due to the Shafranov shift is minimized by taking the best configuration to confine trapped
particles at ß—0.
Transport Prediction

Transport code predicts that two interesting regimes exist in LHS experiments. One
is the high density regime with the largest n TE (Te(0) -f T,-(0)) (ion root case) and the
other is the low density regime with the highest T,(0) (electron root case).
Our transport model based on the neoclassical ripple transport with an edge anomalous
transport for the particle diffusion and the electron thermal transport gave the confinement
time scaling TE oc B°'33 R°'75 a1'8. This scaling suggests a little lower B and a little larger R
will give a better confinement, which is almost consistent with the empirical LHS scaling
result following rE oc B0-53 R a2.3)
We acknowledge ORNL theory group particularly B. A. Carreras, and J. Johnson and
G. Rewoldt at PPPL for supporting the theoretical studies of LHS design.
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Abstract

At IPP Garching, the future experiment Wendelstein VII-X is being developed. A Helias
configuration ( Helical Advanced Stellarator ) has been chosen because of its confinement
and stability properties [1]. The aim of Wendelstein VII-X is to demonstrate the reactor
capability of this stellarator line, to achieve quasi-steady state operation in a temperature
regime above 5 keV and to investigate the merits and limits of the modular stellarator. A
heating power of 20 MW will be applied to reach the reactor relevant parameter regime.
The magnetic field in Wendelstein VII-X has 5 periods; other basic data are: major
radius RQ = 6.5 m, magnetic induction BQ = 3 T and a stored magnetic energy of W fa 0.88
GJ. The average plasma radius is 0.65 m. Studies of superconducting coil systems for Helias
configurations have shown that the lateral force components can reach the magnitude of
radial force components which exhibit helicity in accordance with the helix-like magnetic
axis. Other studies are concerned with the engineering of superconducting non-planar coils
and its conductor.

I. Introduction

Wendelstein VII-X is a continuation of the Advanced Stellarator line, which has been
developed in Garching and successfully realized with the construction of Wendelstein VII-

AS . Wendelstein VII-X will go a step further than Wendelstein VII-AS , aiming to reach
reactor relevant parameter regimes and to demonstrate the reactor capability of modular
stellarators. For this purpose the size of Wendelstein VII-X has been chosen large enough
to give access to powerful heating methods and to allow quasi-steady state operations. In
detail the aims of the Wendelstein VII-X experiment are:
• to achieve quasi-steady state operation in a reactor relevant parameter regime with
temperatures above 5 keV and densities above 1020 m~3

• to demonstrate stable plasma equilibrium with {/?} = 5%
• to confine a plasma over a sufficiently long time, allowing extrapolation to reactor
parameters
• to control plasma density and impurity content

• to operate the experiment in steady state with a field generated by modular and
superconducting coils.
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Wendelstein VII-X does not aim at ignition and therefore D-.T reactions will not occur
and provisions for handling radioactive materials need not be made. The parameter regime
above 5 keV has been chosen, since in a reactor this regime has to be reached with auxiliary

heating only and without assistance of a-particle heating which becomes important at
higher temperatures. The aim of {/?} = 5% results from economic requirements of nuclear

fusion and not so much from physics requirements. Since fusion power output grows with
{/?) , the limits of {/?) , set by plasma instabilities have to be pushed as high as possible
and explored experimentally.
Since plasma confinement and stability depend mainly on such properties of the magnetic field like rotational transform, shear, magnetic well, local mirrors and the magnitude
of Pfirsch-Schlüter currents, it requires a careful optimisation of the magnetic field and
the modular coils to extend the desired properties to their limits. The following principles
have been taken into account:
I.
II.
III.
IV.

High quality of the magnetic surfaces.
Good finite-equilibrium properties.
Good MHD-stability properties.
Reduced neoclassical transport in the l/i/-regime.

V. Small bootstrap current in the Imfp-regime.
VI. Good modular coil feasibility
Generally, strong geometrical shaping of the plasma boundary will improve confinement
and stability properties while it adversely affects coil feasibility. Thus, side conditions
on the shaping parameters on the plasma boundary will have to be used to ensure coil
feasibility. Important issues for selecting the coil geometry are the minimum distance
between coils and plasma and the minimum bending radius of the coils.
A further necessary prerequisite for application to an experimental device is a sufficiently
broad accessible range of variable magnetic field parameters, like field strength, rotational
transform and axis position.

II. Basic Data of Wendelstein VII-X
The magnetic field configuration of Wendelstein VII-X differs from Wendelstein VITAS mainly in the shape of the magnetic surfaces and the existence of a helical magnetic
axis. This Helias-concept, developed by J. Nuhrenberg et al. [l] (Hellas — Helical Advanced
Stellarator) extends the principle of minimum Pfirsch-Schlüter currents to its maximum
while it preserves MHD-stability by a magnetic well. Helias configurations, which have
been investigated for 4,5 and 6 field periods, are characterized by very low Shafranov shift
and negligible change of the rotational transform with finite {/?} . Configurations which
are stable up to an average (/?} of 9% (resistive interchange modes) are found. In the
special case of quasi-helically symmetric configurations [2] neoclassical transport is very
low and comparable to axisymmetric configurations since trapped particles are on confined
orbits. Other Helias configurations are more of the linked-mirror type [3] with poloidally
closed mod B-contour lines. Furthermore, Helias configurations with very small bootstrap
currents for all plasma radii have been found recently.
For all these reasons a Helias configuration with 5 field periods has been selected for

Wendelstein VII-X . The choice of 5 field periods is mainly dictated by MHD-ballooning
modes, which lead to {/?} -limits below or equal to 3% in systems with 4 field periods. Otherwise, the 4-period case would be preferable due to its less complex geometrical properties
of the coil system.
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The number of modular coils per period is determined by the desire of maximum distance between adjacent coils for heating and diagnostics and the necessity to minimize the
magnetic field ripple arising from these gaps. A compromise has been found with 12 coils
per period [4].
The magnetic field on axis is 3 T. This value is mainly determined by the available
space for the modular coils, the maximum current density in the coils and the mechanical
stresses. The rotational transform of 5-period Helias configurations can be adjusted in the
range between 0.7 and 1.4 with a shear of 61 /-t < 0.2.
For the sake of experimental flexibility provision has to be made to vary the rotational
transform. This can be either done by dividing the modular coils in an upper and lower.
winding pack and feeding each one separately with current or by adding a separate coil
system which superimposes a toroidal field parallel or antiparallel to the field of the modular coils. This latter solution has been chosen for Wendelstein VII-X ; by superimposing
a field of 10% the rotational transform can be varied by ±20% [5]. In addition, these separate coils allow also to shift the magnetic axis by about 1% of the major radius. Vertical

field components are introduced by appropriate current polarities.
A heating power of at least 20 MW is necessary to reach a reactor relevant parameter
regime in Wendelstein VII-X . For this reason the geometric dimensions of the device have
to be chosen large enough to give access to heating schemes like neutral beam injection
and to allow for heat removal systems. Furthermore, the distance between plasma and
wall has to be made as large as possible to keep wall loading and impurity influx low.
Collecting all arguments related to the geometrical dimensions of Wendelstein VII-X , a
major radius of 6.5 m and an average plasma radius of 0.65 m were chosen. The coil system
of Wendelstein VII-X and a magnetic surface are shown in Fig. 1 (HS-5-8). In this specific
version the rotational transform on axis is * = 1.02 and -t = 1.18 on the boundary. By
a slightly different choice of the geometrical paramenters another version, HS-5-7, with
* (0) = 0.75 and *(a) = 0.95 is obtained. Which version will be realized is not yet decided.

Fig. 1 Coil system of HS-5-8, 5 field periods, 12 coils per period. Geometrical data are
listed in Table L
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Fig. 2 Cross section of the magnetic surfaces of HS-5-8 at 3 different toroidal angles.
Solid lines: coil contours, dashed line: first wall.

HS-5081, which will also be discussed for comparison is a nearly quasi-helically invariant
configuration with * around 0.9. A list of all important parameters of Wendelstein VII-X is
given in Table I.

III. Physics Studies
Equilibrium in Helias configurations has been investigated using the VMEC-code with
fixed boundaries [6]. The results verify the expected small Shafranov shift and the small
change of the rotational transform with finite ß. Free boundary equilibria of the Helias type

have been studied by P. Merkel [7] showing that due to the small Pfirsch-Schluter currents
the plasma pressure has little effect on the shape of the boundary. MHD-stability of
Helias configurations depends mainly on resistive interchange modes and ideal ballooning
modes. The lowest (ß} -limit is given by the ideal ballooning mode, which in 4-period
Helias configurations yields a (ß} -limit of « Z%. In 5-period configurations this limit is

(ß) cnt <5%- Resistive ballooning modes may lower these limits slightly.
Neoclassical transport in Helias configurations has been studied by various methods.
• Monte-Carlo technique

• Analytical solution of the bounce-averaged drift kinetic equation
• Numerical solution of the drift-kinetic equation (DKES-code)
In the Imfp-regime a 1/^-scaling of the transport coefficients occurs, however, due to
the reduced radial drift of trapped particles the equivalent helical ripple e e // is below or
equal to 0.01 at half minor radius. Ripple losses induced by the modular ripple is kept

small by choosing 12 coils per period.
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Table I

Average major radius
Average coil radius
Radial coil height
Lateral coil width
Average coil volume

Total coil volume

Ro
rc
t
w
Vc
n-Vc

Min. radius of curvature
Min. distance between coils
Coil number total / per FP

Pc

Total coil current
Overall current density
Total inductance (one-turn)
Stored magnetic energy
Induction on axis
Max. induction at coil

Ic

Rotat. transform on axis
Rotat. transform on boundary
Average plasma radius
Average force density
Local max. force density
Max. net force (one coil)
Virial stress

Ac
n/np
Jc

L
W
Bo

Bm

HS5-7

HS5-8

[m]
[m]
[m]
[m]
[m3]
[m3]
[m]
[m]

6.5
1.30
0.20
0.18
0.33
19.7
0.27
0.06
60/12

6.5
1.30
0.20
0.18
0.33
19.8
0.28
0.04
60/12

[MA]
[MA/m 2 ]
[ M H]
[GJ]
[T]
[T]

1.73
48.6
591.
0.88
3.0
5.7

1.73
48.6
580.
0.87
3.0
5.8

[m]

0.75
0.95
0.65

1.02
1.18
0.70

[MN/m3]
[MN/m 3 ]
[MN]
[MPa]

76.
274.
3.8
44.7

75.
282.
4.0
44.0

*o

*a
T

P

(F>)

F'm
Frea
Ov

Neoclassical bootstrap currents in Wendelstein VII-X can be kept small by a proper
choice of the magnetic field [8]. Evaluation of the geometrical factor G^ allows to predict
total bootstrap currents of less than 50 kA at highest temperatures. The corresponding
change of * is <5* < 0.1.
Plasma parameters in Wendelstein VII-X are predicted using an one-dimensional guiding center code with neoclassical transport coefficients and anomalous thermal electron conduction found in Wendelstein VII-A. Under these conditions Plasma temperatures above
5 keV are obtained with 10 M W heating power at a confinement time of 0.6 - 1.2 seconds, depending on the ripple loss. At these high temperatures the anomalous transport
is concentrated to the boundary region and has only little effect on plasma parameters.
Investigation of the boundary region is made by Monte Carlo technique and field line tracing showing "hot spots" on the first wall or limiter plates for field lines starting near the
separatrix [9]. The DEGAS code is used to study neutral gas behaviour and a guiding
center code to identify the locations of enhanced wall loading by charged particles. On the
basis of these results neutralizer plates and pump limiters will be designed.
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IV. Engineering Studies
The superconducting coils are the main technical components of Wendelstein VII-X and
for this reason engineering studies have been concentrated on critical issues of these coils.
This includes superconducting windings, manufacturing techniques, forces and stress analysis, support system and cryostat. Because of the maximum magnetic field of 6 Tesla
NbTi- superconductors can be used. Together with industry a concept has been developed
which demonstrates the feasibility of 3-dimensional superconducting coils with the special
specifications of Wendelstein VII-X . In particular, the small bending radii of 20 - 30 cm
require to develop special superconducting cables with currents between 5 and 10 kA.

Another issue are mechanical stresses in the coils which are being analysed by finite
element technique. To keep stresses small enough the coils have to be enclosed by a
casing and fixed to a structural shell. Taking into account the neccessary penetrations for

diagnostics and heating systems the support system has to be optimized. The whole coil
system will be enclosed by the cryostat. Although a detailed design of the coil system
has not yet been made the investigations available so far confirm the feasibility of these

modular coils.
V. Summary and Conclusions
The optimization of stellarator equilibria has led to the Helias concept which is char-

acterized by very low Shafranov shift and MHD-stability limits up to {/?) « 5%. Furthermore, neoclassical transport and bootstrap currents were reduced to a tolerable level by
properly shaped magnetic surfaces. Based on these theoretical results the Wendelstein
VII-X experiment is being planned with the aim to achieve reactor relevant parameter
regimes and to demonstrate the reactor capability of this stellarator line.
The design of the modular coil system will be based on the experience gained with the
construction of Wendelstein VII-AS (IPP Garching). The expertise on superconducting
coils obtained in the LCT-project is also of great importance and for this reason the
cooperation with KfK Karlsruhe has been initiated.
In summary it can be said that the Wendelstein VII-X experiment offers the chance of a
new and promising stellarator line .
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Abstract

Preliminary theoretical evidence is presented that Helias configurations can simultaneously meet seven stellarator-specific goodness criteria.

1. Introduction
Optimization of Helias 1 equilibria at finite-/? was attempted with respect to the following set of criteria: 1. high quality of vacuum field magnetic surfaces (regular boundary,
avoidance of major resonances on the torus, avoidance of medium-order - for example
| - resonances per period for low shear or small island widths at these rational values
for significant shear, adjustment of the shear), 2. good finite-ß equilibrium properties
(small parallel current density - (jf\/j^_)£,l ~ which results in small Shafranov shift and
small change of rotational transform and shear with ß for vanishing net toroidal current),
3. good MHD stability properties (stability with respect to local resistive interchanges and
ideal ballooning at {/?) >,0.05), 4. small neoclassical transport in the ^-regime (equivalent
ripple 6e <,0.02), 5. small bootstrap current in the Imfp-regime (ratio of bootstrap current
to the bootstrap current in a tokarnak with same aspect ratio and rotational transform
of J s tell/Jtok~0.1), 6. good collisionless a-particle containment (fractional prompt loss of
a-energy /a^,0.1), 7. good modular coil feasibility (sufficient distance of the coils from the
plasma and sufficiently small coil curvatures). Criteria 1 and 7 are taken into account by
solving Helias boundary value problems with side conditions on the shaping parameters.
Criteria 2 and 3 are satisfied by maintaining resistive-interchange and ballooning stability
at (ß) » 0.05 for configurations with 5 periods and aspect ratio of approximately 10.
While maintaining resistive-interchange stability is directly incorporated into the optimization, ballooning stability is taken into account through its driving terms.2 Criteria
4. 5, and 6 are taken into account by optimizing the structure of B(9,<f>) in magnetic
coordinates.

2. Results for a Particular Example
An example (HeliasoOBINBR), obtained in the way outlined above, is described here. The
configuration, whose boundary was obtained by finite-/? optimization, is shown in Fig. 1.
Figure 2 shows the shape of the flux surfaces at ß = 0. Both results were obtained with
the VMEC code. 3 The small parallel current density of (j(f/jj_}^,0.5 leads to a small
Shafranov shift as obvious from Figs. 1, 2.

îNuhrenberg, J., R. Zille, Phys. Letters A 114A (1986) 129; 129 (1988) 113
2

Nührenberg, J., R. Zille, Sherwood Theory Conf. 1989, San Antonio

3

Hirshman, S.P., Lee, D.K., Comput. Phys. Comm.39 (1986) 161; Hirshman, S.P.,
Van Rij, W.I., Merkel, P., Comput. Phys. Comm.43 (1986) 143.
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1.5

Fig. 1: Cross-sections of magnetic surfaces of the Helias equilibrium 50BINBR at
(3} = 0.049.

1.5

Fig. 2: Cross-sections of magnetic surfaces of the Helias equilibrium 50BIXBR at (ß] =0.

Further parameters of the configuration are a magnetic well of 0.018, c(0) ~ 0.83. t(l) ?»
0.96 in the vacuum field. Solving a boundary value problem with a regular boundary
results in well-behaved magnetic surfaces 4 as is seen from Fig. 3. A further consequence
of the small parallel current density is the small change in rotational transform with ß as
is seen from Fig. 4. The i-profile at (ß} = 0.049 contains the rational values with medium
denominator and numerator incommensurable with the number of periods |, |, |. By
way of example, results of local ballooning mode evaluations 5 are shown in Fig. 5 and

indicate the equilibrium shown in Fig. 1 to be ballooning stable.
The structure of B(s,0, </!>) in terms of its Fourier components is shown in Fig. 6 for the
finite-/? case and used for the calculation of the neoclassical transport properties, the
bootstrap current, and the a-particle behaviour.

4
5
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Merkel, P., Nucl. Fusion 27 (1987) 867.
Nuhrenberg, J. and R. Zille, Proc. Workshop on Theory of Fusion Plasmas, Varenna,
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Fig 3 Pomcaré plots of the vacuum field of 50BINBR obtained by solving a Neumann
problem at the plasma boundary with NESCOIL; the outer surface carries the
surface current density which yields the field shown inside the plasma boundaiy
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Fig 4 Rotational transform profiles at (ß) = 0 049 (left) and (ß) = 0 (right) Shown is
the rotational transform per period versus flux label s
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(j) = 7^/7 w ^ ere N is the number of periods. Lower part: the corresponding
ballooning solutions.
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Fig. 6: The largest Fourier coefficients Bm,n of'SOBINBR at (ß) = 0.049 versus flux label.

B — ^Bm,n cos27r(m# — n.^). For clarity, Fourier coefficients smaller than 0.012
are not shown. 5o,o(0) is subtracted.
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Monte Carlo methods for the computation of monoenergetic local transport coefficients
and convolution with a Maxwellian energy distribution 6 are used to obtain the results
shown in Fig. 7.

.001

Fig. 7: Transport coefficients D\ (—), D\ ( - - - ) , and D\ ( - • - ) versus normalized mean

free path L* for deuterons and electrons obtained for 50BINBR ((/?} = 0.049) at
A = 20 with Q0g = 100 (deuterons). Qoe = 6-103 (electrons), and e<t>0/E0 = l.
Dashed lines represent monoenergetic plateau and ripple transport. Dotted lines
represent, tokamak banana and ion loss cone (without electric field) transport.

Its main characteristic is that the neoclassical ion and electron heat conductivities stay well
below the ion plateau level for all mean free paths of practical interest. With a specification
of device parameters these results can also be used to obtain zero-dimensional estimates of
confinement times, which are shown in the table; also shown are corresponding estimates
for W VII-AS, W VII-AS with W VII-X dimensions and a quasi-helically symmetric
stellarator.
In the Imfp regime the bootstrap current is caused by the deviation of the drifts of trapped
particles from magnetic surfaces. These deviations are of opposite sign for axisymmetry
as opposed to quasi-helical symmetry; for a visualization of such orbits see for example. 7
In terms of a global stationary monoenergetic distribution function 8 they lead to nonsymmetric behaviour in v\\/v, see Fig. 8. An appropriate mixture of helical and toroidal field
components (.61,1, B\ß) therefore leads to a symmetric distribution function, i.e. vanishing bootstrap current which is approximately obtained in the configuration discussed here.
The collisionless a-particle confinement is assessed by following guiding centre orbits of a
sample of a-particles started at | of the plasma radius with random values in the angular
variables 0, <j> and pitch angle VM/V. In a stellarator which is governed by a Bm>n spectrum
as complicated as in W VII-AS, all a-particles that undergo reflections are quickly lost,
i.e. for path lengths corresponding to approximately 10 connection lengths.
6

Lotz, W., J. Nührenberg, Phys. Fluids 31 (1988) 2984

7

IPP AR/1988

8

Lotz, W., J. Nührenberg, A. Schlüter, JCP 73 (1987) 73
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Table: For assumed device parameters RQ (major radius), a (minor radius, ro = fl /2),
rotational transform i at half the plasma radius, BQ (magnetic field at the magnetic
axis), temperature at half the radius, and an assumed electric potential difference
between the magnetic axis and the plasma boundary of | the temperature, the
density is chosen in such a way that D%e — D^t (see Fig. 7). The table shows rc
(ion collision time), TQ (plateau value of confinement time), and confinement times
T
\i 7"25 ^3 (see Ref. 6) of which r$ represents energy confinement. The last column
gives results for a quasi-helically symmetric stellarator.
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The other extreme is given by quasi-helically symmetric stellarators

1

in which they are

7

completely confined . As seen in Fig. 9, for the BmjH spectrum of the configuration considered here, the /^-effect at {/?) « 0.05 is sufficient to improve the a-particle confinement
so much that the fraction of prompt losses is reduced to approximately 0.1 and can further
improve by collisional slowing down on the electrons.
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Fig. 9: a-particle losses as a function of collisionless path length. N is the number of

connection lengths. Shown is the fraction of reflected particles which is lost: A

50BINBR ((0) = 5.5%), O 50BINBR (ß = 0).

3. Conclusion
It seems that N = 5, A « 10 stellarators with good surfaces,

8e(r/a - 1) < 0.02, JBS^0.1JBS,tok, /«^
coils for such a stellarator 9 is underway.

9

, 1,
(at (ß) « 0.05) can be found. A study of the

Merkel, P., Proc. Workshop on Theory of Fusion Plasmas, Villa Cipressi, Varenna,

Italy, 1987, EUR 11336 EN; (1988) 25-46.
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LOW-ASPECT-RATIO OPTIMIZATION
STUDIES FOR ATF-II*
S.P. HIRSHMAN, R.N. MORRIS1, C.L. HEDRICK,
J.F. LYON, J.A. ROME, S.L. PAINTER, W.I. VAN RIJ1
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

A numerical procedure for optimizing stellarator MHD and transport
properties at finite ß is described. This method is applied to finding a low-aspectratio ATF-II configuration.
Prompted by the economic and experimental attractiveness of low-aspectratio stellarators, we have initiated a study to optimize the plasma physics

properties of such configurations. The design goal of this study is to decrease the
aspect ratio, A = K/a, by a factor of two from A = 7.8 for the present ATF device
to A < 4, without sacrificing MHD and transport performance. Stability to Mercier
modes for <ß> values up to 5% is considered essential for an attractive design.
Also, a significant fraction of high-energy particles must be confined so that
neutral-beam heating will be feasible in the next-generation experiments.
Previous studies at ORNL of the Compact Torsatron Sequence (CTS) [1]
emphasized optimization of MHD high-ß performance at low aspect ratios. Ancillary
transport optimizations were performed by applications of vertical and quadrupolar
magnetic fields. In spite of this, the particle confinement properties of these
configurations deteriorated rapidly with increasing beta. In fact, for <ß> > 2%,
essentially all fast trapped alphas were lost in several poloidal transits. It seemed
desirable to relinquish some of the stability margin afforded by the magnetic well
in these configurations in order to improve their confinement properties. This
observation then formed the impetus for the current study.

In order to extend the CTS studies into a regime of improved transport, it
was necessary to broaden the range of allowable configurations. The CTS was
restricted to stellarators produced by a single set of modulated current windings
on a (prescribed) surface. By adopting an optimization approach that works directly
with the shape of the outer plasma flux surface, we can avoid any a priori
restrictions on the type of coils needed to produce a given magnetic configuration.
In this way, the task of optimizing the physics properties of the stellarator is
separated from the coil determination process. This division has the advantage
that optimization of both MHD and transport can be performed simultaneously.
However, unlike the CTS study, in the present method there is no guarantee that

an acceptable coil set (from an engineering point of view) will result from the

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
1
Computing and Telecommunications Division, Martin Marietta Energy Systems, Inc., Oak Ridge,
TN 37831, USA.
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physics optimization. The NESCOIL code [2] can be used, together with a
judicious estimate for the coil winding surface(s), to yield ä set of helical and/or
modular coils with appropriate accessibility and dimensions.
The method described here is therefore similar to the optimization approach
used in designing Helias [3], although it is being applied to a distinctly different
set of physical criteria. In addition to being a low-aspect-ratio device (compared
with A = 10 for Helias), the ATF-II design retains the basic rotational transform
profile of ATF, i.e. strong shear in the outer plasma volume to provide interchange
stability. Furthermore, whereas Helias has been optimized to reduce PfirschSchlüter currents, the ATF-II design relies on the finite-ß Shafranov shift arising
from these currents to dig a well and hence improve its high-ß stability. Finally,
the ATF-II design does not attempt to generate a quasi-helical I B I configuration,

but rather uses the alignment of the Bmin contours with the flux surfaces (see
below) as a measure of the effective alpha-particle confinement. In this way, we
can achieve factors of two to five improvement in confinement. This limited
transport optimization is of practical significance, since it is probably not necessary
to improve the neoclassical confinement beyond the point where it no longer
dominates the expected anomalous diffusion.
The present stellarator optimization procedure requires an initial guess for
the boundary of the desired configuration. This guess is determined by the largeaspect-ratio ATF and by the requirement that A/M (aspect ratio per field period M,
or coil pitch for a fixed winding law) be approximately constant to maintain the
edge value of iota. The three-dimensional equilibrium code VMEC is then used to
process this boundary information (which, together with the requirement for zero
net toroidal current and the pressure profile, completely specifies the MHD
equilibrium) and to compute the relevant physical parameters required for
optimization. For example, the equilibrium solution yields values for the edge and
central values of iota, the percentage of the plasma volume that is Mercier stable,
and various measures of transport performance. These parameters are passed to
a nonlinear Newton optimizer, and an updated guess for the boundary is obtained
which is consistent with improving the various optimization criteria. This loop is
continued until no further improvement is obtained.

