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EXECUTIVE SUMMARY

A unique opportunity exists for the U.S.advance the world fusion program by developing compact
stellarators. Thiswould capitalize on exciting recent theoretical and experimental developments
that have provided the foundation for thisinitiative, and would fill an important gap in the world
stellarator program. The U.S. stellarator community proposes a proof-of-principle (PoP) program
to develop the knowledge base needed for compact, high-beta, good-confinement stellarators and a
decision on a compact stellarator Proof-of-Performance step that would allow extrapolation to
burning plasma conditions. The proposed program is based on development of a hybrid magnetic
configuration that combines the best features of stellarators (external control; immunity to disrup-
tions; and no need for current drive, feedback stabilization, rotation drive, or a close conducting
wall) and advanced tokamaks (compact, high beta, good confinement). The result should be a
fusion power system considerably more attractive than either the advanced tokamak or the large-
aspect-ratio stellarator.

A Unique Opportunity Exists for High-Performance Compact Stellarators.
Stellarators have the potential for an attractive reactor featuring steady-state disruption-free op-
eration, low recirculating power, and good confinement and beta. The new Large Helical Device
(LHD) and Wendelstein 7-X (W7-X) are ~$0.5-1 hillion-class stellarator experiments designed for
alevel of performance that allows extrapolation to burning plasmadevices. They will provide data
on divertors, high-power heating, steady-state operation, and superconducting coils that will be
relevant to all stellarator concepts. Thus the international programs in Japan and Europe have
judged the stellarator ready not only for Proof-of-Principle, but for Proof-of-Performance tests.
However, the most developed foreign stellarators extrapolate to large reactors (for example, the
W7-X-based HSR has major radius Rg = 24 m). These stellarators, including smaller experi-
ments, have plasma aspect ratios ranging from 5 to 11; low aspect ratios (A = Rg/<a> <5) are
unexplored. Here <a> isthe average radius of these inherently noncircular plasmas. None of the
foreign stellarators takes advantage of the bootstrap current, magnetic symmetry, or quasi-
omnigeneity to create a compact stellarator configuration. This gap in the world stellarator program
can befilled by the U.S.

Two promising transport optimization strategies for compact stellarator design (with A = 2-4) have
been devel oped theoretically: quasi-axisymmetry (QA) and quasi-omnigeneity (QO). Quasi-sym-
metric stellarators conserve a component of the canonical momentum (as do tokamaks) and have
neoclassical transport properties that are tokamak-like. Quasi-axisymmetric stellarators can have
aspect ratios and bootstrap currentstypical of tokamaks, so they resemble tokamak-stellarator
hybrids. Like tokamaks, they can have a deep magnetic well and high beta limits for ballooning,
even at alow aspect ratio. Although the last closed flux surface appears non-axisymmetric in real
space, the Fourier spectrum of |B| in magnetic coordinates (Boozer coordinates), upon which the
particle drift orbits and neoclassical transport depend, has a dominant axisymmetric component
with non-axisymmetric components of only afew percent at the plasmaedge. The U.S. Helically
Symmetric Stellarator (HSX) will be the first experimental test and exploration of quasi-symmetry.

The QO concept: (1) achieves reduced neoclassical losses by approximately aigning the
collisionless trapped particle drift orbits with the magnetic surfaces;, and (2) provides a larger
fraction of the rotationa transform by externa coils, reducing the fraction of the rotationa
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transform that is created by the bootstrap current. This may ease startup, reduces the sensitivity of
the equilibrium to changes in the bootstrap current, and may reduce susceptibility to disruptions.
The variation of the field strength within a magnetic surface can be more complicated than in quasi-
symmetric configurations since no particular symmetry is imposed. The low-aspect-ratio QO
configuration has similar features to the large-aspect-ratio (A » 11) W7-X configuration. The large
non-axisymmetric terms in the |B| spectrum and the lower fraction of bootstrap current distinguish
QO stdlarators from QA-stellarators.

Both the QA and QO concepts make use of the bootstrap current, but to different degrees, to create
a configuration with <1/3 the aspect ratio of the currentless W7-X stellarator. The new QA and QO
stellarator configurations are aimed at volume-average betas (ébf) at least as high as the 5% value
projected for LHD, W7-X, and the ARIES-RS tokamak reactor. Both look attractive for compact
stellarator reactors, but each has distinct complementary advantages. Both must be developed
experimentaly to establish the needed scientific base for the program’s ultimate success. A
determination of the optimum strategy to pursue is one of the U.S. stellarator program’ s goals.
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Fig. 1. Road map for the proposed stellarator PoP program.

The Stellarator PoP Program.

The program that the U.S. stellarator community proposes, illustrated schematically in Fig. 1,
follows the model for PoP programs defined in the 1996 FESA C/SciCom Alternates Review. Itis
a coherent, integrated program to develop the knowledge base needed to assess compact, high-
beta, good-confinement stellarators and consists of: (1) a new proof-of-principle facility, the
National Compact Stellarator Experiment (NCSX); (2) a new concept exploration experiment,
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(3) the existing Helically Symmetric Experiment (HSX) at the University of Wisconsin and a
maodification of the Compact Auburn Torsatron (CAT) at Auburn University; (4) stellarator theory
focusing on concept optimization and key stellarator physics issues; (5) collaboration with the
international stellarator program in specific areas; and (6) system studies to guide concept optimi-
zation tradeoffs. The NCSX PoP facility will be reconfigurable to ensure that experimental tests of
improved configurations emerging from the program as a whole can be tested expeditiously. All
elements of the program are necessary to adequately develop the compact stellarator concept.

The six PoP program elements cross-link with each other to provide a well-integrated program.
The NCSX PoP facility would be the focus of the PoP program. It will be reconfigurable to en-
sure that experimental tests of the new developments arising from the total stellarator program can
be conducted expeditiously. HSX, CAT, and the new concept exploration experiment will allow
tests of new optimized configurations, basic concept optimization physics studies, and extension of
3-D plasma science. The results from these experiments and from international collaborations,
theory, and system studies will help optimize the configuration to be developed in later phases of
the PoP facility. In order to minimize cost, it is planned to construct the PoP facility by modifying
an existing device, the PBX-M tokamak, and using its supporting infrastructure. The QA concept
is likely somewhat more easily compatible with the PBX-M constraints, so it has been chosen as
theinitial PoP configuration. The new concept exploration experiment, the Quasi-Omnigenous
Stellarator (QOS), will be proposed to test the basic principles of the QO optimization strategy.

This program will build on the substantial existing data base in stellarators and tokamaks and will
make important contributions to the world fusion program. If this plan is carried out, the resulting
knowledge base will be sufficient to permit comparisons with steady-state tokamak-based power
plant designs and will provide a basis for proceeding to the following step, a Proof-of-Perform-
ance program to study more reactor-relevant plasmas in a compact stellarator configuration.

The new experimental elements described here, a PoP facility, a new Concept Exploration experi-
ment, and modifications to the existing CAT device, are not presently at the stage of fully con-
verged designs, appropriate for discussion at the level of aPhysics Validation Review or a Con-
ceptual Design Review. Instead the coordinated scientific goals of the experiments have been laid
out, and the various elements of the designs have been brought to the point where the community
has confidence that fully converged designs needed for machine proposals can be developed on the
necessary schedule. For example the listed budgets imply conceptual design reviewsin about one
year, and start of detailed design and construction in FY 2000.

The PoP Facility. The NCSX will meet the 1996 FESAC/SciCom criteria for a PoP experi-
ment. It will provide sufficient plasma performance and machine capability for integrated testing of
acompact stellarator configuration with high beta and bootstrap currents that can form the basis for
extrapolation to more reactor-relevant performance. The PBX-M vacuum vessel constraint leads to
aquasi-axisymmetric (QA) plasma configuration with A » 3.3 for NCSX, which will provide the
basic physics data needed for lower-aspect-ratio designs, e.g., the A » 2.1 QA configurations
which may provide greater compactness. Scientific questions to be resolved with NCSX include:

* Can a high-beta configuration, including bootstrap currents and externa transform, avoid
disruptions?

* What are the beta limits and limiting mechanisms?

» Can neoclassical transport be reduced by proper configuration design?



» Can turbulent transport be controlled, leading to enhanced global confinement? (for example, by
flow shear or magnetic configuration)

» Cantrangport and stability be controlled through external magnetic configuration control ?

* Areneoclassical islands and tearing modes suppressed by bootstrap current and the proper
choice of magnetic shear, asindicated by theory and tokamak experiments?

NCSX conceptua design will be completed in mid-FY-99; construction will start in FY-2000. The
total project cost (TPC) is estimated at $35M. Operation is planned to start in FY-2003 at a cost of
»$20 million per year for facility operations, physics research, and facility enhancements.
Research preparation activities will build up during the construction period (see table below) to
facilitate an effective trangition into operations.

New Concept Exploration Experiment. A new concept exploration experiment, QOS, is
needed to test the basic optimization principles of quasi-omnigeneity, which complements the
guasi-symmetry being tested in HSX and NCSX. The QOS experiment (with A » 3.6) is needed
to: (1) provide an initial data base on QO-specific issues that can feed into the optimum design of a
PoP-level QO configuration which could be tested as the second magnetic configuration of the PoP
facility, and (2) broaden the scientific base provided by the QA PoP and HSX into |ow-aspect-
ratio non-symmetric confinement configurations. The primary focus of the proposed research
programis

() reduction of neoclassical transport via nonsymmetric quasi-omnigeneity, and the effect of
radial eectric fields on confinement;

(2) reduction of energetic orbit losses in non-symmetric configurations;

(3) reduction of the bootstrap current (cancellation due to different B harmonics), itsrelative inde
pendence of b, and its compatibility with confinement improvement and the QO optimization;

(4) exploration and development of methods to affect anomal ous transport, such as by producing
sheared E”~ B flow, and understanding flow damping in non-symmetric configurations.

The Total Project Cost is»$6.5 million, similar to that of HSX. Operating costs would be »$2.5
million per year.

Existing Concept Exploration Experiments. The existing HSX and the Compact Auburn
Torsatron (CAT) provide important information at moderate aspect ratio. The HSX, which will
begin operation this year, will be the largest experimental element in the U.S. stellarator program.
The quasi-hdlically symmetric (QHS) HSX has a single dominant helicadl component in the
magnetic field spectrum. The unique characteristic of HSX isthat it has A = 8, yet the toroidal
curvature isthe same asadevice with A > 400. Since neoclassical transport depends only on the
spectral components of the magnetic field amplitude, HSX has transport analogous to that of a
tokamak. HSX has a high "effective” rotational transform (»3) which provides several benefits:
small Pfirsch-Schitter currents, leading to high equilibrium beta limits; small poloidal gyroradius,
leading to very good confinement of trapped particles; and neoclassical transport that can be smaller
than in a comparabl e tokamak.

The primary objectives of the HSX program are to: (1) investigate the reduction of neoclassical
transport in QHS configurations and the role of anomalous transport; (2) demonstrate a reduction
in the direct loss of deeply trapped particles due to QHS; and (3) show that QHS leads to decreased
viscous damping of rotation on aflux surface. The initial resources needed for this effort are $1.6
million per year (the current level); further resources will be required as the program evolves.
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An upgrade to the existing CAT experiment is proposed for study of disruptions and stability in
current-carrying plasmas in a medium-aspect-ratio (A = 5.6) stellarator. The upgrades consist of
(2) addition of an ohmic transformer and capacitor bank power supply to drive a plasma current for
stability studies, (2) an increase in the magnetic field to obtain more relevant plasma parameters,
and (3) implementation of ICRF plasma generation and heating to provide target plasmas for
current stability studies. The resources needed for this effort are $0.32 million (vs. the current
»$0.2 million) per year, plus $0.4 million for upgradesin the first 2-3 years.

Theory. Stellarator theory has three fundamental objectivesin the context of the Proof-of-Princi-
ple program: (1) extension of the framework for the interpretation of experiments, (2) develop-
ment of techniques for extrapolation of the results from the Proof-of-Principle to the Proof-of-Per-
formance level of experiments, and (3) invention of even better stellarator configurations. A sec-
ondary objective isthe general development of three-dimensional plasmatheory. The future devel-
opment of the compact-stellarator knowledge base, and the world-wide development of the stellar-
ator, will continue to require a strong theory effort, addressing: (1) MHD equilibrium, (2) magnet-
icisland formation, (3) MHD stability, (4) neoclassical transport and drift orbits, (5) microstabil-
ity and anomal ous transport, (6) divertor and edge physics, (7) waves and heating, and (8) opti-
mization of magnetic configurations. Theory progressin all these areas will be important for the
new U.S. experiments testing compact-stellarator concepts as well as existing experiments such as
HSX and the large foreign experiments. The cost will be about $3.5 million (vs. the current »$1.2
million) per year . Much of the needed increase can be achieved through changes in the research
focus of existing theorists which will occur naturally as the U.S. stellarator program grows, but
graduate students and postdoctoral fellows will also be needed.

International Collaboration. Collaboration with the larger international stellarator program on
selected topics is an important element of the U.S. stellarator PoP program because it provides
information needed for stellarator concept improvement that is not otherwise available in the U.S.
program. The wide range of stellarator configurations accessible on foreign stellarator experiments
allows study of higher aspect ratio, degree of helical axis excursion, magnetic-island-based diver-
tors, and the consequences of a modest driven plasma current. Physicsissues of particular impor-
tance are heating, transport, enhanced confinement modes, beta limits, and particle and power
handling.

Collaboration on theory development and on tools for concept optimization are also an important
element of the U.S. stellarator program. The areas of most interaction are MHD equilibrium with
magnetic islands (Japan), MHD stability (Germany, Switzerland, Spain, Japan), bootstrap current
(Japan), and concept development (Germany, Japan).

The resources needed for the experimental collaborations are $1.5 million (vs. the current »$0.8
million) per year. The theory collaborations would be funded through the Theory budget.

System Studies. Integrated physics and engineering systems studies are important for assess-
ing the reactor potential of compact stellarators and guiding the experimental program on the QA
and QO devices. The capabilities needed have been developed in previous U.S. stellarator reactor
studies and in the ARIES tokamak reactor studies. The earlier U.S. Stellarator Power Plant Study
(SPPS) showed that the reactor size could be reduced from Rg » 24 m (for the W7-X-based HSR)
to Rpg = 14 m for the SPPS reactor, based on an early compact-stellarator concept. New studies
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will explore further size reductions based on the concepts being tested in the compact-stellarator
program.

The resources needed, averaging $1 million per year and alternating between 2 years of scoping
studies at the $0.3 million per year level and 2 years of the more detailed ARIES-type studies with
a specific QA or QO coil configuration at $1.7 million per year, would be funded as part of the
ARIES program and not as part of the proposed program.

The PoP Program is Ready to Proceed. The extensive data base created by higher-aspect-
ratio currentless stellarators and by advanced tokamaks provides much of the knowledge base and
motivation needed for a compact-stellarator PoP program. Stellarators are now second only to the
mainline tokamak in their level of physics understanding and parameter achievement. For exam-
ple, W7-AS (with Rg =2 m, <a>=0.18 m, A= 11) obtains Te= 5 keV, Tj = 1.6 keV, &n=
1.8%, and t g > 50 ms, in different operating regimes.

New theoretical tools and understanding gained in designing HSX and W7-X have led to the
compact stellarator concepts with reduced neoclassical 1osses to be developed in the PoP program.
Anomalous transport has been reduced in present stellarator experiments and transport reduction
techniques devel oped for tokamaks can be applied to stellarators. The newer designs optimized to
reduce neoclassical transport are particularly suited for confinement improvement due to electric
field (E” B) flow shear.

