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NCSX Review

A subcommittee of the U.S. Fusion Energy Sciences Advi-
sory Committee (FESAC) reported conclusions of a sci-
ence and program review of the National Compact
Stellarator Experiment (NCSX) on October 23, 2007. The
committee examined the scientific issues for compact stel-
larators, the role of NCSX in the international context, and
the options for pursuing compact stellarator research.
They concluded that NCSX would have a profound impact
on stellarator research worldwide, noting that its compact
quasi-axisymmetric design is unique in the world pro-
gram.

The FESAC science review is one of a series of reviews
conducted this year in response to NCSX construction cost
and schedule issues. The NCSX vacuum vessel, 14 of the
18 modular coils (see Fig. 1), and 4 of the 18 toroidal field
coils have been fabricated, and assembly activities have
begun. In August, DOE's Office of Science reviewed a
new plan for completing construction and preparing for
the first plasma heating research campaign. The project
presented a schedule with first plasma in 2012 and the first
heating campaign in 2013. The review team found that
completion of the project within the new cost and schedule
estimates is achievable. An additional review, focusing on
detailed engineering design and construction issues, is
planned for early November. It is expected that the DOE
will make decisions on the future of the NCSX project in
the next few months.

More information about NCSX and slides for the upcom-
ing construction review can be found at
http://ncsx.pppl.gov/
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Fig. 1. Construction of the 14th modular NCSX coil is
underway.
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Theory of stellarators and
tokamaks in three dimensions

The NSTAB computer code applies the MHD variational
principle to calculate equilibrium and stability of toroidal
plasmas in three dimensions. Differential equations are
solved in a conservation form that describes force balance
correctly across islands that are treated as discontinuities.
The method has been applied to stellarators, including
LHD, and tokamak configurations such as DIII-D and
ITER. Despite the simplicity of the model, good correla-
tion has been obtained with observations from experi-
ments.

Sometimes the solution of the equations turns out not to be
unique, and bifurcated equilibria that are nonlinearly sta-
ble may exist when theory predicts linear instability. The
analysis shows that tokamak configurations such as ITER
do not remain axially symmetric at finite beta, for they
develop helical islands, which may manifest themselves
experimentally as neoclassical tearing modes (NTMs) and
edge-localized modes (ELMs). These results motivate a
continuing search for improved stellarator configurations
that employ relatively simple coils to generate good flux
surfaces even at the low aspect ratios typical of a tokamak,
retain the favorable high-beta equilibrium and stability
characteristics of LHD, and promise reduced transport by
virtue of quasiaxial symmetry (QAS).

The Maxwell stress tensor enables one to put the differen-
tial equations describing force balance in the conservation
form
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Comparable finite difference equations, summed over a
test volume, telescope down to a correct statement of force
balance over the boundary. In this way we capture discon-
tinuities in Clebsch solutions
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of the MHD variational principle
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Islands occur where the spectrum B, , defined by
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activates small denominators of the parallel current,
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An example of a discontinuous solution occurs in the RFP
model problem
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These equations have been implemented in the NSTAB
computer code. The accompanying figures demonstrate
code results for LHD and ITER.