Because this loop may be repeated many times (10 - 30 iterations is typical)
before terminating, it is crucial that the analytic optimization criteria be relatively
easy to evaluate. This is certainly the case for the Mercier criteria. In the case
of transport, however, it is not feasible to perform time-consuming Monte-Carlo
simulations for each intermediate configuration. Rather, we opt for an approximate
figure of merit for transport, based on the confinement of deeply helically trapped
orbits of energetic (collisionless) particles. From J* conservation, it can be shown
that these particles follow contours of Bmin«E>,0) = const, where the minimization of
B is done with respect to the toroidal angle (j) in a single field period, keeping the
poloidal angle 9 and toroidal flux O fixed. This criterion is easily evaluated and
yields two topological parameters which characterize the confinement of trapped
alphas: (i) d, the fraction of plasma volume enclosed by a Bmin contour not
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<Ï>COS(0)
FIG. l(a). Bmin contours:
no vertical field.

<ï>cos(9)
FIG. Kb). B^ contours:

vertical field applied.

intersecting the wall (d = 1 is desirable)
birth radius™ 0.125
and (ii) o, the offset of Bmln with respect to
the flux surfaces (o = 0 is desirable).
Figure 1 illustrates the topological effects
of these two parameters for an optimized
ATF-II design at <ß> = 2%. The concentric chain-dashed circles are the flux surfaces, and the solid curves are B^ contours. The application of a vertical field
substantially improves trapped particle
confinement in this case by both increasing d and simultaneously decreasing
the offset parameter o. Indeed, this configuration, with the vertical field applied,
has a trapped alpha loss fraction less than
10%. Of course, it is necessary to correlate
offset
these simplified confinement criteria with
the actual confinement of a distribution (in
FIG. 2. Correlation of confined fast
pitch angle) of high-energy alphas, as calalphas with Bmin parameters.
culated from a Monte-Carlo simulation.
Figure 2 is a "bubble" plot of the fraction
of confined alphas for various values of d
and o. The biggest dots represent almost no loss, with the dot sizes being
proportional to the confined fractions. (All the simulations of alpha particles
presented here were performed with reactor scale parameters: B = 5T and ä = 2m).
0.4

0.8

495

This figure shows that, in general, configurations with low values of offset (o < 0.3)
and d > 0.75 also have good confinement properties.

Our numerical computations suggest that there is a relatively narrow range
of boundary parameters at finite ß that yield acceptable configurations. Therefore,
configurations which are optimized at zero ß generally do not make a good starting
point for finding finite-ß configurations. Rather, our design philosophy is to
perform the optimization directly at finite ß (lowering ß is generally not a problem
for maintaining good stability and transport properties). The only difficulty with
this approach is that it is not possible to obtain the exact discrete coil set with
NESCOIL, which requires a vacuum field. However, assuming that the main
external contribution at finite ß arising from the plasma currents is a vertical

magnetic field, it is easy to obtain an approximate set of coils using NESCOIL. The
vacuum magnetic surfaces obtained by such an optimization at <ß> = 2% are
shown in Fig. 3 for the two symmetry planes (M<)>=0 and M<|>=7i, for M=6). Note
that the plasma is centered at R = 1.00 (arbitrary units). Raising the <ß> to 2%
yields the configuration shown in Fig. 4. Without a compensating vertical field
(VF), the magnetic axis has shifted out to R = 1.10, while an applied VF recenters
the configuration at R = 1.00. (The magnitude of the VF was determined to
optimize the alignment of B^ contours and produced the results shown previously
in Fig. 1.) Note that with the applied VF, the Shafranov shift is reduced. This
produces an associated reduction of the magnetic well. Figure 5 shows the
magnetic well with and without the VF coils. Not only is the well reduced in
depth, but also its spatial extent is contracted from about d> < 0.65 with no VF to
O < 0.45 with an applied VF (d> is the normalized toroidal flux). In spite of this
erosion of the magnetic well, stability to Mercier modes is maintained throughout
the discharge, as shown in Fig. 6. (For stability to Mercier modes, the curve

marked M in Fig. 6 must be greater than zero.) The stabilizing contribution from
the J*B term in the Mercier criterion (curve marked C in Fig. 6) increases and

o.ai

a.ai

1.01

R
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FIG. 3(a). Vacuum flux surfaces

FIG. 3(b). Vacuum flux surfaces

for ATF-II prototype, M<j>=0.

for ATF-II prototype, M<t>=7t.
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FIG. 5(b). Magnetic well.
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FIG.

6(a). Mercier stability criterion (M),

no vertical field.

FIG.

6(b). Mercier stability criterion (M),

vertical field applied.

moves inward (toward smaller d>) at the same rate as. the well (curve W)
disappears, so that global stability is maintained. In this sense, the stability of this
configuration differs from the canonical ATF picture, which relies on a deepening,
radially expanding well for high-ß stability. Finally, the iota profile is nearly
identical to the usual ATF result, with a small (15%) reduction (0.85 rather than
1.00) at the edge.
It should be noted from Fig. 4 that the effect of the VF coils is not confined
to recentering the plasma, but also leads to a significant modification of the outer
boundary shape. This change in the outer boundary has been accounted for selfconsistently here by a free-boundary computation, and it can influence the
confinement and stability properties of the plasma. Previous optimization methods
assumed that the plasma boundary was fixed as <ß> increases, which is clearly not
realistic with the addition of only VF coils.

Detailed coil design efforts using NESCOIL are reported in Ref. [4]. The
optimized ATF-II configuration discussed here can be created using either modular
or helical coils at a plasma-to-coil spacing of 15 cm (normalized to a major radius
of 1 m). As this spacing is increased, the coils become increasingly kinked, and
local areas of closed currents appear on the winding surface. Studies are under
way to simplify these coils by removing selected helical or modular coil components
and synthesizing the remaining currents on a different winding surface.
In conclusion, we have shown preliminary results which indicate that a lowaspect-ratio torsatron with adequate transport and MHD stability properties exists
for <ß> < 2%. It remains a subject of continuing research to extend this
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configuration to a regime of increased <ß>. The use of vertical fields to maintain
high-energy particle confinement as <ß> is raised has been demonstrated.
Optimization of a finite-ß plasma has been shown to be a robust way of accessing
new and potentially attractive configurations. Although the exact determination
of the vacuum coils is difficult, it is possible to obtain coils with sufficient accuracy
so that the <ß>-optimized parameters are not adversely affected.
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DIVERTOR DESIGN STUDY OF
THE LARGE HELICAL DEVICE
N. OH Y ABU
Institute of Fusion Plasma Science,
Nagoya University,
Nagoya, Japan
Abstract

In this paper the design rationale of the divertor for the proposed
Japanese Large Helical Device are discussed. The main objective of the JLHD
is to achieve high quality plasma for a long period. This goal could be
achieved by the installation of an appropriate divertor in the device.

Helical Divertor is one of the major features of the proposed Japanese
Large Helical Device (1=2, m =10, BT - 4T,R~4m, a>0.5m). In this report, we
discuss design rationale of the divertor and its conceptual design. The main
objective of the Large Helical Device is to achieve high quality plasma for a
long period. This necessitates (1) minimization of the impurity contamination,
(2) reduction of the heat load on the divertor plate, (3) improvement in energy
confinement time. We believe that the above functions could be met by installing a good divertor in the device.
The magnetic field configuration of the helical divertor is rather
complicate and thus needs to be studied carefully before designing the divertor
system. Fig.l shows divertor magnetic configurations for the Large Helical
Device. As shown in this figure there exists an ergodic region just outside
the outermost closed surface, which is created by overlapping of the island
layers with toroidal mode number of 10. Field lines escaping from the ergodic
region deviates radially from the ergodic region before reaching to the
divertor plate. This radial deviation is larger for less helically symmetric
configuration (saaller coil pitch modulation(a) and smaller inward shift of

the plasma axis( -A )). This radial deviation aggravates a design problem of
clearance between the edge plasma and the wall on the smaller major radius side
of the torus. This is one of the main reason for adopting high current density
( 40 A/IB' ) superconducting coil, which leads to smaller helical coil and hence
larger clearance between the plasma and the wall. Further minor adjustments of
BT, R, and a will be made to have a clearance of£3 cm .
We describe a few other features of the divertor magnetic configuration.
Axisymmetic field changes the size and position of the outermost closed flux
surface, but it alters very little the position of the diverting field lines
near the divertor plate, i.e. helical coil current almost determines the
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Variation of Divertor Magnetic Configuration
ue to coil pitch modulation (a) and shift (
(1=2, B =10, ï =1.2)

.(a) a=0.0 IrQ

(c) q=0.1. A=0

FIG. 1.

position of the divertor channel regardless of plasma shape, position and ß .
A example of this feature is shown in Fig l(a),(b) where the divertoring field
line intersect the nearly the same position at the divertor plate or wall for
two configurations with different axis positions(4=0, i=-15cm). With increasing
a , the closed outermost flux surface becomes larger and the ergodic region
becomes narrower, leading to larger clearance between the divertor plasma and
the wall ( Fig l(c),(d)). However, there is a limit on a above which
theoretically achievable ^ value suddenly drops. In this sense, a= 0.1 is
acceptable, but a = 0.2 is not.
The another important feature is that the connection length between the

main plasma scrape-off layer and the divertor plate is very short (~lm)
compared with that of the comparable size tokamak (~10m).However, unlike a
helically symmetric configuration, the field line outside the last closed
surface does not always escape when the "X-point" pass and thus the effective
connection length becomes longer and the heat-flow pattern may be more
complicated than that of the tokamak.
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Tokamak divertor experiments have shown that the effective divertor
functions require the divertor configuration with high plugging efficiency, i.e.

plasma in the divertor channel "plugs" neutrals recycled at the divertor
plasma through ionization process, minimizing the neutral flux into the main
plasma. This is particularly important for creation of the high density, cold
divertor plasma and access to the H-raode regime. The plugging efficiency
depends on the divertor geometry and the divertor plasma (particularly density).
Compared with the tokamak divertor, the divertor density for the helical
divertor channel is lower for a given average main plasma density. For a

helical divertor configuration, its shorter connection length causes faster
parallel particle transport in the divertor channel, lowering the divertor
density. Lower divertor density for helical divertor makes the plasma plugging
more difficult and therfore a more elaborate design of the baffle plate is
needed.
Fig 2 shows examples of conceptual baffle plate design. With such baffle
plates, we expect that high plugging efficiency can be achieved when the
average density is above ~5Xl013cm"3. If so, the following divertor function
will help to improve plasma performance in the Large Helical Device.

Baffle Design

(1) High density, cold divertor plasma is formed just in front of the divertor
plate, lowering impurity sputtering from the plate. Even if the impurities
are sputtered, they are likely to be ionized in the divertor channel and be
swept toward the plate by the plasma flow.
(2) High Density, Cold Divertor plasma enhances the radiation power, thus
lowering the heat flux on the divertor plasma. This is a divertor function
which is necessary for a long pulse or steady state operation of the discharge.
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(3) Enhanced recycling at the divertor region makes pumping of the particle and
hence the plasma density control easier.
(4) Particle recycling can be localized within the divertor region. This is an
important condition for creation of H-mode tokamak discharge and thus an
improved confinement regime may also be obtained even in the helical
discharge.
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COIL SYSTEMS, VACUUM FIELDS, AND PARAMETER
RANGE FOR WENDELSTEIN VII-X COILS
C. BEIDLER, E. HARMEYER, J. KISSLINGER,
P. MERKEL, F. RAU, R. SCARDOVELLI, H. WOBIG

Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany
Abstract

Details of a recent modular coil system called HS5-8 are described, along with some
properties of the vacuum field. A system of additional planar coils allows the variation
of both the rotational transform and the position of the magnetic axis, within reasonable
parameter ranges.

INTRODUCTION
At IPP Garching, the stellarator experiment WENDELSTEIN VII-X is being developed [1] . Among stellarators, the Helias configuration [2] ( Helical advanced
stellarator ) offers the prospect of stable plasma operation at (/?} « 5% because of the
optimization of confinement, MHD-equilibrium and stability. Considering ballooning
modes and resistive interchange instability, Helias configurations with five field periods
are preferred to those with four periods [3]. The systems of modular coils are developed
from a given finite-beta configuration using the NESCOIL code [4] , and subsequent
smoothing. The present paper extends a recent publication [5] . Technical details are
given elsewhere, including aspects of electromagnetic forces and stresses [6] .

COIL SYSTEM AND VACUUM FIELD, 'STANDARD CASE'
The coil systems labelled HS 5-6 to HS 5-8 and their vacuum field configurations are
a series of successively improved data sets, which stem from the finite-beta topology
designated HS 5081 . In these abbreviations, HS stands for Helias; the number of field
periods is M — 5. In HS 5081 , the zero corresponds to an aspect ratio of A ^ 10,
and the last two digits refer to the rotational transform on the axis, -t0 = 0.8, and at
the plasma edge, * p = 1. The vacuum field of HS 5-6 approaches the 'quasi-helical'
configuration HS 5081 . The Fourier coefficients of mod B for HS 5-7 and those for
HS 5-8 exhibit larger toroidal components, up to about 1/3 of the principal helical
ones [5] . This appears to yield lower values for the bootstrap current. In the three
cases, typical values of the aspect ratios are Ap « 10 and Ac « 5, for the last useful
magnetic surface and the modular coils, respectively, at a major radius of 6.5 m .
The NESCOIL code requires two toroidal surfaces as input. One surface, 5l, is
chosen inside and near the plasma edge and a second one, 62, at some distance outside.
It determines the location of external current lines; see Fig. 1 . Both surfaces are given
in Fourier series of two periodic variables. The NESCOIL code then determines the
Fourier coefficients of a current distribution on 52, from which a number of 'current
polygons' are derived numerically, i.e. the 'center filaments' of modular coils. A number
of engineering constraints is observed, such as limits in current density, local curvature
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Fig. 1:
Magnetic surfaces and contours of toroidal surfaces Si and S^
used as input for the NESCOIL code; toroidal positions 0, and 1/2 field period.

and toroidal excursion of the modular coils, and the required distance between coils
and plasma edge. The coil contours are locally smoothed, and the magnetic fields are
compared to those of earlier iterations, in order to maintain the field quality.
Fig. 2 gives as an example the coil winding packs derived for HS 5-8 ; the upper

part is from the direct output of NESCOIL; the lower part is the result after smoothing.
There are 12 coils per period, which keep the 'modular ripple' sufficiently low. This
is important with respect to neoclassical transport, see [7] . Nevertheless, the access
between adjacent coils is sufficient for experimental purposes; see Fig. 3 . A lateral
distance of 0.15 m between the port and the winding packs is considered to be adequate
for coil casing and cryostat.
An average magnetic field of B0 = 3 T is generated by a total current of 1.75 MA in

each modular coil. Fig. 4 shows the nested magnetic surfaces of the HS 5-8 'Standard
Case' vacuum field and with contours mod B = const., drawn as thin lines at intervals
6B = 0.1 T . In the top part of the figure, the combined effect of indentation and
toroidal current elements in the coils can be seen; in the lower part the direction of the
field gradient is reversed for a considerable area within the magnetic surfaces. Both features are typical for Helias systems. The rotational transform is *a = 1.02 on axis, and
* p = 1.18 on the surface with an average minor radius of 0.7 m. A magnetic well of 1.6
% exists between the axis and this surface [5] . Low-order rational values of * such as

5/6, 5/5, and 5/4 are avoided; for * = 10/9 and * = 15/13 small islands exist with an
averaged radial extension of 1,5 to 2 cm, at average minor radii r = 51 cm and r = 62 cm,
respectively. They are not shown in the figure. A perspective view of an outer magnetic
surface is given in the upper part of Fig. 5 . The lower part of the figure is an unfolding
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Fig. 2:

Coils derived from the surface current lines before and after smoothing,
one field period seen from the radial outside
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#1

#2

Fig 3:
Experimental port between coils # 1 and # 2 .
Tentative dimensions are 0.4 m wide and 0.8 m high.
Tilt angle of port axis 20° , useful for neutral beam heating.
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Fig. 5:
Perspective view on magnetic surface,
unfolding of one field period with contours mod B — const.
and shape of Pfirsch-Schlüter current lines.
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of one field period of the magnetic surface with an average minor radius r = 34 cm, showing the contours of constant magnetic field and a number of Pfirsch-Schluter current
lines. Their toroidal excursions are much smaller than those of a standard stellarator
or torsatron with the same aspect ratio and rotational transform, * = 1.06. The amplitude of the magnetic ripple is 6B/B = (.£?Max — -BMin)/(-^Max + -OMin) = 14.2 % .
The 'effective' ripple is much smaller [5] .
Characteristic data for HS 5-8 are compared to those of the two preceding data
sets in TABLE I , for the magnetic axis and an outer magnetic surface of the vacuum
field. The expression ( \ j \ \ / j ± \ ) is the ratio of parallel and perpendicular current density,
averaged over the flux surface. It is derived from the poloidal variation of / dl/B taken
along one field period. The weighted average J* = ((B^/B2) • (1 + (j\\/j±)2)) enters
the stability criterion of resistive interchange modes, and is a direct measure of the
reduced secondary currents. The quantities Cpi, Cb,pi, and Cb,imfp are geometrical
factors derived from the Fourier coefficients of mod B . They represent, respectively,
the plateau diffusion coefficient and quantities which enter the relationships for the
bootstrap current in the plateau and Imfp regimes, normalized to axisymmetric values
of an equivalent configuration with the same rotational transform and aspect ratio;
see [8] .

TABLE I: Characteristic data of different Helias configurations.

'STANDARD CASE'

HS5-6
AXIS
Rotat. Transf.
Current Ratio
Stabil. Param.
Plateau Diffus.
Bootstrap Curr.

EDGE
Aver. Radius
Rotat. Transf.

Well Depth
Current Ratio
Stabil. Param.
Plateau Diffus.
Bootstrap Curr.

*0
(\j\\f3±\}
J*
Cpi
C&]PJ
Cb',imfp

HS5-7

HS5-8

0.81 0.76 1.02
0.71 0.78 0.60
1.5
1.6
1.4
0.47 0.31 0.39
-2.01
-1.06 -1.2
-0.1
0.1
0.01

a [m]
*a

0.65 0.65 0.70
0.97 0.97 1.18
SV'/Vj {%} -1.6 -0.8 -1.6
{\j\\f j±\)
0.79 0.74 0.63
J*
1.7
1.6
1.4
Cpi
0.64 0.42 0.55
Cbipl
-2.01 -0.93 -0.97
Cb,imfp
-0.25 0.02 -0.03
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ADJUSTMENT OF ROTATIONAL TRANSFORM AND AXIS POSITION
For experimental flexibility, control of the rotational transform and of the magnetic
axis position are required. One should be able to vary the *-value for more than the
range between two adjacent low-order rational values. Regarding the edge, two cases
are considered: keeping the last closed magnetic surface at some irrational value, or conversely, adjusting for low-numbered and comparatively large 'natural' magnetic islands
near the edge in an attempt to use them for plasma edge control. Such different edge
conditions in Helias fields have been studied in [9] for HS 5-8 with a sharp separatrix
at * = 5/4, and in [10] for HS 5-7 with five islands.
Vertical fields for shifting the magnetic axis are usually introduced by current loops
in standard coil systems. For a major radius of 6.5 m as considered in the present
investigation, such current loops would be rather large. They can be avoided by the
use of four planar coils per period, which allow one to adjust the polarity and magnitude
of the coil currents separately, up to maximum values of ±0.5 MA . Thus, toroidal and
vertical fields can be superimposed as well. The axes of these additional coils follow
approximately the magnetic axis; see Fig. 6 .
Superposing about ±10% of the modular field by use of the external coils changes the
rotational transform from about -10 to +15 % of its standard value. The induced local
magnetic ripple is compensated to a large extent by slightly different currents in some
of the non-planar coils. Magnetic islands within the plasma or at the edge occur at
* = 5/5; see top and middle parts of Fig. 7A. The edge structure of the configuration
shown in the lower part of the figure has been investigated in [9] . In the upper part of
Fig. 7B, a system similar to the standard case of HS 5-8 is given, where the higher-order
resonances 15/13 and 25/22 are resolved. These resonances are elements of the 'Fareytree' : 5/5 combined with 5/4 => 10/9 , 10/9 with 5/4 =» 15/13, and 15/13 with 10/9 =>
25/22 . The middle part of the figure is a low-* case. The transform approaches unity
at the separatrix. Outside the separatrix, remnants of five magnetic islands may be
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514

B

TORUS DAV12R8A SPULEN SP12ROA

B

R-6.5M

6:
Coils of HS 5-8, 12 coils per period seen from the radial outside,
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Fig. 7B:
Standard case of HS 5-8 and low * :
outer coils zero current and positive polarity.

Radial dependence of -* shown in lower part of the figure.
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present. Such outer field structures have been omitted in the other plots, except for the
case with the sharp separatrix at * = 5/4. This configuration has been investigated in
[9] in more detail. The lower part in the figure gives the radial profiles of the rotational
transform for the other four cases, as identified by the respective current values used
in the set of external planar coils. Apart from the two cases with the 5/4-islands inside
or at the edge of the closed magnetic surfaces, low-numbered rational values of the
rotational transform are avoided in these configurations, but a situation with 5 islands
can be attained as well. As seen in the plot, the shear 6-t /*„ increases from 10 to 16
% for the configurations shown. The well depth increases with * ; see [5] .

Vertical field components can also be generated by proper polarity of the external
coils; this allows one to shift the magnetic axis by about ±1% of the major radius as
seen in the Figures 8 and 9 . The respective polarities of the outer coils are given in
the figures; simultaneously a 5 % correction of the currents is applied in order to reduce
the total modular ripple. For both cases, the outermost field lines are still at distances
of more than 10 cm from the first wall, at different toroidal and poloidal positions.

SUMMARY AND CONCLUSIONS
The configuration HS 5-8, with 5 field periods, a major radius of 6.5 m, an averaged
field of 3 T, an *-value between 1.02 and 1.18, is generated by 60 modular coils. The
coils are optimized according to technical constraints; they leave sufficient access to
the plasma and offer space between plasma and wall. The vacuum field properties,
e. g. small Pfirsch-Schlüter currents, deep magnetic well, low 'effective' ripple, high
quality of flux surfaces, are the basis for good plasma confinement and a sufficiently high
stability-/?. The adjusted combination of the field components reduces the bootstrap
current to a tolerable value. A set of external planar coils allows both a variation of
the rotational transform between -10 and +15 % of that of the standard case, and also
a shift of the magnetic axis by ±1% of the major radius. Low-order magnetic islands
at the edge can either be provided or avoided in the vacuum fields; both situations may
be of interest for impurity control, using divertor plates or pump limiters.
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Polarity :
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- B A

Fig. 8:
f^-variation in HS 5-8.
Axis shifted inwards to 7.15 and 5.97 m, at 0 and 1/2 field period.
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Fig. 9:
jB^-variation in HS 5-8.
Axis shifted outwards to 7.26 and 6.13 m, at 0 and 1/2 field period.
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AN INVERSE METHOD FOR EXPANDING
ABOUT A MAGNETIC AXIS
D.A. GARREN, A.H. BOOZER
College of William and Mary,
Williamsburg, Virginia,
United States of America
Abstract

We found a large class of analytic equilibria in which 1/B 2 is a function of
only the flux and one helical coordinate.

Such quasi-helical equilibria have

identical drift orbits and associated transport in magnetic coordinates to that
of a symmetric torus.

I. METHOD

The traditional method for

expanding about

a magnetic axis was used by

Mercier1. Lortz and Nu'rhenburg2'3i\ and Solov'ev and Shafranov 5 .

