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ABSTRACT

The present status of stellarator experiments and recent progress in stellarator
research (both experimental and theoretical) are reported by groups in the United
States, the U.5.5.R., Japan, Australia, and the European Community (the Federal
Republic of Germany and Spain). Experiments under construction and studies of
large, next-generation stellarators are also described.






1. INTRODUCTION

Stellarators belong to the family of toroidal magnetic confinement devices, along
with tokamaks and reversed-field pinches (RFPs). This family is characterized
by toroidally closed, nested magnetic surfaces produced by helical magnetic fields
with toroidal and poloidal components. The confining poloidal field is produced
by currents in external windings in a stellarator and by a net plasma current in
tokamaks and RFPs. he similarities in physics and technology that stellarators share
with tokamaks have allowed stellarators to achieve plasma performance at least
comparable to that obtained in tokamaks of similar scale. In addition, stellarators
have some distinct and advantageous differences that favor their development as
economical fusion reactors [1].

The recent substantial progress in plasma parameters, physics understanding,
and stellarator concept improvement has been covered in previous assessments of
the field [1, 2] and continues in both theory and new experiments [3]. Experiments
have been successful not only in extending plasma parameters but also in extracting
important information about the effects of shear, trapped particles, electric fields,
resonances, and magnetic islands. Significant progress has been made in developing
detailed theoretical understanding of equilibrium, stability, and transport proper-
ties. In combination with the availability of more powerful codes and computers,
this has increased the reliability of theoretical predictions of higher beta limits, the
second stability region, the beneficial influence of a helical axis on stability, the
effect of electric fields on transport, the reduction of secondary currents, the effects
of the bootstrap current, etc.

The confinement potential [particle orbits, neoclassical transport, magneto-
hydrodynamic (MHD) equilibrium and stability behavior, bootstrap current, etc.]
of stellarators depends on the properties of the magnetic configuration, including
rotational transform +, shear, magnetic well or hill, field ripple, helical axis
excursion, and reduction of secondary currents (reduced poloidal variation of
fdl/B) [1]. Four characteristic stellarator lines based on different optimization
principles are being studied in present and near-term experiments:

(1) High-transform, high-shear stabilized configurations (heliotrons) are being
investigated by the Heliotron group (Kyoto, Japan).

(2) Moderate-transform, shear/magnetic-well stabilized configurations (tor-
satrons) with access to the second stability regime are being studied by the
Advanced Toroidal Facility (ATF) group (Oak Ridge, Tennessee, U.S.A.) and
by groups in the U.S.5.R. and Japan.

(3) Moderate-transform, low-shear, magnetic-well stabilized, § [ di/B-reduced,
drift-optimized configurations (Advanced Stellarators) are being explored by
the Wendelstein group [Ga‘rching, Federal Republic of Germany (F RG)] .

(4) High-transform, low-shear, magnetic-well stabilized configurations with large
helical excursions of the magnetic axis (heliacs) are being pursued by groups
in Australia, Japan, and Spain.



A new generation of larger experiments to demonstrate the potential of the
stellarator concept is now under design: Wendelstein VII-X at Garching would
combine elements of approaches (3) and (4), the Large Helical Device (LHD) at
the National Institute for Fusion Science in Nagova would combine elements of
approaches (1) and (2), and ATF-IT at Oak Ridge would extend approach (2)
to lower aspect ratio. The complementary approaches in the present and next-
generation experiments are designed to establish the relative importance of the
different magnetic field properties in configuration optimization.

This report summarizes the status of these present and near-term experiments
and recent progress in stellarator research by the various groups. Fourteen
stellarator experiments are operating in the United States, the U.S.S.R., Japan,
Australia, and countries of the European Community, and five more are under
construction. Three of the larger experiments began operation in 1988, and three
of the experiments under construction are scheduled to begin operation in 1990.
The main characteristics of the operating stellarators are listed in Table I; those of
the stellarators under coustruction, in Table II.

2. UNITED STATES

The main component of the U.S. program is the ATF [4], currently the world’s
largest stellarator, at OQak Ridge National Laboratory (ORNL). In addition, a small
university experimental program is studying basic elements of stellarator physics,
and there is a strong theoretical effort at several institutions.

2.1. ATE

ATF 1s a moderate-aspect-ratio, £ = 2, M = 12 torsatron with major radius
g = 2.1 m, average plasma radius @ = .27 m, and on-axis fleld By = 2 T for a
5 s pulse. Here ¢ is the poloidal vultipolarity of the field and M is the number
of toroidal field periods. For plasma production and heating, ATF uses 0.4 MW,
53 GHz electron cyclotron heating (ECH); 2 MW, 40 kV H° neutral beam injection
(NBI); and 0.3 MW, 5 to 16 MHz ion cyclotron heating (ICH). Operation started
in January 1988. The first year of operation [5] included electron-beam mapping of
the vacuum flux surfaces; analysis and correction of some resonant low-order field
perturbations; study of second stability behavior; studies of plasma heating with
ECH, NBI, and ICH at By = 1 T; density control with gas puffing and impurity
control with chromium gettering; studies of plasma collapse behavior with NBI; and
confinement scaling studies. During the second year of operation (1989), studies
of plasma heating and confinement scaling were extended to higher parameters
at By = 2 T with additional vertical field shaping, pellet injection, titanium
gettering, and additional diagnostics. Experiments focused on plasma performance
optimization; the dependence of the measured bootstrap current on plasma pressure,



TABLE I. DEVICE PARAMETERS FOR OPERATING STELLARATORS

Parameter®

Ry a By Heating power Start
Name Location Type? ¢ M  (m) (m) (T) (MW); type® Date
ATF Oak Ridge, USA T 2 12 21 027 20 27, NE]I 1988
Proto-CLEO Madison, USA S, T 3 0.4 0.04 0.3 0.1; I 1975
IMS Madison, USA MS 3 04 004 08 0.02;E 1984
AT Auburn, USA T 2 10 058 0.1 0.2 0.05; LE 1984
HBQM Seattle, USA LS/H 1 75 — 01 04 6-pinch 1984
Uragan-3, -3M  Kharkov, USSR T 3 1.0 0.11 2 0.6; 1 1981
L-2 Moscow, USSR S 2 14 1.0 0.115 1.3 0.48; E,O 1975
CHS Nagoya, Japan H/T 2 8 1.0 0.2 1.5 1.4; NLE 1988
Heliotron E Uji, Japan H/T 2 19 22 02 20 T7;NJLE 1980
Heliotron DR TUji, Japan H/T 2 15 09 007 06 02;E 1981
TU-Heliac Sendai, Japan H 4 048 0.1 5x 1074 E 1988
SHATLET-M  Tokyo, Japan MT 2 12 042 0.05 0.15 300-J laser
SHEILA Canberra, Australia H 3 02 003 03 0.005 LEA 1984
W VII-AS Garching, FRG MS 5 20 0.2 2.5 5.5, IN,E 1988

¢¢ = poloidal multipolarity of the field, M = number of toroidal periods, Ry = major radius,

a = average plasma radius, By = on-axis magnetic field.

bT = torsatron, S = stellarator, MS = modular stellarator, LS/H = linear stellarator/heliac,
H/T = heliotron/torsatron, MT = modular torsatron, H = heliac.
°N = neutral beam injection, I = ion cyclotron heating, E = electron cyclotron heating,
O = Ohmic heating, A = ac Ohmic heating; order indicates decreasing power.