The increased understanding of stellarator physics has provided capable tools and new optimization
strategies for designing high-performance stellarator plasmas. Codes are now available to calculate
fixed- and free-boundary stellarator equilibria, evaluate magnetic island formation, assess balloon-
ing and external kink-mode stability, calculate the bootstrap current profile, and cal culate neoclass-
ical transport losses in stellarator configurations. Sophisticated tools for designing coils for a
given plasma configuration are indispensable for modern stellarator design. The physics tools that
are essential for proceeding with the PoP program arein place.

Modern computational and manufacturing techniques have made possible the fabrication of com-
plex stellarator coilsto high precision, as demonstrated by successful construction of the modular-
coil stellarators W7-AS and HSX. The complex W7-AS and HSX vacuum vessels were fabricated
from flat plates and using explosive forming, respectively, now well-developed techniques. Thus,
the engineering tools for the program are also in place.

Summary. Thisprogram will build on the substantial data base in stellarators and tokamaks and
will make important contributions to the world fusion program. If the proposed plan is carried out,
in ten years the resulting knowledge base will be sufficient to permit comparisons with steady-state
tokamak-based power-plant designs and will provide a basis for a decision on proceeding to the
next step, a proof-of-performance program to study more reactor-relevant plasmas in a compact
stellarator configuration, possibly with D-T capability.

The proposed program is an exciting opportunity for the U.S. to develop the
compact stellarator concept as part of the innovative Fusion Energy Science
Program.



Cost and Schedule. The program elements and associated costs are listed in Table 1.

Table 1. Compact-Stellarator Proof-of-Principle Program Budget Profile

FY 98 FY 99 FY OO FY Ol FYO2 FY O3 FY 04 FY O5

NCSX Proof-of-Principle Experiment

Construction TPC ($35M) 3.5 9.0 12.0 10.4 - - -

NCSX Operations 0.4 0.7 1.3 4.0 15.0 15.0 15.0

NCSX Enhancements 0.0 0.3 0.7 1.5 5.0 5.0 5.0

NCSX Total 1.8 3.9 10.0 14.0 15.9 20.0 20.0 20.0
QOS Concept Exploration Experiment

Construction TPC ($6.5M) 0.5 1.1 1.8 2.1 1.0

QOS Operations 0.1 0.1 0.1 0.1 1.0 1.3 1.5

QOS Enhancements 0.0 0.1 0.1 0.1 0.4 1.2 1.0

QOS Total 0.3 0.6 1.3 2.0 2.3 2.4 2.5 25
Helically Symmetric Exper. 1.6 1.6 1.7 1.9 2.0 2.0 2.0 2.0
Compact Auburn Torsatron 0.2 0.5 0.5 0.3 0.3 0.3 0.3 0.3
Theory 1.2 2.0 25 3.0 3.5 3.5 3.5 3.5
International Collaboration 0.8 1.0 1.3 1.5 1.5 1.5 1.5 1.5
Program Total 5.9 9.6 17.3 22.7 25.5 29.7 29.8 29.8




1. COMPACT STELLARATORS

The U.S. stellarator community proposes expansion of the national stellarator program to a Proof -
of-Principle level to build upon recent innovations in stellarator design and advances in toroidal
plasma physics understanding. The goal of this program is to develop the knowledge base needed
to evaluate compact high-beta confinement-optimized stellarators as attractive fusion power plants
and motivate their further study at the Proof-of-Performance scale. These stellarator designs offer
the combined advantages of the advanced tokamak, as envisioned in the ARIES-RS study [1], with
the strong advantages of stellarators: lack of disruptions and no need for external current drive. If
successful, this program will produce plasmas similar to those needed to project to ARIES-RS, but
with much lower recirculating power and without the need for disruption handling, feedback
stabilization, or rotation drive.

This stellarator program should be a key component of the U.S. Fusion Energy Sciences Program,
complementary to the strong stellearator programs in Japan and Europe, which are not focussed on
compact designs. The demonstrated advantages of stellarators potentially provide ready solutions
to some of the most challenging problems in achieving attractive power plants, like ARIES-RS.
As such, dellarators present an attractive development path for demonstrating that such
performance is achievable. It is important to demondtrate this expeditiously to establish the
credibility of fusion as a possible solution to the energy challenges of the next century.

1.A. Stellarator Advantages

A stellarator plasmais not toroidally symmetric and the choice of its three dimensional (3-D) shape
provides significant design freedom that can be used to optimize the configuration for desired fus-
ion performance or for studying particular plasma physics properties. In areactor, the confining
poloidal magnetic field is generated using modular coils, similar to tokamak toroidal field coils but
with out-of-plane deformations. Stellarator configurations have distinct advantages:

1. Theneed for an externally driven plasma current is eliminated or greatly reduced, reducing the
recirculating power in areactor.

2. Disruptive discharge termination and quench of the plasma current are not observed in stellarator
experiments, even at the predicted b limit. Even in stellarators experiments with large plasma
currents (edge iota > 0.6), the external fields stabilize the configuration preventing disruptions
when the externally generated transform is at least 0.15 [2]. This allows stellarators to robustly
accesstheir full b limit in steady state.

3. Empirically, the density in stellaratorsis limited only by power balance, not by disruptions or
edge instabilities-as in tokamaks. For equivalent configurations, the empirical density 'limit' is
higher in stellarators, [3] allowing an optimal reactor burn-point. Since edge current drive is not
required (asin an advanced tokamaks), operation with high edge density and radiating layers can
be used.

4. The 3-D shaping provides control of the rotational transform (+ = 1/q) and shear profiles exter-
nally, allowing designs with ‘reversed shear’ across the entire profile. Thisis not possible in axi-
symmetric configurations like tokamaks, and increases MHD stability and stabilizes tearing modes
and islands, so long as the bootstrap current and di/dr are both either positive or negative. Experi-
mental evidence from tokamaks confirms this effect, in that neoclassical tearing modes are never
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observed inside of the shear reversal point in reversed-shear plasmas, but are frequently observed
in standard shear cases, and outside of the shear-reversal point in reversed-shear plasmas.

Due to these advantages, including solutions to many problems challenging tokamak reactors,
stellarator configurations offer the possibility of an attractive development path for fusion energy.
Thisiswhy stellarators are an important part of the world fusion development program. However,
at present the world program is focused on currentless, high-aspect-ratio (A > 5) configurations
that extrapolate to large reactors. The incorporation of bootstrap current and new transport
optimization strategies can lead to more compact high-beta stellarator designs with lower aspect
ratios, which would make available awider range of reactor design solutions. Thereisaneed and
an opportunity to develop these ideas for compact stellarators, which isthe aim of this proposal.

1.B. Innovation Has Created an Opportunity: Compact Stellarators

Earlier stellarator designs and experiments led to significant concerns about confinement at low col-
lisionality, the achievable beta limit, coil complexity, and the aspect ratio (and thus reactor size).
Through continuing research, these issues have been understood and largely resolved.

Development of new theoretical tools has led to stellarator designs with good neoclassical confine-
ment. Earlier designs had large helical-ripple-induced neoclassical losses at low collisiondity.
These losses are greatly reduced (in some cases to below those in a comparabl e tokamak) in newer
stellarator designs such as the quasi-helically-symmetric approach used in HSX [4], and the quasi-
axisymmetric [5] and nonsymmetric quasi-omnigeneous configurations [6] being developed for
low-aspect-ratio stellarator candidatesin the U.S.

Quasi-symmetric stellarators [5] conserve a component of the particle canonical momentum (as do
tokamaks) and have neoclassical transport properties that are tokamak-like. Although the geometry
of aquasi-symmetric stellarator isfully three dimensional, the field strength has a continuous sym-
metry, either toroidal or helical. Exact quasi-symmetry is not possible, but quasi-symmetry can be
approximated with sufficient accuracy to insure excellent neoclassical confinement. The HSX
stellarator [4], under construction at the University of Wisconsin, will be the first experimental test
of quasi-symmetry and is of the quasi-helical type. The quasi-helically symmetric (QHS) approach
can have neoclassical transport even better than a tokamak because the high effective transform can
lead to very small drift orbit widths. Quasi-axisymmetric (QA) stellarators can have aspect ratios
and bootstrap currents typical of tokamaks, so they resemble tokamak-stellarator hybrids. Like
tokamaks, they can have a deep magnetic well and high beta limits for ballooning, even at low
aspect ratio. Although the last closed flux surface is not toroidally symmetric in real space, the
Fourier spectrum of |B| in magnetic (Boozer [7]) coordinates, upon which the particle drift orbits
and neoclassical transport depend, has a dominant axisymmetric component with non-axisymmet-
ric components of only afew percent at the plasma edge. QA configurations differ from QHS
configurationsin that QA configurations have smaller plasma aspect ratio (typically ~3), higher
beta limits, larger bootstrap current, and the rotationa transform produced by the bootstrap current
isin the same direction asthat produced by the externa coils in the QA configuration (thus
stabilizing islands), but in the opposite direction in the QHS configuration.

Non-symmetric omnigeneous stellarators [6], or quasi-omnigeneous (QO) configurations achieve
acceptable neoclassical losses by approximately aligning the surfaces on which the approximate
second adiabatic invariant J* is constant with the magnetic surfaces. The variation of the field
strength within a magnetic surface can be more complicated than in quasi-symmetric configurations
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since no particular symmetry isimposed. Examples of stellarator designs of this general type are
the large-aspect-ratio W7-X and the SMall Aspect Ratio Toroidal Hybrid (SMARTH). QO stellar-
ators have reduced bootstrap currents, due to cancellations between the toroidal and the helical or
bumpy field terms in the |B| spectrum, and can be designed to localize the trapped particlesin
regions of good curvature, reducing turbulence drive. The large non-axisymmetric termsin the |B|
spectrum and the smaller fraction of bootstrap current distinguish QO stellarators from QA stellar-
ators.

Anomalous transport has been reduced in present stellarator experiments (improved confinement
modes). Theinternational stellarator confinement scaling (1SS95 [8]), based on alarge set of data
from the world stellarators, is given by

tel 8895(5) = O.O79<a(m)>2-21R(m)0-65P(MW)-0-59n(1019m-3)0-518(T)0-83+(2r/<a>)0-4. [1-1]

The energy confinement time t g = Ht g!SS95, where H is the confinement improvement factor.
For the low-shear W7-AS, which is relevant to the low-shear QA and QO configurations, H aver-
ages 1.3-1.4 and is 2.5-3 for discharges with good wall conditioning and low recycling, which has
ledto tg>50ms[9]. Techniquesdeveloped for confinement improvement in tokamaks can be
applied to stellarators; the new designs optimized to reduce neoclassical transport should be partic-
ularly suited for confinement improvement dueto electric field (E~ B) flow shear.

Both the QA and QO optimization strategies have significant bootstrap currents at low aspect ratio.
This provides additional rotational transform that raises the equilibrium and ballooning stability
limits and relaxes some of the current density and torsion constraints on the coils, improving the
designs. Combined with reversed shear, the bootstrap current stabilizes islands and tearing
modes, making the flux surface configuration more robust. However, the parallel current can
destabilize MHD modes, particularly the kink mode, and thus could reintroduce the disruptions
observed in tokamaks. While the linear stability of these modes can be calculated and included in
the design, the non-linear saturation and its consequences have not been characterized and exper-
imentally verified. Experiments on W7-A showed immunity from disruptions with modest
amounts of externally generated rotational transform (~0.15) in addition to that from the Ohmic
current (~0.5) [2]. Related results were observed in the CLEO stellarator [10], where a modest
amount of reversed external transform completely stabilized disruptionsin low-qg tokamak opera-
tion. These results were obtained at high aspect ratio and low beta. Experiments including signif-
icant bootstrap current are needed to investigate the role of these instabilities and the empirical
range of disruption-free operation at low aspect ratio and high beta.

The new compact stellarator concepts are designed using theoretical predictions of stability limitsto
Mercier, balooning, and kink modes. Thisis a conservative approach because present stellarators
exceed simple estimates of beta limits, and novel configurations show promise of higher beta. The
simple equilibrium beta limit criterion based on the shift d of the magnetic axis equal to half the
average plasmaradius <a> has been exceeded in W7-AS where d/<a> = 2/3 was obtained without
a dignificant change in the plasma behavior, even when the outer 1/3 of the plasma was
theoretically resistively unstable [11]. In addition, the Mercier instability criterion has been
exceeded over most of the plasmaradiusin the CHS experiment at the highest volume-average beta
values achieved in stellarators (&fi= 2.1%) without a significant change in plasma confinement
[12]. In both cases the achievable betais limited by the available heating power and transport
rather than by an observed stability limit. The new QA and QO stellarator designs will be designed
to have equilibrium and stability betalimits >5%.
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New computational techniques and modern numerically controlled machines have made tractable
the fabrication of complex stellarator coils to a high degree of accuracy, as demonstrated by the
successful construction of the modular-coil stellaratorsHSX (Rp= 1.2 m, Bop=1.35 T) and
W7-AS (Rop=2m, Bg=3T). These techniques are now being used for the large superconduct-
ing-coil W7-X stellarator (Rg = 5.5m, Bo =3 T). The complex W7-AS vacuum vessel was also
fabricated from flat plates using similar techniques and explosive forming was used to fabricate the
HSX vacuum vessdl.

The remaining concern, that stellarator power plants may be too large, has now been addressed in
concept by the U.S. program. The most developed confinement-optimized stellarator reactor con-
cept, HSR [13], has Rg = 22-24 m. Recent theoretical developmentsin the U.S. of new confine-
ment-optimized configurations hold the prospect that alow-aspect-ratio stellarator can be devel oped
with good confinement and higher beta. This should result in a more compact stellarator reactor.
The U.S. can have the leading role in devel opment of compact stellarator configurations.

At present, both strategies for transport optimization for compact stellarators (QA and QO) are
promising and have complementary advantages. The QA designs have a direction of quasi-
symmetry, alowing plasmarotation and rotational control of the radial electric field for turbulence
suppression. Both make use of the bootstrap current, but the QO designs have reduced bootstrap
currents simplifying configuration control. Both strategies must be explored experimentally to
develop the scientific basis for the program’ s ultimate success.

1.C. Key Issues for Compact Stellarators

There are a number of key issuesin the design of compact stellarators that will determine their
attractiveness for future power plant designs.

1) Cana &fi~ 5% configuration, with self-consistent bootstrap currents and external transform
avoid disruptions? What are the configuration requirements (e.g. edge shear) to avoid
disruptions?

2) Can neoclassical transport and orbits losses be reduced sufficiently by the QA and QO optimi-
zation strategies?

3) Can turbulent transport be controlled to give sufficient confinement for an attractive reactor,
either through flow-shear control or magnetic configuration design?

4) What isthe ultimate betalimit and the limiting mechanisms?
5) Isthere aworkable edge design giving control of particle and heat exhaust in areactor?

The successful resolution of these issues must be experimentally explored and demonstrated in
order for the compact stellarator concept to go forward. Issues (1)—(4) are the focus of the exper-
imental part of the proposed program. Issue (5), the design of areactor particle and heat exhaust
system, is being actively studied in the international program and is an important area for inter-
national collaboration, and will be studied at reduced priority in the U.S. program.

|.E. Relationship to the International Stellarator Program

Development of the stellarator concept is being actively pursued in several countries. The largest
new fusion facilities are stellarators: the Large Helical Device (LHD) now operating in Japan and
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the W7-X under construction in Germany are $0.5-1 billion facilities with superconducting coil
systems. These experiments are supplemented by more moderate-size ($30-100 million scale)
research facilities presently in operation in Japan (CHS and Heliotron E), Germany (W7-AS), and
Spain (TJI1). The proposed U.S. stellarator proof-of-principle program would complement the
existing world stellarator program by adding an important element — research on compact stellarator
configurations — that will be of value to all countries, but specially to the U.S. energy market,
which is most sensitive to the unit size of future power sources.