They used the

toroidal flux V Taylor expanded in the minor radius r and Fourier expanded in the
poloidal angle e.

We used a similar method but with the transformation

equations x(^,9,<p) Taylor expanded in the square root of the toroidal flux ^ 1 / 2
and Fourier expanded in 9.

Here 2TO£ is the toroidal magnetic flux enclosed by a

magnetic surface, e is a poloidal angle, and <P is a toroidal angle.

We require

that the B-field satisfy both the contravariant form
B =v
and the covariant form

B = G(\jOV<p
where -2TtX(\/') is the poloidal magnetic flux outside of a magnetic surface.
2TCG(\JO/_Uo is the total poloidal current outside of

a constant ^ surface.

is the total toroidal current enclosed by a constant ^ surface, and
is proportional to the local pressure gradient.
Given x(^.e,<p), flux surfaces are found by simply holding ^ constant and
allowing e and <p to vary.

Field line trajectories are given by

521

e - i(\//)<p = e0 and y/ = V'o.
w i t h i(\J/) = dX/dvJf the

rotational transform, and 8 0 and tpo constants that

determine the field line.

1/[B(\//,e,<p)] 2 is given by

B2

We choose our transformation equations to be of the form

xty.e.cp) = r„U) + K(y/.e.!p)K0U) * Tty.
with r D U) the magnetic axis, and !(^,8.<p) the axis distance.

The Frenet unit

vectors (£ 0 U), r 0 (i), $0(i)) are given by:

d r 0 / d l = b 0 U),

db0/di = KU)K0U).
dr0/dî =
[ b 0 ( i ) x K 0 ( i ) ] . - c 0 ( t ) = 1,
where K ( Î ) is the curvature and r(i) is the torsion.

The most general form of

and T(\/*,e.<p) to y / 1 / 2 order is

e(«p)cos[e-y(<p)-A(«p)]}.
E(<p)sin[e-3-((p)-A(<p)]}.
with

R((p) the

size

parameter,

e(cp)

the

ellipticity phase, and 3"(<p) a phase parameter.

ellipticity

magnitude. A(<p)

the

The 8=0 position as a function of

<P is chosen so that e = ZT(<p) is in the ic 0 (<p) direction.

The rotational transform

on a x i s (which must be constant) is

10 = dZT/dip * u(<p),

with
u(<P) = {[1-e 2 ][L/2K][r 0 * (1/2)(dI/dxJ0 0 ] * & 2 (dA/d(p)}/{1+E 2 f,
where r 0 (<p) is the torsion on axis, and L is the length of the magnetic axis.

This implies that the transform on axis is given by
r2n
10 = (1/2TC)

522

II. QUASI-HELICAL EQUILIBRIA

Quasi-helical equilibria are defined to be those equilibria in which 1/B 2 takes

the form

with BO, K. etc., all constant.

Here B0 is the field strength on axis, and K is a

parameter whose dimensions are inverse length.

The following are necessary

and sufficient conditions for quasi-helical equilibria:
1) The cuvature on axis < 0 (<P), the torsion T:Q($), and the length of the axis L

are all arbitray except

a) K 0 (<p) can not be zero or infinite; (However, there exists a trivial solution
with K 0 {<P) equal to zero for all <p.)
b) KoW. ^oW-

an

d L must be consistent with a closed curve.

2) One other function of ip is free, which we take to be Zf(cp).
For quasi-helical equilibria, B0, K~, and L are free constants, and x 0 (<p), ^ o W -

and 3"(<P) are free functions of <p. R(<P). e(<p), and A(<p) are obtained from these
six functions by:
R(<p) =

e(<p) =
U(<P) =

dA/d<P =
v = tan[a'((p)]/{1-2Kî/nc2+[K0(ip}]2]}.

III. SUMMARY

A large class of quasi-helical non-unique equilibria exist that are isomorphic
to the symmetric torus and therefore have identical drift orbits and associated
transport in magnetic coordinates 6 .

The curvature of the magnetic axis must

either remain non-zero for all values of the toroidal angle or it

must be

precisely zero for all values of the toroidal angle in order for non-trivial
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quasi-helical equilibria to exist.

In the case that the curvature is non-zero for

all values of the toroidal angle, the net parallel current on the magnetic axis

must be non-zero or the magnetic axis must have non-zero torsion in order for
non-trivial quasi-helical equilibria to exist.

The expansion parameter is ruT

where r is the minor radius of the outermost flux surface.

Quasi-helical

equilibria are not unique; further constraints must be given to determine the
flux surfaces for each order in the expansion, just as for the symmetric torus.
The helical dependence cannot be made to disappear, even in first order in the
expansion.

The variation in the field strength AB goes as rl<B0; the flux

surfaces become highly elliptical unless K~ is chosen to be on the same order as
the

<p-average of

transform,

K 0 (<p).

Non-zero bootstrap current, arbitrary

and a r b i t r a r y

symmetry.

magnetic

Quasi-helical

symmetry

well are consistent
specifies

one

rotational

w i t h quasi-helical

half

of

the

available

parameters in this formalism as the order of the expansion goes to infinity.

Constancy

of

the

rotational

t r a n s f o r m on all

magnetic

surface

places

constraints on both the shape of the flux surfaces and the torsion of the
magnetic axis as a function of the toroidal angle.

Quasi-helical symmetry may

be maintained whether the torsion goes in the same or the opposite direction to

that of the rotating ellipse.
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ON EDGE STRUCTURE AND PERTURBATIONS
IN A HELIAS VACUUM FIELD
C. BEIDLER, E. HARMEYER, F. HERRNEGGER,
J. KISSLINGER, F. RAU, R. SCARDOVELLI, H. WOBIG

Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany
Abstract

After reviewing earlier and recently published results, data of an improved configuration are presented and compared. Some critical issues are outlined.

INTRODUCTION
The next step in the Garching stellarator programme, WENDELSTEIN VII-X, [l]
will use a HELIAS configuration ( = Helical Advanced Stellarator ) with M = 5 field
periods. The magnetic field topology, with an aspect ratio around 10 at a major radius
of 6.5 m, is produced by modular non-planar coils, and can be varied by superposition
of external fields [2] . One of the aims of this experiment is to operate at elevated
values of the average beta up to 5%. This calls for a heating power of the order of
20 MW, and poses challenging tasks in its application and removal, especially in order
to attain a low level of impurities, which depends on internal transport processes and on
various effects at the plasma boundary. Details of the magnetic field near the edge are
therefore of interest. Several cases can be discussed: Limiter or separatrix dominated
configurations, the latter with low-numbered or with high-numbered rational values of
the rotational transform.

EDGE STRUCTURE OF VACUUM FIELDS
A previous study [3] was concerned with the 'standard case' of the coil system
called HS 5-7 . Because of a rational value of the rotational transform near the edge,
* s = 5/5 = 1 , the vacuum field exhibits 5 'natural' magnetic islands. These islands
are partially intersected by the first wall, toroidally between 3/8 and 5/8 of the field
period. Some ergodicity is seen near the separatrix if this intersection is neglected. An
inhomogeneous pattern of the intersection points is found for field lines starting close
to the separatrix; comparatively well defined 'fans' are seen to leave the separatrix near
the X-points. For more than 750 field lines started in the separatrix region, an average
length of about 390 m to the wall is seen, i.e. about 9 times around the machine.
The lengths to the wall scatter between less than the length of a field period, and up
to more than 100 transits around the system. A total 'hot-spot area' of the order of
1 m2 is estimated. Owing to the comparatively low transit numbers of most field lines,
the finite radial extent of the ergodic region cannot be utilized to increase this area.
Two tentative limiter shapes are also studied. They collect a fraction of the field lines
emerging outside the separatrix at differing intersection patterns; see [3] .
The present work is concerned mainly with the edge structure of the vacuum field
attainable in HS 5-8 , an improved data set described in more detail in [2] . The
vacuum field of its 'high-* case' is shown in Fig. 1. The magnetic axis undulates radially
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1:
High-* case oi ES 5-8.
Toroidal positions 0, 1/4, and 1/2 field period,
dashed line : contour of first wall, 18 cm within coil bores,
lowest-order resonance inside separatrix *, = 10/9 .

between 722 and 604 cm; the vertical excursion is considerably smaller. The rotational
transform increases from an axis value -ta — 1.06 to *3 — 5/4 at the separatrix. In
contrast to the case with *a = 5/5 of réf. [3] and its 5 large 'natural' islands, edge
islands of low order are avoided in the present configuration.
Details of configuration towards the separatrix region are given in Fig. 2 at <p = 36°,
i.e.
at 1/2 field period. A number of high-order resonances is resolved. They are
separated by slightly ergodic field lines which have been omitted in the left part of the
figure for clarity. The ergodicity appears to increase towards the edge. It is smaller when
using lower transit numbers and shorter integration steps. The integration is performed
between 180 and 400 toroidal transits; field lines started close to the X-point and at
some vertical offset comprise up to 40 transits. They show practically no ergodicity.
The field line marked by S drifts slowly inwards. Reducing the integration step length
(from 9x24 to 12x24 toroidal steps per period) for this field line indicates the possibility
of one or more occasional 'offsets' in the computation, presumably occurring near the
X-point, and the separatrix is seen to shrink by some small amount.
Effects of the finite grid size (stored field values in a spatial grid with 24 planes
per period, and 39 radial and vertical grid points in a helical array) are seen. Fig. 3
is a close-up of the X-point region demonstrated by 2 times 3 field lines parallel and

:'.--

4 33

. - . - - ' ." ' '

25/21; 30/25 => 55/46

°/

\

30/25

i 7.l m

FIRST WALL

65/54

Fig 2:
Edge of configuration.
Fig.
1 enlarged at 1/2 field period, scale factor = 10 .
Higher-order resonances of the 'Farey-tree' 5/5; 5/4 => 10/9 , etc. ;
e.g.
25/21; 30/25 ^ 55/46 , largest ratio seen so far : 65/54.
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Fig. 3:
Detail near X-point, 6 field lines:
the scale is enlarged by another factor of 200 compared to that of Fig 2

opposite to the magnetic field, in 'direct' integration without stored field values. The
two inner field lines # 1 and $ 2 perform many transits and are then seen as upper and
lower arc segments # 1' and # 2' in the figure. These lines are offset to the outside of
the separatrix, despite a short step length of 1 cm . All field lines shown in the picture
leave the system. Using stored field values for the integration yields a slightly blurred
picture, and the X-point is shifted by « 0.14 cm inwards.

INTERSECTION WITH FIRST WALL AND/OR LIMITER
The pattern of intersection points with the first wall in HS 5-8 is plotted in Fig. 4 .
A number of field lines is started at some radial value, toroidally at 13, and poloidally
at 10 or 20 positions; other field lines are started near the X-point at 1/2 field period.
The pattern is similar to that shown in Fig. 4 of réf. [3] for the HS 5-7 configuration,
but has a smaller size of the 'hot spots'. This may be partially due to the fact that up
to now only one radial position of start points has been used in HS 5-8 . The statistics
of the lengths to the wall are given in the lower part of the figure. About 400 data
points yield an average of about 11 transits, with a scatter shown in the histogram.
Four lines are shorter than 43.4 m which is the length of one transit. A group of 126
field lines started near the X-point yields more than 20 transits on average; no line is
shorter than three, and two lines exceed 100 transits.

In each of the 5 field periods two plates are considered as a tentative limiter, with
a radial dimension of 0.3 m, following roughly the apex of the magnetic surfaces, and
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extended at Z = ±1.2 m between (p = ^3 and ±12°, respectively. The field line
integration is stopped at these plates. In addition, a possible intersection with the
torus is monitored. As a first test, field lines are started near the X-point at <p = 36° ;
see Fig. 5. For vertical plate postions at 1.22 m, the limiter system is not effective, and
the field lines cut the torus. Shifting the limiter plates to 1.18 m causes intersection
with the limiter after typically 0.7 to 3.4 km; for one start point a maximum value of
7.8 km is seen. The average length of 18 lines is 1.85 km , corresponding to more than
40 transits.

PERTURBATIONS

Fig. 6 demonstrates in the upper half the effect on the HS 5-8 configuration, generated by perturbing fields with M = 1 periodicity: the effective minor separatrix radius
shrinks to a lower value than that without perturbation, see lower part of the figure. A
number of new islands occurs, such as * = 6/5, 7/6, and 8/7 with low order, and also
a resonance at t = 20/17 . The denominator is equal to the number of islands. The
first of these ratios corresponds to the high-order element of the Farey-tree -t = 30/25 ,
shown in Fig. 2 in the unperturbed system. The island at * = 6/5 and the magnetic
surfaces near the edge region show some enhanced ergodicity.

Similar islands have been obtained for the HS 5-8 configuration for various perturbations (orientation, field amplitude and structure). Corresponding to the lower •*-value,
the new islands are at * = 7/8 and 6/7 . The resonance * = 5/6 has nearly the same
island size as in the unperturbed system. The poloidal position of the islands and an
over-all tilt of the magnetic axis depend on the orientation of the perturbation in space.

SUMMARY AND CONCLUSIONS
The proximity of the first wall in the Hellas systems investigated so far dominates
the edge field structure of unperturbed configurations in HS 5-7 , and is of importance
in those of HS 5-8 . There, a rather close distance of a tentative plate limiter array to
the last closed magnetic surface is required. Some ergodicity is seen in both systems for
field lines at large transit numbers, increasing towards the separatrix. Without limiter,
inhomogeneous patterns of the intersection points of field lines with the first wall are
seen, when starting close to the separatrix. For HS 5-7 a total 'hot spot' area of the
order of 1 m2 is estimated. Due to the comparatively low transit numbers of most
field lines the finite radial extension of the ergodic region cannot be utilized to increase
this area. For HS 5-8 the 'hot spot' area is even smaller. This calls for an improved
(pump) limiter system or a divertor for edge control of the plasma, to be optimized for
various *-values, also when considering possible perturbation fields. They introduce
new magnetic islands; large perturbation fields increase the island size, the ergodicity,
and the aspect ratio of the system. In general it is felt that the confinement properties
are reduced by the ergodicity of field lines and the presence of magnetic islands. In
model fields a considerable reduction of the effective minor radius has been seen [4] ,
when increasing the perturbation. For future investigations it is necessary to study
the trajectories of charged particles as well, including collisions. Trapped particles are
likely to introduce 'hot spots' at areas differing from those studied so far.

530

LIMITER

1/4

1/2 FIELD PERIOD

Fig. 5:
Intersection with limiter.
Field lines started near the X-point.

531

8/7
7/6
6/5
•

520

» .

**

^

W

*-.1«

0 , i

, L-°

20/17

Fig. 6:
Upper part: Perturbed configuration.
Lower part. Separatrix region without perturbation.

532

REFERENCES
[1]
[2]
[3]
[4]

WOBIG, H. et al,, this conference, paper O 4-4.
RAU, F., et al., this conference, poster 7 P-2.
BEIDLER, C., et al., Proc. 16th Europ. Conf. Venezia (Italy),
Vol. 13B Pt.II, 699 (1989).
WOBIG, H., et al., Proc. Int. Stellarator/Heliotron Workshop Kyoto (Japan),
Vol. II, 422 (1986), Report PPLK-6.

Next page(s) left blank

533
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Abstract

Neoclassical transport rates are determined for Helical-Axis Advanced Stellarators
(Helias). Special emphasis is given to Wendelstein VII-X candidates, for which the
magnetic field is produced by a large number of discrete non-planar coils. The investigation is concentrated on the long-mean-free-path regime where particles trapped in
local ripple wells of the magnetic field make the dominant contribution to transport.
For Wendelstein VII-X, such particles fall into two classes; those localized in the helical
ripple common to all stellarator-type devices and those very-localized particles which
are trapped in the modular ripples existing between the individual coils. Using analytical techniques it is shown that helical-ripple transport rates are substantially reduced
for Wendelstein VII-X candidates relative to classical stellarator/torsatron configurations. This reduction is most pronounced in the J/"1 regime — equivalent helical
ripples of less than 1% lead to reduction factors of more than an order of magnitude — but is significant throughout the entire long-mean-free-path regime. Modular
ripple transport in Wendelstein VII-X is calculated by analytically solving the bounceaveraged kinetic equation. This solution assumes a general magnetic field model and
fully accounts for the deformation of modular ripples due to the presence of the other
magnetic-field harmonics. Results indicate that 12 coils per field period are necessary
if modular-ripple losses are to remain smaller than helical-ripple losses over the entire
plasma cross section.

INTRODUCTION
The future stellarator experiment, Wendelstein VII-X, will be the first to employ the Helical-Axis Advanced Stellarator (Helias) concept. One of the expected
advantages of the Helias relative to conventional stellarator/torsatron devices is a
much smaller rate of neoclassical transport in the long-mean-free-path (Imfp) regime
where particles trapped in the helical ripple of the stellarator's magnetic field provide
the dominant transport mechanism.
Unlike the conventional stellarator/torsatron, however, the magnetic field of Wendelstein VII-X will be produced by a large number of discrete, non-planar, currentcarrying coils. These modular coils introduce a further ripple in the magnetic field and
thereby provide an additional transport mechanism. Clearly, it is of no value to optimize the Helias magnetic field for reduction of helical-ripple transport if the resulting
level of modular-ripple transport is far in excess. There is, however, some freedom of
choice in the number of modular coils which make up each field period; a large number
of coils reduces the magnitude of the modular ripple but also increases fabrication costs
of the machine and decreases plasma access.
In the current paper, the neoclassical transport levels resulting from both the
helical and modular ripples will be estimated for Wendelstein VII-X candidates using
analytic theories. Results will be used to find the optimum number of coils per field
period insuring that modular-ripple losses are tolerable over the entire plasma cross
section.
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HELICAL -RIPPLE TRANSPORT
Throughout this paper the set of magnetic coordinates (r, 6o,<f>] [1] will be used
to represent physical space. In this system, a general model for the magnitude of the
magnetic field is given by
D

— = 2JC m ^(r)cos£öcosmpi^ + 2j5m^(r) sin£ôsinmp<^ .
0

m,t

(1)

m,t

Along a field line the poloidal angle is related to the toroidal angle through the rotational transform, 6 = BQ + -t<j). In this section, only the principal harmonics of
Wendelstein VII-X candidates will be considered, namely Co,i, C^o, C^i and S\\.
Using the method of reference [2], this simplified model magnetic field may be cast in
the form
B = B0(l + C'o ) icos0-f e fe (l + acos0)cos(77-x)) ,

(2)

where

r\ — pa> .
' ^'

.
5i,isin0
sin A
Y = — ;—!———— -r- ,
'

cos Y =
*

A general theory of Imfp transport in the model field of equation (2) was presented
in reference [3]. This theory has been used to predict neoclassical transport coefficients
in a pair of Wendelstein VII-X candidates; results obtained were shown to be in good
agreement with those of a numerical Monte Carlo simulation [4]. For these two configurations, transport levels in the v~1 regime were reduced by as much as a factor
of 50 relative to those expected in the equivalent classical stellarator. (The equivalent
classical stellarator is defined to have the same value of eh but to have CQ,I = e* and
o — 0.) At lower collision frequencies the reduction was not as dramatic but was still
significant.
This favorable result may be most easily understood in the v~l regime where it
is possible to obtain a solution for the particle flux, F, in which the magnetic field
quantities C*o,i, £h and a appear explicitly [2]. This solution may be written in the
form F = AhW(K,), where W is a function only of energy and

contains all information relating to the magnetic field. Clearly, for the equivalent
classical stellarator, Ah = A(™*} = (64/9) e A 3 / 2 .
Equation (3) offers Helias configurations two routes for significant reduction of
Ah- The first is to make the ratio Co,i/ft as small as possible while the second is
to have «re/i/Co,! ^ 1-56 as this minimizes the bracketed term in equation (3). Various Wendelstein VII-X candidates utilize both of these routes to different degrees as
illustrated in the table below. The configurations designated HS4-8 and HS5-6 are
those which were investigated in reference [4] ; the results obtained here confirm those
of the earlier analytical/numerical calculations. The configuration HS5-7, one of the
leading candidates for Wendelstein VII-X, is particularly well optimized; a decrease of
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neoclassical transport rates in the v
predicted by equation (3).

HS4-8
HS5-6
HS5-7

0.4775
0.0525
0.4852

0.0502
0.0666
0.0626

1

regime of almost two orders of magnitude is

0.5178
0.1848
0.4004

1.0284
0.4112
1.6429

0.0464
0.0195
0.0109

0.0065
0.0048
0.0031

Note: The values given above are taken at half the plasma radius (r/a — 1/2). The
"equivalent helical ripple", e^, is defined by the equation Ah = (64/9) e^ 3 / 2 .

MODULAR-RIPPLE TRANSPORT
For Wendelstein VII-X candidates, the high-order magnetic field harmonics which
are identified with the modular ripple are generally of much smaller amplitude than
those associated with the helical ripple. Thus, in regions of significant helical-ripple
gradient, it is not always possible for modular ripple wells to form; even in regions
where this gradient is small, the depth and extent of individual modular wells are
often strongly influenced by the presence of the low-order magnetic field harmonics.
This deformation of local wells is an effect which is well-known in the case of nonaxisymmetric "rippled" tokamaks [5,6]. Given these considerations, a simplified model
field similar to that of equation (2) is not an appropriate starting point if one wishes
to obtain a realistic estimate of modular-ripple transport in a general Helias magnetic
field. Instead, in the theory outlined below, the general form of B given in equation
(1) is adopted, insuring that the results may be applied with equal accuracy regardless
of the complexity of the magnetic field configuration.
In the Imfp regime the longitudinal adiabatic invariant, J = § mv\\ dl, is a constant of a trapped particle's motion and the guiding-center drift-kinetic equation may
be simplified by application of the operator, / dl/v\\. The resulting bounce-averaged
kinetic equation is then solved in lowest non-trivial order by expanding the distribution
function in terms of a local Maxwellian, FM, and a perturbation term, /, yielding

l dB 8FM d
qB0r d00 dr dp
where fj, = mv^/2B is the magnetic moment, q is the particle charge and i/ is the 90
degree deflection frequency. The solution of equation (4) is sought in the region of
phase space where local modular ripple wells exist (i.e. the range of (j, values which
satisfy K/Bma.x < fJ- < K/Bmin, with K — mv 2 /2 and Bmin,Bmax the local minimum
and maximum values of B which define the ripple well) with the boundary conditions
that df/dß be finite in the region of solution and that / = 0 for non-ripple-trapped
particles. The solution for / is
dFM

qB0r dd0

(ß ~

dr

v

''

The particle flux due to localized particles may once again be written in the form

F s = AS(ÔO,<J>)W(K), where
27T

0

2JT

0
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In principal this completes the solution, although further simplification of equation
(6) is impossible given the very complicated magnetic field geometry introduced by
equation (1). Difficulties appear not only in the expression for B itself, but also in
the accompanying deformation of individual modular ripples, greatly complicating any
analytic expression for Bmax. Instead, equation (6) is integrated numerically; at each
point that the integrand is evaluated, the condition dB/d<f> = 0 (along the field line
passing through that point) is numerically solved to determine whether a modular
ripple well exists at that point, and if so, what the local value of Bmax is.
The method described above makes it possible to determine to what degree the
optimization of neoclassical transport, given in the previous section, is degraded by
modular-ripple transport. As an example, the ratio AS /Ah will be evaluated on various
flux surfaces for the Wendelstein VII-X candidate HS5-7, a five field period Helias with
rotational transform varying from * = .76 on axis to * — .96 at the plasma edge.
It is possible to realize the magnetic field of HS5-7 (or any other Helias) through a
number of different modular coil configurations, differing in the number of discrete coils
per field period, N. The principal magnetic-field harmonics are essentially identical in
these various cases, only the magnitude of the modular ripple, 6, and its periodicity are
effected. Large values of N reduce 6 significantly but also greatly limit experimental
access to the plasma. Ideally, the value of N should be as small as possible to maximize
access, but also large enough to insure that AS/Ah remains small over the entire plasma
cross section.
Coil sets for the HS5-7 configuration exist in both N = 10 and N = 12 versions.
The ratio of As/Ah has been calculated in these two cases for several flux surfaces;
results are presented below. The N — 10 version shows values of this ratio considerably
in excess of one near the plasma edge. On the other hand, the ratio of AS {Ah < 1 at
all radii for the N = 12 version of HS5-7. As this latter version also allows sufficient
plasma access, 12 coils per field period is deemed to be the optimum value for HS5-7.

HS5-7 (JV = 10)
HS5-7 (JV = 12)

p = 0.2
0.0125
0.0035

Ratio of AS I Ah at
p = 0.4
p = 0.6
p = 0.8
0.1372
1.1452
3.2496
0.0230
0.0833
0.2990

p = 1.0
8.1374
0.5308
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Abstract

A numerical optimization procedure utilizing an inverse 3-D equilibrium solver,
a Mercier stability assessment, a deeply-trapped-particle loss assessment, and a
nonlinear optimization package has been used to produce low aspect ratio (A — 4)
stellarator designs. These designs combine good stability and improved transport
with a compact configuration.