TABLE II. DEVICE PARAMETERS FOR STELLARATORS UNDER CONSTRUCTION

Parameter®

R a By Heating power  Start
Name Location Type? ¢ M (m) {m) (T) {MW); type® Date
CAT Auburn, USA T 2,1 5 053 011 01 0.06; LE 1990
Uragan-2M Kharkov, USSR T 2 4 1.7 0.22 24 85;IN 1991
H-1 Canberra, Australia H 3 1.0 0.22 10 0921 1990
Td-I1 Madrid, Spain H 4 1.5 8.2 10 64 E 1994
TJ-1 Upgrade  Madrid, Spain T 1 6 06 0.1 0.5 02 E 1990

“f = poloidal multipolarity of the field, M = number of toroidal periods, Ry = major radius,
& = average piasma radius, By = on-axis magnetic field.

T = torsatron, § = stellarator, MS = modular stellarator, LS/H = linear stellarator /heliac,
H/T = heliolron/torsatron, MT = modular torsatron, H = heliac.

‘N = neutral beam injection, I = ion cyclotron heating, E = electron cyclotron heating;
order indicates decreasing power. v

K



field strength, and poloidal field shaping; characterization of fluctuations near the
plasma edge; and impurity studies.

Evidence for beta self-stabilization (second stability) has been obtained in
ATF [6]. On-axis beta values [3(0) < 3%] are well above the theoretical value
[5(0) ~ 1.3% for ideal modes] for transition to the second stability regime for
the peaked pressure profiles obtained in ATF. Coherent n = 1 poloidal magnetic
fluctuations (By) are observed to first increase with beta and then decrease at higher
values, as shown in Fig. 1. Single-helicity calculations of the saturated level of By
for resistive interchange modes show this same beta dependence. Multiple-helicity
calculations of the saturated mode spectrum in toroidal geometry give m =2, n =1
and m = 3, n = 1 for the dominant components, as in the experiment. Here m and
n are the poloidal and toroidal mode numbers, respectively. The pressure profile
broadens with beta, similar to the calculated radial expansion of the magnetic well
region that produces second stability in stellarators. Theoretical calculations that
incorporate this profile broadening indicate that the plasma follows the path of ideal
MHD marginal stability into the second stability regime.

Although 1 s operation was obtained on ATF with ECH, a collapse of the
plasma stored energy (and then the plasma density) was observed with NBI during
the first year of operation. In 1989, 2 MW NBI and ~60% coverage with titanium
gettering at By = 1.9 T allowed operation with the full 0.25 s NBI pulse length
and delay of the thermal collapse; stored energies of 28 kJ; a line-averaged density
fe = 9 x 101% m™3 with injection of 1.2 km's™! 0.9 mm diam hydrogen pellets;
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and entrance to a second stability region.



and energy confinement time 75 = 20 ms. A volume-average beta (8) of 0.84% was
obtained with pellet injection at By = 0.95 T. By early 1990, plasma parameters had
further increased: (8) to 1.5% at By = 0.63 T, 1, to 1.2 x 102 m™3, 75 to 25 ms
(with 1.2 MW NBI), plasmas with durations of 0.35 s with NBI that were quasi-
stationary for 0.2 s and showed little sign of evolution toward a collapse (limited
only by NBI pulse length), and plasma durations of 3.2 s with ECH alone.

Confinement scaling studies [7] on ATF with ECH and NBI-heated plasmas
indicate general agreement with the LHD scaling [8]; 7r improves with higher By
and n. and decreases with higher heating power. Although the ion confinement
appears to be neoclassical, the electron confinement is anomalous. The toroidal
current observed during FCH is predominantly bootstrap current and ranges
between +3 kA and —1 kA. The observed current agrees with neoclassical theory
in magnitude (to within 30%) and parametric dependences as determined by
systematic scans of the quadrupole and dipole vertical fields and of the helical
field intensity. These results show that the neoclassical theory of bootstrap current
accurately describes the plasma current in ATF despite the presence of anomalies
in particle and heat flows (as indicated by steady-state particle and power balance
studies).

Fast reciprocating Langmuir probe measurements of turbulence near the plasma
edge (7 > 0.95a) show fluctuating potential (@) and fluctuating density (7.) levels

ep/kTe > 1o /n. with poloidal wavelengths Ay = 0.015-0.06 m and phase velocities

! in the electron diamagnetic direction [9]. Here 7, is the local

Vph ~ 103 m-s™
electron temperature. The edge fluctuation levels are typically #./n. ~ 0.05-
0.1 and ed;/kTe ~ (0.1-0.2; the difference between these quantities increases with
distance into the plasma. The general features are consistent with those found
in the Texas Experimental Tokamak (TEXT); the leading candidate is coupling of
resistive electrostatic turbulence with a radiative thermal instability. The measured
fluctuation-induced edge flux is comparable to that obtained from global particle
balance and that estimated from Bohm diffusion. Local measurements of the deunsity
fluctuation spectra in ECH plasmas with a two-frequency reflectometer agree with
the Langmuir probe measurements at the edge.

2.2. University programs

Small experimental programs are carried out at the University of Wisconsin
(Madison), Auburn University, and the University of Washington (Seattle). Basic
studies have been conducted at the University of Wisconsin on the Proto-CLEO
stellarator and torsatron experiments and on the newer Interchangeable Module
Stellarator (IMS) [10] with Ry = 0.4 m, a ~ 0.04 m, and By, = 0.8 T. Stochastic
heating models have been successfully applied to the breakdown and discharge
dynamics of ECH experiments on IMS and have demonstrated the importance of
magnetic saddle points in a stellarator topology [11]. Steady-state hollow density



profiles, observed over a wide range of ECH conditions, are accurately modeled
with a convective term in the particle balance equation. Poloidal electric fields have
been shown to be important in driving this convection [12]. The ability to alter and
control diverted particle fluxes through the use of externally applied electric and
magnetic fields has also been demonstrated.

Experiments at Auburn University on the Auburn Torsatron (Ry = 0.58 m,
@ = 0.1 m, By = 0.2 T) have focused on comparative studies of field mapping
techniques, use of resonant helical windings to correct field errors, and development
of an electron cyclotron emission diagnostic for ATF. A new device, the Compact
Auburn Torsatron (Ry = 0.53 m, @ = 0.11 m, By = 0.1 T), now under construction,
will have both £ = 1 and ¢ = 2 windings for study of magnetic islands, field error
correction, and magnetic configuration optimization.

The High-Beta Q-Machine (HBQM) at the University of Washington is a 3 m
long, 0.2 m diam, 15 to 30 kJ linear theta pinch with a center hardcore current
that has been used for studies of the high-beta ({8) = 30%) equilibrium of ¢ = 1
stellarators and heliacs. Typical plasma parameters are n. ~ (0.5-1) x 10?* m™2
electron and ion temperatures T, + T; ~ 80-100 eV, and 75 ~ 10--15 ps. Large-
aspect-ratio toroidicity effects that break the helical symmetry can be simulated by
shifting the hardcore conductor from the € = 1 stellarator axis.