LHD and W7-X are designed to demonstrate steady-state disruption-free stellarator operation and a
level of performance (volume-average beta &3 5%, ion temperature T; ~ 10 keV, energy con-
finement time t g of hundreds of ms, etc.) that allows extrapolation to devices capable of burning
plasma operation. The physics studies will focus on: ion heating and transport, neoclassical trans-
port, the role of electric fields in confinement improvement, enhanced confinement modes, beta
limits, practical particle and power handling, profile and configuration optimizations, and steady-
state performance. These issues are crucial to demonstrating the viability of the stellarator confine-
ment concept and extrapolation of stellarator performance. LHD and W7-X will provide unique
data on both helical and magnetic-island-based divertors, high-power plasma heating, and super-
conducting-coil operation that will be relevant to all design approaches. Collaboration on these ex-
periments will therefore be an important element of the U.S. stellarator program.

However, LHD and W7-X have plasma aspect ratios of 6 and 10.5, respectively, and extrapolate
to very large reactors. In addition, W7-X was explicitly designed to minimize the bootstrap
current, while LHD is expected to have bootstrap current much smaller than a comparable tokamak
because of the combination of toroidal and helica curvature. Thus, neither will explore the
potential advantages of designs with significant bootstrap currents.

The wide range of stellarator configurations accessible on the world’s medium-scale stellarator
experiments, CHS, Heliotron E, W7-AS, TJII, H-1, etc. allows study of a range of aspect ratios
(from 5to 11), helical axis excursions, magnetic-island-based divertors, and the consequences of a
modest net plasma current. These experiments will make significant contributions to un-
derstanding of the stellarator concept and provide information of importance to the U.S. program.
However, none of the foreign stellarator experiments incorporates magnetic symmetry or plasma
current in their design strategies, and none has an aspect ratio smaller than 5, so these are important
opportunities of special interest to the U.S. program and available for exploitation by innovative
stellarator research in the U.S. program.

1.F. Synergy with the Tokamak Program

Stellarators share much of the physics basis of other toroidal systems, such as tokamaks, and can
build upon and contribute to developments in the larger tokamak program. Many of the
instabilities and configuration issues (e.g. transport control, divertors) expected in stellarators have
been extensively studied in tokamaks. This shared physics basis aids the comprehensive analysis
and evaluation of sellarator configurations, building upon the knowledge gained in both
configurations. It also gives confidence that the flexibility of stellarators can be optimized to
provide novel solutions to the challenging problems that have arisen in the study of the tokamak,
and particularly the steady-state advanced tokamak, such as high-b disruption control and the need
for edge current drive consistent with divertor operation.
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2. National Compact Stellarator Experiment

2.A. Introduction

Compact stellarators hold the promise that the advantages of the stellarator— high-beta, disruption-
free operation with low recirculating power— can be redlized at low aspect ratio. Promising
compact-stellarator plasma configurations, which use both coil currents and bootstrap currents to
generate the rotational transform, have been devel oped theoretically to the point where they will
soon be ready for test. Experiments are needed to assess the beta limits and the ability to achieve
enhanced confinement in compact stellarators, as required for an attractive fusion energy concept.
A proof-of-principle-scale facility capable of high beta with collisionless bootstrap current effectsis
required, similar in scope to those of tokamak proof-of-principle facilities such as Doublet 111 and
PBX-M.

In describing the proof-of-principle (PoP) stage of concept development, the 1996 FESAC-
SciCom Alternative Concepts Review Panel noted:

Thisisthe lowest cost program aimed at developing an integrated and broad understanding of basic
scientific aspects of the concept which can be scaled with great confidence to provide a basis for
evaluating the potential of this concept for fusion energy applications. Experimental activity in
this step requires at |east one device with a plasma of sufficient size and performance ($5 to
$30M/year) that a range of physics issues can be examined. For example, for a toroida
confinement system, the plasma should be hot enough and large enough to generate reliable
plasma confinement data, explore MHD stability, examine methods for plasma sustainment, and
explore means of particle and power exhaust. The diagnostic set must be comprehensive enough to
measure the relevant profiles and quantities needed to confront the physics. Proof-of-Principle
experimental results are probably far from the fusion-relevant regime in absol ute parameters but
providesinitial datafor scaling relationships useful in establishing a predictive capability for the
concept.

In practical terms, a POP experiment provides alarger plasma volume, higher magnetic field, more
plasma hesating power, and a more extensve set of diagnostics than concept-exploration
experiments. The greater capabilities afforded by a POP are needed to test betalimits, study physics
issues and scaling over awide range of conditions, and operate at reactor-like collisionalities. A
PoP facility satisfying these criteria and meeting the needs of the compact-stellarator program will
be proposed by Princeton Plasma Physics Laboratory and Oak Ridge Nationa Laboratory in
partnership, with many other institutions collaborating. This facility, the National Compact
Stellarator Experiment (NCSX), will be reconfigurable to be capable of expeditioudy testing
improved concepts that will be devel oped by the program.

Proof-of-principle scale toroidal confinement facilities are typicaly valued at $100M or more,
including the confinement device itself, ancillary systems, and infrastructure, typically built up
over many years of investment. However, the cost of NCSX will be reduced by making use of the
existing PBX-M tokamak facility at PPPL, which provides substantial site credits, including
plasma heating, diagnostic, and power systems, as well as the device itself. Most of the PBX-M
tokamak itself will be re-used, including the toroidal and poloidal field coils, vacuum vessel, and
support structure. By re-using the major torus systems, the NCSX can take advantage of their
established technical capabilities and avoid not only the cost of re-creating the equivaent
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capabilities but also some of the uncertainties attendant with commissioning and debugging of new
systems.

The challenges of stellarator design have stimulated an intensive effort over a short period to adapt
design tools, explore the properties of compact-stellarator configurations, and rapidly develop the
technica basis for NCSX. The project is ready to proceed to the next stages of design
development. The physics design process will continue with developing an attractive plasma
configuration compatible with PBX-M and further defining the detailed physics requirements. The
physics basis will be proposed for peer-review in a Physics Vadidation Review in about
November, 1998. The engineering effort will develop an optimum low-risk facility design,
detailed cost and schedule estimates, and detailed plans for carrying out the project. A Conceptua
Design Review will be proposed for about May, 1999.

2.B. Experimental Goals, Research Plan, and Requirements
2.B.1. Goals

The goals of the NCSX areto test and to develop understanding of the physics of compact
stellarator configurations with high beta and bootstrap currents, establishing the basis for their
continuing devel opment as attractive fusion power plants. An optimized quasi-axisymmetric (QA)
plasma configuration will be tested initidly. The facility will be modified to test improved
configurations as they are developed by the program.

The specific scientific goals of the NCSX areto:

1) Demonstrate the ability of compact stellarators to operate at &fi» 5% without disruptions, with
the rotational transform generated by coil currents and the bootstrap current. Determine the
configuration requirements to avoid disruptions at high beta and high density.

2) Determine the beta limit and limiting mechanisms and their scaling with plasma parameters.

3) Determine the adequacy of the neoclassical-transport optimization to ensure good confinement at
areactor scale, and to ensure confinement of energetic particles (e.g. alphas).

4) Determine the ability to control turbulent transport and enhance confinement using flow-shear,
the magnetic configuration, and control of particle fueling and radiation. Determine the
dimensional and non-dimensional confinement scaling. Compare the observed transport with
theoretical predictions and empirical scalings.

5) Test stabilization of equilibrium islands and neoclassical tearing modes at high beta by proper
choice of magnetic shear for the bootstrap-current direction. These modes are observed to limit
the achievable betain tokamaks and are cal culated to be important for stellarators.

6) Explore the compatibility of compact stellarators with methods to control the power and particle
exhaust.

The initial scientific focus of the NCSX will be to evaluate plasma confinement and to address
whether external rotational transform (from the 3D coils) can be used to suppress betalimit
disruptions in short-pul se operation (0.3-0.5 s of NBI heating), a step toward Goals 1 and 3.
Theinitial hardware configuration will be tailored to thisaim. Thiswill alow usto test whether the
high beta values can be realized and whether the key advantage of disruption avoidanceis retained
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in high-beta compact-stellarators, before implementing all of the research tools needed to
accomplish all goals.

Ultimately, all goals must be met in plasmas with self-consistent bootstrap current, possibly
including asmall driven ‘seed’ current in the core, so that the results can be extrapolated to a
reactor requiring low recirculating power. Due to the short pulse length of the available heating
systems from PBX-M, the inductive equilibration to the bootstrap current will be studied in two
ways. initially, tailoring the time-evolution of the discharge to minimize non-equilibrium currents,
and later, extending the heating pulse length (to ~3 seconds) to ensure full inductive relaxation.

2.B.2. Research Plan

The research plan for NCSX will consist of two major phases, separated by a modification of the
coil-system. The coil configuration for the first phase will be designed to produce an optimized
guasi-axisymmetric stellarator configuration. The coil configuration for the second phase will be
designed based upon the research results from the entire program, and could be, for example,
either an improved quasi-symmetric or a non-symmetric quasi-omnigenous configuration.

The research plan for the first phase will consist of a sequence of four experimental campaigns:

1) Initial plasma operation and field-line mapping (six months). This campaign will test the
accuracy of the stellarator magnetic field generation, the ability to initiate and control the plasma,
and the operation of theinitial diagnostics.

2) Plasma heating and transport (one year). This campaign will explore the flexibility, plasma
confinement, and stability of the stellarator experiment at the initial heating power (6 MW). The
adequacy of the neoclassical transport optimization will be assessed (Goal 3). The density limit
will be documented, and the configuration requirements (if any) to avoid densty-limit
disruptions at low betawill be investigated, as a start on Goal 1. Studies of the plasma
boundary will establish the readiness for high-power radiofrequency heating and the database
for apossible upgrade of the plasma exhaust handling later in the program. In addition, this
campaign will commission new diagnostics systems and will test RF coupling to the plasma at
low power, to prepare for Campaign (3).

3) Confinement optimization and increasing beta (one year). This campaign will attempt to
develop enhanced confinement regimes, Goal 4, using the techniques devel oped on tokamak
experiments, including sheared rotation from NBI, reduced recycling by wall coating (B, Li)
and conditioning, by edge radiation (RI-mode), and possibly by pellet fueling. The dimensional
and non-dimensional scaling of confinement will be determined and compared to other
configurations. These plasmas will then be used to test directly the predicted beta-limit and the
predicted beta-limiting mechanisms (Goals 2 and 5). The configuration requirements to avoid
disruptions and the disruption-free operating area will be documented (Goal 1). Current
profiles approximating the bootstrap profile will be obtained by controlling the evolution of the
plasma during the short heating pulse.

4) Long-pulse upgrade (one year). This campaign will be preceded by an upgrade to the heating
systems to alow pulse lengths of ~3 sec, and a possible upgrade of the plasmafacing
components for improved power and particle exhaust handling for long pulse (Goal 6). These
upgrades will allow unambiguous equilibration of the current profile to the bootstrap current,
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and will be used to document the high-beta disruption-free operating area in long-pulse
operation (compared to the current-profile relaxation time) to complete Goal 1.

The successful completion of these four campaigns will complete all of the goals for assessing the
first configuration. At this point, the coil system will be modified to a second configuration, as
appropriate. This reconfiguration will also involve a new iteration of the edge power and particle
exhaust handling design. The new configuration would be experimentally tested and optimized in
an additional three campaigns, to accomplish the six goals.

5) Initial plasma operation and field-line mapping (six months). Similar to Campaign (1), but in
the new configuration.

6) Plasma heating and transport (one year). Similar to Campaign (2), but in the new configu-
ration.

7) Confinement optimization and increasing beta (one year). Similar to Campaigns (3) and (4),
but in the new configuration and with the long-pul se capability.

Upon successful completion of the second phase, two compact optimized stellarator configurations
will have been tested for their ability to operate at high-beta with enhanced confinement and
without disruptions. Thiswill provide a substantial experimental database for our understanding
of confinement and stability in compact optimized stellarators, and will be used to assess the
suitability of a Proof of Performance scale experiment.

2.B.3. Facility Requirements

In order to carry out this research plan and accomplish the experiment goal's, the NCSX experiment
will be flexible, well diagnosed, and heated at the multi-megawatt level. The design goal isto
produce plasma configurations with substantial externally-generated rotational transform (ranging
up to 40-50% of total), in order to provide a disruption-free operating regime with high
confidence, in configurations with theoretically predicted beta limits of at least 3 - 5%. The beta
limits may be lower than would be calculated for lower aspect ratio configurations, but are well
above existing stellarators, are accessible with the available heating power, and allow the basic
physicsissuesto be studied. The design may allow higher theoretical beta limits (e.g. above 5%,
the ARIES-RS level) with larger bootstrap currents and thus possibly lower external rotational
transform fraction

In order to be able to study transport scaling at a variety of betalevels, the transport optimization
properties must be achievable over arange of beta, down to roughly half the predicted limit. The
use of separate 3D saddle coils and axisymmetric coils to produce the external magnetic fields,
discussed in Section 2.D, should allow experiments to vary the parameters thought crucial for
controlling stability and transport: shear, magnetic transform, and plasma shape. The envisioned
coil set includes a separate set of windings located on the outboard side of the plasmato control the
edge magnetic shear, as originally discussed by Furth and Hartman [1]. The shear in the plasma
core region will be controlled via a small near-axis seed current and the bootstrap current, as
discussed in Section 2.C.3.

The NCSX should have an average minor radius of ~0.4 m, similar to the PBX-M average minor
radius of 0.44 m. The average minor radius must be large enough to inhibit neutral penetration,
which could produce substantial charge-exchange losses affecting beam heating, and must allow
good NB-ion orbit confinement. PBX-M had a calculated NB-charge-exchange loss rate of ~3% at
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adensity of 5° 1019 m-3 [5], while ATC had ~50% charge-exchange | oss-rate due to a minor
radius 2.5 times smaler and lower-density operation [6]. Neutral-beam heating efficiency is
reduced on small machines due to orbit-losses [7]. Fast-ion (50 keV) orbits were well confined in
PBX, with orbit losses ~10% of the NB power. Similarly, the non-thermal distortion of the
plasma distribution will increase if the plasma volume is reduced, as the inverse square of the
minor radius, due to the high-power heating required to reach the beta limit. Finaly, the
experimental results of this experiment should be comparable to similar-sized tokamaks, to assess
the merits of the two configurations. There have been a number of well diagnosed tokamaksin
this size region, including PDX/PBX, DIII, and ASDEX.

The magnetic field will be able to range from 1to 2 T to allow the scaling of the beta-limit and
confinement with field strength to be determined. Thisis necessary for both dimensional and non-
dimensional scaling scans. Operation at 1 T will ensure that there is adequate heating power to
reach the betalimit (even if the global confinement scales as in tokamaks), while 2 T operation will
ensure adequate beam-ion orbit confinement evenin a low rotational transform (q ~ 6) vacuum
configuration. The PBX-M magnetic field rangeis 1to 2.4 T. Power supply upgrades to allow the
full range of operational flexibility at 2 T can be implemented before Campaign 3.