The development of 3-D plasma analysis tools for the optimization of stellarator designs is important for the current ATF-II studies and beyond. The subject
of this work, low aspect ratio studies, presents the challenge of reconciling MHD
stability with favorable neoclassical transport in a single compact device. Toroidal
effects, which are enhanced at low aspect ratios, often tend to influence MHD and
transport properties in opposing ways and this work will present a numerical procedure that seeks an optimal balance between the two. The parameter space over
which the optimization is carried out is defined by a set of Fourier harmonic coefficients describing the boundary of the plasma. The basis of the nonlinear optimal
search scheme is formed by varying the boundary around a tentative design and
assessing the changes in Mercier stability and the transport of deeply trapped particles in the altered configuration. The success of this procedure depends on the
proper evaluation of the plasma parameters as well as the existence of an adequate
initial configuration. The rapid computations of inverse equilibria, stability, and
confinement criteria are also crucial. Plasma parameters of interest include iota
profile, magnetic well profile, MHD stability, particle transport, and configuration
complexity.
Because of the complexity and time-consuming nature of most plasma physics
calculations, the MHD stability and transport evaluations have to be limited in
scope. The Mercier criterion [1] has been chosen for the MHD stability calculation
and the "B minimum" (# m j n ) contours [2] have been selected for calculation of the
transport criterion. In both cases the figure of merit used for the optimization is a
percentage of the appropriate maximum as measured in normalized flux space, i/.>.
The Mercier stability module returns the percentage of the plasma that is unstable
to high order localized ideal MHD modes outside of the central (0.1 < ?/>) plasma
region. The transport module concentrates only on deeply trapped particles and
returns the width, in flux space, of the last closed Bm-m contour. Also available is
an option to determine the offset of the -Bmin contours from the magnetic axis.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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It is useful for the boundary Fourier expansions of the three-dimensional inverse
MHD equilibria to have a unique poloidal angle, in order to prevent the problems
of an ill denned convergence path in Fourier space. To this end we have chosen to
use the following form to represent the boundary [3]:
N

N

R = 2_] Ron

cos

r

<-<f> +

n—U

/~^

Rln COs(0 — n</>) + f COS $

n=-N

N

N

Z = 2^ Zon smnfi — 2~] Ai n sin($ — n</i>) + f sin#
n= — N

n=0

N

r —y

N

ron cos n<^> +

n=0

N

rmn cos(m9 — n^)

m=3,n

where <j> is the toroidal angle and 0 is the poloidal angle. Seven of these coefficients
are allowed to vary during the course of the optimization. They are: RONP, %QNP,
RIO, RINP, r so, r oJVp, and ^SN P , with r00 = 1 — J?10 to keep the aspect ratio fixed
during the iterations. The remainder of the harmonics, 20-30 total, are zero at
the boundary and are chosen to provide numerical accuracy. The number of field
periods, Np, also remains fixed during the course of the optimization. Finally, the
varying coefficients are scaled to order 1 before being used in the numerical process
to insure numerical stability.
The optimization process is implemented by forming a loop composed of a multidimensional nonlinear optimization routine (MNOR), a three dimensional inverse
plasma equilibrium solver [4], a routine for assessing Mercier stability [5], an analysis
of plasma transport, and finally, a function that combines this information into a
single numerical value for use by the MNOR. A typical iteration proceeds by the
MNOR package providing the plasma equilibrium solver with the Fourier coefficients
of a trial boundary. The equilibrium solver then computes the plasma profiles of
iota, flux, magnetic well, etc. for use by the Mercier and transport modules. These
modules return figures of merit and the computed criteria are combined in a function
of the form,

F =xaTANH(-fxa)
%a — (-^a

+ xeTANH(^xe} + aLM - 8LB-

"*'ao)j "* aoi

x

e ~~ (^e

^eoj/^eo

where -ca and -K& are the computed rotational transform at the magnetic axis and
plasma edge, respectively, and -fao and -feo are the corresponding desired transform
values; L M is the percentage of the plasma that is Mercier unstable, LB is the
percentage width of the last closed -Bmin contour, and a, 7, 8 are constants chosen
to steer the optimization in the desired direction. The TANH function prevents
the optimization function from increasing too rapidly when the iota values differ
greatly while providing a sum-of-squares behavior near the optimum. Experience
has shown that this form provides the most reliable results. The constants 8 and
a fall in the ranges, 1 < 8 < 10 and 3 < a < 30 with 7 ~ 10.0. Unfortunately
these values can only be determined empirically and require many computer runs
to estimate the best values.
The MNOR is a quasi-newton method using finite differences; it is the E04JBF
subroutine contained in the NAG library [6,7]. Since subroutines of this nature can
find only local minima, the path from large aspect ratio devices to small ones is
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best located by an incremental process. In this work an approximate representation
of the current ATF device was used as the starting point and the aspect ratio and
number of field periods were reduced by small steps until the goal of A — 4 was
reached. At each converged step small perturbations were made in the boundary
to examine the local parameter space. This process does not require that all the
optimization modules be used; one may wish to focus on only a couple of the criteria
to conserve effort until the desired aspect ratio/field period region is reached.
The results of this process at {/?} = 0 are shown in Table I. In these cases the
optimization included only -t:a(^ao — 0.35), -ce(-Keo = 1.0), LB and the magnetic
well; rather than employ the complete Mercier criterion, the entries in Table I were
only required to have a magnetic well with a finite width. Note that by keeping the
ratio of field periods to aspect ratio in the range of 1.5-1.6 the iota and LB values
are preserved as the aspect ratio is reduced.

TABLE I
Aspect
Ratio

Field
Period

•e
Axis

•t

7.8 (8)

12

0.42

5.13 (5.33)

8

3.9 (4.0)

LB

Magnetic
Well

1.0

0.61

2%

0.36

0.95

0.59

2.3%

6

0.36

0.94

0.58

3.2%

3.3 (3.33)

5

0.35

0.92

0.57

3.5%

3.9 (4.0)

6

0.33

0.98

0.87

1.9%

Edge

The aspect ratio is defined as A = 7rRa-\/2Ra/V, where V is the plasma volume
and Ra is the radius of the plasma center which is approximately the edge value of
the RQQ harmonic. For the cases shown in Table I, the aspect ratio may be very
closely approximated as the edge value of the ÄOO harmonic because of the selected
normalization. This value is shown in parentheses in Table I.
The last case in Table I was obtained by examining the parameters locally
around the previous 6 field period case. Note that a large improvement in LB came
at the expense of the well depth. This compromise also appears in calculations that
use the Mercier stability criterion instead of finite well width and underlines the
conflict between stability and transport.
Currently the optimization can be performed only at a fixed plasma pressure.
Fortunately, our calculations show that if the plasma is stable at a given average
beta, (/3), it will also be stable at lower {/?) with the same pressure profile. Selection
of the plasma pressure profile is somewhat difficult, but a modestly peaked profile
with weak edge gradients appears to give the most useful results. The present work
uses a pressure profile of the form
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where ip is the normalized toroidal flux and po can be adjusted to provide the
necessary (/?}.
The results of an optimization on a Np = 6, A = 4 device at (/?} = 5% is
shown in Figs. 1 and 2. The (/?) = 0 fixed boundary result, obtained by using the
optimized (/?} = 5% boundary with po ~ 0, is shown in Fig. 1. Starting at the

IOTA

FLUX SURFACES

4 375

8 375

R

Br

MAGNETIC WELL

i/l? COS #

FIG.
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1.

FLUX SURFACES

2.375

4.375

IOTA

—I————————I————————I——

8.375

023

R

0 30

0 73

D,

FIG.

2.

top left and moving clockwise, one has the flux surfaces at <j> — 0, the iota profile
vs ?/), the magnetic well vs ^, and the Bm-in contours (Lß = 0.9). The (ß) = 5%
case is shown in Fig. 2. Starting at the top left and moving clockwise, one has the
flux surfaces at <j) = 0 (note the shift), the iota profile vs ?/>, the Mercier criterion
vs •;/>, and the 5min contours (Lß = 0.8). The minimum in the Mercier value takes
place at the -c = 1/3 surface. The Bm-m contours become increasingly shifted as (ß)
increases, a factor that adversely affects transport.
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We conclude that promising low aspect ratio stellarator designs may exist and
that the described numerical process is a useful tool for locating them. Further
work remains to be done to examine the parameter space and numerical sensitivity
issues.
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Abstract

Using the NESCOIL code [1], it is possible find a surface current distribution which can
create a given last closed flux surface. Thus, almost any stellarator configuration can be
created with either helical or modular currents. In particular, we have succeeded in finding
current distributions which generate the optimized ATF-II configuration described in
Hirshman's paper [2].
As the aspect ratio of the configuration is decreased, or the plasma-to-coil distance is
increased, the harmonic content of the surface currents is increased. This makes it a challenge
to cut the distribution into either discrete helical or modular coils which are attractive from
an engineering point of view. Several approaches to this problem are discussed. There have
been some hints of promising configurations, but to date, none of them are satisfactory.

INTRODUCTION:

In the past three or four years, it has been realized that the coil configuration for a particular
stellarator is not immutable; in principle, there exist a large number of different current
distributions that can make a given set of flux surfaces. Moreover, a stellarator can be
designed to optimize physical properties (equilibrium, stability and transport) without
reference to the coil set.

These facts are a consequence of the fact that for a currentless stellarator, there exists a scalar
potential (B = V^) that satisfies Laplace's equation. Thus, if one specifies the shape of the
last closed flux surface on which the normal component of B is zero, the solution is unique
inside this surface. Both the Garching and Oak Ridge groups (see papers this conference)
have been using this approach to find the shape of the outer flux surface that yields optimal
goodness criteria. The Fourier harmonics of these surfaces are then given to the coil designer
who must determine a set of coils that creates the required magnetic fields.
The tool used to find these coils is the NESCOIL code. To use NESCOIL, the cylindrical
coordinates R and Z of the toroidal current surface must be expressed as double Fourier
* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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series in 9 and <}>. This surface must enclose the outer flux surface, and have the same
periodicity and symmetry properties as the outer flux surface. The shape of this surface can
itself be determined by a computerized search which can optimize some of the resulting coil
properties (such as kinkiness, access, etc.).
NESCOIL solves the Neumann problem for the current stream function on the surface. For

a fixed number of harmonics, and in the presence of any fields due to external coils, the
amplitude of each harmonic is varied to minimize the normal component of B on the outer
flux surface. The equipotentials of the current stream function corresponds to the surface
current, and the current density is determined by the spacing between the equipotentials. In
general, the currents can be closed either poloidally (modular coils) or helically.
GOODNESS CRITERIA:

For the purposes of this paper, we assume a major radius of 1.0 m. A real device such as

ATF-II might be scaled up by a factor of two, and a reactor might be scaled up by a factor
of 6 or so. The driving dimension in these designs is the plasrna-to-coil spacing which must
be at least 15cm (scaled up by the appropriate factors). Since this is a minimum criteria, we
have chosen to make the plasma-to-coil spacing uniform at all places on the torus. This is
easiest to do by increasing the n-0, m=l harmonic of the outer flux surface by the
plasma-to-coil spacing. Here, n is the toroidal harmonic number, and m is the poloidal
harmonic number. The surface is given by
R - X RnmCOs(n<p+mQ}
njn
Z = ]T Znmsin(rt<fH-m9)
n,m
We also limit our scope to the problem of trying to synthesize coils for the OT-7 M4

configuration which has an aspect ratio of 4. This example was optimized at ß=4% using
the free-boundary VMEC code. Although NESCOIL assumes that the equilibrium is
current-free, it turns out that if we find the coils using the finite ß outer flux surface, the
configuration that results has good properties at zero ß and at finite ß (with the addition of
some vertical field).
Then, our goal is to determine a set of coils which do not have extreme kinks and which
allow access to the plasma for experimental purposes.
RESULTS:

OT7 can be synthesized with currents at 15 cm using either modular or helical coils (Figs.
1-3).
In either case, the underlying helical nature of the configuration can be seen in the
concentrated current density regions. To improve the configuration, we would like to pull
out one or two discrete coils, and then hope that the high current density regions disappear
from the potential plots. The remaining currents can be synthesized on a surface that is either
inside or outside the descrete coils.
From Fig. 2, we can see that there are two fairly straight coils. We removed them at a 15 cm

spacing, and synthesized the remaining currents as modular coils at 20 cm. This did not yield
a noticeable improvement in the configuration.
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potential distribution

Fig. 1: Synthesis using modular coils at
15 cm

Fig. 2: Synthesis using helical coils at
15 cm

Figure 3: Top view and side view of a set of base case modular coils that can produce
the OT7-M4 configuration. Only the front coils are shown in the side view. These
coils are clearly too complicated, are too kinky, and offer little access to the plasma,

and are only used to generate the external fields for the free-boundary VMEC code.

Toroidal angle
Fig. 4: The potential (left) and resulting modular coils when two helical coils are
removed at 15 cm, and the remaining fields are synthesized using modular coils at
20 cm. The potential plot covers two field periods in each direction. We required
that there be 10 modular coils per field period, which may be excessive.
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More examination of this figure reveals that the current density along these helices varies
considerably. In fact, at any given toroidal cross-section, there is only one region of high
current density, like /=!, but the pitch is still that of an 1=2 system. We call this an /=1.5
system. A model for these currents made with continuous coils is shown below:

Fig. 5: Top view and side view of the 1=1,5 coils. The two helices merge on the inside

half of the torus.

Removal of these coils at 20 cm, and synthesis of the remainder of the field using helical
coils at 15 cm yielded the following results:

Fig. 6: Removal of the 7=1.5 coils does change the current distribution (left). If they
are added instead (right), the 7=1.5 coil current is clearly visible. However, in this
case, the result is not much simpler than the original case in Fig. 2.
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Finally, we removed one modular coil (at 15 cm) in each field period and synthesized the
remaining field from modular coils at 20 cm.

Toroidal angle
Fig. 7: Top view of the modular coils removed at 15 cm. The arrow is the x-axis. The
resulting potential has reduced current densities everywhere except in the whorls
which occur on the midplane on the inside of the torus. The modular coils can
probably be simplified without losing the configuration.

CONCLUSIONS:

This is still very much work in progress. The codes seem to work properly, and coils can be
removed or added to the configuration. If the coil winding surface is moved out much beyond
20 cm, the coils become very kinky, and whorls (regions of closed current) appear. The high
frequency spatial oscillations of the currents are probably artifices of the Fourier representation since the fields due to them decay rapidly away from the coils.
Removal of discrete or modular coils does not work as successfully as one might like. If the
discrete coil current cancels a piece of the continuous surface current, the cancelled current
does not disappear from the resulting current distribution. This may be due to the high
Fourier harmonics introduced by the discrete coil.

It does seem possible (Fig. 7) to reduce the current density of the current distribution. The
question remains whether a lower current density can be modeled using a few discrete coils,
or whether many coils of lower current density are required.
The next step in this project is to create data sets for each of the current filaments (in the
cases with whorls) and see how many filaments are required to reproduce the flux surfaces.
Then we can smooth the contours of these coils and eliminate the high frequency spatial
oscillations. Finally, Cary-Hanson techniques can be used to rebuild any lost flux surfaces.
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HIGH-FIELD, HIGH-CURRENT-DENSITY, STABLE
SUPERCONDUCTING MAGNETS FOR FUSION MACHINES*
J.W. LUE, L. DRESNER, M.S. LUBELL
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

Designs for large fusion machines require high-performance superconducting magnets to
reduce cost or increase machine performance. By employing force-flow cooling, cable-in-conduit
conductor configuration, and NbTi superconductor, it is now possible to design superconducting
magnets that operate at high fields (8-12 T) with high current densities (5-15 kA/cm2 over the
winding pack) in a stable manner. High current density leads to smaller, lighter, and thus less
expensive coils. The force-flow cooling provides confined helium, full conductor insulation, and a
rigid winding pack for better load distribution. The cable-in-conduit conductor configuration ensures
a high stability margin for the magnet. The NbTi superconductor has reached a good engineering
material standard. Its strain-insensitive critical parameters are particularly suitable for complex coil
windings of a stellarator machine. The optimization procedure for such a conductor design,
developed over the past decade, is summarized here. If desired, a magnet built on the principles
outlined in this paper can be extended to a field higher than the design value without degrading
its stability by simply lowering the operating temperature below 4.2 K.

INTRODUCTION

High-performance superconducting magnets that run at high current densities and produce
high fields are in constant demand in fusion machine design as well as other physics applications.
The large next-generation stellarators under design—the Large Helical Device (LHD) [1],
Wendelstein VII-X (W VII-X) [2], and the Advanced Torpjdal Facility (ATF-II) [3]—all call for
a magnetic field on plasma axis of 3-4 T, or a maximum field on the winding of 6-8 T. Current
density requirements for both LHD and W VII-X have increased from 2.5 kA/cm2 to 4 kA/cm2 over
the winding pack in their latest design changes [1,2]. This is because higher current density will
lead to a smaller, lighter winding pack and smaller machine. Thus, a less expensive machine or a
better performance machine can be realized at a given cost.

The superconducting magnet development efforts over the past decade have led to a
conclusion that force-flow cooling magnets based on cable-in-conduit NbTi superconductor will best
fulfill these demands. A force-flow-cooled conductor can be fully insulated to provide high-voltage
integrity, and the winding can be potted to form a rigid structure. The cable-in-conduit conductor
configuration further provides a large cooling surface for the superconducting strands and ensures
good stability margin for the coil. NbTi superconductor has proven to be a good engineering
material, suitable for large fusion magnets.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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FORCE-FLOW COOLING
A force-flow-cooled magnet is built with conductor that has the cooling channel embedded
within it or on the perimeter of the winding. Supercritical or two-phase helium is forced through
the channel for direct or indirect cooling. The conductor outer surface is not wetted with helium
for heat transfer. It can be fully wrapped with multiple layers of insulation. Thus, high-voltage
integrity (10 kV or more) can be maintained.

The winding of a force-cooled magnet is usually potted in an epoxy compound suitable for
cryogenic service. Thus, it forms a rigid structure and limits conductor motion (excessive conductor
motion can generate enough heat to quench the coil). The potting also helps to distribute the
electromagnetic load throughout the winding and transmit it to an external case. This helps to
prevent local stress buildup on the conductor. Force and stress calculations can be performed for
potted coils with higher reliability than for pool-boiling coils.
Since the helium is not boiling and is well confined in a force-cooled magnet, its
temperature can easily be changed by either the refrigerator or an outside heat exchanger. The
heat transfer coefficient stays essentially the same. Thus, a magnet can be operated at higher
current and higher field without losing its stability margin by lowering the operating temperature
below 4.2 K, provided enough structure has been built into the magnet. Or it can be operated at
higher temperatures to save on refrigeration load. This is particularly true with cabie-in-conduit
conductors, as discussed later. Another advantage that may be worth mentioning is that, for a
force-cooled magnet, a relatively small-scale segment test may suffice to extrapolate to a full-size
magnet. This makes the R&D program for a large system less expensive and faster to carry out.
CABLE-IN-CONDUIT CONDUCTOR CONFIGURATION

In a superconducting magnet, it is generally believed that conductor motion under
electromagnetic forces can generate enough local heating to drive the conductor normal. If the
heat is not transferred away by the coolant, the normal zone will grow and the whole magnet will
quench. As mentioned above, the potting of a force-cooled magnet can minimize the motioninduced heat source. But the conventional force-cooled conductors do not provide a heat barrier
to the superconductor and do not have large enough cooled surfaces. Thus, they do not have good
stability margins as a whole.

An internally cooled cable-in-conduit conductor configuration was proposed, first by Hoenig
[4] of the Massachusetts Institute of Technology (MIT), to increase the stability of a force-cooled
magnet. The superconductor is contained in a braided cable of fine strands enclosed in a protective
(steel) conduit. Helium, usually supercritical, is forced through the interstices of the cable. The
fine division of the conductor into cable form provides large surfaces wetted by the helium. The
consequent excellent heat transfer allows a cable-in-conduit conductor to operate stably at quite
high current densities.
Engineering Equations for Optimization
Experiments performed on small-scale cable-in-conduit conductors have shown that, because
of the tight confinement of helium in the conduit, heat from the conductor induces transient local
flow of the helium. This local flow greatly enhances heat transfer from the conductor to the
helium. The combination of enhanced heat transfer and the transient conductive heat transfer
causes the multiple stability phenomena observed in some cable-in-conduit conductors [5]. The
important engineering outcome of these investigations is that there is a limiting current, below
which the stability margin of the conductor is very high and is limited only by the available helium
enthalpy. The limiting current density over the cable space is found to be [6]
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- / (F, Fco] [(Te - Tb) p'1}1/2 d~l (l2 /r) 1/15

(1)

where /(F.F.J is a function of the fraction of conductor in the cable space, Fco, and the fraction
of copper in the cable, F, Tc is the critical temperature of the superconductor, Tb is the temperature
of the helium (bath), p is the copper resistivity, d is the diameter of the cable strand, and / and
T are the local heating length and duration. Because of the very small power (1/15), Eq. (1) is
insensitive to the uncertain factor l2/r.
In addition to stability, protection of a coil when it quenches should be carefully considered.
Since a force-cooled magnet can have very good voltage withstand capability, it can be dumped
rapidly and prevented from having damaging hot spots. However, the hydraulic length can still be
long enough to produce very high helium pressures. The worst case is when the conductor of a
whole hydraulic length goes normal all at once. An equation to estimate the ensuing maximum
quench pressure, PmM , has also been derived and tested experimentally [7], It has the form
(2)

where g(F,Fco) is another function of F and FM , Ja is the current density over the cable space, and
/ is now the hydraulic length.
Based on Eqs. (1) and (2) and the available helium enthalpy, one can calculate the stability
margin, &H, and maximum quench pressure for different values of .F and Fco. The results can then
be plotted as contours of constant L H and constant PmM in the (F^F) plane. As an example, a
NbTi conductor operating at 8 T and 4.0 K, with a current density over the cable space of

20 kA/cm2, would have the contours shown in Fig. 1. In this figure, the upper boundary of the
contours is cut off by / = 1, when the operating current would equal the critical current of the
conductor. The left boundary is the limiting current density given by Eq. (1). The right boundary
is a safe engineering choice of limiting Pmai to 500 atm. From this plot, one finds that for the given
operating conditions a conductor with F^ = 0.8 (20% void in the cable space) and F = 0.62
(Cu/SC = 1.6) would be an optimum choice. Such a conductor operates at 49% of its critical
current and has a stability margin of about 100 mJ/cm3.
Variations

During the studies of cable-in-conduit conductor that led to these scaling equations, it was
also found that forced helium flow would push the limiting current to a higher value [6]. However,
if a conductor is already in the high-stability regime, the flow has no effect on stability. Thus,
helium flow is needed only for steady-state heat removal. In a large magnet with long hydraulic
length, the plain cable-in-conduit conductor may present too big a pressure drop to have enough
helium flow through the conductor. It is prudent to provide additional cooling paths for a big
cable-in-conduit magnet. Figure 2 shows two possible variations to the plain cable-in-conduit
configuration. The tube in the conduit variation adds a central cooling tube in the cable space.
This is a straightforward modification of the plain configuration. The cable-in-double conduit
variation adds another conduit inside the steel conduit. The inner conduit would be more or less
round and create additional, larger cooling channels between the two conduits. The inner conduit
can be made of a material, such as copper, that would aid in the quench protection of the coil.
It would also serve as an additional thermal barrier for the friction heating generated between the
conductors and as a magnetic barrier for field perturbations.

The helium in the additional cooling channel and the (possible) copper in the additional
conduit (or tube) would probably not aid in the stability margin of the conductor. Thus, the
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FIG. 1. Contour plots of stability margins and maximum quench pressures for a NbTi cable-inconduit conductor operating at 8 T and 4.0 K with Ja = 20 kA/cm2.