2.3. ATF-II studies

Scoping studies for a large, next-generation stellarator, ATF-II [13], have
been conducted at ORNL. These studies include physics constraints (beta limits,
transport, orbit confinement, and plasma-wall separation), engineering optimization
(cost, access, and high-current-density superconducting windings), and reactor
feasibility (transport, a-particle confinement, shielding, and blankets). The most
developed option for ATF-11, the M = 6 Compact Torsatron shown in Fig. 2, has as
design parameters Ry = 2 m, @ = 0.52 m, and 10 to 15 MW of heating power. High-
current-density, high-field, cable-in-conduit NbTi/Cu superconductor would allow
adequate plasma-wall separation (>0.15 m), large access ports (~2 m x 1 m), and
an adequate stability margin (~10° J-m™?) for steady-state operation at By =4 T
with 4.2 K helium cooling or By = 5 T with 2.5 K helium cooling.

Such a device would be comparable in scope to other next-generation stellarators
[3] but would have roughly the same aspect ratio as the mainstream tokamaks.
A major motivation for adopting this approach is to reduce the cost of a later
stellarator deuterium-tritium (D-T) demonstration device. The primary goal of
ATF-II would be to study some of the key issues relating to the feasibility of
stellarators as attractive steady-state reactors: high-beta, steady-state operation;
confinement at low collisionality; loss of energetic helically trapped particles;
particle and impurity control; plasma heating and heat removal; endurance of wall
materials and in-vessel components; and integration of superconducting coils in a
working experiment.
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In reactor scoping studies [14], minimum-size ( Ry = 8-11 m) Compact Torsatron
reactors have been examined for performance, a-particle confinement, and shielding
and blanket requirements and for practicality as a medium-size (Ry ~ 4 m) copper-
coil ignition experiment. Despite considerable predicted a-particle losses [13], the
low-aspect-ratio Compact Torsatron approach appears attractive. An integrated
optimization approach has yielded configurations with better confinement properties
at high beta than projected for ATF or the Compact Torsatrons, but an attractive
coil set to create these configurations needs to be developed.

2.4. Theory

Studies in the United States span the entire range of stellarator theory, and
U.S.-developed theory and codes are widely used for studies of MHD equilibrium
and stability, neoclassical and anomalous transport, radial electric fields, bootstrap
currents, and rf power deposition [16].



Computational tools for magnetic field design and MHD equilibrium and
stability applications have been improved significantly, with both two-dimensional
(2-D) and three-dimensional (3-D) codes being developed, coupled to each other,
and used for improvement of basic understanding of plasma confinement, for
analysis of existing experiments, and for design studies related to future devices.
The prediction and subsequent experimental demonstration of second stability
operation in ATF represent a good illustration of the eflicacy of these tools.
Magnetic coordinates are being used to study the nature of magnetic islands in
3-D configurations and to develop techniques to control their size.

In the single-particle confinement and transport area, a fairly complete theory
of neoclassical transport has been developed; it includes the effects of the ambipolar
radial electric field and predicts the bootstrap current measured in ATF. This is
especially important for low-aspect-ratio devices, in which the effect of particle
trapping in the helical wells must be considered. Monte Carlo codes of various
types have been used to estimate particle diffusivities and confinement times, and
Fokker-Planck codes (bounce-averaged or using the full guiding-center distribution)
have been used to calculate the different elements of the transport matrix. One-
dimensional transport codes have been used to predict and analyze performance in
stellarators. The effect of electric fields on neoclassical transport and on reduction
of anomalous transport has been studied. Models of anomalous transport driven by
turbulence associated with resistive pressure-driven interchange instabilities appear
to agree with experiment. Study of the dissipative trapped electron mode has
identified features that should allow this mode to be more easily identified in
stellarators than in tokamaks. Ray tracing techniques and full-wave calculations
have improved our ability to predict the deposition of energy by ECH and ICH in
3-D configurations. Plasma behavior in the divertor region has also been studied
extensively.

3. U.S.S.R.

Stellarator research in the U.S.S.R. is primarily conducted at the Kharkov
Institute of Physics and Technology (Uragan-3 and Uragan-2M) and at the Institute
of General Physics (L-2) in Moscow, formally part of the Lebedev Institute. In
addition, there are smaller stellarator theory efforts at the IKurchatov Institute of
Atomic Energy and at other laboratories.

3.1. Kharkov Institute of Physics and Technology

3.1.1. Ezperiment

The Uragan-3 torsatron [ =3, M =9, Ry =1 m, a = 0.085 m, By < 1T,
rotational transform on axis +(0) = 0, edge rotational transform +(a) = 0.3] [17)
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has been used for studies of 1f plasma production and heating in a stellarator
geometry with an open helical divertor (magnetic field windings inside a large
vacuum chamber). Currentless plasmas were created by excitation of ion cyclotron
waves and Alfvén waves in the plasma with helical frame antennas. Optimization
studies resulted in quasi-stationary (Q) discharges (duration > 50 ms) with high
ion temperature [T;(0) ~ 1.1 keV] and high beta [8(0) ~ 1%)] for rather small +f

power absorbed (Paps =~ 11 kW) in a low-density plasma (7t ~ 2 x 10'® m™3). Such
regimes are realized when most (~90%) of the rf power radiated by the antenna
goes to creating a low-density cold plasma mantle in the whole vacuum chamber
(volume = 70 m*). The tf power absorbed by the plasma mostly goes to heating
the electrons [TE(O) = 0.3 keV] and is lost equally by electron heat conduction
and radiation (10 kW total). The ion energy losses are mostly by charge exchange
(1 kW). Comparison of experimental data with theoretical predictions showed that
the electron heat diffusivity y. is consistent with necclassical values at the plasma
center and is anomalous (x. =~ 1019n;"1T;2/3 m?s!) at the edge (7 = 0.7a)
(18]. The light impurity content is rather small (nco < 1%) in Q-discharges,
and the radiative losses arise from metal impurities coming from the helical winding
casings. A carbon injection experiment allowed estimation of the particle diffusivity
(D ~ 1.4 m®s™1) and the inward flow velocity (v ~ 35 m-s™!) [19]. A relaxation
instability, analogous to that observed in currentless high-beta Heliotron E plasmas,
has been observed in Q-discharges with 8(0) > 0.6%, as shown in Fig. 3 [20].
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New helical windings with the same dimensions as the old windings, but able
to operate at higher magnetic field (up to 2 T), and two additional inner vertical
field coils were installed in 1989 on Uragan-3, which was then renamed Uragan-
3M. Magnetic surface mapping studies using emissive diode and luminescent rod
techniques showed that the average radius of the last closed magnetic surface
increased from 0.085 m to 0.11 m. Variation of the vertical field should allow
study of both magnetic-hill and magnetic-well configurations and their influence on
plasma stability. Experimental studies resumed in March 1990.

Construction of a new device, Uragan-2M [Ry = 1.7m, & = 0.22m, By =24 T,
£ =2, M =4, +(0) = 0.2-0.57, (@) = 0.75] [21], a torsatron with an additional
toroidal field, is continuing. All major device components (except the helical
windings) have been received; start of operation is projected for March 1991. The
main advantage of this torsatron design is the reduction of the helical ripple of
the magnetic field at modest values of rotational transform and shear. High-power
systems (7 MW ICH, 1.5 MW NBI) for plasma production and heating should allow
study of beta limits and collisionless plasma confinement.

3.1.2. Theory

Plasma equilibrium current control and neoclassical transport are the main areas
of stellarator theory activity. The main results are as follows.