The beta-limit studies should be conducted at a reactor-like collisionality to ensure that the limiting
instabilities are operating in the same kinetic/resistive regime. Representative operating points,
accessible with the proposed heating power for different campaigns, are tabulated in Table 2-1.
The confinement time is scaled to the 1SS95 sellarator global confinement expression [2],
assuming afixed iota= 0.35 for all cases. The first column assumes a confinement time of 2.3
times 1SS95, or 1.0 times ITER-89P for the equivalent tokamak. Thisis similar to the twice-
| SS95 confinement routinely observed on W7-AS, and shows that beta ~3.5% will be accessible
with the initid heating systems. The second column assumes the achievement of enhanced
confinement to a level of 4 times 1SS95, as part of Goa 4, and show that NCSX will be
energetically able to access beta> 7%. In al cases, the density profile is assumed to be ~flat, as
often observed in stellarators, and the temperature profile is assumed to be parabolic. The density
has been chosen in each case to obtain a reactor-like ratio of collison frequency to bounce-
frequency. Inall cases, the density is below the Sudo density-limit scaling [3]. For comparison,
PBX-M obtained 6.8% betaat 1.1 T using 5.5 MW of neutral beam injection (NBI) heating,
obtaining a confinement time of 53 ms [4], which is 1.7 times the I TER-89P L-mode scaling law
or 3.9 times the 1SS95 prediction. Beta limits have also typically been studiedat B » 1 T in
tokamaks, including DI1I-D, 1ISX-B, and ASDEX.

The PBX-M facility has 6 MW of NBI power at an energy of 40-50 keV, which will be sufficient
for Campaign (2). The beams can be arranged to all inject tangentially to limit orbit loss and
shinethrough. The heating power will be increased to 12 MW during Campaign 3 with the
addition of 6 MW of ICRF power from an available RF system, if needed to reach the beta limit.
Thiswill ensure access to the beta limit even if enhanced confinement is not obtained, as indicated
in the third column of Table 2-1, or at B = 2 T with enhanced confinement, as indicated in the
fourth column.
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Table 2-1: NCSX Accessible Operating Points

Improved
L-Mode Confinement Enhanced Enhanced

Major radius, R (m) 15 15 15 15
Average minor radius, &(m) 0.45 0.45 0.45 0.45
Aspect ratio, R/&in 3.3 3.3 3.3 3.3
Toroidal field on axis, B (T) 1.0 1.0 1.0 2.0
Plasma heating power, P (MW) 6 6 12 12
Volume-average density n (1019 mr3) 5 8 6.5 20
te multiplier * 1SS95 Scaling 2.3 4 2.3 4
Energy confinement time, tg (S) 0.021 0.047 0.016 0.089
Volume-averaged beta éii (%) 3.5% 7.8% 5.4% 7.3%
Central temperature, Tg (keV) 19 2.4 2.0 3.6
Current relaxation time () 1.1 1.6 1.2 3.0

For Campaigns (4) and (7), heating pulses of ~3 seconds, substantially longer than the resistive
equilibrationtimeat B =1 T, are required. By then the first wall must be capable of handling the
full heating power for this pulse length. Graphite plasma-facing components will be bakeable to
350 C to remove trapped hydrogenic gasses. The system should be capable of boronization and
lithium coatings, to control impurities and recycling, and it should be possible to glow-discharge-
clean between experimental plasmadischarges. It is expected that the edge rotational transform
will vary with beta due to the bootstrap current, preventing use of an island divertor during the
configuration exploration campaigns. Initial operation may use alimiter or alimited edge ergodic
region instead of a divertor, with later upgrades to the edge system to ensure adequate particle
exhaust handling. The NCSX should be capable of both gas-puff and inside-launch pellet fueling,
to allow plasma density control and some degree of density profile contral.

The NCSX must be well diagnosed to ensure accurate comparisons with theoretical predictions and
to provide an accurate characterization of compact stellarators for projection to future experiments.
The diagnostics will allow the time-dependent control and reconstruction of the 3-D magnetic
configuration, the pressure and current profiles, the total plasma energy, and any MHD instabilities
present. In addition, the evolution of the profiles of density and temperature will be measured for
therma transport analysis. ldeally, the radia eectric field will be measured, or else the
components of an ion rotation velocity, for comparison to theories of shear-flow turbulence
stabilization. Initially, a basic set of diagnostics required for first-plasma operation will be
implemented. Additional diagnostics will be brought on line as required to support the experimental
program.

Plasma initiation in NCSX will consist of breaking down the pre-fill gas using RF heating and
closed stellarator vacuum flux surfaces. Since the contribution of the bootstrap current to the
magnetic transform at high-betawill be significant, the startup of the plasma and the equilibration
of transform to the eventual bootstrap current must be designed. In addition, there must be
sufficient magnetic transform at the start of NBI to confine the beam ion orbits. Three general
strategies have been identified and will be investigated: 1) raise and hold the beta over atime
longer than the resistive equilibration time, using first RF and then NBI; 2) inductively drive a
plasma current to have a bootstrap-like profile to reduce the equilibration time and so accommodate
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the short initial heating pulse; or 3) modify the 3D shape of the plasma during the heating pulse, by
varying the coil currents, to vary the rotational transform and control the iota evolution.

2.C. NCSX Physics Design
2.C.1. Quasi-Axisymmetric Stellarators

Theinitial NCSX design will use quasi-axisymmetry [8,9] to obtain well-confined drift trgjectories
in a compact stellarator configuration. W7-X and quasi-helical configurations have previously
solved the problem of poorly confined drift trgjectories at relatively high aspect ratio, R/&i= 8-11.
The quasi-axisymmetric approach is well suited to lower aspect ratios. Studies have focused on
aspect ratios comparabl e to those of tokamaks, R/a= 3-4.5, corresponding to R/&afi= 2-4. (When
the tokamak convention is used for measuring the aspect ratio, R/a, ais taken to be the minimum
minor radius.)

In going to lower aspect ratio, the requirement of reduced pressure driven currents is removed.
The W7-X configuration has been designed to minimize Pfirsch-Schlueter and bootstrap currents,
and quasi-helical configurations also have reduced currents. Quasi-axisymmetric configurations,
in contrast, have Pfirsch-Schlueter and bootstrap currents comparable in magnitude to those of
tokamaks. The bootstrap current, however, can be used to advantage. To the extent that it
provides a significant fraction of the rotational transform, it allows the design of coils that are
simpler and farther from the plasma. Thisisimportant for areactor, where the distance to the coils
divided by the major radiusis acritical parameter that determines the minimum size of a device
with adequate space for blanket and shielding. In addition, by designing the configuration to have
the appropriate sign of shear relative to the direction of the plasma current, the perturbed bootstrap
currents also suppress magnetic islands. Thisisthe inverse of the neoclassical tearing instability
that has been seen in tokamak experiments. An estimate of this effect finds that, for a
configuration in which 50% of the rotational transform is supported by the bootstrap current, an
island whaose width would otherwise be 10% of the minor radius is suppressed by afactor of ~20,
to about 0.5% of the minor radius.[10]

Although the bootstrap current can potentially be used to great benefit, it also brings with it some
potential issues. Bootstrap currents may drive instabilities and may reintroduce disruptions into the
stellarator. Thisrisk is minimized by using the results of extensive stability calculationsto guide
the design, but experimental studies will be needed for a definitive determination of the conditions
under which disruptions are avoided. An experimental study of the potential benefits and dangers
of bootstrap currents will be a key focus of the NCSX experimental program, and the desire to
address the physics issues associated with bootstrap currentsis a key determinant of the required
plasma size, magnetic field, heating power and pulse length. To provide a good probability that a
disruption-free regime can be accessed in the NCSX, the coils will be designed to be capable of
providing 50% of the rotational transform at the predicted beta limit. Experiments on hybrid
tokamak-stellarator configurations on W7A[11] and CLEQO[12] found that disruptions were
suppressed when the fraction of the transform generated externally exceeded about 20%. These
experiments studied the stabilizing effect of external transform on disruptions at low g and high
density. The aspect ratio was high, and betawas low. The NCSX will investigate the suppression
of disruptions at lower aspect ratio, for values of beta near the predicted beta limit.

One theoretical explanation proposed for the suppression of disruptionsin W7A isthe stabilization
of the external kink mode by the externally generated transform.[13] These and related global
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MHD stability calculations have suggested that stellarators are more stable than tokamaks to
externd kinks.[14,15] The studies have found that externally generated shear is particularly
stabilizing for these modes. Our stability calculations confirm the strongly stabilizing effects of
externally generated shear for quasi-axisymmetric configurations, allowing them to dispense with
the tight fitting conducting wall and feedback that advanced tokamaks require for kink stabilization.
These calculations will be discussed below.

In contrast to the situation for kink stability, ballooning stability tends to be more of anissuein
stellarators than in tokamaks. Calculated ballooning beta limits for stellarators with R/&afi < 10 are
typically on the order of 2%, and quasi-symmetric stellarators have not been an exception to
this.[16,17] The ballooning beta limit isa critical problem in the design of an attractive quasi-
axisymmetric stellarator. This problem can be solved by imposing a strong axisymmetric (n = 0)
component of dlipticity and triangularity on the shape of the plasma boundary in quasi-
axisymmetric configurations. This approach opens up a previously unexplored regime of low-
aspect-ratio, quasi-axisymmetric configurations having good balooning stability properties.
Configurations in this regime have drift trajectories similar to those of tokamaks, aspect ratios
comparable to those of tokamaks, and bootstrap current as well as average dlipticity and
triangularity comparable to that of advanced tokamaks. They therefore tend to look like hybrids
between stellarators and advanced tokamaks. Relative to advanced tokamaks, however, they have
the advantages that the externally generated transform reduces or eliminates the need for rf current
drive, provides control over MHD stability properties through the i profile, and should provide
disruption suppression. Relative to the large-aspect-ratio stellarator, these configurations should
provide much more compact designs, with much higher wall loading. The NCSX will be designed
to flexibly explore arange of configurationsin this regime.

The physics properties of arange of quasi-axisymmetric configurations in this regime have been

examined. Ballooning stability, self-consistent bootstrap current profiles, neoclassical transport,

and kink stability have been evaluated. Much of the initial analysis has been done on configurations
having R/a @3 (R/&ah @2.1). The studies of these configurations have been motivated by an

interest in evaluating the potential attractiveness of the quasi-axisymmetric stellarator as a reactor

concept. For the NCSX, auxiliary coils and associated support structure will be added inside the

PBX-M vacuum vessel, and thiswill constrain the plasma aspect ratio to a higher value. The
physics design studies have therefore been refocused to higher aspect ratio configurations (R/a @
4.5, corresponding to R/&n @3.3) that are compatible with PBX-M. Constraining the configura-

tion in thisway leads to a reduction in the predicted absolute beta limit, but the beta limit is

nevertheless well above the canonica 2% value predicted for earlier quasisymmetric designs, and

is adequate to allow the basic physics issues (Section 2.B.1) to be well tested. An array of

stellarator codes is being applied to assess the physics properties of configurations at the higher

aspect ratio, and the designs are being adjusted as suggested by the results. To produce areference

design, two-, three, and four-period configurations that fit into PBX-M are being investigated. The

calculations with these configurations thus far, and the calculations with the lower aspect ratio

configurations (R/aan @2.1), lend confidence that attractive configurations having adequate quasi-

axisymmetry, self-consistent bootstrap currents, and attractive ballooning and kink stability beta
limits will emerge from this design process.

The analysis of designs that fit into PBX-M is still in progress. The status of these studiesis
described below, and lower aspect ratio configurations are also described to give a more complete
picture of the physics properties of QAS configurations.
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2.C.2. Plasma Configurations

In this section we introduce four quasi-axisymmetric configurations, two at the lower aspect ratio
and two at the higher aspect ratio, whose physics properties have been examined in some detail.
Configurations are generated using an optimizer based on the fixed-boundary VMEC equilibrium
code. [18] The four are summarized in the following table; their configuration details are
described in the remainder of this section, and their physics performance will be discussed in the
remainder of Section 2.C.

Quasi-Axisymmetric Configurations Studied

[ 1 [ IV
Aspect Ratio, R/&i 2.1 21 3.3 34
“Tokamak” Aspect Ratio, R/a 3.0 3.0 4.5 45
Number of field periods 2 4 3 3
Rotation transform (i) rising near No Yes No Yes

edge?

Externally-generated transform 0.16atedge, 0.2atedge, 0.13atedge, 0.15at edge,
flat profile 0 in center flat profile  0.12 at center

Volume averaged beta (%) 5.3 6.5 3.7 4.7

Bootstrap current (kA) at B=1T 300 350 265 200

Internally-generated transformat  60% of total ~ 50% of total  65% of total ~ 55% of total

edge

Figure 2-1 shows the transform

AR PR B profile and the portion of the trans-
Toral Transfoem - oo form generated externally for Con-
figuration |, a two-period config-

8 1 1 r T

i | 1 uration with aspect ratio R/&ai @2.1
(R/a@3). The gquantities are plotted

o4 b L versus the square root of the toroid-
il ™ al flux normalized to its value at the

- ot i | plasma boundary. The configura-

tion has &f = 5.3%, and an exter-
nally generated transform of about
8.2 b 1 0.16, with the profile of the exter-
nally generated transform relatively
flat. At &h = 5.3%, the bootstrap

D e e I S TP TR

Bl : current generates about 60% of the
transform at the plasma edge. The
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Fig. 2-1. Rotationa transform profile for a two period
configuration with R/&ai @2.1, flat external transform pro-
file. (Configuration I).
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Fig. 2-2. Rotational transform profile for four period
configuration with R/&i @ 2.1, monotonic rotationa

transform profile. (Configuration 1)
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Fig. 2-3. Rotational transform profile for a three-period
configuration with R/&ah @3.3, flat external transform profile

(Configuration I11).
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Externally generated transform can
be used to produce quasi-axisym-
metric configurations with mono-
tonic transform profiles. One such
profileis shown in Fig. 2-2. This
corresponds to Configuration I, a
four period configuration with R/&fh
@2.1 (R/ a@3), b @6.5%. Exter-
nally generated transform is pro-
duced only near the plasma edge,
and it rises to about 0.2 there. The
possibility of producing a monoton-
ically increasing transform profile
(monotonically decreasing q profile)
is a potentid advantage of
stellarators over tokamaks, where
this is not possible. A reversed-
shear tokamak must always have a
shear reversa layer outside of
which qisincreasing. The shear
reversal layer tends to be associated
with sability problems, such as
infernal modes. In the region of
increasing g, the tokamak is poten-
tially unstable to neoclassical tearing
modes.

Figure 2-3 shows the rotationa
transform profile for a plasma
which is constrained to fit into the
PBX-M vacuum vessel with ade-
quate room for coils and support
structure, Configuration I11. It has
ahigher aspect ratio, R/&ah @ 3.3
(Rla @4.5), three periods, b @
3.7%, and about 35% of the trans-
form at the edge generated exter-
nally. The profile is nonmonotonic.
Figure 2-4 shows the plasma boun-
dary for Configuration I11. Variants
of Configuration 111 with increased
externally generated shear have
recently been developed, and these
are still undergoing optimization.
One such variant is Configuration
IV, with RAa @ 34, a



R’
Fig. 2-4. Plasmaboundary of quasi-axisymmetric configuration with R/&aai @3.3.

rising i near the edge, and about 45% of the transform at the edge generated externally.

2.C.3. Self-Consistent Bootstrap Current Profiles

The bootstrap current is determined by the Fourier spectrum of mod(B) in Boozer coordinates.
Then 1 0 Fourier coefficients vanish in perfect quasi-axisymmetry, and the bootstrap current
therefore tendsto look like that in atokamak. In particular, the bootstrap current is comparable in
magnitude to that in atokamak, providing substantial rotational transform. The design procedure
for quasi-axisymmetric stellarators adopts, as a starting point, advanced tokamak pressure and
current profilesin which the current profile is well aligned with the bootstrap current drive. The
current is about 90% bootstrap driven in configurations | and 11, and about 80% bootstrap driven
in Configuration I11.