I

m
:•:=:

111

FIG. 2. Possible variations from the plain cable-in-conduit conductor configuration.

current density used in optimization studies such as those shown in Fig. 1 should refer to that over
the cable space only. The current density over the conductor would be lowered by adding the

conduits and any additional cooling channel cross sections. The current density over the winding
would further be reduced by adding insulation thickness and packing factor. Depending on the
conductor size, configuration, shape, and voltage withstand requirement, the current density over
the winding could be 35-65% of that over the cable space.
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NbTi SUPERCONDUCTOR
The field requirement of 8 T or less on the winding of the next-generation stellarator
machine is well within the capability of NbTi superconductor. This material has reached an
engineering standard such that all coils built with NbTi in the Large Coil Task operated to 9 T [8].
This superconductor is also preferable for the complex and non-planar helical or modular winding
of a stellarator. The strain-sensitive Nb3Sn superconductor is more liable to damage in such a
complex winding.
Even if a field as high as 10-12 T is required, NbTi can still be used by lowering the helium
temperature. Optimization studies similar to those discussed in Eqs. (1) and (2) can also be done
with superfluid helium [9]. The limiting current density is replaced by a Kapitza limit. Contour
plots of stability margin and maximum pressure for a NbTi cable-in-conduit conductor operating
at 10 T and 1.8 K with current density of 30 kA/cm2 are shown in Fig. 3. It is clear from such a
plot that higher stability margin, higher field, or higher current density can be achieved with 1.8 K
superfluid helium.
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HG. 3. Contour plots of stability margins and maximum quench pressures for a NbTi cable-inconduit conductor operating in 1.8 K superfluid helium at 10 T with JM = 30 kA/cm2.

CONCLUSION

On the basis of superconducting magnet development efforts over the past decade, it can
be shown that by employing force-flow cooling, cable-in-conduit conductor configuration, and NbTi
superconductor, a superconducting magnet system can be built to operate at high fields (8-12 T)
and high current densities (5-15 kA/cm2 over the winding pack) in a stable manner. It would thus
lead to a less expensive and higher performance next-generation stellarator machine.
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It should, however, be pointed out that the database for such coils is still very sparse. A
NbTi cable-in-conduit coil [10] was built and tested at Oak Ridge National Laboratory (ORNL) to
7.7 T at 4.2 K and 8.1 T at 3.9 K. It never quenched spontaneously, although the stability margin
was measured to be less than 50 ml/cm3 above 7 T. Some Nb3Sn pancakes were built and tested
to 12 T by Hoenig of MIT [11]. The largest cable-in-conduit coil built to date is the Nb3Sn coil
built by Westinghouse for the Large Coil Task. The test results showed that it performed well and
in good agreement with the small-scale experiments as far as the cable-in-conduit stability properties
were concerned.
Finally, in addition to the need for a larger database, a few remaining unresolved issues
should be addressed. The cable form of this type of conductor is subjected to strand motion and
severe stress at the point of contact under electromagnetic load. It is not clear how much cyclic
loading it could take before fatigue would start to degrade the conductor performance. Normalzone propagation in a cable-in-conduit conductor has not been investigated carefully, and its
behavior under different operating conditions is not clear. Systematic studies of this issue may shed
light on what the real maximum quench pressure is and on whether the ensuing helium expulsion
can be used for quench detection.
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ALPHA-PARTICLE LOSSES IN
COMPACT TORSATRON REACTORS*
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Abstract

Loss of alpha particles in compact torsatron reactors is studied. For
6, 9, and 12 field period reactors, the direct loss is a relatively weak function of
radius and energy and varies from ~ 33 % for M = 6 to ~ 18 % for M = 12.
Loss of alpha particles through scattering into the loss region is calculated using the
Fokker-Plank equation for fast ions and found to contribute an additional alphaparticle energy loss of ~ 15 %. The consequences of these relatively large losses for
torsatron reactor design are discussed.

The relationship between the direct particle losses and the magnetic field structure is
also studied. Orbit losses from a variety of stellarator configurations are calculated
and a figure-of-merit that characterizes the orbit confinement of a magnetic configuration is deduced from these calculations. This figure-of-merit is used to show how
the direct losses might be reduced at low aspect-ratio. Effects of finite beta on the
direct particle losses are also addressed, and are shown to significantly increase the
direct losses in some configurations.

The compact torsatron sequence1 is a family of low aspect-ratio I = 2 torsatron

configurations optimized for high-beta operation. These configurations make interesting reactor candidates because they have the capablity for high-beta operation
in the second stability regime, possess natural divertors, and have relatively open
coil geometry for access to the plasma. Compact torsatrons are, however, optimized

for MHD properties, not orbit confinement. A large fraction (^ |) of particles in
these devices are trapped in the relatively large helical ripple in the magnetic field

strength B. Toroidal effects at low aspect ratio cause orbits of these trapped particles to deviate significantly from flux surfaces leading to increased transport and in

some cases to loss of the particles from the confinement region. Radial electric fields
which develop to maintain quasineutrality of the plasma can reduce the deviation
of the trapped particles from the flux surface through E x B orbit rotation, but
only for those particles which have kinetic energies less than their potential energies

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
1
Research performed to meet the requirements for the degree of PhD in nuclear engineering, University
of Tennessee.
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in the electric field.

Energetic particles created by fusion reactions or through

external plasma heating will not be affected by radial electric fields and many of

these energetic particles may be lost from the plasma region. The confinement of
energetic alpha particles in compact torsatron reactor configurations is addressed
in this paper.

CALCULATION OF ALPHA-PARTICLE LOSSES
The complicated magnetic field structure at low aspect ratio and the large particle
energies of interest here make a numerical treatment of the particle loss fraction
necessary. Direct particle losses were calculated by computing collisionless guiding
center orbits 2 ^ 5 for a distribution of alpha particles launched randomly from a given

flux surface. Details of the calculation can be found in reference 6. Each particle

was followed until it left the plasma volume, made two poloidal revolutions, or
exceeded a preset time cutoff (several hundred helical bounce periods). Magnetic
coordinates2 were used so that only the magnitude of the magnetic field and not
its vector components was needed in the calculation. The magnetic field strength

was represented by a double Fourier expansion in the poloidal (0) and toroidal (<^>)
angles

B(p,6,<f>) = '£/Bnim(p)cos(n<l>-m9)

(1)

using 12 to 25 terms. Here the normalized radial coordinate (p) is proportional to

the square root of the toroidal flux.

ALPHA-PARTICLE LOSSES FOR REFERENCE REACTORS
The fraction of alpha particles confined is shown versus the radial coordinate p in

Fig.

1 for three minimum radius reference reactors 7 , ATR-1, ATR-2 and ATR-3.

ATR-3 is the ATF8 configuration scaled up to reactor size (aspect ratio 7.78,

meters major radius) while ATR-1
(aspect ratio 3.87,
radius 10.5

11.1

and ATR-2 are lower-aspect-ratio configurations

8.4 meters major radius for ATR-1; aspect ratio 4.66,

major

meters for ATR-2). The magnetic field strength at the magnetic axis is

5 T in all cases and the particle energy is 3.5 MeV.
The alpha-particle gyroradius
is 2-3%
of the plasma radius. The direct particle loss fraction is a relatively weak

function of radius and is smaller for the higher aspect ratio ATR-3. The difference in
the alpha-particle loss fraction is due to a smaller trapped particle fraction for ATR-

3 and to better confinement of the trapped particles. ATR-3 confines 60% of the
trapped particles that start at p = 0.25
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while ATR-1

and ATR-2 lose nearly 100%

of trapped particles starting from the same radius. This can be seen in Fig. 2 where
the fraction of trapped particles lost is shown versus the pitch-angle parameter for

ATR-3 and ATR-1. Deeply-trapped particles (those having small pitch angles) are

confined in ATR-3 but not in ATR-1.
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Fig. 2. Fraction of alpha particles lost versus pitch

angle parameter for ATR-1 and ATR-3.

Alpha particles and energy are also lost when particles scatter into the direct loss

region. Energetic alpha particles slow down and give up their energy to the background electrons without undergoing significant pitch-angle scattering until they

reach energy ^CrH — 32Te. Below Ecrit pitch-angle scattering on the background
ions becomes important and most alpha particles find their way into the loss region

before they can slow down enough to become confined by the radial electric field,
thus preventing the accumulation of helium ash. The additional energy and particle

losses due to alpha particles scattering into the loss region can be estimated from
known solutions to the Fokker-Plank equation for fast ions9"11 . The additional

energy losses estimated this way are ss 15%, but ft; 80% of the alpha particles are
lost before thermalizing.

The total (direct plus indirect) loss of alpha heating power is 32 % for ATR-3 and

46 % for ATR-1 for alpha source profiles of the form (1 — p 2 ) 4 which corresponds
to parabolic density and temperature profiles. The main implications of this loss

are to increase the plasma temperature at ignition and the external heating power
required to reach ignition. Once ignition is reached, the alpha-particle loss region

is beneficial; it aids in burn control by reducing the amount of heat available to the
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thermal excursion, prevents thermalized alpha particles from accumulating in the
plasma, and channels the particle energy into narrow helical stripes on the outside

of the torus where it can be recovered efficiently.

DEPENDENCE ON THE MAGNETIC FIELD STRUCTURE
In order to understand how the direct particle losses depend on the structure of

the magnetic field and possibly how they might be reduced, the orbit confinement

characteristics of a number of idealized stellarator configurations and a number of
variant compact torsatron configurations were also investigated. In this section, the
plasma radius is 2 m, the magnetic field strength on axis is 5 T, and the alpha-

particle energy is 3.5 MeV. The idealized stellarator configurations have B of the

form

B(p, 9, </>) = B0[l - etapcos(e) + chap2 cos(^ - 29}}

(2)

were e^.a is the helical ripple at the plasma edge and eta is the inverse plasma aspect

ratio. The fraction of trapped alpha particles lost versus the ratio p2 = f-ha/f-ta

is

shown in Fig. 3 for aspect ratios 5 and 10. The fraction of trapped particles lost

is approximately independent of aspect ratio for a given value of p 2 > is nearly unity
when pi — 1, and decreases on either side of p2 = !•

The results shown in Fig. 3 can be understood on the basis of the Bmin model.
surfaces are surfaces of constant

<P
and in the abscence of radial electric fields are good approximations to deeply-

trapped particle orbits. Particles that are not deeply trapped also tend to drift
along B-min contours so the confinement of a distribution of alpha particles (not all

deeply-trapped) is correlated with the closing of these contours. When p2 — 1, Bmin
contours are not closed in the plasma region and helically-trapped particles drift

out of the confinement region. When p% »

1, the configuration appears nearly

helically symmetric, Bmin contours coincide approximately with flux surfaces, and
helically-trapped particles are confined. In the case pz

«

1 the alpha-particle

confinement is not correlated with closing of the Bmin contours because the majority
of trapped particles are trapped by the toroidal -^ variation in B and not by the

helical variation. In this case the dominant loss mechanism is stochastic drift 12 of
the banana orbits.
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The confinement of trapped particles in more complicated magnetic, fields can also

be explained with the B m j n model. To illustrate this, trapped particle loss fractions
were computed for a variety of torsatron configurations. These configurations differ
from the reference reactors in that they ha.ve differcnl vertical fields, different helical
coil winding trajectories, or / = 1 coils in addition to the primary I — 2 coil set.

Aspect ratios ranging from 3 to 8 and helical ripples ranging from 0.1 to 0.4 were
considered. The results of these calculations are summarized in Fig. 4. The vertical
axis is the fraction of trapped particles lost; the horizontal axis is the fractional area

/ of closed B m j n contours. The fraction of trapped particles confined can be fitted

by
fc = 1.61/2

, /<0.79

fc = 1.0

/ > 0.79

(3a)
(36)

with an rms error of only 8% for the wide variety of vacuum configurations considered.
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Fig. 3. Fraction of trapped alpha particles lost versus
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Fig.

4. Fraction of trapped alpha particles confined

versus the normalized area of closed B min contours.

REDUCTION OF DIRECT LOSS FRACTION
The correlation between the area of closed Bm;n contours and the direct loss fraction
can be used to study how additional helical harmonics might be added to the single
helicity idealized configuration of (Eq. 2) in order to reduce the loss fractions.

Flux surfaces are not guaranteed to exist for these model configurations; the results

presented here are, however, useful for understanding the tradeoffs available to the
stellarator reactor designer.
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Mynick 14 proposed poloidal modulation of the helical ripple

eiapcos(e}

20}}

(4)

which is the same as (Eq. 2) with £ha replaced by [1 — crcos(9)}eh,a. Here cr is an
optimization parameter which is chosen to make trapped particle orbits coinicide

approximately with flux surfaces. Mynick took pz — 1 arid found optimized config-

urations with <r = 1. Using the correlation between the Bmin area and losses, it can
be shown that this configuration is a member of a family of zero loss configurations
having a % 1 / p z If (Eq. 4) is rewritten in terms of the Fourier expansion (Eq. I), a spectrum of

helical harmonics results. Perhaps a more straightforward \vay of improving orbit
confinement is to add only 1 = 1 and / = 3 satelite harmonics to Ihe single helicity
configuration. Contours of constant particle loss fraction found with the correlation
(Eq. 3) for a configuration having p2 ~ 1 are s V m u n in Fig. "). Here p\ and pz are

/ = 1 and / = 3 ripple amplitudes normalized to the inverse plasma aspect ratio

similiar to the definition of p2- For single helicity configurations having p2 = 1, the
trapped particle loss fraction is unity. Additional 1 = 1 and / — 3 terms reduce the
loss fraction to zero in a manner similiar to Mynick's cr-optimized configuration. In

these configurations, the Bmin contours coincide approximately with flux surfaces
and the configuration appears helically symmetric to helically-trapped particles.

-2.0

Fig. 5. Contours of constant alpha particle losses for
vacuum field slellarator having aspect ratio 5 and helical ripple of 0.2. pj and ps are / = 1 and I = 3 ripple
amplitudes normalized to the inverse aspect ratio.
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EFFECTS OF FINITE BETA
Vacuum field configurations which approximate the zero loss configurations dis-

cussed above can be produced by the ATR-3 coil set by including additional vertical fields to change the shape of the vacuum flux surfaces or shift the magnetic
axis inward in major radius. Trapped particle loss fractions can then be reduced

to zero. However, Pfirsch-Schluter currents which flow in nonzero-beta plasmas
can alter the B spectrum and change particle orbits. To study this effect, three
sequences of fixed-boundary zero net current equilibria were obtained with the 3D code VMEC 14 . The initial vacuum field configurations for the three sequences

are the standard ATR-3, ATR-3 shifted inward, and ATR-3 with increased central
transform. The latter two vacuum configurations have zero losses. The fraction of

trapped particles lost versus volume averaged beta is shown in Fig. 6 for the three
sequences. The loss fraction increases toward unity with increasing plasma beta.

At volume-aver aged beta of a few percent, the reduction in losses gained by shifting
or shaping the vacuum field flux surfaces has disappeared. This behaviour can also
be understood within the context of the Bmin model. As beta increases and the
magnetic axis shifts outward relative to the fixed helical coil set, the Bmin contours

become distorted and noncircular. Even though the area of closed B m i n contours

0.0

1.0

2.0

3.0

4.0

s.o

Volume-Averaged Beta

Fig. 6. Fraction of trapped alpha particle lost versus
volume-averaged beta for three variante of ATR-3. Triangles represent the standard configuration, squares
are for a configuration shifted inward in major radius,
and circles are for a configuration with increased central transform.
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does not decrease substantially, the center of the Bmm contours shifts relative to
the magnetic axis (Fig. 7). This causes deeply-trapped particle orbits to pass close

to the plasma boundary and particles which are not deeply-trapped leave the confinement region. Bmin contours for two values of plasma beta are shown in Fig. 8

for the inward shifted ATR-3.
The sequence of finite beta equilibria used here are intended to illustrate how finite

beta can undo orbit optimization; they are not intended to represent a reactor

startup scenario. Current studies seek to identify startup sequences for ATR-3
which have improved orbit confinement. This a n c i l l i a t y optimization with vertical
fields is not effective at improving orbit confinement in the lower aspect ratio ATR1 and ATR-2 however. In order to find low aspect-ratio configurations with good
orbit confinement, it will be necessary to introduce transport considerations directly
into the primary configuration optimization procedure 15 .

_

o
•—v

o
U

a

o
3
?

2
S =

CR

0.0

1.0

2.0

3.0

4.0

5.0

Volume-A-veraged Beta
Fig. 7. Variation of the fraction area of closed B m l n
contours and the offset of the B min contours from
the magnetic axis with volume-averaged beta for three
\anants of ATR-3. The symbols denote the same configurations a» those in Fig. 6.

Fig. 8. B mln contours at ß = 0. and ß = 3% for the

shifted-in ATR-3 configuration. The radia! coordinate
is proportional to the square root of toroidal flux and
the angle^variable is Boozer's poloidal angle
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TRANSPORT SURVEY CALCULATIONS USING
THE SPECTRAL COLLOCATION METHOD*
S.L. PAINTER 1 , J.F. LYON
Fusion Energy Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America
Abstract

A novel transport survey code has been developed and is being used to
study the sensitivity of stellarator reactor performance to various transport assumptions.
Instead of following one of the usual approaches (0-D model or 1-D time-dependent
solution to the energy transport equations), the steady-state transport equations are
solved in integral form using the spectral collocation method. This approach effectively
combines the computational efficiency of global models with the general nature of 1-D
solutions.
A compact torsatron reactor test case was used to study the convergence properties and
flexibility of the new method. The heat transport model combined Shaing's model for
ripple-induced neoclassical transport, the Chang-Hinton model for axisymmetric neoclassical transport, and neoalcator scaling for anomalous electron heat flux. Alpha particle heating, radiation losses, classical electron-ion heat flow, and external heating
were included. For the test problem, the method exhibited some remarkable convergence
properties. As the number of basis functions was increased, the maximum pointwise
error in the integrated power balance decayed exponentially until the numerical noise
level was reached (zz 25 basis functions). Better than 10% accuracy in the globallyaveraged quantities was achieved with only 5 basis functions; better than 1% accuracy
was achieved with 10 basis functions. The numerical method was also found to be very
general. Extreme temperature gradients at the plasma edge which sometimes arise from
the neoclassical models and are difficult to resolve with finite-difference methods were
easily resolved. Constraints on the temperature gradients were also introduced without
causing any numerical instabilities.

Transport survey calculations such as those used in studies of fusion reactors or new
experiments have traditionally employed one of two basic approaches: global (0-D)

models or one-dimensional (1-D)

solutions to the transport equations. In the global

approach (e.g. Ref. l), the differential equations which describe local energy transport
are integrated over the plasma volume with the assumption of fixed temperature and
density profile shapes. The resulting algebraic equations are then solved for average

temperatures and densities. This is an efficient approach; a large number of cases can
be examined quickly so that the underlying sensitivities can be easily identified.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
1

Research performed to meet the requirements for the degree of PhD in nuclear engineering, University
of Tennessee.
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The disadvantage of the global approach is that it requires an a priori assumption

about the profile shape. This is not a serious disadvantage for tokamahs since the
experimental data base indicates that the range of accessible profile shapes is limited

(profile consistency). For stellarators however, the experimental data base of confinement results is smaller, and a larger variety of profile shapes are possible. In this case,
1-D solutions to the energy transport equations are necessary. Although sophisticated
time-dependent codes2'3'4 exist for solving these equations, these codes are computationally intensive and require long computing times on large computers.
An accurate and computationaly efficient transport survey code is being developed.
This code solves the 1-D steady-state transport equations in integral form using the
spectral collocation method5. This approach combines the computational efficiency of
the global approach with the general nature of 1-D solutions.

THE TRANSPORT EQUATIONS
A self-consistent treatment of the transport problem requires solutions to the particle and power balance equations for both electrons and ions with the ambipolarity
constraint to determine the radial electric field. The numerical approach described in
this paper is, in principle, capable of treating the self-consistent problem. However,
the density and electric field profiles are determined by transport processes that are
not well understood. To avoid this uncertainty, the particle density and radial electric

field profiles are fixed while the electron and ion power balance equations are solved.
Sensitivity to the profile assumptions will be addressed.

With these assumptions the steady-state energy transport equations in integral form
are

rP

P<la(p)

=

/ Sa(p}pdp,
Jo

(1)

where a = e(t) for electrons (ions), p is the normalized radial variable, and S is the
total (external plus internal) heat source including alpha particle heating, radiation

losses, inter-species coupling, and external heating. For stellarators the heat flux q(p)
can be written as
TdTa

--

ndna

-~

where na is the density of species a, Ta is the temperature of species a, $ is the electric
potential, and the %'s are the various heat diffusivities. Shaing's model is used for the

neoclassical ripple contribution to the diagonal and off-diagonal diffusion coefficients for
electrons and ions, the Chang-Hinton model is used for the axisymmetric neoclassical
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contribution to Xi (diagonal term only), and the neoalcator scaling is used for the
anomalous contribution to xT • The integrals in Shaing's model are approximated by
10 point Gauss-Laguerre quadrature.

The integral form of the equations is used for two reasons. The heat flux q is in general
a complicated function of temperature, may not be available in closed-form, and is
more expensive to compute than the total heat source S. Also, global quantities such

as the average temperature are of most interest here; using the integral form causes
these global quantities to converge faster.

THE CHEBYSHEV COLLOCATION METHOD
Although the assumption of fixed density and electric field profiles simplifies the system
(Eq.

1) compared to the self-consistent problem, the equations are in general severely

non-linear since the source depends non-linearly on the dependent variables (electron
and ion temperature) and the heat flux can depend non-linearly on the temperatures
and the temperature gradients. The usual solution approach would be to apply the

finite-difference approximation to the spatial derivatives and evolve the time-dependent
equations until the steady-state is reached. This approach is inefficent, especially since

only steady-state quantities are of interest here.

The Chebyshev collocation method is a more efficient approach. In this method the
dependent variable (temperature in this case) is expressed as a series expansion in
Chebyshev polynomials (Tj)

T(p] =
where y = 2/3 — 1. The expansion coeficients Aj are determined by requiring the original
system of equations to be satisfied on a discrete set of points ( p j ) ,

the collocation points,

which are the interior extrema of the highest order basis function

Pj =

2~^~-

1<J<#-1

Applying this method to the integrodifferential system (Eq.

1) and rearranging yields

the following algebraic system
Pi

/

Sa(p}pdp.

l<j<N-l

These equations plus equations coming from boundary conditions and auxiliary conditions on the solution are solved by iteration.
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This method resembles the finite element method but is more efficient since the continuity conditions at the element interfaces are intrinsically satisfied. The collocation

method is significantly more accurate (for a given grid size) than the finite difference
method particularly when the solution is changing rapidly near one of the boundaries.
Boundary layers are treated efficiently since the collocation points are more closely

spaced near the boundary (grid spacing near the boundary is ^ -^ where N is the

truncation order).

CONVERGENCE STUDIES
An ignited compact torsatron reactor 6 test case was used to determine the convergence
properties of the collocation method. This is a single-helicity stellarator with aspect

ratio 5, helical ripple 0.2, and major radius 10 m. The density and electric potential $ profiles are both parabolic squared with a central density of 3x1020 m~3 and

e(/>0/Te0

= -2.

Profiles of electron temperature and ion temperature obtained for the test case are
shown in Fig. 1. The residual power (error in the integrated power balance) normalized

to the total alpha-particle heating is shown versus radius p in Fig. 2 for N

FIG. 1. Profiles of electron temperature (dashed line) and
ion temperature (solid line) for the ignited compact torsatron
test case. Temperatures are in units of 10 keV.
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= 25.

The residual power is small over most of the plasma region but peaks near the plasma
boundary. This peak is due to interpolation errors in the temperature gradients between
collocation points. However, the nature of the collocation method prevents this type
of error from propagating away from the offending point.

If the spike in the residual power near the plasma boundary is excluded, the residual
power decreases rapidly with increasing number of basis functions. The maximum error
in the integrated power balance defined as
F

- JoI
is shown versus the number of basis functions in Fig. 3. The nearly straight line on

the log-linear plot indicates that the convergence is essentially exponential. Only 25
basis functions are required before the residual error reaches the level of numerical

noise in this single precision calculation. The average quantities converge even more
rapidly. In Fig. 4 the average electron and ion temperatures at ignition are shown

versus the number of basis functions. One percent accuracy is obtained with 10 basis
functions, and ten percent accuracy is obtained with only 5 basis functions. The rapid
convergence of the global quantities is a direct consequence of solving the equations in

integral form.
The computational time required is shown versus the number of basis functions in Fig.
5. By comparing Fig. 4 and Fig. 5 one can see that less than 2 CPU seconds on a
Digital Equipment VAX 8700 are required for 1 % accuracy in the average quantities.

NUMERICAL EXAMPLES
In order to illustrate the versatility of the collocation method for this problem, some

example profiles of electron and ion temperatures are shown in Fig. 6. These profiles

are for the same compact torsatron reactor discussed earlier, but here the average
temperature is fixed at 10 keV and the amount of external heating power required to
maintain the steady-state is solved for. The profile of the external heating power Px is

parabolic in all cases, with one-half of the power going to electrons and one-half going
to ions. The cases on the left-hand side have e3?o/Te0 = -2. Those on the right-hand

side have e$0/Teo =+2.

