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Stellarators Offer Innovative Solutions to Critical
Problems of Magnetic Fusion

Challenge: Finding an attractive plasma configuration
• Steady-state without disrupting.
• Low aspect ratio, high beta ⇒  high power density.
• Sustainable with a minimum of power ⇒  high Pfusion/Precirculating.

To succeed, pursue complementary solutions in parallel.

Advanced tokamaks (AT)
Bootstrap current, current profile control, MHD mode control.

High-aspect ratio stellarators
Externally-generated helical B-field, 3D shaping, low power density.

Compact stellarators, a hybrid of AT and stellarators…
Bootstrap current plus helical fields / 3D shaping.
⇒ Low-aspect-ratio (~4), high-β (≥5%) toroidal configuration.
 ⇒ Low recirculating power, high power density.
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Compact Stellarator Research Advances
Fusion Science in Unique Ways

• How do externally-generated transform and 3D shaping affect disruptions?

• Can pulse-length-limiting instabilities, such as external kinks and neoclassical
tearing modes, be stabilized by external transform and 3D shaping?

• Can the collisionless orbit losses traditionally associated with 3D fields be
reduced by designing the magnetic field to be quasi-axisymmetric?
(Nuehrenberg, Garabedian)

• Do anomalous transport reduction mechanisms that work in tokamaks transfer
to quasi-axisymmetric stellarators? Do mechanisms that work in currentless
stellarators transfer to hybrids?

• How do stellarator field characteristics such as islands and stochasticity affect
the boundary plasma and plasma-material interactions?
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Outline

• Stellarators and Compact Stellarators

• Compact stellarator physics design: NCSX.

• Some engineering.

• Our plan.

• A proposal for your consideration.
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The World’s Stellarator Effort is Substantial

Japan’s Large Helical Device (LHD) - a $1B-class facility
R=3.9 m, 〈a〉=0.65 m, B=3(4) T, P→40 MW

All-superconducting coils for steady-state operation

LHD shown under
construction.

Operating since
1998.
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LHD Has Been Getting Good Results
Confinement
• Enhanced confinement, ~1.6×ISS95

(multi-device scaling like tokamak
ITER-89P)

• High edge Te pedestal (~Te0 /2)
• τE up to 0.3 s.

Beta
• β up to 2.4%, heating power-limited.
• Exceeds theoretical stability limit.
• Fluctuations are small (δB/B~10-4),

increase with β, do not degrade
confinement.

Parameters
• Te≤4.4 keV, Ti≤2.7 keV, ne≤1020 m-3

• Pulse length over 1 minute.
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Stellarator Fields Can Suppress Disruptions

External transform applied to current-
carrying stellarator:
• 3-fold increase in density limit.
• q<2 with no disruptions.

total ι (a) = 0.35
Ohmic current, low β, high aspect ratio.

WVII-A Team, Nucl. Fusion 20 (1980) 1093.

Stellarators typically do not disrupt
if conditions for global tearing
stability are satisfied.

Experiments are needed to extend to
high β, low aspect ratio.
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Germany’s Wendelstein 7-X - a $1B-class facility to open in 2006.
R=5.5 m, 〈a〉=0.52 m, B=3 T, superconducting coils

• Computational “advanced stellarator” optimization makes use of stellarator
design freedom at R/〈a〉≈11 :

– Transport reduction by drift-orbit omnigeneity
– No Pfirsch-Schlüter or bootstrap currents at finite beta (≤5%)
– No shear
– Modular coils

• Approach confirmed in “partially-optimized” W7-AS experiment since 1988.

Numerically Optimized Stellarators
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Helically Symmetric Experiment (HSX):
Exploring Stellarator Transport Reduction via

Magnetic Symmetry at R/〈a〉=8

R=1.2 m, B=1 T

Univ. of Wisconsin
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Status of Stellarator Research

Broad world program: university-scale to $1B-scale experiments.

Strong knowledge base exists.

• Experiments: tokamak-like confinement times, enhanced confinement

regimes, good parameters, well-heated and diagnosed.

• Theory: physics-based numerical design capability.

• Engineering: accurate 3-D coils and structures at a range of scales;
superconducting magnets.

Current Research

• New large devices to study steady-state core and divertor physics.

• Plasma configurations optimized for high β, well-confined orbits, no current.

• Large aspect ratios (R/〈a〉 = 5-12).

• Large reactors projected, e.g. R=18-22 m advanced stellarator (Germany).
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New Direction: Combine Tokamak and Stellarator
Physics ⇒  “Compact Stellarators”

Plasma configurations with 3D shaping and tokamak-like magnetic
symmetry for good physics properties:
• Stable to ballooning, kink, vertical, neo. tearing at high β.