(1) The Pfirsch-Schliiter current can be reduced in a torsatron by a proper choice of
helical winding modulation when the slope of the helical windings is shallow on
the inside of the torus. For a torsatron with a low aspect ratio (Ry/a ~ 3.5),
M = 8, and £ = 2, jj(r) may be diminished by a factor of 1.5-2.4. This
effect follows from the analytical expression for jj, where in addition to
the standard factor « 1/¢, terms proportional to the Fourier coefficients of
satellite harmonics with controllable signs appear. The reduction of Pfirsch-
Schliiter currents occurs when the helical ripples are localized on the high-
field side of the torus [22]. Reduction of plasma equilibrium currents leads to
smaller transverse magnetic fields (o 3) and consequently to less destruction
of magnetic surfaces [23].

(2) At finite plasma pressure, as with the vacuum configuration, proper choice
of the modulation coefficient of the helical winding trajectory can reduce
neoclassical transport in the 1/v regime by nearly half [24]. Here v is the
collision frequency. This reduction, analytically predicted in earlier work,
is confirmed by a Monte Carlo simulation. Here D(v) does not increase at
intermediate values of v, as is typical in usual stellarators [25].
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3.2. Institute of General Physics (Moscow)
3.2.1. Ezperiment
The L-2 stellarator (R = 1 m, a = 0.115 m, £ = 2, M = 14) [26] has

been used for studies of plasma production and heating both at the electron
cyclotron fundamental frequency (f = f.e = 37.5 GHz) and at its second harmonic
(f = 2fce = 75 GHz) for By = 1.33 T. The gyrotron power was 200 kW at the
fundamental frequency and 280 kW at the second harmonic, with a pulse duration
of 8-9 ms. Microwave power was launched from the low-field side in both cases
using a quasi-optical mirror system to form a Gaussian beam with a diameter of
0.065 m in the absorption region. The second harmonic wave had extraordinary
mode (X-mode) polarization, and the fundamental wave had ordinary mode (O-
mode) polarization. When an O-mode wave at the fundamental frequency was
used, a plasma was obtained with i, = 9 x 10'® m™3 thermal energy W = 200 J,
T.(0) ~ 800-1000 eV, and 75 ~ 3.5 ms, with 40-50% of the microwave power
absorbed in the plasma [27]. In the second harmonic X-mode experiment, the
plasma energy reached as much as 400 J, with 7, ~ 1.35 x 10! m™® and
T.(0) ~ 1000-1100 V. In this case almost all of the power (90-100%) was absorbed.
Ray tracing calculations carried out for a one-pass model resulted in an absorption
coeflicient close to that obtained experimentally.

A nonlinear dependence of T,(0) on power P was inferred from the experiment
in the range P = 100-260 kW, namely T, «x P%, where a = 0.35-0.4. The energy
confinement time 75 = 1.5-2 ms at P = 280 kW [28]. According to estimates based
on the neoclassical heat transport model, the plasma electron component is in the
low-collisionality regime where the heat conduction is oc 1/v. This is apparently the
reason for the weak dependence of T,(0) on P and the decrease in 7¢. In the near
future, ECH plasma experiments are planned with f = 2f.. and with the microwave
power increased to 700-800 kW with a pulse duration of 20 ms. This should allow
study of the dependences of T, and of W on P over a wider range of P for nearly
stationary plasma conditions.

Density fluctuation spectra were inferred from the measured spectrum of a
scattered 2 mm wavelength probing beam. The fluctuations appeared to have
the characteristics of drift waves and had relative amplitudes én./n. ~ 5-15%
[29]. A correlation was established between 7. (0) and én./n.; T.(0) increases with
decreasing én./n., as shown in Fig. 4.

Values of 5(0) as high as 0.5% were obtained in the X-mode experiment, which
is enough to modify the magnetic structure near the center of the plasma column
such that the magnetic axis shifts by some centimeters. The asymmetry of the
electron temperature profile, inferred from soft X-ray measurements, that appears
when beta increases provides some evidence for this displacement.
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Fig. 4. Correlation of density fluctuation level with central electron temperature
in L-2 for (1) 170 kW ECH hydrogen plasmas and (2) 100 kW ECH helium plasmas.

3.2.2. Theory

The main fields of study were

(1) more detailed work on neoclassical heat conduction effects;

(2) the beta limit and the magnetic structure of the plasma (equilibrium bifurca-
tion with formation of magnetic islands);

(3) stellarator optimization and acceptable next-generation machines;

(4) related problems [a-particle confinement, more precise models for calculation,
participation in studies of stellarator reactors (with the Efremov Institute,

Leningrad)].
The following results were obtained:

(1) Analysis of particle confinement in a torsatron with a large number of trapped-
detrapped orbits (when the helical parameter ey is comparable with the
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toroidal parameter er) showed that another maximum can appear in the
transport coefficients D(v) and x(v) at a v value below the superbanana
maximum. FEarlier results on this subject obtained by other authors were
generalized and some errors corrected [30, 31]. The earlier results appear to
correspond to particular values of a parameter proportional to the ratio of the
times in which the particles are in the trapped and detrapped states.

(2) The possibility of plasma equilibrium bifurcation with formation of magnetic
islands was found when beta increased. The most general conditions for
bifurcation were determined for the ideal MHD model by assuming that the
plasma boundary and the functional dependence of the pressure profile are
fixed [32].

(3) A stellarator concept was developed with optimized neoclassical heat and
particle diffusivity and with sufficient stabilizing shear [33].

(4) With the Efremov Institute, solutions of the neoclassical heat and particle
balance equations were studied. It was shown that rather rigid control of the
heat and particle source functions is needed to obtain a stationary plasma
profile under reactor conditions [34].

4. JAPAN

Helical systems research in Japan is primarily conducted at the new National
Institute for Fusion Science [the Compact Helical System (CHS) and the proposed
LHD] and at the Kyoto University Plasma Physics Laboratory (Heliotron E and
Heliotron DR). Smaller research efforts are located at Tohoku University (TU-
Heliac) and at the University of Tokyo (SHATLET-M).

4.1. CHS (National Institute for Fusion Science)

The main objective of CHS [35] is to establish an experimental data base on
low-aspect-ratio plasmas for the design of next-generation devices. CHS has been in
operation since April 1988. Experiments with 28 GHz and 53 GHz ECH have been
performed at By ~ 1 T and with heating powers of <150 kW each. The density
range for these experiments is (2-20) x 10'® m™3, and the electron temperature is
200-1200 e¢V. Fundamental resonance ECH experiments with the 53 GHz gyrotron
are not yet possible because the present power supply limits the magnetic field
strength (Bo < 1.5 T). The first neutral beam injector was installed in March 1989.
Its injection angle can be scanned from tangential to perpendicular for the purpose
of varying the pitch angle of the injected ions. Tangential co-injection experiments
started in June 1989 with a beam voltage of 40 kV. Various schemes for target
plasma production with ECH and ion cyclotron range of frequencies (ICRF') power
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were used at By = 0.46-1.5 T. The electron and ion temperatures are T, = 200~
600 eV and T; = 200-400 eV for the density range (1-10) x 10 m™3. The stored
energy measured with a diamagnetic loop (Wgi,) is up to 5.4 kJ.

Confinement characteristics have been studied [36]: the dependence of the
global energy confinement time 75 * on By, fi., deposited power P, and magnetic
axis position R,.s. The confinement time 757 is defined as Wy, divided by
P, which is estimated analytically for both ECH and tangential NBI plasmas.
Estimated absorption rates for the port-through power are 70-90% for NBI plasmas
and up to 80% for ECH plasmas. The decay of electron temperature after the ECH
power is turned off has been measured with Thomson scattering. The experimental
results show that the ECH power deposition is fairly well localized to the core region,
which is consistent with an analytic estimate. Monte Carlo calculation of NBI to
estimate the power deposition profile and the loss of high-energy ions during their
thermalization has not been done yet.