In Fig. 6a and Fig. 6b, the $ profiles are parabolic squared. Positive values of $
(electric field vector pointing outward) leads to broader ion temperature profiles and

larger values of Px to maintain the steady-state (19 MW for e$0/Te0 =-2, 385 MW
for e$ 0 /T e o =+2) . Electron temperatures remain peaked in both cases due to the
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influence of the neoalcator term. In Fig. 6c and Fig. 6d, the $ profiles are parabolic
so that the radial electric field is largest at the plasma edge. In both cases the ion

temperature profile is hollow with extremely steep gradients near the plasma edge. 38
MW's are required to maintain steady-state in the case represented in Fig. 6c, 263
MW's are required in Fig. 6d.
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The pressure profiles associated with the profiles in Fig. 6c and 6d would probably
be unstable to ideal MHD modes. Unstable profiles can be prevented by defining a
gradient-limiting-diffusivity

/
r-,

,

rPcrït

f
.Pn—i

XGL = XBohm{l + exp[—————]}
ep
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where p refers to the plasma pressure, the prime indicates the derivative with respect
to the radial variable, XBokm i g the Bohm value for the diffusivity, and e is a small

number. The critical pressure gradient pcrn should be determined from MHD stability
considerations; simple expressions for pcrit are being investigated. A constant value,
/

frr

" = 10, is used in Fig.

6e and 6f to illustrate the effect of introducing this constraint.

The amount of external heating power required increases dramatically compared to the
unconstrained cases. 198 MW are required in Fig. 6e and 755 MW are required in Fig.

6f.
The numerical method described in this paper provides an accurate and efficient means
for obtaining steady-state solutions to the fluid-equations describing energy transport
in fusion plasmas. The collocation method could also be extended to treat the timedependent problem with self-consistent determination of the density profiles and the
radial electric-field. The efficiency of detailed time-dependent transport simulations
could also be improved by the use of this method.
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OPTICAL MEASUREMENTS OF ECRH HELIUM PLASMA
IN THE L-2 STELLARATOR
N.P. DONSKAYA, N.F. LARIONOVA, V.I. ROSHCHIN,

A.D. SMIRNOVA, O.S. VORONOV
General Physics Institute,
Moscow, Union of Soviet Socialist Republics
Abstract

This paper describes in detail the optical measurements of the main
parameters ECR-heated helium plasma in L-2 stellarator.

Expérimenta on ECR-ht.-s t ing D-f h e l i u m plasma in the L-2
stellarator were -fulfilled with the ordinary wave fundamental
harmonic in 1988 C 1 J . This report describes in more> diktat 3
optical measurements of the plasma parameters.
Micrc'wave beam (f=37.5GH;:> was launched into the chainbt-i
through the external horizontstl window from the low—fild S3de,
The lens beam-guide was u&ed to transfer the bc?am to the machine. Microwave beam power at the window was about 100 I- w,
beam diameter as- measured at the level o F .1 of central power
was about 6sm, beam divergency was .02.
Helium was chosen as working gas in order to decrease ra-diatiori losses and to prevent the effect of wall conditions on
the discharge parameters. In fact, the radiation losses dropipecl
to .7 of those in hydrogen, less than 20% of plasma absorbed
power was lost with radiation. The increase of plasma denr,3 ty
during the heatiny pulse was also smaller than in hydrogen.
Optical diagnostics used wer es l) Thomson scattering a I:
the second harmonic of neodim-glass laser (wavelength 5300 A) ,
2) multichannel submi 11 imeter interferomel er at the wavelc-ngih
.337mm for measurements of plasma density radial distributions,
3) spectral measurements in both quartz and vacuum—uItravLolet
wavelength regions.
Gas breakdoun and plasma formation was due to microwave
field, considerable role in this phenomenon could be played b/
X-polarised wave- obtaned \n the course of multifile beam reflections from metal w a l l s of the chamber.The breakdown power F
was notice-ably smaller than heatinq power W (Fig.l). Ruth(-r
small timt1 of .5-tms was needed for gas breakdown and plasma
formation, the s.,low density increase due to impurities followed <Fiy.2^.As could be concluded from absolute spectral-line
inl&nsity measurements, density increase was due to incr ea^e- JD
concentration of ox/gen and carbon which were A7, and 1. 5X correspondingly, at L ho t.Tid of the h&ating pulse.
Radiation loss powor Pr ad=12--l 5Kw was considerably loso
then abs-e-i' bL-d power Tabs arid was aprox imatel ly equal t n puwer
emitterJ by ox igen and carbon ions.
ElocLrori tt?mpei ature evolut.ion nieasured with Thomson scattering and spectral-lint.- localisation evolution studies [J3 had
shown that the GCR plasma heating in the L-2 ?ttellarator could
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develop in two di f-furent ways. Fast increase and subsequent stab i l i z a t i o n at the le/el of 600 Ev of the cerihral electron temper r fcui e was character ist LC of one of ther,e "A" regimes (F ig.3)„
In "B 1 1 regime central electron temperature was growing during
the whole heut ing pulst tu yet . 9-l.hev at the t-nd of it (FiQ.4).
SorneL inn's „ u tr einsi L i on could be observed from "A" to "E<" regime
d u r i n g the- hcatinq process (Fiq.5>.
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"E-î" regime could be obtained in very narrow region of the-1
magnetic f i e l d values ;, B/B'-. 5%. B value corresponded appro, a,manely to central location of- the ECR resonance but was also affected b/ some other parameteres d i f f i c u l t to be controlled sut h

as profile and plasma density magnitude, microwave beam direction at the chamber entrance, ets. This B uncertainty <_ou I d Lie
due to beam refraction in plasma and, therefore, power absorption region chanqinq its localization.
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Shown in Fig.6 and Fig.7 is Te profile evolution in "A"
and

"Ei" rt^gines. In "A" regime Te(r> widened to the end of thn

heating pulae while Te<0) remained the same. In "B" regime Te<r )
profile hdd been keeping its picled Form during al] the heal inq
t iftie. Di -f f er ence in these Te profiles can be easily seen in Fig.8

where a transition JE •-•ahown from "A" to "Et" régime.
Density profile measured with HCN-laser interferometer 155
parabolic for

tlif 1 irost part. S omet i me & more picked pro-< i IEJS wert*

observed during the heatino» any correlation to heating regime,
however, had not been observed.
Energy cantonnement of the plasma electron component ubLcin-

ed with integration over the pro-files Te(r> and Ne(r> was

(140—

150)J in "A" regime and (180-190)0 in "B" regime in good agreement with diamagnt?t3 c measurements, results.. Absorbed power wat>
601- w and (60-70)1-w in "A" and "B" regimes correspondingly as
rneasure-d with di nm^cjnetic signa] derivative at the time when heating power had been switched off. Energy confinement time was
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INVESTIGATIONS OF IMPURITY RADIATION DURING
THE INITIAL PHASE OF W VII-AS OPERATION
R. BRAKEL, R. BURHENN, H. HACKER,
HJ. JÄCKEL, A. WELLER, W VII-AS TEAM 1 ,
ECRH GROUP1, NBI GROUP1

Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany
Abstract
The impurity measurements at WENDELSTEIN WVII-AS and the calculations used to analyze the data
are described. The initial experiments were performed mainly at low densities (ne ;S 2x 1013 cm"3) due to
2nd harmonic ECF - heating at 1.25 Tesla. Steady state conditions are obtained with low radiation powers
(« 20% of absorbed ECRH power). However, this radiation levé! corresponds to rather high impurity
concentrations and Zeff can reach values of 5. At the highest densities (fundamental ECRH at 2.5 T),
Zeff =i 2.5. Carbon, oxygen and iron are the main impurities in the plasma. The relative abundances CO
~ 3:1 were derived from CX-excited lines of fully stripped impurity ions during first neutral beam injection
experiments. The Bragg spectrometer yields typical values of ~ 2% of oxygen and up to ~ 0.03% of iron
but usually a factor of 2 more is required to fit the total radiation as well as the X-Ray intensities. In order
to investigate impurity transport effects, a Ne-puff experiment was performed. The X-ray emission from
plasma impurities was also used to probe the electron temperature profile using the absorber foil method.

1. INTRODUCTION
Most of the experiments in WENDELSTEIN VII-AS were performed by generating
and heating the plasma with 2nd harmonic ECF (X-mode) at 1.25 T [1]. With up to 3
gyrotrons (70 GHz) central temperatures of ~ 1.7keV at densities of ~ 1.5 x 1013 cm~3
have been achieved. Few experiments were performed at 2.5 T (0-mode ECRH) and with
neutral beam injection (NBI). Glow discharge conditioning in He was necessary to control
the plasma density. The operational range included configurations with the last closed
magnetic surface defined by the two Ti-C coated graphite limiters (which can be moved
radially) or by a magnetic separatrix inside.
2. DIAGNOSTICS
The X-ray spectrum is investigated by a flat crystal Bragg-spectrometer viewing the
plasma along a fixed, almost central line of sight. The range 0.8 — 87 A can be assessed
by 3 crystals (KAP, Pb-stearate, Si) with provision for energy filtering by absorber foils.
The spectrometer was calibrated absolutely by an X-ray tube using a proportional counter
and a microchannel plate as detectors.

The VUV spectral range is monitored by a grazing incidence monochromator, which
will be upgraded by a rotating mirror. A second identical system is prepared in order
to analyze radial emission profiles and poloidal asymmetries. In addition, a multichannel
SPRED-spectrometer is being installed. The spectrometers can view the interaction
volume of the plasma with one of the neutral beams allowing to monitor fully stripped
light impurity ions via CX-excited lines [2,3].

* The members of the W VII-AS Team, ECRH Group and NBI Group are identified in the paper entitled
'Status of the advanced stellarator Wendelstein W 7AS: first results and further programme', these

proceedings, p. 25.
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Total radiation power profiles are measured using the WVII-A 10-channel bolometer
system. The detector head can be rotated in order to increase the radial resolution by
using several similar shots. Radial X-ray emission profiles have been recorded using a 12diode-pair camera system, which mainly serves to determine electron temperature profiles
according to the X-ray absorber foil method [4,5]. For the central chords Be-foils with
thicknesses between 0.1 — 1mm can be used in addition to a fixed 25/im Be-foil.
Owing to the particular 3-dimensional structure of the magnetic surfaces and the possible changes of the configuration in WVII-AS [6], a transformation procedure is applied
in order to relate all measurements to equivalent flux coordinates. For line of sight integrated measurements an effective impact radius is used. The lengths of the lines of
sight through the plasma are renormalized to circular geometry in order to apply usual
Abel-inversion techniques.
3. IMPURITY MODELLING

The impurity radiation modelling codes IONEQ [7], SITAR [8] and STRAHL [9] are
used, which use the datasets for ionization- and recombination- (rad., diel, and CX) rate
calculations originating from the 1-dim. transport code STRAHL. SITAR is the impurity
transport code used in WVII-A with a different transport- and radiation-calculation approach and a particular source term for neutral beam injected impurities. Both transport
codes use anomalous and/or neoclassical (tokamak) transport coefficients. For the simulation of X-ray emission the coronal equilibrium code IONEQ is used, which also serves
to test the radiation calculations for SITAR. IONEQ provides calculations of the total
radiation power and for specific lines, with or without continuum radiation and also takes
the attenuation by absorber foils into account. Radiation spectra and radial emission
profiles are calculated either locally or line of sight integrated in order to compare directly
with measurements. Finally, also the tabulated radiative cooling rates according to the
average ion model in coronal equilibrium [10] are used for first impurity content estimates
from total radiation power profiles.

4. RESULTS
The VUV radiation spectra are dominated by lines of C (limiter, protection tiles), 0
and Fe (wall). The attempt to detect carbon by the Bragg-spectrometer using the Pbstearate crystal failed due to the low reflectivity and the high background radiation level,
but O- and Fe-lines are clearly seen (fig. 1). The data were obtained during different
discharge conditions but are normalized to equal line density. Comparing the observed
intensities with simulated spectra from IONEQ based on measured Te—, ne— profiles
yield typical concentrations nQ/ne « 2% and njre/ne « 0.02%. The iron contamination
is reduced beyond the detection limit, when the limiters are moved in and their heat load
is raised to ~ 30% of the input energy. The ratio between C and O is difficult to obtain
from the low ionization states, but during the onset of NBI CX-excited lines {fig. 2) are
used to derive typical ratios of nc< : UQ « 3 : 1 with effective rate coefficients given in
refs. 2,3 and the known fractions of beam neutrals with full, 1/2 and 1/3 energy.
The total radiation power loss in ECF heated plasmas is ~ 20 — 40 kW corresponding
to ~ 15 — 30% of the absorbed heating power. A typical evolution of the total radiation
is shown in fig. 3. An Abel-inverted profile is also given, which is compared with cooling
rate predictions using 6% C, 4% O and 0.05% Fe for the impurity concentrations and
assuming the same (typically hollow) profile shape for the impurities as derived for ne(r).
With the same parameters also the X-ray profiles for the case of two filters are calculated
and compared with X-ray camera data. The rather high impurity content (Zeff — 5)
can almost explain the observed intensities. In the lowest density plasmas the impurity
level seems to be even higher, particularly in the plasma centre (peaked total radiation
profiles can occur). The best cases correspond to Zeff-va\ues of ~ 2.5 at higher densities
obtained during 2.5 T field experiments. The influence of impurity transport effects and
CX-recombination using neutral density profiles consistent with £Ta-measurements and
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DEGAS-calculations [11] was investigated. The inclusion of these effects tend to improve
the agreement between the observed total radiation profiles and the calculations, but some
ambiguities in the derivation of the impurity density profiles remain. In particular, by a
factor of ~ 2 higher concentrations than derived with the Bragg-spectrometer calibration
factor are required to model the observed total radiation and X-ray intensity.
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with cooling rate calculations (middle) and X-ray
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calculations (IONEQ).

In order to get a first estimate of the magnitude of the impurity transport and in order
to see, whether the high total radiation level often seen in the plasma centre might be
due to impurity density peaking, Ne was puffed into a ECRH target plasma. Observed
line intensities of different Ne ionization-states are plotted in fig. 4 together with a soft
X-ray signal, which serves as a monitor for He- and H-like neon radiation. A first transport
calculation using a diffusion coefficient D = 1000 cm2-?"1 approximately fits the observed
time evolution. The steady state radiation profiles after Ne-injection indicate Ne density
peaking, but more elaborate studies are required.
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Fig. 4 Behaviour of Ne lines and X-radiation after a short
Ne gas puff at 0.22 s. The effect on the line density
and the plasma energy are also shown.

5. ELECTRON TEMPERATURE FROM X-RAY INTENSITY RATIO
The X-ray emission from the plasma sensitively depends on the electron temperature,
which can be determined from intensity ratios obtained using pairs of absorber foils.
The temperatures follow from comparison with the calculated Te-dependence provided by
IONEQ. In the case of light impurities the filtered radiation is mainly due to continuum
radiation, which leads to the same results for O and C. If metal impurities (Fe) contribute
significantly, the ratios are expected to deviate for Te > 0.7 keV due to strong K-line
radiation. This effect can be included in the calculations if the metal concentration is
known. An example of the analysis is given in fig. 5, in which the temporal evolution
of the Te-profiles for on-axis ECF heating are compared with off-axis heating, which
leads to broad and even hollow Te-profiles. Generally the agreement with Te-profiles from
Thomson scattering is good, but at low densities and high ECF heating powers errors of
the filter method can occur due to suprathermal electrons. These are generated by the
ECF and their fraction can be be estimated by using different filter pairs.

SUMMARY
By using different code calculations an integrated analysis of the spectroscopic. total
radiation and soft X-ray data gives first results of the impurity content in ECF and
NBI heated plasmas in WVII-AS. The radiated power is not a significant loss channel
due to low density operation. The impurity concentrations can be high at low densities
(Zeff d 5 typically). The agreement between measured and calculated total radiation
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W7-AS: T. from X-Ray Filter-Method
a J20

""^

Shot 1555
W7-AS: T, from X-Ray Filter-Method

Snot 1550

Fig. 5 Evolution of the electron temperature derived by
the X-ray filter-method. Top: on-axis heating,
bottom: off-axis ECF heating.

profiles is improved, if diffusive spreading, impurity density peaking and CX-recombination
effects are included. First conclusions on the impurity transport have been obtained by
a l\le-puff experiment. Electron temperature profiles derived from the X-ray filter method
can provide additional information about the plasma dynamics, but suprathermal electron
radiation can lead to limitations of this method.
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IMPURITY STUDIES AND TRANSPORT IN ATF
L.D. HORTON, E.G. CRUME, H.C. HOWE, R.C. ISLER
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,

United States of America
Abstract

Impurities and impurity radiation have played important roles in
the operation of ATF. Despite reducing Zeff to approximately 2 by applying a variety of wall conditioning techniques, radiative collapses have not yet been avoided in
neutral-beam-heated discharges. These discharges have been modeled with a transport code which solves the multi-charge-state impurity equations for fiux-surfaceaveraged densities. The simulations reproduce the basic features of the experimentally
observed line radiation and predict a collapse of the plasma temperature and density
that is driven by light impurity radiation. In contrast to the one-dimensional description in the model, it appears that this collapse is initiated by a strong, poloidally
asymmetric plasma-wall interaction. Specifically, strong emission is observed on the
inboard side of the plasma near the helical field coil troughs.

1. INTRODUCTION
Early operation of ATF was dominated by an uncontrolled increase of the electron density followed by a rapid collapse to a low density, low temperature plasma.
Attempts to improve the vessel wall conditions using electron cyclotron resonance
discharge cleaning resulted in only gradual improvement of this problem. Only after
the implementation of combined glow discharge cleaning in hydrogen and baking of
the vessel to 150°C were essentially steady-state plasmas obtained with electron cyclotron heating (ECH). Despite these improved wall conditions, it has not yet been
possible to avoid collapses in the plasma stored energy and density during heating
using neutral beam injection (NBI). After the beginning of NBI the energy content of
the plasma increases for typically 50-60 ms and then decreases gradually until both
the energy and the electron density suddenly collapse with a simultaneous flash of
light from the light impurity lines.

2. PLASMA AND IMPURITY MODELING
Because of the transient nature of the discharge during NBI we have incorporated
our impurity models into a time-dependent transport code (PROCTR) [1]. The full
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multi-charge-state impurity equations are solved in PROCTR:
,9
n.

dt

+
9=0

where q = 1 —» Z for charged states of an impurity with total nuclear charge Z and
q = 0 for the neutral impurity density, (vv}* is the rate of ionization of impurities in
charge state q into charge state q+ 1, (crv}l is the rate of recombination of impurities
in charge state q + 1 into charge state 9, Sjj is the impurity source arising from
ionization of wall- and limiter-evolved neutral impurities, and the ry term accounts
for parallel loss of impurities to the limiter or divertor in the scrape-off layer.
Plasmas from the 1988 operating period, which are described in this paper, had
significant magnetic islands outside the * = 1/2 surface [2,3]. The modeling of these
discharges is accomplished by taking %e and Xi to be neoclassical in the plasma
center and greatly enhanced in the outer part of the plasma so as to simulate the
large transport due to these islands. The solutions of the individual charge state
densities are then used to predict measured line strengths and the total radiated
power from the plasma. The influx of impurities from the wall is found empirically
by matching the predicted and measured line strengths from a sequence of similar
discharges. In practice, we find that a constant impurity influx models the ECH
phase of ATF plasmas quite well, while it is necessary to assume a linearly increasing
influx during neutral beam heating in order to reproduce the observed emission.
Figure 1 shows a comparison between model and experiment for two strong lines.
The agreement is reasonable, with all of the qualitative behavior reproduced by the
model. With the impurity influxes chosen to give this agreement the transport code
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FIG. 1: Comparison between model predictions and experimentally measured line
strengths of (a) C IV at 312 A, and (b) 0 V at 630 A.
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0.30

also reproduces the global plasma behavior as shown in Fig. 2. The plasma stored
energy initially increases with the beam heating and fueling but, after about 50 ms, the
increased radiation due to the rising impurity influx begins to dominate and the stored
energy slowly decreases. After the plasma reaches about 100 eV it becomes thermally
unstable and collapses to a low temperature in a few milliseconds. Spectroscopic
estimates of radiated power, made assuming poloidal symmetry of all emissions, agree
quite well with the model predictions, at least until the final collapse of the plasma.
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FIG. 2: Comparison between model predictions and experimentally measured global
plasma parameters, (a) The line-integrated electron density is feedback controlled so
as to match experiment due to uncertainties in the wall hydrogen source, (b) The
model reproduces the global plasma evolution with an increase in stored energy at
the onset of NB1 followed by a cooling towards a radiative collapse.

3. ASYMMETRIES IN PLASMA EMISSIONS AND RADIATED
POWER
The modeling done in PROCTR is necessarily one-dimensional and flux-surfaceaveraged. There is growing evidence that this assumption of symmetry is not valid just
before the plasma collapse. Figure 3 shows profiles of C IV emission taken at different
times during an ATF discharge. The solid curves are experimental, chord-integrated
data and the dashed curves are Abel inversions of the data assuming poloidal symmetry of the emission. The first two frames, one taken during the ECH phase of the
discharge and one before the peak of the plasma stored energy during NBI, are what
is expected for a peripheral ion such as C IV. The inverted profiles show a strong
shell near the plasma edge with the ionization stage being completely burnt out of
the interior. As the plasma approaches collapse, increased signal is seen in the chords
which pass through the plasma center, as shown in the third frame. If the signal were
assumed to be poloidally symmetric, then the inverted profiles would indicate a substantial buildup of C IV in the plasma core. We know of no reasonable explanation
for such an increase in the central C IV density and, in fact, expect the collapse of the
plasma to start at the outside and propagate inward. This central signal is believed
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to be evidence of a strong increase of C IV emission on the inner wall of the vessel,
possibly near one of the helical field coil troughs This is significant because C IV is
a major contributor to the total radiated power in ATF, and thus the radiated power
must become strongly asymmetric around the time of the collapse. The influence of
this asymmetry on the global plasma evolution is not yet clear, but it is obvious that
the simple one-dimensional model in PROCTR is insufficient to model this type of
plasma.
ACKNOWLEDGEMENTS

Work sponsored by the Office of Fusion Energy, U. S. Department of Energy,
under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc
REFERENCES

[1] HOWE, H C., Physics Models in the Tokamak Transport Code PROCTR, Technical Memo ORNL/TM-9537, Oak Ridge National Laboratory (1985)
[2] COLCHIN, R J., et al., in these proceedings (1989).
[3] ANDERSON, F.S.B., et al., in these proceedings (1989).
592

NEUTRAL TRANSPORT AND PLASMA BEHAVIOR
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Abstract

This paper contains the results of comparison between the experimentally
measured plasma parameters at the divertor region of the Heliotron E device
and the theoretical predictions based on ID fluid model linked with 20 DEGAS
code. The agreement between the observation and the simulation implies that
plasma behaviour seoms to be not so largely affected by a 3D helical geometry.

Introduction
An intrinsic or natural divertor field configuration exists in helical systems with no
additional poloidal coils. The measurement of the plasma parameters in the edge region in
Heliotron E has shown that the plasma diffused from the confinement region flowed along
the divertor field line, and that the plasma density and heat flux distribution at the edge
region has shown good agreement with the magnetic field structure [1]. These observations
suggest that the basic condition necessary to utilize the field structure as a divertor are
satisfied.
The neutral transport in the divertor plasma is most essential to achieve the divertor
action or to produce dense and cold divertor plasmas. The baffle plate of 1/5 toroidal
length (4 helical pitches) is installed to enhance the ionization of recycling neutrals. The
effect of the baffle on the neutral transport is investigated by comparing the measured
plasma parameters with the results of the divertor plasma simulation code.