For steady state operation in areactor, it would be desirable to have the internal current driven
amost entirely by the bootstrap effect. Configurations with substantial externally generated
transform require little or no seed current to maintain an equilibrium. The seed current in
Configuration 111 has been reduced from 38 kA to about 1.2 kA (less than 0.5% of the tota
current), and the equilibrium has been reconverged with self-consistent bootstrap currents
calculated using a bootstrap code developed at NIFS in Japan.[19] Fig 2-5 shows the rotational
transform profiles for seed currents of 38 kA, 12 kA and 1.2 kA. The sensitivity to relatively
small seed currents gives external control over the transform profile near the magnetic axis,
increasing the flexibility of the experiment.
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Fig. 2-5. Rotational transform profile for several values of the

seed current in Configuration 111,

2.C.4. Ballooning Stability

Balooning  stability[20]  is
assessed using the three-dimen-
sional ballooning code devel oped
by Cooper at CRPP, Lausanne.
To validate the results, the pre-
dictions have been benchmarked
against those of the three-dimen-
sional ballooning code devel oped
by Nuehrenberg's group at 1PP-
Greifswald.

The four configurations de-
scribed above are calculated to be
ballooning stable at &fivalues of
5.3%, 6.5%, 3.7%, and 4.4%
for Configurations |, 11, 11, and

IV, respectively. The difference in the ballooning beta limit between the low and high aspect ratio
configurations is generally consistent with an inverse aspect ratio scaling of the beta limit. The
difference in the ballooning beta limit between Configurations | and 11, and between 111 and 1V,
appear to be due to shear stabilization of the ballooning mode near the plasma edge.

Figure 2-6 shows the ballooning eigenvalues calculated for Configuration 111 as a function of the
flux coordinate at &fi= 3.7%. All of the eigenvalues are negative, indicating stability. Note that
there is significant headroom in the plasmainterior to increase the pressure gradient there and raise
beta, while maintaining ballooning stability. The sameistrue of Configuration V.
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Fig. 2-6. Ballooning eigenvalues for Configuration I11.
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2.C.5. Neoclassical
Transport

The configurations described
here were generated using an
optimization code to minimize
then! O Fourier components of
mod(B) in Boozer coordinates,
and they are of necessity only
approximately guasi-axisym-
metric. Eveninprinciple, itis
possible to impose exact quasi-
axisymmetry on at most asingle
flux surface, with the equilib-
rium equations dictating a devia-
tion from quasi-axisymmetry
that isthird order in the inverse
aspect ratio away from that flux
surface.[21]



We evaluate the neoclassical transport in our configurations to verify that they are sufficiently close
to quasi-axisymmetry. For that purpose, transport assessments have been made using a
combination of numerical and analytic tools.[22] When applicable, analytic theory is advanta-
geous, permitting one to assess scalings and effects such as the self-consistent radial electric field.
However, the theory is generally based on simplified models of the stellarator fields, which often
do not strictly apply to configurations of interest. In such cases theory can often still be used asa
more approximate estimate of the confinement performance one may expect. Complementary to
this has been the use of Monte-Carlo guiding-center codes developed at Oak Ridge and Princeton,
which use numerical descriptions of the magnetic field produced by MHD equilibrium codes.
Such results make no assumptions about the characteristics of the field. The two methods have
been benchmarked against each other. Analytic theory permits one to perform the integration over
energy, as well as computing the value of the radial eectric field needed to insure ambipolar
particle fluxes, not included in the Monte Carlo calculations but needed for proper estimate of the
confinement times.

It is desired that the neoclassical energy confinement times be long compared to the energy
confinement times expected for turbulent transport. We compare the calculated neoclassical energy
confinement times with an estimate of the level of turbulent transport, the 1SS95 empirical
International Stellarator Scaling. Our evaluations assume the PBX magjor radius R=1.5m. The
calculations for the R/&n@2.1 configurationsused B = 1.4 Tesla, T =3.5keV,and ngg = 0.3~

1020 m-3, For Configuration |11, the parameters were shifted to B = 1.0 Tesla, T = 2.2 keV, and
neo= 0.7~ 1020 m-3. The following results were obtained:

Configuration tgin€o [tg!SS  tpneo /tglSS

I 2.3 13
I 4.5 4.9
[l 3.7 10.3

The neoclassical confinement of Configuration 1V has not been fully evaluated, but the level of
residual ripple indicates that further optimization is necessary. For another recently developed
variant of Configuration I11 with monotonic rotational transform profile, the non-quasisymmetric
ripple has been reduced to the point where the neoclassical transport in the absence of any electric
field, isindistinguishable from tokamak neoclassical, but the shear is not adequate to provide good
kink stability.

2.C.6. External Kink Modes

Wefind that it is possible to stabilize external kink modes even in the absence of a close fitting
conducting wall by imposing a sufficiently strong externally generated shear near the plasma
boundary. Thispossibility of MHD stabilization via externally generated transform is one of the
unique advantages of stellarators. The potential use of externally generated shear to stabilize kink
modes was suggested in several early papers.[13,14] We have evaluated stability to external kink
modes using the Terpsichore[24] 3D MHD stability code developed in Lausanne, Switzerland.

Figure 2-7 isaplot of the growth rate as a function of the shear at the plasma edge, calculated at
&n= 6.5%, for two series of low-aspect-ratio (R/&h @2.1), four-period equilibria having the
values of i at the edge indicated. There is a conducting wall at twice the minor radius, whereit is
believed to have little effect on the stability of the external kink mode. For each series of equilibria
the pressure profile and the current profile are kept fixed. The shear is controlled by varying the

26



shape of the plasma boundary. Theinstability is stabilized in each case for sufficiently large shear.
The stable equilibrium with iggge = 0.35 corresponds to a modification of Configuration |l in
which the current is reduced to 70% of the magnitude retained earlier. A reduction in the bootstrap
current of this magnitude can arise from realistic collisionality effects. The equilibrium is also
stable to ballooning.
An equivalent tokamak equil-
0.100—————————" " ibrium has a kink stability
beta limit of about 2.5% when
thewall is placed at twice the
minor radius. Advanced tok-
amaks rely on a conducting
shell for sability to externa
kink modes. To maintain
stability on the L/R time of the
shell, they must either rotate
the plasma, raising issues of
recirculating power, or they
oooOt———r e B must provide multi-mode
0.06 0.10 0.14 0.18 0.22 0.26 feedback stabilization on that
shear [i(S=1) -i(S=0.75)] ti me scgle. The possipility of
eliminating these requirements
Fig. 2-7. Growth rate of the external kink mode as a function of jsavery significant advantage
shear at the plasma edge. of the stellarator.
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Configurations at the higher aspect ratio (R/&a ii@3.3) with various levels of externally generated
shear are presently being studied. Configuration 1V iskink stable at a beta of 5.2% with the wall at
twicethe minor radius. It has a ballooning beta limit of about 4.4%, but at present has an
unacceptably high level of non-quasisymmetric ripple.  Optimization of this and related
configurationsisin progress. Experience in optimizing the lower aspect ratio configurations lends
confidence that an R/&afi @ 3.3 configuration combining attractive MHD stability and good
neoclassical confinement will emerge from the systematic design process.

The calculations described in this section have demonstrated the significance of shear near the
plasmaedge. Inthe experiment it will be desirable to have the flexibility to control the edge shear.
This will be done using a set of high toroidad mode number, outboard coils smilar to those
proposed by Furth and Hartmann[25]. These coils produce a helical corrugation of the magnetic
surfaces localized to the region near the midplane and to the outer region of the plasma, and they
produce an associated rotational transform. Limiting the corrugation to near the midplane should
minimize ripple-induced transport. (Helically trapped particles on the midplane drift verticaly,
parale to the flux surface) Figure2-8 shows the modification produced in the rotationa
transform profile for one quasi-axisymmetric configuration by a helical corrugation of this sort.
The costing of the NCSX has made provision for a set of such outboard coilsto control the shear.
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Fig. 2-8. Modification of the rotational transform profile of a
quasi-axisymmetric configuration produced by a helicd
corrugation of the plasma boundary localized to the region near the
outer midplane.

2.D. Engineering Design

Engineering design studies have been carried out to investigate feasibility and cost issues
associated with the construction of the NCSX based on a modification of the PBX-M facility at the
Princeton Plasma Physics Laboratory. The objective isto meet NCSX experimental requirements
with a cost-effective and low-risk design. The activity isin the preconceptual stage; further design
work isin progress to refine the reference plasma configuration, performance requirements, and
machine design.

2.D.1. ThePBX-M Facility

The PBX-M facility site credits include: alarge, open vacuum vessel; aflexible poloidal field (PF)
system; a toroidal field (TF) system; power and energy supplies; auxiliary heating systems;
extensive diagnostics, and atest cell and site utilities. The original cost of the PDX tokamak struc-
tures alone was $18M in circaFY-77 dollars, and the neutral beams about $12M (about $46M and
$30M, respectively, when escalated to FY-98 dollars). The facility has remained intact and in a
state of readiness for re-start within afew months.
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The PBX-M TF coils and power supplies can
provide 1 T at amajor radius of 1.5 m with a
flattop of 22 s, and 2T for 1.5s. They are
driven from the C-Site MG sets, which provide
ample power and energy to meet NCSX needs.
The TF coils are designed with demountable
joints, which provides the option of disassembling
them, if necessary, to facilitate installation of new | |
components. l

|

The bore of the TF coilsis occupied by the PF !
coils and a large racetrack-cross-section vacuum | |
vessel with aremovable upper dome. (Fig. 2-9)
The existing PF system provided the poloidal flux
change and equilibrium fields necessary to drive
and sustain plasma currents up to 600 kA for

1.5s. Lower currents could be sustained for = A
longer times. The NCSX is anticipated to require ' \*ﬂ . =L . )
plasma currents, perhaps up to 400 kA, with beta | ! 5 w\ /
values within the range of those achieved on

PBX-M (upto 6.8% at 1.1 T toroidal field). The !
coils which provide the poloidal flux change (the | F; gure 2-9 - Elevation View of PBX-M
OH coils), vertical field (primarily the outer EF Tokamak

coils), and radial field (for verticd position
control) are located outside the vacuum vessel and can be re-used, along with their power supplies,
for al of the plasma configurations being considered.

The large, open vacuum vessel of PBX-M provides outstanding flexibility. Theinside of the
vacuum vessel has already been configured three different ways-- PDX, PBX, and PBX-M. In-
vessel PF coils have been relocated or removed, new in-vessel PF coils have been added, and
plasma facing components have been reconfigured. The reconfigurations being considered for
NCSX are conceptually similar, except that the new in-vessel coils would provide a helical (non-
axisymmetric) field, instead of apurely poloidal (axisymmetric) field.

2.D.2. Torus Modifications

For initial investigations of engineering design solutions, atwo-field-period, quasi-axisymmetric
plasma with 40% externally-generated rotationa transform was used as a prototype plasma
configuration. A beta value of 4.5% was assumed with a plasma current of 220 kA. This
configuration was not optimized for physics performance, but scaled from an optimized low-

aspect-ratio configuration to fit within the PBX-M vacuum vessel. The plasma was constrained to
fit within two fiducial cylinders defined with radii of 1.05 m and 1.85 m to ensure that it would fit
within the PBX-M vacuum vessel with reasonable space |eft over inboard and outboard of the
plasmafor a scrape-off layer (0.05 m), first wall and liner (0.05 m), gap (0.025 m), and helical-

field coils and structure (0.15 m). The average major radius is 1.53 m with a vacuum toroidal

field of 1.05 T. While afully-optimized reference plasma configuration for NCSX has not yet
been developed, this prototype is representative of the configurations of interest for engineering
and cost evaluation purposes.
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Coil geometries are determined using the NESCOIL suite of codes developed by P. Merkel and
M. Drevlak at IPP in Germany. The coils are designed to minimize the calculated error in the
normal component of magnetic field on the plasma boundary, taking into account fields from
plasma currents and from TF and PF coil currents.

To facilitate the selection and development of the helical-field coil design, a survey was made of
possible coil topologies using NESCOIL. The saddle coil configuration appeared attractive for a
number of reasons. Saddles can be wound in place without requiring a spool of conductor or a
winding form to be rotated, or can be constructed in segments brought in through the horizontal
ports. They allow good access on the outboard midplane for plasma heating and diagnostic
viewing. From a control standpoint, they have the advantage of no inductive coupling between the
saddle-coil and the TF and PF coil circuits. The basic pattern for the inboard coilsis a set of six
nested saddle coils. These coils are mirrored once per period and rotated 180° for the second
period. Thetota number of inboard saddle coils totals twenty-four. The complete set of inboard
saddle coilsis shown in Fig. 2-10. The conductors are nominally centered on a surface that
conforms to the plasma surface, offset by 0.20 m. Currentsin individual saddles range from
40 kA-turns to 95 KA-turns.

The saddle coils are mounted on vertical, radially oriented ribs, as shown in Fig. 2-10. Theribs
are supported on the top and bottom by horizontal plates which react the radial bending loads
transmitted from the vertical ribs. Preliminary calculationsindicate that the stressesin the ribs and
horizontal plates are modest (under 100 MPa) for the nominal thicknesses (1.25 cm). Thein-
vessel structure formed by the ribs and horizontal plates would be pre-assembled with high
precision pins and then disassembled, fed through the horizontal ports, and re-assembled within
the vacuum vessel. Installation of the saddle coils would follow. The present design concept calls
for the use of a flexible conductor which can be laid into precisely located tracks and potted in
place. A vacuum seal is provided by welding covers over the coils. Similar techniques were
sucessfully accomplished on PBX-M.

Besides the inboard saddle coils, additional saddle coils on the outboard side are assumed to be
required to provide detailed plasma shape control and flexibility. A periodic coil structure, also
poloidally localized on the outboard side to provide independent edge shear control (e.g., “Furth-
Hartmann” coils) isincluded in the cost estimate as well.
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Between the saddle coils and
the plasmais a vacuum liner oo e
which provides a low — "

conductance barrier between
the plasma region and the
region of the coils and
vacuum vessel. It is con- Inboard Saddle Coils
structed of panels which can
be removed to provide access
to the saddle coils and other
components for maintenance
and precison dignment of

L]
the coils. The liner will be
bakeable to 3500C and de- Rib Atignment/Support
signed to be armored com- Structure
pletely with carbon tiles. Figure 2-10 - Isometric View of Inboard Saddle Coils and In-
An dternative to the through- Vessel Support Structure

the-port assembly method is

to install the new in-vessel components from overhead. Thiswould entail clearing away much of
the equipment surrounding the device, removing much of the machine support structure, and
disassembling the TF coils. The TF coilsarejointed at the top and bottom, requiring removal of all
TF coils turn by turn. The upper OH coils and upper vacuum vessel dome would be removed,
providing access to the vessel interior. In this approach the in-vessel structures can beinstalled in
larger subassemblies than is possible with port access, and assembly activity in the confines of the
vacuum vessel is significantly reduced. Assembly options will be further evaluated and the
optimum one selected as part of the conceptual design process.

In summary, a design concept for an experiment to test the physics of compact stellarators has been
developed based on an in-vessel modification of the PBX-M facility. More work isrequired to
establish the feasibility and optimize this design concept, but preliminary design and analysis
results are encouraging.