Figure 5 shows that 75 ° roughly follows the LHD scaling [8]; the LHD
scaling is pessimistic in the low- to medium-density regime (7, < 4 x 101® m™3)
and optimistic for high densities (i, > 5 x 10'* m™®). Radiation loss usually
increases as the density increases; in some cases, more than 60% of the port-through
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power is radiated at high densities. A critical density fig et &~ 1 X 1020 m~3 at

By = 1.5 T and {#) = 1.4-1.5% at By = 0.46-0.6 T were achieved. The critical
density is determined by oxygen impurity radiation; above this density Wy;, begins
to deteriorate, as for a detached plasma. Good confinement characteristics are
obtained for inward-shifted magnetic axis configurations, where the configurations
approach an omnigenous configuration. In high-beta plasmas, MHD activity has
been observed for the inward-shifted magnetic axis configuration.

4.2. Plasma Physics Laboratory, Kyoto University
4.2.1. Helotron E

The Heliotron E experiment [37] has been in operation since 1980. Throat-
baffle plates were installed in one-fifth of the torus in a recent modification [38]. The
divertor plasma parameters were unchanged by the baflles, but the neutral densities
in the baffled and nonbaffled sections were different under some plasma conditions;
this was consistent with theoretical predictions. A new six-pellet (Hz, D2) injector
has also been used.

The main objective of recent experiments [39] is to optimize the currentless,
high-+, strong-shear magnetic configuration using auxiliary toroidal and vertical
field coils in order to achieve better transport and MHD stability. Changing the
external toroidal field ratio Byy/Bgp from —0.1 to 0.15 varies +(0) from 0.64 to
0.39, +(a) from 2.6 to 3.1, and & from 0.182 m to 0.252 m. Changing the vertical
field ratio Byo/Bpgo from —0.171 to —0.199 varies the magnetic axis shift Ay from
+0.04 m to —0.04 m. Here Bpg, By, and By are the central magnetic fields
produced by the auxiliary toroidal field coils, the helical coil, and the auxiliary
vertical field coils, respectively.

The main results are as follows.

(1) Measurements of the density profile at the plasma boundary with an electro-
static probe and a lithium beam probe show that the change of area and the
position of the last magnetic surface agree well with the calculated values.

(2) The scaling g o< a2 holds when Ay ~ —0.02 m (Byo/Bpo == —0.192) and
—0.1 < Bro/Bpo < 0.1. The confinement is 20-50% better than that of the
standard configuration, as shown in Fig. 6.

(3) When Ay ~ -0.02 m (Byvo/Buo = —0.192) and 0.05 < Byo/Bpye < 0.1,
the plasma is MHD stable, although the magnetic well is very shallow in the
central region. If Ay = —0.02 m and Byq/Bpg = 0, then the plasina becomes
unstable even for 3(0) ~ 0.4%.

(4) For Byo/Bpo = 0.05 and Byo/Buo = —0.192, density clamping of an ECH
plasma is overcome, and a plasma with 7,(0) = 350 eV and n, = 3.7 x 101°
m~3, which is higher than the rf cutoff density, can be produced in steady
state without radiative collapse.
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The magnetic configuration with Bro/Bpoe = 0.05-0.1 and Byy/Bgo = —0.192
was found to be more favorable than the standard configuration in terms of
both transport and MHD stability. Possible reasons for the improvement are
(a) a reduced loss-cone configuration, (b) coincidence of drift orbits and magnetic
surfaces, (¢) a magnetic-well configuration, and (d) shear.

4.2.2. Heliotron DR

Effects of externally applied perturbing helical fields on plasma confinement
have been investigated [40] on Heliotron DR [Ro = 0.9 m, @ ~ 0.07 m, By < 0.6 T,
+(0) = 0.8, +(a@) = 2.2, . S 3 x 10" m~3%, T,(0) < 400 eV]. Two types of helical
windings are used to produce a single m = 1, n = 1 magnetic island at r/a ~ 0.5 and
a discrete set of magnetic islands at 0.5 < r /@ < 1 in overdense plasmas heated by a
28 GHz, 200 kW gyrotron at the second or third harmonic of the electron cyclotron
frequency. Energy transport in these plasmas is anomalous, and the decay time
of the stored plasma energy after ECH turnoff agrees with the LHD scaling law.
The plasma confinement deteriorates for a perturbation field By /By 2 3 x 1071,
which produces a large magnetic island (width ~ a/4) at r/a ~ 0.5.
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4.3. TU-Heliac (Tohoku University)

The TU-Heliac [41] has four field periods and a major radius of 0.48 m.
Construction of the machine was completed in May 1988, and operation began
in June of that year. Magnetic surface measurements were performed with a pulsed
electron beam, and good agreement with the theoretical calculation was obtained.
A pulsed microwave source (2.45 GHz, 0.5 kW) produces a plasma with a density
of 103 to 10 m™3.

4.4. SHATLET-M (University of Tokyo)

A small modular-coil machine of the heliotron/torsatron type (£ = 2, M = 12,
with a helical pitch modulation) has been filled with plasma produced by intense,
pulsed COq laser irradiation of a tiny, free-falling deuterium pellet near the magnetic
axis. The machine has Ry = 0.42 m, a ~ 0.05m, and By < 0.15 T [42]. Diamagnetic
loop measurements show that the initial peak value of (8) ranges from 3% to 5%;
fe ~ 1 x 10" m~2 and T;(0) ~ 100 €V.

4.5. The LHD project (National Institute for Fusion Science)

The main research activity at the new National Institute for Fusion Sci-
ence (Nagoya) is the design of the LHD [43, 44]. This is a continuation of
the heliotron/torsatron line developed at Kyoto University. After various field
optimization studies, a heliotron/torsatron configuration with fewer field periods
than Heliotron E (M = 10 vs M = 19) was chosen because of its compactness (lower
aspect ratio) and better MHD stability properties. An inward shift of the magnetic
axis is used to improve high-energy particle confinement and plasma confinement.
The main goals of the experiment are to reach reactor-relevant parameter regimes
and to explore the physics of high-temperature helical plasmas. Accordingly,
the device size (@ 2 0.5 m) selected is large enough to give access for powerful
tangential NBI and to install a closed helical divertor, which is expected to provide
enhancement of the energy confinement as well as impurity control.

This research is being carried out in collaboration with researchers at Japanese
universities. Five critical physics objectives are set for the experiment:

(1) To carry out a wide range of studies on plasma transport under high-nrgT
plasma conditions that can be extrapolated to reactor plasmas. The closed
divertor should provide H-mode-like 75 enhancement, as seen in tokamak
divertor discharges. The target plasma parameters are T(0) ~ 4 keV, n ~
10 m™3, and 7y ~ 0.1 s at P = 20 MW.

(2) To achieve plasmas with {8) 2 5%, and to understand the related physics. The
aim of {8) 2 5% in LHD is motivated by economic considerations for fusion
reactors; thus, experimental explorations will be directed toward achieving the
highest possible beta value.
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(3) To obtain the basic data necessary to realize steady-state operation through
experiments on quasi-steady-state plasma control using a helical divertor. The
key issue here is whether excessive impurity contamination can be prevented.