• Well-confined orbits. Possibility of transport barriers via flow-shear
stabilization.

• Steady-state without current drive or MHD feedback control.

U.S. Compact Stellarator Program
⇒ Physics of low-aspect-ratio (~4 or less), high-beta (4-5%) stellarators.

• Medium-scale experiment to test basic principles: bootstrap current,
3D shaping, quasi-axisymmetry
 ⇒  National Compact Stellarator Experiment (NCSX).

• Collaborate with Japan, Germany in stellarator physics.

• Couple to small stellarator experiments in U.S (HSX, CTH, proposed QOS)
and abroad (Australia, Spain, Japan).
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NCSX Mission

Acquire the physics data needed to assess the attractiveness of
compact stellarators.  (a 10-year goal set by FESAC-1999)

Demonstrate…
• Conditions for high-beta, disruption-free operation

Understand…

• Beta limits and limiting mechanisms.

• Reduction of neoclassical transport by QA design.

• Confinement scaling; reduction of anomalous transport by flow shear
control.

• Equilibrium islands and neoclassical tearing-mode stabilization by choice of
magnetic shear.

• Compatibility between power and particle exhaust methods and good core
performance.



GHN 20001120 - 15

Compact Stellarator Design Methodology

Design a “reference plasma”, shaped to have desired physics properties
at β≈4%, including the effects of bootstrap current.

Design practical coils to preserve those properties.

Contrasts with previous stellarators optimized for no net current and
vacuum magnetics.

Capable design tools were acquired or developed…

• Improved 3D equilibrium codes- PIES and VMEC.

• Plasma currents incorporated into configuration optimizer.

• Also incorporated: calculations of stability, transport, bootstrap current, and
coil engineering metrics for accurate targeting of design objectives.

• Innovative application of mathematical algorithms to reduce coil complexity
and current density while preserving physics properties.
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NCSX Plasma Configuration Has Attractive Physics

• 3 periods, R/〈a〉=4.4, 〈κ〉 ~1.8

• Good magnetic surfaces.

• Quasi-axisymmetric: low helical
ripple transport.

• Stable at β=4.1% to ballooning,

kink, vertical, Mercier modes.

• Limited by ballooning mode

• Rotational transform: 0.4 → 0.65

~2/3 from external coils
neoclassical-tearing stable
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Hybrid Configuration Combines Externally-
Generated Fields with Bootstrap Current
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Quasi-Axisymmetry: Low Effective Ripple

• Effective ripple (εeff) for low

collisionality neoclassical
transport (~εeff

3/2) calculated with

NEO code (Nemov-Kernbichler).

• εeff ≈ 3.4% at edge.
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Low Ripple ⇒  Low Helical Transport

NCSX operating point at B=1 T, Pheat=5 MW, R=1.75 m

• β=4% achieved with ne=5×1019 m–3, 2.6×ISS95  (~1.1×ITER89P)

• Helical transport (Shaing-Houlberg) is sub-dominant with self-

consistent Er.

Can access β=4% with 1.7×ISS95 at higher density.
Can add up to 6 MW of ICRF if necessary.
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Neutral Beam Losses are Acceptable
Even for Counter-NBI

• Allows control of NBCD,
including ability to avoid it

• Assumed tangent to mag.-axis
at oblate cross-section
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Flux-surface Studies:  Startup looks Ok

Vacuum Full current, β=0 target Full current, β=4.2%
• Fixed boundary PIES equilibrium calculations.
• Large island at ι=0.6, w/a~0.13 for β =0,  w/a ~0.1 for β =4.2%
   Neoclassical effects reduce w/a to effectively < 0.03 at full β
• Time-dependent startup modeling shows kink stability maintained
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Island removal method

• Calculate coupling between plasma boundary shape and island
widths by perturbation, using PIES

• Invert coupling matrix to find shape modification to remove islands
• Modification has no effect on calculated stability or transport

Shape Perturbations

δr(n,m)
          (3,4) : 4.2 mm
          (3,5) : 1.4 mm
          (3,6) : 3.2 mm

    (3,7) : -1.1 mm
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NCSX Modular Coils
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Modular Coils Provide Good
Physics Performance

Free-boundary equilibrium calculations (VMEC and PIES codes) validate
physics properties of coils:

• Stable to kink and ballooning modes at reference β (4.1%)

• Tolerable increase in ripple.

• Small departures from reference plasma shape (can be accommodated in
first-wall contour design).

• Good magnetic surfaces: non-stochastic at the edge, internal islands are
correctable with trim coils.

• Robust: good equilibrium properties over a wide range of profiles.