2.D.3. Facility Modifications

Plasma heating systems will be provided in the initial facility configuration and augmented as
required by the program. Initially, an electron cyclotron heating system (~100 kW, ~100 ms) will
be provided for plasmainitiation, and a reconfiguration of the existing PBX-M neutra beam
injection (NBI) system (6 MW, 0.3 s) for heating to high beta.

The NBI system includes four beamlines, of which currently two are tangential and two are nearly
perpendicular to the plasma. The two perpendicular beamlines may be re-oriented to tangential for
initial NCSX operation. The NBI system would later be upgraded for long pulses, providing
7 MW for 3-5s. The approach will depend on technology developments, such as an effort
planned by the MAST project at Culham Laboratory to extend the pulse length of similar ORNL-
developed neutral beamsto 5 s.

lon cyclotron (ICRF) heating will be added later in the program if needed to increase the total
heating power to 12 MW for 3 s pulses. The system would use 30-MHz sources already at the
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PBX-M site, which could be shared with the NSTX project. New launchers would be required for
high power operation and for special plasma control needs (e.g., flow-shear generation).

The extensive complement of diagnostics avallable at PBX-M will be re-used to the extent
possible, with modifications as needed. A basic set of diagnostics (magnetics, visible and infrared
cameras, microwave interferometer, wide-angle bolometer, and SPRED survey instrument) will be
implemented for first-plasma operation. Additional diagnostics (for example, Thomson scattering,
charge-exchange recombination spectroscopy, motional Stark effect, visible bremsstrahlung array,
bolometer array, electron cyclotron emission radiometer, Mirnov loop array, x-ray imaging, edge
probes, edge reflectometer, fast-ion loss probe, and beam-emission spectroscopy) will be brought
on line as required to support the experimental program.

The TF and PF coils will be powered with their existing power supplies and the site motor-
generator system. Required maintenance and testing will be performed prior to operation. New
power supplies will be procured for the saddle coils. Later in the program, power system upgrades
will be implemented, if necessary, to operateat 2 T.

The central instrumentation and control system and the data acquisition system will be modernized.
The approach will be patterned after the NSTX designs to minimize operating costs and facilitate
national collaboration in NCSX research.

2.E. Cost and Schedule

Cost and schedule estimates have been devel oped based on the pre-conceptua design work doneto
date on the in-vessel structures, experience from previous projects, and detailed knowledge of the
PBX-M equipment. Contingency at 25% is applied on an across-the-board basis. A more detailed
bottoms-up estimate must await the completion of the conceptual design. Estimated project costs to
configure the facility for first plasma are tabulated in Table 2-2 and total $34,860K in FY-99%.

The key proposed near-term milestones for the project are a Physics Vdidation Review
(November, 1998) and the Conceptual Design Review (May, 1999). A complete set of project
milestones will be developed during conceptua design. A preliminary budget profile for the
project, assuming first plasma at the beginning of FY-03, is provided in Table 2-3. Conceptual
Design (estimated at 10% of the TPC) will occur in FY-99 and construction is assumed to be
completed by the end of FY-02. These costs are tabulated as “Construction TPC.” During
construction, a parallel research preparation activity will be conducted to plan the experimental
program, develop experimental data analysistools, and prepare advanced diagnostics and other
facility improvements to be implemented after first plasma. These research preparation costs and
the operating costs for the first few years (assuming $20M per year in constant FY-99% for facility
operations, physics research, and experiments) are tabulated as “NCSX Operations.” The
expected facility enhancements to achieve long-pul se capabilities with full advanced diagnostics as
soon as practical, consistent with the physics research program are tabulated as “NCSX
Enhancements.” The facility would likely operate for about ten years (through FY-2012),
including an internal coil reconfiguration at an interim point, as appropriate.
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Table 2-2. NCSX Construction Cost Estimate (FY-99 M $)

Description
Torus System Modifications 139
Plasma Facing Components 2.7
Vacuum Vessd & In-Vessd Structures 3.0
Axisymmetric Coil Systems 01
Non-Axisymmetric Coil Systems 6.7
In-Vessal Measurement Systems 14
Auxiliary Hegting 14
Neutral Beam Injection 1.0
Electron Cyclotron Hesating 0.4
Fueling and Vacuum Systems 0.1
Power Systems 3.1
Utility Systems 0.3
Central 1&C and Data Acquisition 20
Diagnostics 1.3
Site Preparation and Facility Startup 14
Project Managment & Support 4.4
Project Management & Control 15
Project Physics 15
Systems Engineering 14
Subtotal 27.9
Contingency @25% 7.0
Total Project Cost (TPC) 34.9

Table 2-3. NCSX Budget Profile Through FY-2005 (FY-99 M $)

Fisca Year
1999 2000 2001 2002 2003 2004 2005
Construction TPC 35 9.0 12.0 104
NCSX Operations 04 0.7 13 4.0 15.0 15.0 15.0
NCSX Enhancements 0.0 0.3 0.7 15 5.0 5.0 5.0
NCSX Tota 3.9 10.0 14.0 15.9 20.0 20.0 20.0
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3. NEW CONCEPT EXPLORATION EXPERIMENT

3.1 A QO Concept Exploration Experiment Complements the QA PoP Test.

Two promising transport optimization strategies for a compact stellarator fusion power plant con-
cept have been devel oped theoretically: quasi-axisymmetry (QA) and quasi-omnigeneity (QO). The
determination of the optimal strategy to pursue is one of the program’ s goals. In assessments by
the stellarator community, both concepts have been judged to have sufficient promise and devel-
oped enough for a proof-of-principle test. The QA concept, which is likely more compatible with
the PBX-M vacuum vessel constraints, has been chosen for theinitial proof-of-principle testing in
order to minimize cost, as discussed in Sect. 2. But both the QA and QO concepts must be devel-
oped experimentally to provide the scientific base for the program’ s ultimate success.

A new concept exploration facility is needed to test QO optimization at low aspect ratio. Some
physics issues for the QO approach [3-1] are generally similar to those for the QA configuration,
but there are also important differences. The QO concept: (1) achieves reduced neoclassical |osses
by approximately aligning the particle drift surfaces with the magnetic surfaces, rather than relying
on guasi-symmetry; and (2) provides most of the rotational transform by current in externa cails,
minimizing the fraction of the rotational transform that is created by the bootstrap current. This
eases startup and reduces the sengitivity of the equilibrium to changes in the bootstrap current while
reducing susceptibility to disruptionsin away similar to that for QA configurations. Conceptualy,
the QO configuration is closer to the currentless W7-X advanced stellarator configuration, but at
1/3 the aspect ratio, than it is to the QA configuration, which is closer to an advanced tokamak
with a high-bootstrap-current-fraction combined with advantageous stellarator features, or to the
quasi-helically symmetric HSX configuration.

Figure 3-1 shows flux surfaces at toroidal angles of 0° and 45° (afield period is 90°) for a 4-field-
period (N = 4) PoP-sized (Rp=1.5m, B =1.4T) QO configuration with Rg/<a> = 3.6 for both
the vacuum configuration and &= 7%. Thereisamagnetic well across 80-90% of the plasma
cross section for &> 1%, with shear in +(r) at the edge stabilizing Mercier and ballooning modes.
The computed &ilimit for Mercier modes, high-n ballooning modes, and external kink instabilities
iIS>7%. Figure 3-2 shows the rotational transform profile +(r) for the same conditions. The cur-
rent profile used is consistent with the bootstrap current profile, and the magnitude is approximate-
ly self-consistent with the finite-b equilibrium; further calculations are underway to couple the
equilibrium and bootstrap current. Because of the canceling effects due to the bootstrap current
and the curvature-driven Pfirsch-Schliter current. for this particular QO configuration, the + profile
at &hi= 7% isnearly equal to its vacuum value at al radii. Thisimplies aninvariance of the + pro-
file over awide range of beta. Other QO configurations are currently being investigated that have
significantly lower bootstrap current. Because +(0) istypically >0.1 for QO configurations, it is
possible to find QO configurations that require no external net driven current, even on axis, to
obtain reasonablet profiles.

Figure 3-3 demonstrates one of the unique features of QO configurations: use of the flexibility in
the |B| Fourier spectrum to suppress the bootstrap current. A series of optimized N = 4 configura-
tions with increasing levels of either the helical or bumpy [B| components |ead to a bootstrap sup-
pression up to afactor of 20 below that of an equivalent axisymmetric device. These calculations
are not yet fully consistent with theinitia equilibrium, but preliminary results indicate that the self-
consistent calculation may lead to even larger suppression factors while maintaining QO transport
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Fig. 3-1. Flux surfacesfor afour-field-period QO configuration at toroidal angles of 0° and 45°
for the vacuum configuration (left) and at avolume-average beta & of 7% (right).
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levels. Although the study in Fig. 3-3 was done with separate configurations, it is possible that
some degree of variation of this type could be incorporated into asmgle coil set. Inaddition to
deviceswith +(r) ranging from 0.1 to 0.4, we .

have a so recently found that QO configurations
are possible with #(r) ranging from 0.6 to 1.
However, stability studies have not been per-
formed for these configurations yet.

Examination of fast ion confinementinan N =3
QO devicewithRg=1.4mand Bp=1.35T
indicates reasonable central (r/a< 0.5) confine-
ment up to ~100 keV. Above this energy, ions
begin to be lost due to loss of magnetic moment
conservation at large Larmor radius.

Figure 3-4 shows the outermost flux surface and
an unoptimized set of modular coils that produ-
ces an equilibrium nearly the same as that shown
in Fig. 3-1. In this optimization, the last closed
flux surface was computed for its desired Fig. 3-4. Thelast closed vacuum flux surface
physics properties, the coils were found that and the coils that produce it for the four-field-

created it, and the configuration that was actually P€riod QO configuration in Figs. 3-1 and 2.
produced by those coils was cal cul ated. ga?rr:éog(glsorof constant |B| are indicated by the

3.2 Physics Issues for a QO Concept Exploration Experiment.

A QO concept exploration level experiment is needed at thistime to: (1) provide a data base on low-
aspect-ratio QO-specific issues that can feed into the optimum design of a PoP-level QO test, and
(2) broaden the scientific base provided by the QA PoP and HSX experiments into |ow-aspect-ratio
non-symmetric stellarator configurations. Key issuesin exploring the QO optimization approach at
low aspect ratio are

(2) reduction of neoclassica transport via nonsymmetric quasi-omnigeneity, and the effect of
radial eectric fields on confinement;

(2) reduction of energetic orbit losses in non-symmetric configurations,

(3) reduction of the bootstrap current (cancellation by different B harmonics), its compatibility
with confinement improvement and the QO optimization, and the independence of + on b;

(4) production of sheared E~ B flow and understanding flow damping in non-symmetric config-
urations, important for affecting anomal ous transport;

(5) tests of the predicted dependence of the size of equilibrium islands on shear, the bootstrap
current direction, and beta; and

(6) tests of methods for particle and energy-exhaust control compatible with QO stellarators.

These research areas complement studies done on the quasi-symmetric QA and HSX configura-
tions and broaden our understanding of compact stellarators:
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3.3 The QOS Experiment

The degree to which these issues can be addressed depends on the scope of the QO device. Table
3-1 gives device parameters for two concept exploration experiments: a QO stellarator and the
existing HSX device. The mgor radius and magnetic field for QOS were chosen to limit the total
project cost to $6.5 million, approximately the same as that for HSX. The average plasmaradius
isthe same as that of the earlier U.S. Advanced Toroidal Facility (ATF), and larger than the 20-cm
radius of W7-AS and CHS, but the major radius and magnetic field are half that of ATF.

Table 3-1. Comparison of Device Parametersfor QOS and HSX

Device Parameter QO0S HSX
Average Mgor Radius, Rg (m) 1.0 1.2
Average Plasma Radius, <a> (cm) 28 15
Plasma Aspect Ratio Rg/<a> 3.6 8
Plasma Volume (m3) 1.55 0.53
Magnetic Field on Axis, Bg (T) 1 1.35
Maximum Plasma Current, I, (kA) <150
Pulse Length (s) 02-1 0.2
Electron Hesating 0.4-0.6 MW; 53/60 GHz 0.2 MW; 28 GHz
lon Heating >1 MW; ICRF

Flexibility for varying the magnetic configuration properties will be provided by three sets of
poloidal field coils, ason ATF, to vary the plasma current and the dipole (axis shift) and quadru-
pole (plasma oblateness) components of the poloidal field, and by small trim TF coils, as on HSX.

Plasma Performance. The practical difference between a concept exploration experiment and a
PoP experiment is the plasma volume and amount of plasma heating available, which determines
the range of beta and ion collisionality that is accessible, and the extent of the diagnostics. Table
3-2 givesthe projected plasma parameters for two values of plasma density and heating power for
a QOS concept exploration experiment, based on the | SS95 stellarator scaling with a confinement
improvement factor H = 2, similar to that routinely obtained on the low-shear W7-AS stellarator.
Up to an additional factor of 1.5 confinement improvement has been obtained in W7-AS. Achiev-
ing that level of confinement improvement, atarget for QOS, would increase the plasma parameters
in Table 3-2 by the same factor. Theflat density profile and parabolic-squared temperature profiles
characteristic of stellarators are assumed. The maximum density nmay IS calculated from the value
given by Sudo [3-2] with amultiplier of 1.2, asfound in ATF; with ECH nmax is determined by
the heating mode (2nd-harmonic X-mode or X-O EBW mode conversion [3-3]).

Table 3-2. Consistent Sets of Plasma Parameters for the QOS Experiment

Plasma Parameter 0.4-MW ECH 1-MW ICRF
Line-Average Density, ne (1019m3) 1.6 (2MdX) | 3.2 (O-X EBW) 3.2 10
Energy Confinement Time, tg (ms) 11 16 94 17
Volume-average beta, & (%) 05 0.7 1.0 1.8
Central Electron Temperature, Teg (KEV) 2.3 16 1.6 0.7
Central lon Temperature, Tig (keV) <<Te <<Tgn 0.8 0.7

38



Research Program, Cost and Schedule. Initial operation islimited to electron heating with
53- or 56-GHz ECH and a base set of standard diagnostics. Plasma heating upgrades (ICRF an-
tenna) and a more sophisticated set of diagnostics will be funded out of the operating budget. Op-
eration with 0.4-MW ECH power allows significant investigation of the QOS research areas (1),
(3), (4), and (5) at temperatures up to 2.3 keV and & up to 0.7%, but mainly for electrons. The
later increase in heating power, which allows ion heating and higher beta, and upgrades to the
diagnostic capability, will extend these investigations to more relevant parameters (and to energetic
ions) and allows study of areas (2) and (6). Steerable ECH antennas allow studying on-axis and
off-axis electron heating and an | CRF antenna allows studying fundamental, second harmonic,
minority species, and IBW heating schemes. Although the &fivalues expected are not enough to
test predicted MHD limits, these beta values are sufficient to study bootstrap-current related issues.

Confinement improvement is akey research area for the QOS experiment. Because of the P-0-59
dependencein t g/SS95, afactor of 1.5 confinement improvement is equivalent to increasing P by a
factor of 2.7 for &fiand Tej, and afactor of 5.4 in P for afactor of 2 confinement improvement.
Low neoclassical losses allow tests of anomal ous confinement improvement; spoiling neoclassical
confinement allows testing the degree of neoclassical improvement. Neoclassical confinement for
an N = 3 configuration, for Bg = 1T and no ambipolar radial electric field, is»2-3 times better than
the 1SS95 stellarator scaling. Inclusion of the ambipolar electric field further improves neoclassical
confinement by more than a factor of 3. The electric field can be modified through ICRF and
biased probesto affect neoclassical confinement.