(4) To study the behavior of high-energy particles in a helical magnetic field and
to conduct a-particle simulation experiments.

(5) To increase the understanding of toroidal plasmas by carrying out studies
complementary to those in tokamaks.

A sketch of LHD is shown in Fig. 7. The main device parameters are £ = 2,
M =10, v =12, By =4 T, By =4m, and @ 2 0.5 m. Here 7. = M/2.
ac/ Ry is the helical winding pitch parameter with a. the coil radius. Other device
parameters are given in Table III. The magnetic field is produced by continuous
helical coils. The device parameters and the envisaged pulse duration of the plasma
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Fig. 7. Sketch of the Large Helical Device.
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TABLE III. LARGE HELICAL DEVICE PARAMETERS

Plasma
Major radius Ry 4m
Average plasma radius a 0.5-0.6 m
Plasma aspect ratio Ry/a -8
Plasma volume 20-30 m?
Vacuum field
Poloidal multipolarity ¢ 2
Number of field periods M 10
Rotational transform
At center +(0) ~0.5
At boundary +(a) ~1
Helical ripple ey ~0.2
Magnetic field
On axis By 4T
At coil surface By ax ~8 T
Coils
Cotl minor radius a. 0.96 m
Pitch parameter ~, 1.2
Helical coil current 8 MA-turns
Coil current density 40 MA-m™2
Number of poloidal coils 6 (3 pairs)
Magnetic energy 2GJ
Device

Repetition time

For 10 s plasma duration 10 min

For 5 s plasma duration 5 min
Heating power 20 MW
Refrigeration power 57T kW

(10 s for P = 20 MW, steady-state operation for P = 3 MW) necessitate the
use of superconducting coils, which is technologically relevant in considering future
application to reactors.

4.6. Theory and computation

Recent theoretical studies and computations have focused on the LHD project
and on experimental results from CHS and Heliotron E.
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(1) MHD studies. Computational tools for calculation of magnetic fields and
MHD equilibrium and stability have been improved and used for analysis of existing
experiments and for LHD design. Fairly good agreement was obtained between
calculations of ideal and resistive interchange modes and experimental results from
Heliotron E and Heliotron DR; the dependences of plasma confinement and MHD
properties on the magnetic axis shift and the addition of a toroidal magnetic field
were examined. Resistive interchange modes have been investigated theoretically.
The coupling of n; modes and g-modes and the effect of a radial electric field have
been studied. The relationship between the Mercier criterion and low-n interchange
modes in a heliotron/torsatron has been clarified.

(2) Single-particle orbit studies. Codes have been used to follow particle
orbits, and magnetic field configurations that can minimize the loss-cone region
have been pursued. Finite-beta effects on the confinement of single particles have
been investigated. Recently, the technique of mod- By, mapping has been extended
to include transition particles in realistic magnetic field configurations as well as
in model fields. This allows rapid determination of configurations optimized for
particle orbits.

(3) Transport and toroidal current. The dependences of the geometric
factors for neoclassical ripple diffusion and bootstrap current on the magnetic
field configuration have been examined for LHD by changing the poloidal (vertical
and quadrupole) fields and the pitch modulation of the helical windings. The
beam-driven (Ohkawa) current, predicted to be large for tangential NBI, has been
formulated in the 1/v regime using the drift kinetic equation. Transport codes
coupled with an equilibrium code have been used to predict transport in LHD.
Study of anomalous transport mechanisms indicates that the g-mode with finite-
Larmor-radius effects may cause anomalous transport.

(4) Divertor studies. Ergodization, stochasticity, and other properties (e.g.
whisker structure) of the field lines outside the confined plasma are being clarified.
The connection length of field lines and the heat channel width have been studied
numerically and theoretically. Divertor functions have been studied using fluid
equations for the plasma and a neutral gas transport code.

(5) Plasma heating. Development has continued on 3-D orbit following and
Monte Carlo codes for NBI in both real-space and magnetic coordinates. Ray
tracing techniques have been improved to predict energy deposition by ECH in
realistic 3-D configurations. Full-wave calculations have been done for the straight
heliotron to predict deposition by ICH. Also, orbit following and Monte Carlo codes
have been developed for ICRF minority heating.

5. AUSTRALIA

The Australian National University’s initial involvement in stellarators started
in the early 1980s, with computational studies to optimize the coil geometry for £ = 3
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stellarators and to design a proposed modular device (Rg =2.1m,a=0.3m, ¢ = 3,
By < 3 T), supported by development of numerical methods for helical geometry.
The heliac program started in 1984 with operation of the tabletop device
SHEILA (Ry = 0.2 m, a = 0.03 m, By < 0.3 T) [45], modified in 1985 to a
flexible heliac [46]. This experiment successfully demonstrated the existence of
good low-beta equilibria in weakly collisional plasmas over a wide range of low-shear
configurations (0.65 < + < 1.9) whose geometries agree closely with vacuum field
calculations. Strong resonant effects on confinement are seen at + ~ 3/2 (inherent)
and + = 1 (due to field errors), as shown in Fig. 8 [46]. Resistive drift waves
have been identified, with the measured dispersion agreeing well with a theoretical
model in which the 3-D heliac geometry is transformed into a periodic cylinder
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Fig. 8. The effect of low-order resonant + values on plasma confinement in the
SHEILA heliac. The magnetic configuration (flux surface cross sections indicated
above the graph) is changed by varying the ratio of the helical and poloidal coil
currents, I,/I,. Here the dotted squares denote plasmas produced by a weak,
oscillatory Ohmic discharge (f = 100 kHz, By = 0.12 T) and the solid triangles
denote plasmas produced by ECH launched from the high-field side (f = 2.45 GHz,
By = 0.09 T).
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in straight-field-line magnetic coordinates [47]. New electron-beam techniques for
mapping magnetic fields with very high resolution have been developed [48] and used
to demonstrate accurate agreement of vacuum magnetic surfaces with calculations.
Current-free plasmas have been successfully generated by a range of techniques: low-
frequency, nonresonant rf (100 kHz) for 7, =~ 2 x 10'® m™3; whistler-wave launch
7ie 2 101° m~?); and ECH (2.45 GHz), which produced highly overdense (#i, =~ 5
x 10'® m~?) plasmas when launched from the high-field side.

A much larger heliac H-1 (Rg = 1 m, @ = 0.22 m) [49, 50] is nearing completion
and is expected to operate early in 1990. It complements the Spanish four-field-
period TJ-II heliac by using a small-aspect-ratio, three-field-period design, with
the field variation due to the strong toroidicity reduced by modulating the toroidal
field coil spacing. It is intended for basic confinement studies of low- and finite-beta
plasmas over a wide range of configurations (including deep wells and magnetic hills)
under more fusion-relevant conditions [By <1 T, T,(0) = 200-500 eV], as well as for
fundamental studies of toroidal flux surface topology under steady-state conditions
(i.e., as a toroidal Q-machine) at reduced fields (0.2 T). Plasma production and
heating initially will be by 200 kW ICRF power, with whistler-, fast-, and ion-
Bernstein-wave launch as options and ECH as a later possibility. Special diagnostics
developed through the need to derive 2-D plasma profiles in the deeply indented
heliac configuration include a fast-scanning, far-infrared interferometer to provide
sufficient views for tomographic inversion.