Edge plasma behavior
The plasma parameters near the wall such as the plasma density, n<j, temperature,
Te(i, and heat flux are measured using poloidal arrays of Langmur probes and calorimeters
and found to be ned = 1016 - 5 x 1018m-3, Ted = 10 ~ 40 eV for ECH/NBI currentless
bulk plasma parameters of ne = 5 x 1018 ~ 2 x 1020m~3, Ti>e = 0.3 ~ 1.3 keV. The

1
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dependences of the edge electron temperature (a) and the edge density (b) at the baffle
(•) and no-baffle (o) sections on the line averaged bulk electron density are shown in Fig.l.
The heating power is not constant in this figure. In general, higher power is required for
higher density plasma. The edge density increases with the bulk plasma density while
the edge temperature stays almost constant for ne J>, 3 x 1019cm~3. In these figures, it is
shown that the edge temperature in both the baffled and non-baffled section is almost the
same and the density in the baffled section is slightly higher than that in the non-baffled
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Fig 1 Edge electron temperatrue
(a) and edge density (b) at the
baffled (•) and non-baffled (o)
sections as a function of the
average bulk plasma density

section at higher bulk densities. The weak dependence of the edge temperature on the bulk
density seems to be resulted from the selection of optimum plasma operation condition
under which a good plasma confinement has been obtained. In other words, the constant
edge temperature yields P m /n e ~ constant, which is partly correspond to the confinement
scaling of the heliotron E plasma.
Figure 2 shows the dependence of a calorimeter signal ( oc / qsdt, q: heat flux, s:
effective area of the calorimeter probe) on the port-through input energy. The signal represent approximately a total heat flux flow to the outside divertor region (fish tail region),
where A and D indicate the signal at the baffled and non-baffled section, respectively.
The integrated heat flux near the wall is slightly lower in the baffled section than that in
the non-baffled section. The heat flux at the inside wall (fish mouth region), however, is
higher for NBI-heated plasmas, especially in the perpendicular injection case.
The cord-integrated HQ intensity is measured to observe the effect of the baffle plate
on the neutral density at the baffled and non-baffled section. In the case of low density
ECH-only plasmas, the ratio of the H Q intensity in the baffled section to that in the nonbaffled section is around 2, while in the case of medium density ECH/NBI plasmas, the
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Fig 2 Time integrated heat flux at
the baffled (A) and non-baffled
(D) sections as a function of
the input nergy

ratio is nearly 1 As mentioned above, the electron density is not largely different in both
sections, this result implies that the neutral densities in the baffled and non-baffled section
are different due to the effect of the baffle under some plasma conditions

Divertor plasma simulation
In order to understand the experimental observations, the divertor plasma is calculated
with use of the 1-D fluid model linked with the 2-D DEGAS code [2] for the Hehotron-E
geometry in which the toroidal symmetry is assumed
The experimental set up (the baffled and non-baffled section exists together) imposes
such constraint on the boundary plasma parameters at the divertor throat as to be the same
because the field lines in the vicinity of the outermost magnetic surface connect the plasma
in both sections Although the simulation code assumes a fully baffled or fully non-baffled
geometry, we can deduce approximately the effective behavior of the partially baffled torus
with taking into account the temperature and the density to be almost constant and to be
the same in both sections It should be noted that the temperature drop or density rise in
the divertor region is not so large since the ionization rate of recycling neutrals is low due
to the small size geometry and the short connection length (0 5 ~ 1 m) of the field line of
the Heliotron E divertor configuration
Under these conditions, the simulation analysis can well reproduce the observed edge
plasma parameters and its dependences on the bulk plasma parameters Using the plasma
parameter dependence, we can estimate the input power and the particle influx into the
divertor These values can also yield the particle confinement time of the bulk plasma
Figure 3 shows an example of the particle confinement time deduced from the experimental
values and calculated results as a function of the average electron density of the bulk
plasma The absolute value agrees with other measurement [3] within a factor of 2. More
data will be necessary to obtain a density dependence
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The heat flux on the wall can also be calculated by the simulation and it is found that
the heat flux is reduced in the baffled section around 10 ~ 20 % than in the non-baffled
section. This result also explain the experimental observation shown in Fig.2.
In Fig.4, the ratio of the volume integrated Ha intensity in the baffled section to the
non-baffled section is shown as a function of the density in the divertor region. It is shown
that the ratio of the Ha intensity becomes maximum of about 2 at some density and
decreases as the density deviates from this density and as the power increases. The calculated property of the HQ intensity ratio agrees with the observation mentioned before, and
this specific feature may be attributed to the increase of the neutral density in the baffled
section due to a choking effect of the baffle.

10
u
o«

Q.

H .

5

10

n e (io 13 cm- 3 )

Fig.3 Particle confinement time
estimated from the experimental
and the simulation results as a
function of the averaged bulk
plasma density.

2o
Fig.4 Intensity ratio of lla
emision at the baffled and
the non-baffled section as a
function of the edge plasma
density for several input power
into the throat of the divertor.

io

1

2

3

*

5

n d (10 n cm-3)

596

6

7

Discussion
The plasma parameters at the divertor region and its dependences on the bulk plasma
parameters are found to be described qualitatively by a simple divertor plasma model. The
divertor field structure, however, is not symmetric in the toroidal direction as adopted in
the simulation. The agreement between the observation and the simulation within a factor
of 2 implies that the neutral transport and the plasma behavior seems to be not so largely
affected by a 3-D helical geometry in the experimental conditions, and that the essential
effect of the baffle can be represented by this model. The quantitative agreement will be
improved if the experimental conditions such as the asymmetric geometry in the toroidal
direction and the surface condition (T,- gettering etc.) be considered in the simulation.
A numerical calculation of the orbit of high energy particles corresponding to the
perpendicular injection of the neutral beam shows that the loss-particle also flows toward

the wall along the divertor field line[4]. The amount of the loss particle hitting the wall
is larger and localized at the torus inside. This result also can explain the heat flux
measurement.
In conclusion, it can be said that the natural divertor structure in helical systems can
be used as a divertor if a proper choice of the field configuration and the divertor chamber
design be made in large scale devices.
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IMPURITY STUDIES FOR THE RF HEATED PLASMA
IN THE URAGAN-3 TORSATRON
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Abstract

Light and heavy impurity role in the radiative losses and the
metal impurity sources

have studied for RF Q-discharges in the

Uragan-3 torsatron.lt is shown that metal impurities are responsible for radiative losses and helical winding casing are
main source of metal impurities. Carbon injection experiment
allowed to estimate the diffusion and flow velocity coefficients
of carbon impurity in the plasma.

1 .Introduction.
Studies of plasma produced by the RF power absorption in the
region ofcu^to^i, for the Uragan-3 torsatron showed that nondegrading plasmas (Q-discharges £13 ) can be obtained with TiW

antierrosion antenna, coating only. This fact pointed out the
important role of antenna generated impurities in a plasma
power balance due to impurity radiât ion. Thus it was necessary

to clear out the light and heavy impurity and antenna and helical winding impurity fluxes contribution for radiative power
losses. This studies
has been performed for the Q-discharges
(B=0,45/, «e -2.10/zcma,Ti(0) =350eV,Te(0)=250eV) described in
report
2. The role of light and heavy impurities in
radiative losses.

Q-discharges in the Uragan-3 torsatron are characterized by
a low level of plasma radiative losses (Pr<ae/=6KW) [2j.Spectro~

scopic measurements showed that the light (0,0) and heavy(Cr,
Ni,Fe,Ti) impurity lines were observed along a line-of- sight
intersecting the plasma core,ergodic magnetic layer and diverting magnetic fluxes.
The relative role of light impurities ( 0,0) in a plasma radiative losses was studied by the observation of plasma parameters

change after injection of additional carbon flux from a massive
carbon target placed at the helical winding casings surface and
irradiated by a ruby laser light (E=4îT, 'f =30ns) .
The ammo un t of injected carbon AN was chosen to produce the
measurable electron density change c,£/Zebut didn't give a visible
change of the plasma energy content W(^^i0.2 at û. fjt zi 2 . 1 0ye ).
At such ammount of injected carbon the TO-fold CV line intensity
increase was observed but the pyroelectric detector signal
599

increased of 10 f 1595 only(Fig.1). It meant that the carbon radiation played no noticeable role in the radiation losses of plasma.
Measurements of the CV line intensity increment ^3^5 , the
electron density increment Apte and accoxmt of the fact that
for the electron temperature in the discharge(Te(0)c?250eV)
helium-like carbon ions are the most representative ones( Z=4)

a.u.

20

VO

t, ms
Pig. 1 Time history of plasma parameters in
Q-discharge with carbon injection

( t = 30 ma).

allowed to obtain the upper estimate for carbon density
the injection:

before

/
_

cv

••_*

(ne,Jev -electron density and GV intensity before injection correspondingly) .
__
Estimates of carbon ion density obtained from CV line absolute
intensity measurements agreed with estimates of (1) within an
error of 50%.
Carbon radiation power calculations using data on the carbon
density proved the conclusion that the carbon radiative losses
didn't account for the total radiation loss power. Preliminary
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estimates of the oxigen role in the radiation loss power using
theOVI line absolute intensity measurements allowed to conclude
that the light impurities play no noticeable role in the plasma
radiative losses for Q-discharges in the URAGAN-3 torsatron.
Studies of correlation between plasma radiative losses Prarf1 and
spectral lines of metals from plasma periphery pointed out qualitatively (Pig.2) that helical winding casings were most probable
sources of metal impurities (Cr,Ni,Pe) responsible for plasma radiative losses.

I
O..U.

Fig.2 Normalized radiation
power Prac^ and spectral
line intensities 1 versus
magnetic field B ( nec( electron density in divertor
magnetic flux).

3. Metal impurity release from surfaces.
To clarify the processes responsible for the metal impurity
release the spectral line emission of Ti(RF antenna) and Or I (Helical winding casing) and plasma fluxes on antenna and casing surfaces have been studied.The plasma fluxes were measured by a plane
electric probes put on casings or into diverting plasma fluxes intersecting RF antenna. Plasma potential oscillations^? (uj=n>ujei 9
/£= 1,2) near the casing surface were studied by a capacitive probe
also.
Besides 9 surface probes were placed on helical winding casing
around the major circumference and the content of metal atoms(Ti,
ETi,Cr,Fe) in probe sediment were measured by means of RFA and RBS
technics.
Mesurements of Cr I and Ti I spectral line intensities during
the hydrogen pressure scan (Pig.3) and confining field scan(fig.4)
showed that intensity of Til was well correlated with plasma ion
current in diverting^flux and intensity of CrI - with the RP oscillation amplitude^ . The increase of RP potential oscillation
amplitude was accompanied by plasma flux at helical winding casing
increase.
These data allowed to make a conclusion that the metal atom
release is the result of plasma ion interaction with the surfaces
and that RP potential oscillations played the important role in
a cross-magnetic field movement of plasma on helical winding.
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Titanium atoms distribution on surface probes was strongly inhomogeneous with, a maximum near RF antenna location. This means
that the atom flux from antenna surface is captured mostly by a
surrounding ergodic magnetic layer plasma and transferred outside
by a diverting magnetic fluxes.

4« Injected carbon behaviour in a plasma core.
The injected carbon didn't accumulate in a plasma core(Fig.l).
To understand this result the computer modelling of carbon
impurity transport in a frame of diffusion-ionization model was
performed/I?~] . The impurity ion flux Pt was described as
fl'-fu- ™i.-Vt£' H£ with diffusion coefficient and flow velocity V
independent on z,r,t. Electron temperature and density profiles
were taken from our previous experiment s ['2j . The computer modelling
indicated that CV line time history can be accounted for only by
simultaneous inclusion of the effects of diffusion and convective
flow(Pig.5,dashed line). In this particular case the impurity diffusion coefficient
and flow velocity V used to match the time
history of GY line and to give a realistic carbon,density value(for
a known injected carbon ammount) are of 1.4* lO^cm^s"' and +4.5• 1 <jc/n>sr'
correspondingly,* The carbon ion density prof iles/^("X) obtained by
computer calculation with available data on n-a ,Ti-prof iles were
used for the calculation of neoclassical impurity flux at?- -0,5.A .
These data were in a fairly good agreement with the flux calculations using above mentioned values of & and V .

Pig. 5

Time history of CV line
intensity during carbon
injection (—— experiment,
— calculation)

* Our previous conclusion on existance of outward impurity flow in
URAGAN-3f3] was erroneous.These previous calculations well described
the time history of C$ line but gave a non-realistic low('vlC) cm'3)
carbon density.
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5. Conclusion.
Studies of the impurity role in the Q-discharge radiation power
give an indication that the light impurities played a minor role in
the power loss balance and the metal impurities released from the
helical winding casing rather from RP antenna are the most probable
candidates for an explanation of the radiative losses. The lack of
spatial distribution of radiative losses leaves this conclusion as
tentative and needs additional experimental efforts.
The evaluation of the carbon injection experiment data showed that
the light impurity transport in Q-discharges does not contradict to
the neoclassical impurity transport predictions.The comparison of
experimental data with the full neoclassical impurity transport
theory calculations will allow to make more solid conclusion.
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BOOTSTRAP CURRENT IN STELLARATORS*
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Garching, Federal Republic of Germany
Abstract

The bootstrap current is the surface-averaged parallel current that is driven by
the pressure gradient. It is determined by the variation of the magnetic field
strength in the magnetic surface; the shape of the magnetic surfaces is
irrelevant.
The device dependence of the bootstrap current comes through a
single quantity A0, which can be determined by a set of field line integrations.
AO can also be determined using a Monte Carlo code, and it is not necessary in
such a code to make the collision operator momentum conserving.

Fundamental Equations

The bootstrap current is calculated using the drift-kinetic equation,
v -Vf=C(f) with v the guiding-center velocity of the particles and C(f) the
collision operator.

The most convenient form for the guiding center velocity is

vg = (v n /B) [B * VX(p |( B)j

(1)

with the parallel gyroradius, pn=vn/(eB/m),
2

e=mv|( /2+.uB.

the

magnetic

moment

taken as function of the energy
2

^=mv1 /2B, and position x.

When the

fraction of trapped particles is small, which we assume in this calculation, the
collision operator
operator,

C(f)

be

approximated

m
à r
= v —— v„ —Ui
B

with

can

"

t

by

a

momentum

r

al
v
——+
Wf
L

conserving

Lorentz

(2)

W(x) chosen so that the parallel momentum mvn is

conserved at each

3

spatial location x, which means that Jmv || C(f)d v=0.

This work was partially supported by the US Department of Energy under grant DE-FG05-84ER53176.
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The spatial coordinates ^.o<,C that simplify the calculation give a simple
contravariant representation of the magnetic field, B=V\^XVo< as welt as a
simple covariant representation. B=g(vJOVC+ß»V^. The toroidal magnetic flux

is . <*=e-i<p with e a poloidal angle, ity) the rotational transform, and <p a
toroidal angle, and

U)

C =

(3)

with G the total poloidal current outside of a pressure surface and I the
toroidal current inside of a pressure surface. The quantity g(\J/) = .u 0 (G+iI) with
Po the permeability of free space.
If the stellarator has no net current. !(v/0
is zero, and C=<P.
The quantity 0»(^.8,<P) is proportional to the pressure

gradient
current.

but

is

essentially

irrelevant

in

the

calculation

of

the

bootstrap

a- = Sj •

FIG. 1.

It is convenient to write the distribution function f(x.e.p) in terms of the
displacement S of a particle from its home pressure surface.
(4)

with fw a local Maxwellian.

V„B a r M r «_

To leading order in p.. and 5. one finds that

^^

The bootstrap current jbs

(5)

is defined in the absence of a loop voltage as

j bs /B = /q(v n /B) 6(ef M
The quantity Jbs/B is a function of ^ alone.

(6)
The factor of B is included in the

definition to make the bootstrap current divergence-free. V-(j b s B/B) = 0.
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Qualitative Solution
The salient features of the calculation of the bootstrap current can be
understood from the properties of the deviation S of particles from their home
flux surfaces. The effect of the collision operator is to make S independent of
the pitch £,=)iB0/E with B 0 (^) the maximum value of the field on a pressure
surface. The effect of the drift motion is to make S constant along the drift
trajectory. In the long mean free path limit 6 will be as constant in pitch as
it can be, consistent with being constant along the drift trajectories.
As
drift trajectories, which satisfy v -75=0, are
implied by equation (5). the
given by

= g dp..

(7)

If the magnetic field strength in the constant $ surfaces depends on a
single angular variable 0=ie-McP with i and M integers, then S depends on the
angular coordinates only through 0 and
S =

(8)

UG*MI)

The two most important cases of this symmetry are the tokamak. 1 = 1 and M=0.
and quasi-helical symmetry. 1 = 1 and M equal to the number of periods. For a
trapped particle. v || A± v /2e^v with v its velocity and with e0 the fractional
variation in the field strength while for passing particles v(| changes

little

over a surface.
The displacement at the trapped-passing boundary is
8 b = v /2e 0 ]i 0 (lG*MI)p/(il-M)
The quantity S, therefore, has the form of figure
(2).
r

A

I
-I——————————

VTT.
Passing particles
' Trapped particles

FIG. 2.

It should be noted that i-M is of the opposite sign for quasi-helical symmetry
to that of a tokamak. This change of sign causes the bootstrap current to flow
in the opposite direction in these two cases.

If the magnetic configuration is asymmetric, which means the field
strength can not be expressed in terms of a single angle 0. the trapped particle
trajectories do not close but drift across the surfaces with a step per bounce
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Ss = (g/2) [[àp |( /ôo<]].

(9)

[[f]k$fdC/2 ; the loop integral is performed with v^O

while

integrating

along

the field lines from the first turning point to the second and with v <0 while
integrating back from the second turning point to the first.

This stepping of

the trapped particles dominates the transport of heat and particles in an
asymmetric device, but it makes no contribution to the bootstrap current since
the steps are m the same direction for either sign of v|r
The odd part (in V H )
of

the

displacement 8 0 . which is

the

part that contributes

to the bootstrap

current, is somewhat messy for the deeply trapped particles, but for the barely
trapped particles
rC

Sb =J

Ci

V,,

{g(ap,,/6oO - —— [[gop|,/dc*]]}dC

(10)

[[v,,]]

with
Ci
and C2
the
two
turning
points.
For
passing
particles,
S Q =5 c (e,>i)+g/(àp l| /àcy)dC.
A plot of the odd part of the displacement 60 looks
qualitatively like Figure (2) but the displacement of the barely trapped
particles, S b (e,C) is not simply related to the fraction of trapped particles as
it

is in symmetric configurations.
The quantity

A 0 , which characterizes the

bootstrap current,

is

given by

A 0 =A(£,=0), remember <U,=,uB0/E. There is a complicated expression for dA/d£, in
the passing particle region 1>£,>0, but the actual change in A is small compared
to A b =A(£,= l), which is a field line average of 5b, A b =(3eB 0 /2gmv)[[6 b ]]/(C2-£i)-

The bootstrap current is then

Q r
dn
dTû
dT, -i
j bDsS= - AO — L1.67(10+1,)
——
+
0.47
n——
0.29
n
——
.
6
l
B0
dv//
\/j
Numerical calculations have been made for a number of field configurations.
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Abstract
The effects of the radial electric field E r on the bootstrap current in
ATF-type configurations arc studied with the Drift Kinetic Equation Solver (DKES). It is
found that there is a range of E r values over which the bootstrap current does not depend
on E r . The effects of E r on the bootstrap current are due to the resonance between the
parallel velocity and the poloidal E x B drift.
The poloidal coil system of a stellarator can be used to modify the Bj spectrum and,
as a consequence, change the magnitude of the bootstrap current. The addition of a small
t = 1 field component to a stellarator field can cancel or reverse the direction of the
bootstrap current. It is shown that currentless operation in the collisionless regime is not
impaired by the bootstrap current, because the effects of the bootstrap current can be
eliminated by an appropriate external coil system. These results can be tested in ATF.

1.

INTRODUCTION
The magnitude of the bootstrap current is an important issue for stellarator reactors.

Because stellarator reactors are ideally operated in the currentless mode, it is desirable to

minimize the magnitude of the bootstrap current. Bootstrap currents have been measured
in a levitated toroidal octupole [1] and in several stellarator/heliotron devices, including
Heliotron-E, Wendelstein VII-A, and Proto-Cleo [2-4].

Recently, it was reported that

bootstrap currents also exist in the Tokamak Fusion Test Reactor (TFTR) [5]. In these
experiments, bootstrap currents were identified indirectly.
Very few experiments have been performed to establish the scalings of these inferred

bootstrap currents with plasma parameters, especially with geometric factors such as aspect ratio.

One purpose of this paper is to demonstrate that such experiments could

be performed in stellarator devices by controlling the externally imposed magnetic fields.
These experiments could provide direct evidence for the existence of bootstrap currents
in toroidal plasmas and test the origin of the current (i.e., whether it is neoclassical or
induced by instabilities [6]). The Advanced Toroidal Facility (ATF) configuration [7] is
used here as a specific example. We find that, with appropriately adjusted currents in the
ATF vertical magnetic field coils, we can change the magnitude and even the direction of
the bootstrap current by unbalancing the currents in the helical magnetic field coils.
The bootstrap current does not change the equilibrium flux surfaces very much. However, if it is large enough, it can modify the radial profile of the rotational transform -c
and thus affect the stability of the equilibrium. This effect can be remedied by choosing
a configuration that either gives rise to an appropriate * profile when the bootstrap current is included or has no bootstrap current at all. The feasibility of these approaches is
demonstrated here.

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under contract
DE-ACO5-84OR21400 with Martin Marietta Energy Systems, Inc.
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The effects of the radial electric field E r on the bootstrap current in stellarators are
also discussed. It is shown that for e$/T of the order of unity, the bootstrap current in ATF
is not affected by E r . Here, $ is the equilibrium potential and T is plasma temperature.
However, such effects could become important in stellarators with aspect ratio larger than
that of ATF.

2.

ANALYTIC EXPRESSION FOR BOOTSTRAP CURRENTS

An approximate analytic formula for the bootstrap current in a stellarator can be
written as [8]

( B J l } ) b = -<r eff

x [i +

-

p 1 + NT'

*

where P' — F'e + P^, the geometric factor

and the effective plasma conductivity is

The various symbols are defined in Ref. [8].
In the limit where ft/ fc <C 1, we can approximate t\\ ~ ^ f , , t\\ ~ ^ , 2 , £32 — ^22)
and <T e ff = a,, the Spitzer conductivity, and obtain the previous expression of (BJ\\)b for
large-aspect-ratio toroidal systems. In the opposite limit, where ft/ fc >• 1, we have

'•/'->' = a r u*wirr
M l e M S e — /^2e

M

(4)

u

e e Jt

and

We see that in the low-aspect-ratio limit the plasma conductivity <r e ff is linearly proportional to f c / f t and vanishes as f c —> 0. The bootstrap current is simply the difference
between the electron and ion diamagnetic flows, weighted by the appropriate geometric
factor G;,.
In the axisymmetric limit, both (g^B"2} and the term involving W^(A) in the expression
of Gb are zero, and we have

Equation (6) is valid for all finite-aspect-ratio systems, including axisymmetric tokarnaks
and helically symmetric stellarators. We note, however, that the f i n i t e - a s p e c t - r a t i o effects

discussed here are not complete for nonaxisymmetric systems because the collisionless
detrapping/retrapping effects are not taken into account.
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3.

BOOTSTRAP CURRENT CONTROL IN STELLARATORS

In a nonaxisymmetric device, the geometrical factor Gb depends sensitively on the
magnetic field spectrum. In a stellarator, the magnetic field is created externally; thus,
the spectrum can be modified by the use of an external coil system. With external control

of the Gb factor, one can test the theory of the bootstrap current and determine if the
neoclassical mechanism is the only cause for the bootstrap current. 6
We first consider the effect of the bootstrap current on -t. As shown in Ref. [8],
the bootstrap current in a stellarator is smaller than that in the equivalent tokamak
(axisymmetric limit of the |J9| expansion) because the geometrical factor |(G(,) s tellnr«tor| <
|(ot)toknmak|- Thus, any change in -c caused by the bootstrap current is expected to be less
important in a stellarator. However, Ohkawa and Chu [9] pointed out that the difference
in aspect ratio between typical tokamaks and stellarators could compensate for the effect
of the geometrical factor G\,. Their estimate does not consider other differences between
tokamaks and stellarators: the two types of devices have different -c scalings in the sense
that -t scales as the aspect ratio in a stellarator while it is practically constant in tokamaks,
and, more importantly, they have different -t profiles. When all of these factors are taken
into account, one concludes that the effect of the bootstrap current on •*• is larger in a
tokamak than in a stellarator. This is illustrated in Fig. 1, where we compare A-t/-t for
the standard ATF configuration [7] and for a "classical" tokamak (with an aspect ratio of
4. c(0) = 1, and q at the edge of 3.5). For both cases, the pressure profile is the same,
(ß) = 3%, and the plasma has been assumed to be in the collisionless regime over the
whole cross section.
In ATF, the change in -t can be compensated for by using the poloidal coil system [10].
Several 3-D free-boundary equilibria have been calculated with the VMEC code [11] for
different values of the quadrupole field of the poloidal coil system. The equilibria were
calculated for a pressure profile p ~ ^/>2 and ß$ — 6%, with the corresponding current
profile given by the bootstrap current. These equilibria thus have a net current. Figure 2
shows the transform profile for three different cases: a case without bootstrap current, a
case with bootstrap current, and a case with bootstrap current and an added quadrupole
field that approximately cancels the change in the transform due to the bootstrap current.
This shows a way of compensating for the effects of bootstrap current on the transform.
In Fig. 3, the flux surfaces corresponding to the three equilibria are shown. The effect of
the bootstrap current on the magnetic surfaces is weak.