The QOS experiment requires an annual budget ~10% of that for the PoP facility, or »$2.5 mil-

lion/year. Thetotal project cost (TPC) includes all design, R&D, construction, site preparation,
installation of 200-kW ECH, and a base set of diagnostics. About 3-4 years would be required for
construction and commissioning the experiment after afinal optimization and design phase. There
are significant resources at ORNL, UTX, and PPPL that can be applied to the experiment to reduce
costs: heating systems, power supplies, control systems, the standard set of tokamak diagnostics,
aswell as specialized diagnostics (heavy ion beam probe, phase contrast imaging, etc.). Extensive
collaborations, nationally and internationally, and use of thesis students will allow extending the
scope of the program.

Table 3-3. Cost Profile for QOS Project (M3$)

Fiscal Year 1999 2000 2001 2002 2003 2004 2005

Construction TPC 0.5 1.1 1.8 2.1 1.0

QOS Operations 0.1 0.1 0.1 0.1 1.0 13 15

QOS Enhancements 0.0 0.1 0.1 0.1 0.4 1.2 1.0
QOS Total 0.6 1.3 2.0 2.3 2.4 2.5 2.5
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4. ONGOING CONCEPT EXPLORATION EXPERIMENTS

A. Helically Symmetric Experiment (HSX)

The Helically Symmetric Experiment (HSX) [1,2] isthe principal element in the U.S. stellarator
program at the present time. Construction is nearly complete with operations to commence in FY
1998. The goal of the HSX experimental program isto test the improved confinement properties
in quasi-symmetric configurations and to exploit its unique geometry to eucidate outstanding
issuesin toroidal confinement. The symmetry in the |B| assures neoclassical transport analogous to
the tokamak and reduced by nearly two orders of magnitude from the conventional stellarator in the
collisonlessregime. The primary objectives of the physics program are:

Verify reduction of neoclassical transport for quasi-symmetric configurations; quantify levels
of symmetry necessary to achieve full benefits

Demonstrate areduction in the direct loss of deeply trapped particles

Show that restoration of a direction of symmetry leads to lower viscous damping of plasma
rotation on aflux surface

HSX isaquasi-helically symmetric [3] (QHS) device, and the only device of thistype in the world
program. The physical parameters of HSX are shown in Table 4.1. The symmetry is obtained by
reducing the toroidal curvature term in the magnetic field spectrum through appropriate shaping of
the plasma. HSX has the toroidal curvature of an aspect ratio 400 conventional device, while
being afully toroidal system of aspect ratio 8. The spectrum thus possesses a single dominant
helical harmonic, with symmetry breaking terms well under 1%. QHS configurations have also
been identified [4] numerically at aspect ratio 6 with only minimal increases in symmetry-breaking
terms from those in HSX.

QHS configurations have an effective transform given by the number of field periods minus the
actua transform, [N —#|; for HSX with four field periods and near unity transform, s ~ 3. Thus,
HSX will have neoclassical transport analogous to a g = 1/3 tokamak. The high effective trans-
form has multiple benefits, which factor into the elements of the experimental program:

Reduction of Pfirsch-Schitter and bootstrap currents; small finite-beta effects on the magnetic
field spectraand equilibrium

Smaller banana widths with accompanying improved confinement of high-energy particles;
HSX can fit as many banana widths within its 15 cm minor radius as a stellarator or tokamak
with amuch larger plasma cross-section.

Anomalous transport should be reduced, based on data from L-2 and I SS95 scaling, which
scale inversely with transform.

HSX isan extremely flexible device. The QHSfield is produced by a set of 48 modular coils. A
set of 48 planar, non-circular, auxiliary coils provides for variation in rotational transform, mag-
netic well depth, and spectral content. One configuration of the auxiliary coils (mirror-mode)
breaks the quasi-symmetry and increases the transport back to the level of a conventional stellar-
ator, with minimal effect on the plasma stability. In an alternate mode (well-mode), the plasma
stability limit to Mercier and ballooning modes [5] can be varied by afactor of 3 (Mercier: 0.4% to
1.3% , ballooning: 0.7% to 1.7%), with only small changes in the neoclassical transport. In the
mirror mode, direct losses are dramaticaly increased and the neoclassica electron thermal
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conductivity increases by 2-3 orders of magnitude. Finally, the parallel viscosity can be altered by
1-2 orders of magnitude to examine how changes in the plasma rotation and radial electric field
affect confinement.

H-mode confinement characteristics are not necessarily predicted in the HSX physics program.
The experimental program will, however, provide insight as to the mechanisms by which the
E ~ B shear necessary for the quenching of anomalous transport can be maintained. Through use
of the auxiliary coils, HSX can span the space between having alarge plasma flow contribute to
the radial electric field (in QHS mode) or having the non-intrinsically ambipolar electric field arise
naturally when the symmetry is broken. Additionally, HSX will investigate the relationship be-
tween anomal ous transport, effective transform, and the level of symmetry. Initial flow measure-
ments will be made using passive spectroscopy utilizing the C™ and other impurity lines. We are
implementing a CHERS system over the next three years for more detailed flow measurements.
Density profiles will be measured in HSX using a 9-chord interferometer being set up in collabora-
tion with David Brower of UCLA. We are also working with Brower and Tony Peeblesto set up
areflectometer for density fluctuations as we move more into the study of anomalous transport. In
addition to our 8-point Thomson scattering system, we have an ongoing collaboration with Neville
Luhmann’s group at UC-Davis to implement a 2-D ECE imaging system on HSX for electron
temperature profiles; this diagnostic will also provide electron temperature fluctuations for the
anomalous transport studies.

HSX will use a28-GHz gyrotron with a power output of 200 kW to heat the plasma el ectrons into
the collisionless regime for this first part of the HSX program. This has been shown to be effec-
tivein other stellarators of similar size and field strength, such as L-2, and isideal for carrying out
the above investigations. The 28-GHz heating does restrict HSX to operationat 1 T or 0.5 T and
to densities less than 10" cm™. Heati ng in the ion cyclotron range of frequenciesin stellarators
has typically suffered from impurity problems. Poor confinement of the high-energy ionsin the
rippled magnetic field is suspected as the cause of the unsuccessful results. Experiments per-
formed on CHS with ICRF heating [6] of ECH target plasmas has shown strong electron heating.
The loss of high-energy trapped ions produced in an ion heating regime degraded the performance
and limited the duration of the discharge. The high effective transform and good trapped-particle
confinement in HSX should permit effective ion or electron heating in the QHS mode with ICRF,
although we would need to operate at somewhat higher densities than CHS for ion heating to
reduce central charge-exchange energy loss. One megawatt of ICRF on HSX would provide a
wider range in the density-field operating space as well as provide direct data on effects of orbit
confinement and impurity production with ICRF. Additionally, the ICRF in combination with the
ECRH and auxiliary coils could allow tailoring of the radial electric field through differential loss
mechanisms over the plasma cross section. The addition of the ICRF is envisioned as an extension
of the main program after the primary goals above are accomplished.

In order to obtain maximum scientific benefit from the HSX experiment, tight coupling with the
theory and computation effort (Chapter 5) is needed in the following areas:. effects of small non-
symmetric fields (how much symmetry is enough?), ballooning mode stability limits (can they be
made low enough to test?), Fokker-Planck and delta-f modeling of ECH in HSX, and turbulence
and anomalous transport predictions for HSX-type plasmas.

HSX is presently in the second year of athree-year grant period, with afunding level of $1.6 mil-
lion. Theinitial HSX program can be achieved within this budget level. Base funding requests for

41



years beyond the present period will include modest increases to cover escalation in costs. The
funding profile is shown below for the next 8 years. Acquisition of RF systems ($0.5 million
total) isincluded in the profile for years 2001, 2002 and 2003 and is based upon the purchase of all
required components. The costs presented represent no magjor changes in the goals of the HSX
program; adjustments would be made as dictated by changes in program goals and available
funding.

Projected Budget Requests for Next 8 Y ears (in $M)

FY 1998 1999 2000 2001 2002 2003 2004 2005
Reguest 1.6 1.6 1.7 1.9 2.0 2.0 2.0 2.0

The HSX Device Estimated Parameters
Major radius: 12m Heating power (28 GHz ECRH) | 200 kW
Average plasmaminor radius: 0.15m Pulse length . 100 T;S
Field Periods 4 E'e‘"'t'g“ elde”S'ty <10

. o Central electron temperature

Rotational transform: i T (with 100 kW absorbed) ~1keV
Magnetic well depth 0.6% Energy confinement time (LHD) |2 ms
Magnetic field strength 1377 |Pesmadectronb 0.3%
Magnet flat-top (full field) 02s |"Me <0.1
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B. Compact Auburn Torsatron (CAT)

A major thrust of the proposed proof-of-principle program is the development of high perfor-
mance, compact stellarators that operate with a significant fraction of the total rotational transform
generated by the bootstrap current such that they represent hybrids between tokamaks and
stellarators. The immunity from current-driven disruptions, and more generally, from tearing and
kink modes, provided by the 3-D hybrid configuration is important to the success of these
concepts. To provide timely experimental input on current-driven stellarator instabilities at the
earliest possible opportunity, disruption and stability studies will be carried out in current-carry-ing
plasmas in the existing Compact Auburn Torsatron (CAT), suitably modified for these invest-
igations. These studies will support the PoP program by devel oping an understanding of current-
driven instabilitiesin aflexible stellarator characterized by a combination of vacuum rotational
transform, rotationa transform from ohmic current, and pre-existing magnetic islands at the
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rational surfaces (which could lead to locked mode-type disruptions). An additional modification
will alow ICRF heating and plasma generation issues to be investigated.

Experimentally, major disruptions have been shown to be suppressed in current-carrying stellar-
ators with avacuum transform aslow as i , = 0.14. [1,2] In the case of W-7A, the total transform
was about 0.65. These results are generally consistent with calculations of tearing mode stability
in stellarators [3-5] which also indicate the importance of the shear in providing stability. The
importance of understanding and controlling disruptionsin low aspect ratio stellarators motivates a
detailed experimental investigation of the physics of stellarator disruptions to support the proof-of-
principle effort. Because of the flexibility offered by two independently controlled helical coil sets,
the vacuum rotational transform in CAT can be varied from &, = 0.08 to 0.6, allowing a large
range of rotational transform, making it an ideal test bed for these studies. The moderate shear of
the vacuum transform is stellarator-like (di/ dr > 0), but can be reversed with sufficient plasma
current. The CAT upgrade will perform three essential functions:

1. Addition of an ohmic transformer and capacitor bank power supply to drive a plasma current Ip
£ 25 KA for stability studies. Multiple vertical field coil sets are aready available for additional
equilibrium control.

2. Increase of the magnetic field from 0.1 T (typ.) to 0.5 T with the use of motor generator sets
transferred from MIT and the University of Wisconsin to obtain higher plasma densities and
temperatures (Ne3 1 x 1019 m3; T3 200 eV).

3. Implementation of ICRF plasma generation and heating scheme (developed on CHS[6]) at a
power level Prs 3 100 kW, frequency f 3 6 MHz with a Nagoya Type-I11 antennato provide
target plasmas for current stability studies. The use of non-resonant |CRF plasma generation
allows operation over arange of magnetic field.

With the upgrade, ohmic rotational transforms i , £ £0.5 can be obtained, allowing full explora-
tion of external kink stability aswell asinternal resistive modes. The measurement of rotational
transform profilesin the upgraded CAT device will allow determination of disruption threshold
conditions in terms of external transform fraction and shear dependencies. The angle of the local
magnetic field will be measured by polarization of Zeeman—split lines of injected neutrals (e.g. Li
or He) using the present CW laser-induced fluorescence system on CAT. The results will be
interpreted with the VMEC equilibrium code to obtain the rotational transform profile.

Following the stability studies, the ICRF capabilities of the upgraded CAT facility will be used to
explore plasma generation, direct ion heating [7], and mode conversion electron heating [8] to
explore methods that can be used to achieve finite b plasmas in other PoP program devices.

The extended CAT program proposed here requires a base operating budget of about $320k/year.
In addition, about $200k is required in the first year of the program and $40k in the second year
for the upgrades needed for disruption studies. An additiona $150k is required for upgrades
needed to carry out the ICRF studies.
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5. THEORY

Stellarator theory has three fundamental objectivesin the context of the proof-of-principle program:
(2) the creation of aframework for the interpretation of experiments, (2) the devel opment of tech-
niques for the extrapolation of the results from the proof-of-principle to the proof-of-performance
level of experiments, and (3) the further optimization of stellarator configurations. A secondary
objective isthe general development of three-dimensional plasmatheory. Theory has had a strong
role in establishing the physics basis for compact stellarators, more so than for other fusion con-
cepts. The future development of the compact-stellarator knowledge base, and the world-wide
development of the stellarator, will continue to require a strong theory effort, addressing eight
areas. (1) MHD equilibrium, (2) magnetic island formation, (3) MHD stability, (4) neoclassical
transport and drift orbits, (5) microstability and anomalous transport, (6) divertor and edge
physics, (7) waves and heating, and (8) optimization of magnetic configurations. Theory progress
in all these areas will be important for the new U.S. experiments testing compact-stellarator con-
cepts aswell as existing experiments such as HSX and the large foreign experiments.

A. MHD Equilibrium

Several of the pioneering stellarator equilibrium codes were developed in the United States: BETA
[1], VMEC [2], and PIES[3]. The VMEC code is used worldwide as the fundamental design and
interpretation tool for stellarators. The PIES code, unlike BETA and VMEC, does not assume the
existence of good flux surfaces, and is therefore capable of handling magnetic islands and
stochastic field lines. The VMEC and PIES codes are the two major stellarator codes developed in
the U.S. that are widely used internationally and whose continued development and support are the
subject of active international collaborations. Since an expanded U.S. program will increase the
use of these codes for concept development, experiment design, and data analysis, improvements
in code performance and speed are needed. Ideas for further algorithm improvement in VMEC and
PIES, to improve the convergence behavior with increasing resolution of VMEC, and to improve
the speed of PIES [4], have been proposed and will be devel oped.

B. Magnetic I sland Formation

Equilibrium betalimitsin stellarators can be set by the formation of magnetic islands and magnetic
surface breakup. Thisissue does not arise in axisymmetric equilibria, but the physicsis closely
related to that of tearing modes in axisymmetric systems. Important physical effects, well known in
tokamaks, such as neoclassical tearing modes [5] and rotational shielding of resonant perturbations
[6] can change, and in many cases improve, the quality of stellarator magnetic surfaces. Stellarator
configurations with significant bootstrap current are of interest for the proposed U.S. stellarator
program. The PIES code will be modified to include perturbed bootstrap current effects, which
givesriseto the neoclassical tearing effects. The effects of rotationa shielding will also be
assessed. An agorithm that uses the output of the VMEC and BETA codes to estimate the quality
of the surfaces would be of great value in scoping and optimization studies and will be developed.

C. Stability

After equilibrium the most fundamental issue in the design or interpretation of experimentsis MHD
stability. Low mode number ideal instabilities are presently studied using the European codes
Terpsichore [7] and CAS3D [8]. Systematic calculations are required to determine the role of net
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toroidal current in configurations where the rotational transform is produced by both the plasma
current (asit isin atokamak) and external coils. Another important issue in stability is whether
localized stability criteria such as Mercier and ballooning give predictions that are pessimistic. The
predictions of localized stability analysis need to be compared with the results of stability codes that
include kinetic effects, aswell as with global MHD stability codes and with experiments.