Theoretical development work has concentrated mainly on extending the
Princeton PEST code to include free-boundary helical geometry and resistive modes
[61-54]. Some basic work on the problem of defining optimal coordinates for
configurations with imperfect surfaces is also under way [55].

Extensive 3-D MHD studies, based mainly on the ORNL VMEC and New York
University BETA codes, are used to explore equilibrium over the full range of H-1
operating conditions [56]. Some of these calculations are made by the Qak Ridge
group. Since the principal aim is to study the effect of configuration parameters
on equilibrium and stability and on transport, these studies are used to identify
the most promising experimental configurations achievable with the limited heating
power available.

6. EUROPEAN COMMUNITY

The stellarator research program in the European Community was pursued
through the early 1980s at Culham Laboratory, U.K., and the Max-Planck-Institut
fiur Plasmaphysik (IPP), Garching, FRG, with experiments in the “classical”
stellarators CLEO and Wendelstein VII-A| respectively. The major achievement
in the latter machine was the first stellarator operation at substantial plasma
parameters without an Ohmic heating current [57]. In the following years, the “Ad-
vanced Stellarator” line was developed at IPP Garching. The modular stellarator
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Wendelstein VII-AS started operation in 1988; its next step, Wendelstein VII-X, is
now being defined. When Spain joined the European Community, the fusion division
of the Centro de Investigaciénes Energéticas, Medioambientales, y Tecnol6gicas
(CIEMAT) also concentrated its work on stellarators. The CIEMAT flexible heliac
TJ-II has obtained EURATOM Preferential Support and is now under detailed
design, and TJ-I Upgrade, a torsatron experiment with a helical magnetic axis, is
under construction.

6.1. The TJ-II flexible heliac project

The TJ-IT device [58], the cornerstone of the Spanish fusion program, is a
medium-size (Byp = 1 T, Ry = 1.5 m, a = 0.2 m), four-field-period, helical-axis
stellarator of the flexible heliac type. It will be built at the CIEMAT site in Madrid
and is expected to operate in the second half of 1994. Addition of an £ = 1 vacuum
field to the poloidal field allows effective control of the rotational transform and
shear in the machine and thus generation of a wide range of magnetic configurations
with high rotational transform (0.9 to 2.5), low shear (—1% to 10%), deep magnetic
well (0 to 6%), and average plasma radius between 0.1 m and 0.2 m, as shown in
Fig. 9. This flexibility allows avoiding the most dangerous low-order resonances
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while almost independently changing the magnetic configuration parameters, thus
permitting the study in one machine of the influence of the rotational transform,
magnetic well, and shear on the equilibrium, stability, and transport properties of
different configurations.

The first experimental stage will be dedicated to the study of low-beta
phenomena. Plasma breakdown and heating will be done with two 200 kW,
53.2 GHz gyrotrons. Emphasis will be on the characterization of the equilibrium
windows in the configuration space of the machine. To fully understand the high-
beta potential of this heliac configuration, a second experimental phase is planned
with four 1 MW tangential neutral beam lines. Calculations indicate that (3) >
6% is achievable. In this phase, special emphasis will be given to self-stabilization
behavior, stability limits of the different configurations, and bootstrap current
control.

The hardcore conductors of the TJ-II design are outside the vacuum chamber,
which eases construction of these coils. A high degree of access to the plasma is
obtained through 64 ports, as large as 0.15 m wide and 0.5 m long, located on
the top, outside, and bottom of the device. This is important for diagnosing the
complex 3-D configurations of TJ-1I.

6.2, TJ-I Upgrade

TJ-I Upgrade [59] is a small, low-aspect-ratio torsatron (Rp = 0.6 m, a = 0.1 m,
By = 0.5 T) currently under construction at CIEMAT and expected to be in
operation in 1990. It is a six-field-period device with an £ = 1 coil that follows
the winding law ¢ = (6 + 0.4 sin 8)/6. The reference magnetic configuration has
+(0) = 0.3, a magnetic well o 7%, small shear, and a slightly helical magnetic axis.
The effect of high-energy particles on plasma stability can be studied by moving the
magnetic axis toward the center of the machine, eliminating the beneficial effects

of the magnetic well but improving the confinement of the high-energy particles
created with 200 kW, 28 GHz ECH.

6.3. Wendelstein VII-AS

Wendelstein VII-AS (Ry = 2 m, aspect ratio ~ 10) [60] is the world’s
largest stellarator with nonplanar modular coils. These coils produce the major
part of the confining magnetic field of the Advanced Stellarator topology that is
characterized by a certain reduction of the poloidal variation of [dI/B. This
improves neoclassical confinement, particle orbits, and plasma equilibrium [61].
Wendelstein VII-AS is equipped with ECH using four optimized waveguides and
movable mirrors for current drive experiments [62], two neutral beam injectors with
nearly tangential injection in opposite directions, and an experimental ICH antenna
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operating between 30 MHz and 110 MHz; it has the potential to apply an external
loop voltage. The rotational transform and magnetic axis position can be adjusted
by additional toroidal and vertical fields. Extensive studies of the vacuum fields
[63] have shown excellent agreement of the measured magnetic parameters with the
design values.

Investigations of “currentless” ECH plasmas started in October 1988 at a
reduced field of 1.25 T, using up to four gyrotrons (70 GHz, <800 kW) for
second harmonic X-mode plasma production and heating for as long as 0.8 s.
Typical plasma parameters were n.(0) < 2 x 10!® m™3, T,(0) < 2.8 keV, and
T:(0) € 0.2 keV at ¢+ = 0.25-0.65. These studies [64] allowed improving the
heating efficiency, optimizing the ECH-induced current drive, and investigating the
influence on the confinement of rational + values and on-axis vs off-axis heating
(Fig. 10). The observed residual plasma current (up to a few kiloamperes, in the
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direction and of the order of the estimated bootstrap current) is controlled by a small
external loop voltage (Vioop < 0.2 V), by k| components of the applied ECH field
(maximum efficiency 20 A- kW), or by NBI current drive (up to 5 kA at 750 kW)
with unbalanced injection. Preliminary ECH scoping experiments at the electron
cyclotron frequency (O-mode) using two gyrotrons (<400 kW) yielded values of
ne(0) < 4 x 101° m~3, T,(0) < 2 keV, and T:(0) < 0.4 keV for + < 0.35.

First analyses of the electron energy transport, charged particle balance,
radiation effects, and impurity content were performed. The transport behavior
is similar to the results obtained in the previous Wendelstein VII-A experiments;
optimum confinement is seen in Wendelstein VII-AS if low-order raticnal + values
at the plasma edge are avoided. The electron heat diffusivity x. varies between
0.5 m?. 57! and 2 m?: s~! at half the minor radius, with some increase toward the
center and a strong increase toward the edge; the estimated particle diffusivity is
about one-tenth of the heat diffusivity [65].

Starting with an ECH-generated target plasma, discharges could be main-
tained by NBI alone at 1.25 T. Typical parameters were fi, = 3 x 10!® m~2 and
T.(0) ~ T;(0) £ 0.3 keV. The parameters could be improved with additional pellet
injection. Combined ECH and NBI heating at 1.25 T was difficult because of the
low cutoff density. In first tests of the ICH antenna, up to 700 kW was launched
without a significant increase of density and impurities.