FIG. 1. Relative change of rotational transform in a tokamak and in a stellarator. The
pressure profile is the same for both configurations with (ß) — 3%
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An i = 2 torsatron coil system with an even number of toroidal field periods has
three main external "knobs" to change the confining magnetic field: the dipole and
quadrupole moments of the poloidal coil system and the currents in the two helical coils
The first two add an axisyinmetnc field; the third, an i — 1 helical field that has half
the number of field periods of the coil system. However, because of nonlinear couplings,
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changing these "knobs" alters the spectrum of \B\ and, thus, the value of the Gb factor. The effect of changing these fields on Gf, is considered for ATF parameters. In
these calculations, the geometrical factor Gb is normalized to its axisymmetric limit, that
is, Gb = of,/((7&)axi9ymmetric- To calculate the induced current once the Gt, profile is
known, we assume that the plasma is in the collisionless regime and the pressure profile is
p = po[l-(r/a)2]2TJie effect on Gb of changing the quadrupole moment of the poloidal coils is shown in
Fig. 4(a). In this figure, I is the current in the poloidal coils, normalized to the current in
the helical coils, which controls the quadrupole moment of the coil system. The range of
values for / is compatible with design values of ATF. For the standard ATF configuration
(/ = 0), Gb ~ 0.4. This value can be increased up to Gb ~ 0.5 or reduced to practically zero
by changing /. The sign of quadrupole moment required to reduce the bootstrap current
is" the same as that required to achieve approximate flux conservation and zero current
for high-/? operation [10]. Thus, at high /3, zero-current operation can be approximately
maintained even in the presence of bootstrap current. In Fig. 4 ( b ) , the induced plasma
current for (/?) = !% is plotted for the different values of the quadrupole moment.
Unbalancing the currents in the helical coils induces an i — l, M - 6 magnetic field
component in ATF. This causes a helical excursion of the magnetic axis. Using the radius
of the helical excursion of the magnetic axis r^ as a measure of this I = 1 component, we
plot Gb as a function of rh in Fig. 5(a). With a helical axis radius of the order of 10%
of the plasma radius, Gb (and the bootstrap current) can be reduced to practically zero,
Fig. 5(b). With a larger helical axis radius, the bootstrap current reverses direction. This
offers one of the best ways to experimentally test the properties of the bootstrap current.
However, it is not the easiest way. The results in Fig. 5 correspond to a case in which a

quadrupole field with / — 0.13 has been applied to minimize the helical excursion of the
magnetic axis in cancelling the bootstrap current.

FIG. 4. Effect of a quadrupole field on (a) the geometrical factor of the bootstrap current
and (b) the integrated bootstrap current as a function of the average minor radius.

615

The magnitude of the bootstrap current can also be changed by changing the dipole
moment of the poloidal field coils. This change manifests itself in a shift of the vacuum
magnetic axis, A. Figure 6 shows the change of GI, when the magnetic axis is shifted 5 cm
inward or outward in ATF. This offers the simplest experimental test of the theory.
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FIG. 5. Effect of a helical excursion of the magnetic axis on (a) the geometrical factor of
the bootstrap current and (b) the integrated bootstrap current as a function of the average
minor radius.
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4.

NUMERICAL COMPARISON WITH DKES RESULTS
For a given magnetic field spectrum

— =1

V

Bo

n,m

nm

cos (no -

(7)

we can evaluate Eq. (1) to obtain the bootstrap current of the corresponding toroidal
magnetic confinement system. These analytic expressions can be shown to reproduce all
known results for symmetric systems such as tokamaks and straight stellarators [1,3,7].
To investigate the validity of these expressions for nonaxisymmetric systems, we evaluate
them numerically for a model stellarator magnetic field spectrum,

— = 1 - ct cos 9 - €h cos(20 - 120

(8)

BO

and compare the results with those obtained using DKES [13].
In Fig. 7, we show the collision frequency dependence of the stellarator bootstrap
current (jb), for the magnetic field spectrum of Eq. (8). Also shown in Fig. 7 is the
bootstrap current (jfb)ESD for an equivalent symmetric device (ESD), which has a magnetic
field spectrum

B/B0 = l~-etcos6 ,

(9)

where et and the safety factor q are the same as those of the model stellarator. As can
be seen in Fig. 7, the directions of jb for the stellarator (jb)3 and its ESD (J'&JESD are
opposite to each other in the high collision frequency (plateau) regime, in agreement with
the results obtained in Ref. [14]. In the low collisionality regime where i/eff ~ f/eh < HE,
the poloidal E X B frequency, the value of ( j b ) 3 is insensitive to the values of the radial
electric field. It is this "saturated state" for which the analytic expressions given in Eq._(2)
are valid. Between the saturated state and the plateau regime there is a transition regime
in which (jb)t is sensitive to the value of the radial electric field. In this regime, the
bootstrap current is likely to be dominated by the contribution from the boundary layer
solution discussed in Ref. [15]. The range of the transition regime becomes smaller as the
magnitude of E increases. The sensitivity of ( j b ) , around i//u> t ~ 2 x 10~ 3 results mainly
from the fact that the magnitude of E, and therefore the range of the transition regime,
differs for the three cases shown. Also shown in Fig. 7, the transition from the plateau
regime to the saturated state begins near i> e ff/^£; — !•

3 -

10

FIG. 7. (jbB) versus collision frequency for several values of ej6/T, where ä, the electric

field scale length, is 0.3 m, representative of the Advanced Toroidal Facility (ATF). Model
magnetic field spectrum with et = 0.11, eA = 0.14, and q = 1.5. For the ESD, e, = 0.11
and q = 1.5. u)t is the transit frequency. Tf = T, = 1 keV.
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The profile of the ratio (jb),/(ji>}ESD

calculated from Eq. (1) is shown in Fig. 8 for the

e t , e/n and q profiles of Fig. 9. Also shown in Fig. 8 are DKES results for several selected

radial points. As can be seen from the figure, the results agree qualitatively. We note that,
since only a pitch-angle scattering operator is employed in DKES, the absolute magnitude
of the bootstrap current obtained using DKES is accurate only to order unity. However,
the effects of collisionless detrapping/retrapping and some finite-aspect-ratio corrections
are included in D K E S but not in the a n a l y t i c formula. The quantitative agreement seen
in Fig. 8 should be regarded as to w i t h i n a factor of order unity only.
We examine the effects of the radial electric field E r on the bootstrap current w i t h

the model magnetic field given in Eq. (8) and the et, th, and q profiles shown in Fig. 9.
The bootstrap currents at various radii are evaluated with DKES for several values of
E r . The results are shown in Fig. 10. At a given radius, there is a plateau regime over
which the bootstrap current is not sensitive to E T . In this plateau regime, the analytic
theory is approximately applicable. At large values of J5r, the bootstrap current becomes
dependent on E r . The effects of E r on the bootstrap current are caused by the resonance
between particle parallel speed tiy and poloidal E x B drift. When the b o o t s t r a p c u r r e n t
becomes dependent on Er, the particle flux also deviates from its normal E~ 2 dependence,
as shown in Fig. 11. We note that the range of e$/T over which the bootstrap current
does not depend on E r becomes smaller at a smaller radius. This i n d i c a t e s t h a t , in a
large-aspect-ratio stellarator, bootstrap current is more sensitive to E r . In ATF, for e$>/T
in the range between 1 and 3, the bootstrap current is not sensitive to E r .

5.

DISCUSSION AND CONCLUSION
The stellarator configuration is a convenient toroidal confinement system in which to

test predictions from neoclassical theory about the bootstrap current. The coil system
of the ATF device is flexible enough to perform such tests. The main problem in doing
these tests is the amount of heating power required to operate at a relevant ß value in
the collisionless regime. Estimates based on experimental results from Wendelstein VII-A
indicate that it should be possible to produce the appropriate conditions by operating at
low density in plasmas with electron cyclotron heating. In addition, calculations using
Heliotron-E parameters for neutral beam injection and operation at 2 T give bootstrap

current levels above 5 kA. In plasmas with neutral beam injection, beam-driven currents
could obscure the measurements. However, the different density scalings of the bootstrap
current and the beam-driven current permit the separation of these current components if

measurements are made at different densities.

os
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-0202

08

10

FIG. 8. Profile of the ratio of the stellarator bootstrap current (]b], to the BSD bootstrap
current (.?J,)ESD for the model magnetic field spectrum for the profiles of f t , £*.> and q given
in Fig. 3. The normalized radial coordinate is p. For p > 0.89, q < 1, the results have
questionable relevance.
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FIG 10 Bootstrap current versus radial electric field for four different radii

If the neoclassical viscosities are the dominant mechanism driving the bootstrap current, we can use external fields in stellarators to control that current. Appropriate external

field controls can also be employed to reduce the bootstrap current to zero. Therefore,
currentless operation of stellarators in a low collisionality regime should not be impaired.
The effect of the radial field on the bootstrap current is very weak in the f e ffA^£ •C 1
regime, as long as the resonance between v\\ and poloidal E x B rotation is avoided. We
show that in ATF this resonance behaviour does not exist for e<&/T ~ 1-3. Under this
condition, the results of analytic expressions are in good agreement with those of DKES.
One can therefore evaluate the analytic expressions to obtain the bootstrap current in
ATF, using DKES when necessary to perform occasional checks.
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BOOTSTRAP CURRENTS IN HELIAS CONFIGURATIONS
C. BEIDLER, E. HARMEYER, F. HERRNEGGER,
J. KISSLINGER, H. MAASSBERG, A. MONTVAI1,
F. RAU, R. SCARDOVELLI, H. WOBIG
Euratom-IPP Association,
Max-Planck-Institut für Plasmaphysik,
Garching, Federal Republic of Germany
Abstract

Neoclassical bootstrap currents cause severe problems in stellarators since the profile
of the rotational transform is modified with increasing plasma pressure. Therefore, in
future stellarators neoclassical bootstrap currents should be avoided by proper shaping
of the magnetic surfaces. As has been shown by Shaing and Gallen [l] bootstrap currents
in stellarators can be made small by the counteracting effect of toroidal curvature and
helical stellarator fields. In Helias configurations [2] this effect can be verified. In
quasi-helically symmetric stellarators [3] bootstrap currents flow opposite to those in
axisymmetric configurations, however, they are smaller than these. A certain deviation
from symmetry is necessary for achieving small bootstrap currents. The present paper
discusses analytic theory relating bootstrap currents to neoclassical radial losses and
presents some results of numerical calculations based on the DKES-code [4] . Numerical
evaluation of the geometrical factor Gf> shows the effect of various Fourier harmonics
in B(&,4>] on each magnetic surface.

A Analytic theory Bootstrap currents are the result of parallel momentum balance
on every magnetic surface. Particle drifts in the magnetic field lead to a distortion
of the distribution function /(fy) and a deviation from the Maxwellian which is balanced by collisions. In the macroscopic picture this leads to tangential forces in the
magnetic surface described by the anisotropic part of the pressure tensor. The momentum balance and the resulting flux-friction relations [5] have been widely used in
literature to express the bootstrap current in terms of these tangential forces or socalled parallel viscosity. The flux-friction relations also contain radial plasma losses
consisting of Pfirsch-Schlüter fluxes and neoclassical fluxes and therefore these equa-

tions provide a correlation between bootstrap currents and neoclassical radial losses.
Such a relation has already been found by Bickerton et al. [6] for tokamaks. In [7] this
proportionality between currents and fluxes has been extended to helically symmetric
and quasi-helically symmetric stellarator configurations and yields
r, <B 2 > I'M = CM(*- 7 w ){

+0 . 3 2 } .

(l)

/'(VO dt/j is the differential toroidal current on a magnetic surface V>— const, 77 = Spitzer
resistivity, t= rotatitional transform, %, = slope of the invariant direction. Tneo,qe neo
— neoclassical particle flux and electron thermal flux. C(0) is a positive constant on
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the magnetic surface. Tokamak results are obtained by setting 7^ = 0. Equation (l)
can be generalized to an arbitrary non-symmetric stellarator, in that case the coefficient
C(t/j) can be of either sign and the exact value has to be found from kinetic theory.
Details are given in [7] .
B Quasi-helically invariant configurations These are characterized by the magnetic
field being a function of one variable 0 — 7^ <J> alone (0,<£ = poloidal and toroidal
magnetic coordinates ). Since particle orbits in magnetic coordinates and consequently
neoclassical effects are only determined by B(0, <£) and not by the shape of the magnetic
surfaces, this implies, that neoclassical tokamak theory can easily be transferred to
helically symmetric or quasi-helically symmetric configurations. This isomorphism has
been pointed out in [8]. Based on this similarity and Eq.(l) the bootstrap current
and the resulting shift of t are evaluated for helically invariant configurations. The
neoclassical fluxes are taken from réf. [8]. In the long-mean-free-path regime, where
bootstrap current is largest, this leads to a total current

I f* I 0 ß (0) (R/a) 2 v ^ - •
*"

'Yw

(2)

I0 = 2KO2B/fj,0R is a reference current with t = 1, a = av. plasma radius, i/e =
number of trapped particles. In extrapolating this to a quasi-helically invariant Helias
configuration with R = 6.5 m, a = 0.6 m, B = 2.5 T, t = 0.85, %, = 5 and n(0) =
1020m~3 the bootstrap current is 300 kA at Te(0) = 8 keV. The corresponding shift of
the rotational transform is St = -(0.25 -0.3) depending on the plasma profiles. Eq. (2)
says that the bootstrap current in helically invariant stellarators is negative and smaller
than the current in a tokamak with the same aspect ratio, the factor is t/(t— 7 W ).
C Non-symmetric stellarators The shift of t in helically invariant stellarators is still
too large to be tolerable and therefore a superposition of several helical harmonics,
leading to a small deviation from helical symmetry, may be necessary to reduce the
bootstrap current further. In realistic Helias configurations ( see [10] ) the magnetic
field
B = B0 { 2^ Cn>mcos(n(j))cos(md) + Snimsin(n(j))sin(m6)}
(3)
m,n.=0

not only contains the dominating helical harmonic C^i and Si i, but also the toroidal
term Co,i and higher harmonics. In [10] an example of a five-period Helias configuration
and the spectrum of B is given. The geometrical bootstrap factor G& f / / f c [11] , which
determines the bootstrap factor in the /m/p-regime has been computed for various
Helias configurations. For comparison, this factor is normalized to an axisymmetric
configuration with the same rotational transform and the same aspect ratio. Fig. 1
shows the bootstrap factor for various Helias configurations with the magnetic field
generated by coils. The case HS-5-8A is described in [10] . As can be seen, the bootstrap
factor ranges between -0.1 and +0.1, which means that the bootstrap current is smaller
than 1/10 of the current in an equivalent tokamak. The dominant terms in B(0,4>)
responsible for the bootstrap current are Citi,Siti and CQ,I. The value of C7o,i needed
to compensate for the current of the helical harmonics Citi and £1,1 is roughly |Co,i| ~
0-3 • IS^ilorjCi.ij. The case HS-5081 is nearly quasi-helically invariant, symmetrybreaking terms are Co,i and Cz,2- Here, a toroidal term |Co,i| « 0.18 - j C i ^ j is sufficient
to reduce G b f t / f c to -0.1, without these term we find C b f t / f c = -(0.24 - 0.3).
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Helias configurations. The configuration HS-5-8 is described in réf. [10]

D Results of numerical calculations. Using the DKES-code [4] the coefficient of the
bootstrap current can be calculated for all regimes of collisionality. This code solves the
drift-kinetic equation and yields the whole transport matrix £>;& with the non-diagonal
term D^i being the relevant coefficient. Numerical results of Helias configurations
show negative bootstrap currents in nearly quasi-helically invariant cases (HS-5081,
Fig. 2 ). Fig. 3 shows the result in comparison with the coefficient of the equivalent
axisymmetric case. The factor DZI is smaller than in the axisymmetric case, however it
exhibits a strong dependence on the collisionality i/* and the radial electric field. In the
Im/p-regime the coefficient DZI changes from negative to positive, this cross-over point,
however, depends on the particular magnetic surface and on the radial electric field.
This feature complicates the comparison with the Imfp-limit GI. A similar behaviour
was also found in the other configurations listed in Fig. 1.
E Summary and conclusions. Bootstrap currents in optimized Helias configurations
have been computed by various methods. In 5-period configurations the current is
about a factor 10 smaller than in the equivalent axisymmetric case. This low value may
be acceptable in stellarator experiments, however, it is found that bootstrap currents
depend sensitively on the Fourier spectrum of the magnetic field and therefore accurate
calculations are required. Evaluation of the GVfactor shows that a toroidal C 0) i-term of
the order 0.3-lC^il is needed for sufficiently small bootstrap currents, however, results
from the DKES-code show that the size of the current also depends critically on the
radial electric field and the collisionality.
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Fig. 2 Hellas configuration HS-5081. Top: Magnetic surface, 5 field periods. Bottom: B(o,<f>) = const, on magnetic surface, f/a = 0.6, Bmax/B0 =
l.l,Bmtn/B0 = 0.92. Shaded area: B/B0 < 1.
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QUASI-STATIONARY CURRENTS IN THE RF HEATED
PLASMA OF THE URAGAN-3 TORSATRON
Yu.V. GUTAREV, Yu.K. KUZNETSOV, O.S. PAVLICHENKO,

V.K. PASHNEV, O.M. SHVETS
Institute of Physics and Technology,
Ukrainian Academy of Sciences,
Khar'kov, Union of Soviet Socialist Republics
Abstract

Quasistationary plasma currents in the RF heated plasma of
the URAGAN-3 torsatron has been studied for a wide^range of
electron collision frequencies (?• 10"^ \/^* <: iO
).Data

are compared with the neoclassical theory pre%ictions.

1. INTRODUCTION

The quasistationary currents are one of the essential features
of plasma produced and heated by KP power absorption in the
frequency range of CJ^&J^ in the URAGAN-3 torsatron [1] • These
currents are observed by means of magnetic field measurements[2]
and exist in all RF heating regimes. In these experiments the
magnetic coils have measured the toroidal flux <£)p(cliamagnetic
coil), the poloidal flux A ty (saddle-type V - coil) and the
plasma current ïp (Rogovsky coil).
In this report the analysis of experimental data on the
quasistationary currents in the URAGAN-3 torsatron and currents
predicted by the plasma equilibrium theory in the stellarator is
presented.
2. THEORY

In the equation describing the plasma equilibrium in stellarator [3-5]

(D
a toroidal current

can be presented in a form

(3)
Here the universaly adopted symbols are used, the line over the
symbols means the averaging over the magnetic surface. In the
right hand of equation (3) the first term describe a dipole
Pfirsch-Schluter currents, the second term describes an unidirectional current.
627

In general the plasma configuration which is satisfying to
external magnetic field measurements finds out by solving of
equation(1) . In our calculations the simplified analitical terms
applicable for large aspect ratio, low- A and circular flux
surfaces were used.
sinS)
In the coordinate system t ,, 9,, V (R=R
0 0 + t cos 0. =
the measurable quantities derived from the equation u- 3 ) are
presented in a form

(5)
(6)
where

(7)

8/0=

&Î.W-

(8)

A plasma border ( i = a ) displacement is

and a quantity ^ entering in the _r elation of (5) for quasihomogeneous current distribution l ( t ) = Const are defined as

C10

where B f (0) =

cR

-

a

(12)

In these terms 20 is the distance from the axis R = R to ^ -coil
poles (0^= 0;^=* ), 50=5Ta2, P = 2-ä~* fî P(ï)dî _, ° A h and ^ vacuum and total field rotational traiisform angles, Bx -external
vertical field, ^l(i)- flux surface displacement, Aj- current
effective displacement depending on current density distribution.
At least three mechanisms of unidirectional current generation
in the RF produced plasma are possible. These are the bootstrap^
RP driven and inductive currents.

The terms (10) -(12) are more precise than those a described in
[2] where it was supposed that Aj*Ao
and B^ ( ) - B^> ( o ) .
More careful analysis is presented in papers [6 - 8].
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The bootstrap current can be evaluated as

i _ _ v e p'
<H
*' £**•£ 8

(13)

where quantity k depends mostly on electron collision frequency:

it K (4 <
A diminition of K due to helical ripple [93 for the URAGAN-3
configuration is less pronounced than for£ =2 torsatrons like
ATF.
Evaluation of RF driven current in our case is difficult.
Although the frame RF antenna generates plasma waves which are
symmetric along *P , the current drive cann't be excluded completely.
The inductive current (^ is generated due to time variation of
magnetic flux:
^,

where G - plasma electroconductivity. The value
at is produced
by nonstationarity of magnetic field coils currents, *>%/£• by
bootstrap and RF driven currents and ^&/r by equilibrium plasma
configuration change [4] ,.
The inductive current j-;, can be evaluated from a solution of
an electrical field diffusion equation in cylindrical geometry:
(17)
and ^
is taken
where
and _ correspond to Va and
into account in the boundary condition for electric field E.
3. EXPERIMENT

Most described results were obtained for quasistationary G2 discharges in the URAGAN-3 torsatron [1] .
Diamagnetic and dipole equilibrium currents.
Measured 0P and ^ ^p fluxes are in good quantitative correspondence with those calculated from (4) and (5). This conclusion is
illustrated by Fig.1 where average values of plasma pressure
obtained from magnetic measurements and from ne)y&,Ti profile
measurements are presented. In the calculations plasma current
profile was supposed to be homogeneous. This simplification did
not produce noticable errors due to small value of plasma current
I . Notice that in the regimes with higher plasma pressure the
dlamagnetic loop intersecting the divertor fluxes in the plasma
edge neighbourhood has been removed.
Unfoirectional current. This current increased with plasma
pressure p increase 5and reached a value of I = 2 kA at p =
= 2,5 • 10
eV.cm" . Time behavior of current Ip and plasma
pressure p for different values of electron collision frequency
-4g. is shown in Fig. 2. Plasma parameters for these cases are pre-

sented in table :
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o - V - loop) and data obtained fron measurements

of ne> T^, Te ( Bo= 4,5 kG).

Pig. 2 Time traces of plasma current and
presoure for different RP- heating
regimes. ( BQ = 4,5 KG).
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Regime
(a)
(b)
(c)
(d)

P(cm~ 3 ev) n (cm" 3 )
2'10* 5
5-10w
4-10^
2-10«

3 .10 <z
4-10u
4,9-10 4 ! l
6,5-10*

Te(eV)

Ip(A)

120

1200

55
40
15

250

45
-150

(V^)|*-o, 7-a
4,6
21,5
50
470

Regime (a) is a principal one ( Q-regime). In the Q-regime the
diminishion of plasma pressure p at ne = const by the diminishion
of RF power was possible only in limited range due to gas breakdown difficulties.

Further diminishion of plasma pressure P was realized by the
electron density increase (Pig, 3). At the electron density of
ne £, 3'10^cm~-5 the discharge became theD-'type discharge[1]
(degrading discharge )._

_Fig.3 shows thatfö Ip^P

in the plasma pressure range ctf

p- CO, 6 r 2,5)-10 eVcnf3 . The Ip current direction was changing with the magnetic field B0 direction and corresponded to

-tc>0 ( positive current).
For comparison of experimental data with the theory predictions
we normalized the current measurement data Ip on the bananaregime bootstrap current
P
calculated for homogeneous plasma pressure and <5f, ^ tt . Thus
parameter A = Ip/Ic0 includes dependence of bootstrap current on
collision frequency of 4 , eh and plasma parameters radial distribution f 9] •
Fig. 4 shows the dependence of A on the normalized electron
collision frequency >>£/-£>* at the radius of t =0,7 • Q . The parameter ~£e/^c* is nearly constant at T. ^0,5-0 and increasing for
smaller radii. As one can see from Fig. 4» most data were obtained
for plateau regime of collisions, minimum value of (^<?/~CW:
°>7
was reached for Q-discharge with p =2, 5* 10%V< cm"3 and ru.=2*10^cm
The theory prediction for A in banana regime gives a value
A =2 v 3 which is 6 T 9 times higher than experimental value of
A *0,3.
With the increase of collision frequency the value of A decreases
but dependence of A ( -$e/_$*
) is weaker than the theory predicted
e
behaviour of A ~ ^T"* .
Strong diminishion of A at large value o£ ^«?/-$e and a current
direction change correlates with a transition of discharges in
the J> -regime. This fact is in a strong contradiction with the
bootstrap current generation ideology.
The inductive current calculations predict a negative current
with the value of 20-30/5 of the observed one.
4. CONCLUSION

The quasistationary diamagnetic and dipole currents observed
for RF produced and heated plasma in the URAGAH-3 torsatron are
well describe by a plasma equilibrium theory in stellarator and
are used for measurement of plasma pressure in a wide range of
plasma parameters.
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The toroidal current Ip could be explained as the "bootstrap
current only for regimes with a low collision frequency of
electrons ( -$e/-?9*z 1). Possible explanation of observed dependence of plasma current an collision frequency can be the
influence of RF driven current. This explanation needs new
experimental data.
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