D. Neoclassical Transport and Drift Orbits

The constraint of adequate confinement of the particle drift orbitsis not trivially satisfied in a stel-
larator, in contrast to the situation in an axisymmetric tokamak. Two fundamentally different
concepts for achieving good orbitsin stellarators are known: quasi-symmetry [9] and nonsymmet-
ric, or quasi-, omnigeneity [10]. A number of neoclassical transport issues remain to be ad-
dressed. An exampleisthe development of transport theory for quasiomnigeneous (QO) systems
in which the particle trajectories remain close to a flux surfaces but do not satisfy the symmetry
assumptions upon which much of neoclassical theory isbased. The quasisymmetric stellarators,
both quasi-axial (QA) and quasi-helical (QH), aways have some breaking of the symmetry of the
drift trgjectories [11]. Techniques that were developed to align the action (J= dmyydl) contours
with the magnetic surfaces in QO stellarators will be used to minimize the effects of symmetry
breaking in QA and QH stellarators. Some of these issues can be studied analytically, but the com-
plex geometry of stellarators generally requires numerical calculations. The U.S. DKES code[12]
isavariational spectral code which is in use worldwide for computing neoclassical transport
coefficients in stellarators. The df codes for neoclassical transport [13] pioneered in the U.S.
should be developed into production codes, which would provide useful tools for the study of
neoclassical effects and heating in the experiments. The output of these delta-f codes could be
statistically refined by coupling to the DKES code.

E. Microstability and Anomalous Transport

The empirical scaling of transport in stellaratorsis similar to that in tokamaks. However, no stel-
larator has been designed to minimize anomalous transport, and the advancement of understanding
in this areawill be an important goal of the proposed program. The gyrokinetic [14], gyrofluid
[15], and linear microstability codes [16] that have been devel oped for studying the microstability
and anomalous transport in tokamaks will be adapted to stellarators. Not only are such codes
required to interpret experiments but they can also address whether the broad range of magnetic
configurations available in stellarators allows a significant reduction in the predicted transport rates.
An important application will be the design of experiments that test critical physics issues of
transport minimization. For example, microturbulence such as the ion-temperature-gradient (ITG)
mode may break the ion longitudinal action invariant, and ease a design constraint on stellarators.
Methods to utilize flow-shear stabilization of turbulence and anomalous transport will be studied.

F. Divertor and Edge Physics

A strategy for dealing with particle and energy exhaust at the edge of the plasmais fundamental to
any fusion concept. Concepts for stellarator divertors exist and some computational studies have
been made. Codes that model tokamak divertors do not address important issues for stellarator
divertors. Thus, divertor theory that is appropriate for stellarator applications [17] requires signif-
icant development.
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G. Wave Propagation and Heating

Waves and heating techniques in stellarators, as in tokamaks, can play crucial roles: pressure and
current profile control, flow shear drive, control of electric field, heating and vel ocity space control
of selected particle populations. Aside from ray tracing, none of the computational tools for RF
propagation and absorption has been adapted for 3D geometry. Also the RF Fokker-Planck codes
have not included the multiple classes of trapped particles found in stellarators. Development of
these tools will be undertaken.

H. Optimization of Magnetic Configurations and Coils

All of the above studies, coupled with experimental results from the proof-of-principle and concept
exploration devices, will allow development of new, better-optimized, stellarator concepts. The
optimization efforts will have two aspects. the development of optimization criteriaand the explora-
tion of configurations satisfying these criteria. Improved optimizers will include more comprehen-
sive and more accurate physics criteria. They will apply increasingly sophisticated search algor-
ithms running on increasingly powerful (massively parallel) computers.

Both the plasma configuration and the coil design are important areas for optimization. The
standard method for studying coils is the European NESCOIL code [18]. In guiding optimization
efforts, anumber of subsidiary studies are required. An exampleisthe tradeoff between beta and
aspect ratio in a stellarator. Theoretically one can achieve volume-averaged betas in stellarators
above 30% at infinite aspect ratio [19], but how does this beta limit change as the aspect ratio is
made smaller? Also, new methods have been devel oped for enhancing the ballooning stability of
the QA and QO configurations, and these methods need to be studied to understand how they work
and what their range of applicability is. In particular it isimportant to apply such techniques to
quasi-helical symmetry, which isthe basis of the HSX experiment. Quasi-helical symmetry has
the desirable feature of very low parallel current but existing designs have low beta limits and
larger aspect ratios than the most compact QA or QO stellarators.

To carry out the required theoretical research effort in all eight areas requires approximately 16
theoristsin total, plus graduate students and postdoctoral fellows. Much of the needed increase can
be achieved through changes in the research focus of existing theorists, which will occur naturally
as the stellarator experimental program is strengthened. This resource estimate, equivaent to
approximately $3.5 million/year, would allow the United States to address the theoretical issues
that are critical to an innovative development of the stellarator concept.
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6. INTERNATIONAL COLLABORATION

Collaboration with the larger international stellarator program on selected topics is an important
element of the U.S. stellarator POP program because it provides information on stellarator concept
improvement that is not otherwise available in the U.S. program. The international stellarator
program is dready at the proof-of-performance stage. It features billion-dollar-class facilities now
operating in Japan (LHD) and under construction in Germany (W7-X, 2005) that are designed to
demonstrate steady-state disruption-free stellarator operation and alevel of performance that alows
extrapolation to devices capable of burning plasma operation. These large facilities are
supplemented by proof-of-principle ($30-100 million scale) experiments in Japan (CHS),
Germany (W7-AS), and Spain (TJI).

A. Experimental Collaborations.

The wide range of stellarator configurations accessible on LHD, W7-AS, CHS, and TJ-1I allows
study of high aspect ratio configurations, degree of helical axis excursion, magnetic-island-based
divertors, and the consequences of a modest driven plasma current, elements that are incorporated
in the low-aspect-ratio QA and QO stellarator concepts. Areas of particular importance are ion
heating and transport, neoclassical transport, role of electric fields in confinement improvement,
enhanced confinement modes, beta limits, practical particle and power handling, profile and con-
figuration optimizations, and steady-state performance. Study of these issues at higher aspect ratio
(A =5-11) and low bootstrap currents in foreign experiments complements the U.S. stellarator
PoP program, which focuses on lower aspect ratio (A = 3-4) and larger bootstrap current.

LHD (Japan). The order of magnitude increases in plasma volume, heating power, and pulse
length of LHD over that in existing stellarators allows studies of size scaling and stellarator physics
at more reactor-relevant parameters. Collaborations on LHD, which just began operating, should
be expanded soon to take advantage of the new opportunity.

(1) lon heating, transport, and orbit confinement will be studied through analysis of the ener-
getic ion distribution (a) toroidally and vertically at small to medium pitch angles and (b) tor-
oidally at larger pitch angles. Study of fast ion behavior is necessary for understanding the
effectiveness of neutral beam and ICRF heating, energetic particle orbit losses, and their
reduction with magnetic configuration properties and ambipolar electric fields. Reduction of
energetic orbit losses and the associated improvement in neoclassical confinement isimportant
for optimization of QO stellarators with large magnetic field ripple.  Understanding the ion
temperature behavior, its scaling, and the ion confinement improvement associated with internal
transport barriersisimportant to both QA and QO stellarators.

(2) Direct measurement of energetic particles on unconfined orbits will be done with an array of
lost-particle detectors. This provides additional information on energetic orbit losses and their
amelioration by tailoring the magnetic field spectrum and by ambipolar electric fields.

(3) An ECE array has been constructed for fast measurements of the electron temperature pro-
file, which isimportant for studies of electron heating and transport.

(4) High-b configurations will be analyzed using magnetic |oops, bootstrap current codes, and
3-D MHD equilibrium and stability codes. Understanding beta limitsis central to optimization
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of both QA and QO stellarators. Present stellarator experiments have not obtained &> 2.1%,
but éfi® 5% is predicted for LHD at amagnetic field of 1.5 T.

(5) Animaging bolometer array will be used to measure the amount and spatial distribution of
impurity radiation, which is important in understanding the overall power flow in LHD.

W7-AS (Germany). Confinement improvement and divertors are being studied in W7-ASin
magnetic configurations complementary to that of LHD. The U.S. is participating through

(1) pellet injection for central fueling and reduction of edge recycling to explore maximum
performance (higher b, longer tg, higher density), profile shaping for confinement improve-
ment, and central fueling with the island-based divertor system that will be installed in 1999.

(2), analysis of the consequences of a net plasma current (a key element of the QA and QO
concepts) and of a magnetic-island-based divertor applicable to modular-coil stellarators.

CHS (Japan). CHSallows study of transport and beta limits at plasma aspect ratios as low as
5. The U.S. has contributed in a number of areas: (1) HIBP measurements of the electric field,
critical for understanding neoclassical transport in stellarators; (2) minority-species and second-har-
monic | CRF heating; (3) measurement of direct fast-ion orbit losses; and (4) assessment of the
effectiveness of the local island divertor. These areas should be developed further on LHD.

TJ-I1 (Spain). TheU.S. can aso take advantage of the U.S.-supplied neutral beam heating sys-
tem on the TJI flexible heliac to understand beta limits and transport in a stellarator with alarge
helical axis excursion, an important ingredient in U.S. stellarator configuration optimization.

H-1 (Australia). TheH-1 flexible heliac allows studies of a stellarator with alarge helical axis
excursion in a configuration complementary to that of TJHII.

A. Theory Collaborations.

Collaboration on stellarator theory and computational tools devel opment can benefit U.S effortsin
support of compact stellarator concept development. Effective areas for international collaboration
are MHD equilibrium; Mercier, ballooning and kink stability; microstability; bootstrap current;
transport; optimization techniques; coil design; and effects of magnetic isands.

| PP-Greifswald (Germany). Thisstellarator theory group has provided the U.S. with access
to many computational tools, including stability, coil design, and optimization codes. Close
collaboration on magnetic island development through the PIES code has al so been carried on for
many years. The development of the QA and QO compact-stellarator concepts has relied heavily
on this collaboration. The U.S. program will benefit from continued interaction with this group.

CRPP-Lausanne (Switzerland). Thistheory group has state of the art codes for MHD
stability. In particular their ballooning code has been used extensively in the design of QA devices.
Their free boundary kink stability code is very fast and there is a three way collaboration with
CRPP-Lausanne and I|PP-Greifswald to verify crucial MHD stability calculations.

NIFS-Toki (Japan). The NIFS theory group has provided the bootstrap code used in the
design of U.S. compact-stellarator experiments. In the future we will be collaborating on island
formation by comparing PIES and the NIFS-Toki code, HINT.

Kyoto University (Japan). Joint work on interpretation of Heliotron E results has been
carried out for many years, most recently on the understanding of sawtooth oscillations in
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Heliotron E. The combined capabilities of linear stability codes at Kyoto and nonlinear codes at
ORNL isuseful in studies of the impact of profile modification by resistive interchange modes on
theideal MHD betalimitsfor stellarators.

CIEMAT-Madrid (Spain). ORNL and CIEMAT have collaborated on the conceptual design
and physics studies for the two stellarators build at CIEMAT, the TJ-IU and TJ-Il. Present col-
laborations with the U.S. are (1) development and use of the PIES code for free-boundary calcu-
lations of equilibria without the assumption of simply nested surfaces and (2) analysis and mod-
eling of plasma edge fluctuations and turbulence.

Universidad Carlos 111, Madrid (Spain). 3-D nonlinear codes have been developed with
applications to turbulence. New codes are used to study ballooning stability, low-n mode stability
using the Lagrangian averaging method, and the full 3-D stability of stellarator configurations.

NPFRF-Canberra (Australia). The theory group at the Australian National University are the
|eading experts on ballooning modes in stellarators. The focus of U.S. collaboration with this
group will be the development of capabilities for computer optimization on ballooning stability.

Kurchatov-M oscow (Russia). Thisstellarator group is expert in transport and kink stability.
The U.S. will continue collaboration on transport optimization using pseudo-symmetry.

The resources needed for the experimental collaboration efforts are $1.5 million per year.

7. SYSTEM STUDIES

Integrated physics and engineering systems studies are needed for assessing the reactor potential of
compact stellarators and for setting goals for the QA and QO experiments to achieve in order to
extrapolate to an attractive reactor. These capabilities have been developed in previous U.S.
stellarator reactor studies and in the ARIES tokamak reactor studies. The most recent stellarator
reactor exampleisthe U.S. Stellarator Power Plant Study (SPPS) , a"scoping study” at a smaller
scale than the typical ARIES study. A byproduct of the SPPS work was development of the quasi-
toroidal Modular Helias-like Heliac (MHH) configuration on which the SPPS was based. The
four-field-period MHH configuration has physics properties similar to the W7-X configuration,
but allows reducing the reactor size from Rg » 24 m (for the W7-X-based HSR) to Rg = 14 m for
the SPPS reactor. The possibility of further significant reductions in reactor size is a mgor
motivation of the proposed U.S. stellarator program; the goal is another factor of 2 reduction in
major radius.

The SPPS configuration extrapolated to a reactor power plant that was economically competitive
with the second-stability ARIES-1V tokamak reactor assuming that stellarators have the same unit
costs for components with complex geometry as tokamaks and that tokamaks have the same
availability as stellarators. Reducing the plasma aspect ratio should lead to significant cost reduc-
tions through reducing the mass of the most expensive parts of the fusion reactor core (the first
wall, blanket, shielding, and other components that scale with the plasma surface area).

The minimum size of a stellarator reactor. is set by the need for adequate space D between the edge
of the plasma and the center of the coils for the plasma scrapeoff/divertor region, the first wall, the
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thick (»2 m) blanket and shield assembly, the superconducting windings and assembly gaps, etc.
For atypical stellarator coil configuration, D/Rg is relatively small; the coils normally have to be
close to the plasma because the higher order multipole components that produce the desired
magnetic configuration decay away rapidly from the coils. More compact stellarators with larger
D/Ro would have a significant impact on the viability of stellarators as reactors.

Studies are needed to assess the potential advantages and design issues for QA and QO configu-
rations as fusion power plants relative to conventional stellarators and tokamaks. Initial scoping
studies are needed to examine the differences between QA and QO configurations as fusion power
plants; in particular the design consequences of the higher degree of spatial hon-axisymmetry for
QO configurations and the startup and control consequences of the larger bootstrap current for QA
configurations. An in-depth study (similar in scope to the ARIES studies) would clarify the trade-
offs on more issues than were possible in the SPPS, and would greatly assist optimization of these
new, more attractive, stellarator configurations.

The areas that need to be explored in detail for compact stellarator configurations include:

* cost/benefit tradeoffs for aspect ratio, beta limit, and confinement enhancement to guide the
physics optimization efforts and the targeting of experiments;

* limits on acceptable orbit losses for a-particles and other energetic ions to help bound how
much optimization of orbit lossesis required;

* consequences of practica particle (including impurities) and power handling to help integrate
the divertor geometry with the coil geometry;

* cost/benefit tradeoffs for plasma-coil spacing, access between coils, maximum field on the
coils, degree of nonaxisymmetry, etc. to guide optimization of the coil design; and

* integration of reactor systems optimization with stellarator physics and configuration
optimization to guide the development of self-consistent attractive reactor configurations.

A comprehensive compact stellarator reactor study would alow analysis of the benefits of reducing
the aspect ratio for stellarators in much the same way that the recent spherical tokamak reactor
study isalowing analysis of the benefits of reducing the aspect ratio for tokamaks.

The resources needed for this work average $1 million per year, alternating between 2 years of
scoping studies at the $0.3 million per year level and 2 years of the more detailed ARIES-type
studies with a specific QA or QO coil configuration at $1.7 million per year. However, this effort
would be funded as part of the ARIES program and not as part of the proposed program.
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