During September and October 1989, the support of some modular field coils
was improved to reduce certain deformations of these coils observed during the
short series of discharges at 2.5 T. Routine operation at the design field of 2.5 T
was obtained in early 1990. ECH plasma operation gave densities up to 4 x 10'®
m™3, T;(0) =~ 0.4 keV, and T (0) from 1 keV (at 170 kW) to 2.5 keV (at 700 kW); 75
o~ 20 ms at the lower power. A significant reduction in x. was observed (typically
< 1 m?s71) at the higher field.

6.4. The Wendelstein VII-X project

The focus of the present stellarator activities at IPP Garching is the
development of the large new stellarator Wendelstein VII-X [66, 67], shown in
Fig. 11. This experiment is a continuation of the Advanced Stellarator line
developed at IPP Garching and successfully inaugurated in Wendelstein VII-AS.
A Helias configuration (Helical Advanced Stellarator) has been chosen because of
its confinement and stability properties [68]. Wendelstein VII-X will go a step
beyond Wendelstein VII-AS and aims to reach reactor-relevant parameter regimes
with (8) ~ 5% and to demonstrate the reactor capability of modular stellarators.
For this purpose, its dimensions are large enough to give access for powerful heating
and to allow the investigation of quasi-steady-state plasmas.

Wendelstein VII-X does not aim at ignition; therefore, D-T reactions will not
occur, and provisions for handling radioactive materials are not needed. Effects
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Fig. 11. Magnetic surface and nonplanar modular coils for Wendelstein VII-X
(Helias 5-10). An additional system of four planar coils per period will be used for
experimental flexibility.

caused by D-D neutrons play only a minor role. The temperature goal of 5 keV
is determined by the fact that in a reactor this temperature regime must be
reached with applied external heating; the assistance of a-particle heating becomes
important at higher temperatures. The temperature regime of 5 keV can be
reached in Wendelstein VII-X by an effective heating power of typically 20 MW
if neoclassical transport plus the anomalous transport found in the earlier Garching
“classical” stellarator experiment Wendelstein VII-A prevails.

The aim of () = 5% in Wendelstein VII-X results mainly from economic
considerations of fusion reactors: since fusion power output increases as (ﬂ)z,
the limits of (), set by plasma instabilities, must be explored experimentally and
pushed as high as possible. Confinement is a critical issue facing stellarator reactors;
even given the assumption of neoclassical losses, careful optimization of particle
orbits and the magnetic configuration is required to reach ignition. Therefore,
particular attention is given to this topic in Wendelstein VII-X. Furthermore,
the bootstrap current in the long mean-free-path regime has been reduced by
configuration optimization. The rotational transform and shear are chosen to avoid
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low-order rational values; in addition, the coil shapes have been adjusted for small
magnetic island size at higher-order resonances [69].

It is intended to produce the Wendelstein VII-X magnetic field with modular
superconducting coils. This choice was made because of the envisaged pulse
duration of the plasma, the available space for coils, and especially the high relevance
of superconducting coils for future application to reactors. With a magnetic field
of 3 T on axis and 6 T at the coils, existing NbTi technology can be used. Two
study contracts with European industry have confirmed the coil feasibility. The
magnetic field in Wendelstein VII-X has five field periods; other basic data [70] are
Rop = 5.5 m, @ >~ 0.5 m, and stored magnetic energy W =~ 0.6 GJ (see Table IV).

TABLE IV. WENDELSTEIN VII-X PARAMETERS

Vacuum field
Major radius R, 5.5 m
Average plasma radius a 0.5 m
Number of field periods M 5
Rotational transform
On axis +(0) 0.84
At edge +(a) 0.99
Magnetic well depth ~1.4%
Average field on axis By 30T
Coils
Number of coils per period 10
Average coil radius a, 1.14 m
Average current density 48 MA-m™2
Maximum field at coils 6.1 T
Magnetic energy 600 MJ

6.5. Theory

Theoretical studies of stellarator physics within the European Community
cover the whole range of stellarator fields: classical stellarators, Advanced Stel-
larators, torsatrons, heliacs, and, especially, the innovative Helias systems, which
combine elements of the Advanced Stellarator with elements of heliacs. After the
end of the CLEQ stellarator program at Culham Laboratory, theoretical stellarator
studies were concentrated at IPP Garching. When the Spanish TJ-1II project began,
theoretical activities were initiated at CIEMAT, in close cooperation with ORNL
and IPP Garching. Low-aspect-ratio torsatrons are also being studied at Frascati,
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Italy. The aim of these studies is twofold: development of optimized stellarator
topologies for application to experimental devices, and modeling and interpretation
of experimental results. Analytical studies are being performed and numerical codes
are being applied or developed for these purposes.

Major activities in developing optimized stellarators are in the areas of

(1) high-quality vacuum field magnetic surfaces (including the edge structure),
(2) good finite-beta equilibrivm properties,
(3) good MHD stability properties (resistive interchange, ideal and resistive
ballooning, global modes),
(4) small neoclassical transport in the 1/v regime,
(5) small bootstrap current in the long mean-free-path regime,
(6) good collisionless a-particle containment,
(7) good modular coil feasibility,
(8) plasma heating (neutral beam deposition, ECH ray tracing),
(9) neutral particle transport and recycling,
(10) error fields and perturbations.

Theoretical activities in interpretation of experimental results as well as
predictive modeling of plasma behavior include plasma diagnostics (spectroscopy,
soft X-rays, bolometry, magnetic diagnostics, etc.), profile analyses including finite-
beta effects (transformation of spatial to magnetic coordinates), studies of transport
(global scaling or local dependences, including anomalous losses) for charged and
neutral particles, and edge effects.

Results of these investigations are summarized in Ref. [1] for the period 1981 to
1986; a number of recent new theoretical investigations in the European Community
are described in Refs. [71] and [72]. In the field of reactor studies, critical issues of
Advanced Stellarators, upgraded to “burner” and reactor systems, were studied in

Ref. [73].

7. SUMMARY

Significant values of plasma parameters have been obtained in ATF, CHS,
Heliotron E, and the Wendelstein stellarators. Among important achievements are
the attainment of “currentless” plasmas with substantial stored energy using NBI,
operation up to the beta limit of resistive interchange modes, and, more recently,
attainment of the second stability regime. Electron heat conduction approaching
neoclassical values has been seen in certain experiments near the center; toward the
edge, anomalous losses are found. For present device parameters, global electron
energy confinement times are described by an empirical relationship with some
degradation at increased heating power. Neoclassical values for ion heat conduction
and bootstrap current have been reported.



31

Stellarators lag behind current tokamak experiments by one to two machine
generations, if one compares machine size and auxiliary heating power. The
physics understanding of stellarators is now advanced enough to proceed to a new
generation of hydrogen experiments with reactor-relevant parameters. Three large
next-generation machines that are under design or in the development stage should
be more competitive with current tokamak experiments and feature the ability to
operate in true steady-state fashion with superconducting coils.

Although separate national programs are described in this paper, there is
strong international cooperation in the field of stellarator research. In view of the
variety of stellarator topologies, an intense interaction and exchange of personnel
and information are indispensable. Joint activities of the various institutes
include scientific personnel visits and participation in experiments, as well as the
development, exchange, and utilization of computer codes, diagnostic methods,
equipment, etc. Individually, the separate programs will establish the relative
importance of the optimization principles in the different stellarator approaches;
together, they will produce a data base from which it should be possible to draw
conclusions on an optimal stellarator configuration for an economical steady-state
fusion reactor.
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