• Flexible: provide physics knobs, e.g. vary iota and shear.
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Modular Coil Free-Boundary Equilibria
Approximate Reference Plasma Shape

• Reconstructed plasmas approach reference physics properties.
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Modular Coils Provide Good Magnetic
Surfaces At High Beta

Free-boundary PIES
calculation (polar display)
with modular coils and
small helical “trim” coil to
shrink interior islands.

Non-stochastic edge.

Rippled surface likely due
to nearby exterior island.
Possible divertor?

Modular coil geometry can
be perturbed to incorporate
trim coil effect.
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Modular Coils Provide Flexibility
Example: Varying Iota
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• Can adjust to avoid iota=0.5.
• Can also vary shear.



9/27/00pm 5

NCSXPoincare Plot for the Li 383 Configuration
and Modular Coils

In the modular coil
configuration, the field
lines outside the LCMS
are concentrated at the
top and bottom of the
bean.

This provides an
opportunity for effective
divertor baffling. 
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Power & Particle Handling

Requirements

• Remove heat.

• Control neutrals and impurities for

good plasma performance.

Solutions

• Structures: divertors, limiters, panels,

coatings.

• Staged implementation.

• Materials: Low-Z, e.g. bulk-boronized

graphite, boronization.

• Conditioning: Baking (350 C), glow

discharge cleaning.
NCSX Divertor Concept
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Physics Requirements for NCSX Design

• Reference plasma: LI383 at R=1.7 m, β=4.2%

• Pulse scenarios (B0 / Ip / ∆t) = (2T / 250 kA / 0.5 s) and (1T / 125 kA / 1.7 s)

• Coil systems: Modular, Poloidal, Toroidal (±10%), (Trim)

• Heating: NBI- 6 MW (0.3 s) w/ PBX-M beams (4), tangential, co- and ctr-.

   Upgrades: ICRF- +6 MW;  NBI pulse length to 1.7 s.

• Diagnostics: for broad spectrum of plasma physics study: MHD, transport,

energetic particles, waves, boundary.

• Power & particle handling: absorb heat loads, control neutral and impurity

influx.
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NCSX Machine Configuration

Vacuum
Vessel

Modular
Coils +
Support
Structure

OH / PF
Coils

TF Coils
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NCSX Design Features

• Coil geometry numerically determined from physics requirements.

• Flexible copper conductor pre-cooled to liquid nitrogen temperature.

• Conformal structural shell for coil support.

• Conformal vacuum vessel with carbon first wall structures, bakeable to

350 C.

• Casting favored for major structural parts (odd shapes, accurate, modest

forces, cost effective)
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Modular Coil Support Concept

• I-beam winding form with integral conformal shell.
• Shell segments are bolted to radial TF coil plates
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Vessel fabrication options
� Press-forming is preferred option

�Only 3 segment shapes required
�Explosive forming a possible variant 

�Brake-bending (ala W7-AS) possible but requires too much welding
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Heating and Diagnostic Access
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The Plan (I)

PPPL and ORNL propose: Construct NCSX, because…
• Compact stellarators offer some innovative solutions for making

magnetic fusion more attractive: steady-state without disrupting,
compact, efficient.

• It advances fusion science in ways that are unique, interesting, and
beneficial to magnetic confinement generally:  the roles of 3D shaping,
externally-generated transform, and magnetic symmetry.

The U.S. fusion community has supported compact stellarator
physics research and concept development for ~3 years. Results:
• A sound physics foundation has been established.
• Numerous plasma and coil configurations have been evaluated in a joint

physics-engineering effort.

• Requirements and concepts adopted for development are the best
choices among many options considered.

• Development of engineering solutions is starting out on a sound basis.
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The Plan (II)

A Physics Validation Review is planned for next March to determine

the future of the compact stellarator effort.

• Scientific merit.

• Programmatic benefit.

• Soundness of the physics basis, resolution of issues.

• Appropriateness of the physics requirements, plausible engineering.

• Project plans; cost and schedule targets.

If successful, the steps thereafter would be…

• Conceptual design (CDR in Spring, 2002)

• Start of Title I Design in FY-2003
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Conclusion

Compact Stellarators provide both interesting science and important
solutions for fusion.

A sound foundation for the next phase, design and construction of
experimental equipment, has been established:
• A strong team with good links to international stellarator research.
• Capable physics-based tools.
• Attractive configurations.
• Design requirements and concepts.

The NCSX would be a valuable asset for the fusion science program.

Wanted: Your interest, participation, and support.
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Visit NCSX on the Web!

www.pppl.gov/ncsx/
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Saddle Coils: An Alternative Design

• Saddle coils: LN-cooled cable in

grooves on conformal support shell.

• Demountable TF with Internal PF

• Good access, low power

requirements.

• Design strategies to improve

physics performance are being

pursued.

18
Jointed
TF Coils

Saddle
coil core

Internal
PF Coils

Port Access
Areas

L=3 coil