Fig. 1. Poincaré sections of the flux surfaces of a bifur-
cated, nonlinearly stable LHD equilibrium at f=0.048. The
ripple in the flux surfaces on the right suggests that bal-
looning modes appear in the solution, but a reliable predic-
tion of the limit cannot be made without more information
about the experiment. The existence of several solutions of
the ideal MHD equilibrium equations is considered to be
evidence of linear instability.
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Fig. 2. Cycles of a calculation of the energy confinement
time tg in milliseconds for a neutral beam injection (NBI)
shot of the LHD experiment using a quasineutrality algo-
rithm to adjust the electric potential ®. Oscillations of ®
along the magnetic lines produce realistic transport, so
there is good agreement with the observed value. Results
from the LHD experiment have served to validate the
numerical simulations of equilibrium, stability, and transport
that are provided by runs of the NSTAB and TRAN com-
puter codes. The TRAN code models thermal transport by
performing a random walk among complicated orbits of the
ions or electrons, which are found from Runge-Kutta solu-
tions of a system of ordinary differential equations for
guiding centers. The results depend primarily on the mag-
netic spectrum of the plasma, which is obtained from runs
of the NSTAB code.
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Fig. 3. Four Poincaré sections of the magnetic surfaces
over one of three artificial field periods of a bifurcated, non-
linearly stable ITER equilibrium at = 0.03 with 0.9 > >
0.4. The ripple in the flux surfaces suggests that there may
be NTMs and ELMs in this three-dimensional solution of an
axially symmetric problem. Extensive studies of numerical
examples produce ample evidence that bifurcated equilib-
ria can be expected to appear in most tokamak problems,
so provision should be made for that. Convergent runs of
the NSTAB code can capture islands whose widths are
smaller than the radial mesh size and compute bifurcated
equilibria in examples where there is marginal linear insta-
bility, but global nonlinear stability, of the ideal MHD model.
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Fig. 4. Poincaré section of the flux surfaces of a bifurcated
ITER equilibrium at = 0.027 with net current bringing the
rotational transform into the interval 0.93 > ;> 0.37. There
are helical islands in this three-dimensional solution of an
axially symmetric MHD problem, which may model ELMs.
A forcing term was used early in the run to trigger a mode
that appears as a discontinuity in the three-dimensional
solution. This double-precision calculation converges to the
level of round-off error, showing that the discrete problem
has been solved. Islands are captured numerically by finite
difference equations in a conservation form that works
despite the nested surface hypothesis present in our math-
ematical formulation of the problem. The results are plausi-
ble on the long time scale of a magnetic fusion reactor.
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Fig. 5. Cycles of a calculation of the energy confinement
time 1 (in milliseconds) for the ITER tokamak using a
quasineutrality algorithm to adjust the electric potential ®.
The three-dimensional effect of ripple associated with a
system of only 12 toroidal coils has been introduced to
drive the radial electric field and cause the plasma to spin.
It is not clear that two-dimensional models adequately
describe transport in tokamaks. The energy confinement
time is calculated from an empirical relationship with the
particle confinement time. Without three-dimensional terms
we have not been able to reconcile discrepancies between
the ion and electron confinement times that are computed

by the Monte Carlo method in tokamaks.

Fig. 6. Diagram of a compact stellarator with two field peri-
ods. The color map of the plasma displays a QAS of the
magnetic spectrum that enhances confinement. The 12
moderately twisted coils generate a magnetic field
designed to keep the plasma in stable equilibrium sepa-
rated from material walls. The side view of this optimized
configuration shows that there is ample space between the
coils for NBI heating. A judiciously optimized QAS stellara-
tor may overcome poor transport and low ion temperature
observed in conventional stellarators, and with the poor
stability and ELM crashes observed in tokamaks.
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Fig. 7. Four out of 12 modular coils of the MHH2 stellarator
in a vacuum magnetic field defined by elementary potential
theory. The coils at the sides of the diagram are located at
corners over the full torus, so the distances between all the
coils can be estimated from the figure. Judicious filtering of
the Fourier series used to calculate filaments specifying the
geometry of the configuration defines shapes that are not
excessively twisted. Parameters have been adjusted to
provide ample space around each coil, and the aspect ratio
of the plasma is 2.5. The spacing is adequate for supercon-
ducting coils in a reactor with a major radius of 7 m or 8 m,
but there is difficulty fitting the coils together inside a small
experiment at high magnetic field. Through rigid motions,
four copies of the quadrant of coils shown in the plot can be
combined to give an accurate picture over the full torus.

Fig. 8. Cross section of a line tracing calculation for a QAS
stellarator displaying curves that define the control surface
for the coils and the shape of the plasma, together with
magnetic lines computed at § = 0. The flux surfaces and
islands outside the separatrix show that the magnetic field
is well organized for a divertor. This works because smooth
coils were found to provide the external field confining the
plasma. It is essential to choose the coils both so that the
stellarator can be constructed without too much difficulty
and so that the flux surfaces remain robust when realistic
changes are made in physical parameters. The formulas
that we apply to represent the plasma surface and the
shape of the coils are motivated by a knowledge of interpo-
lation and approximation in the theory of analytic functions
of a complex variable.
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Observation of an impurity
hole structure in LHD

It is desirable to minimize impurities in the core of a hot
fusion plasma because impurities cause reduction of the
fusion power density by enhancing the cooling of the
plasma by radiation and also by diluting the hydrogen fuel.
Therefore, impurity profiles have been observed with keen
interest because the transport and behavior of impurities
strongly affect the characteristics of the plasma in magnet-
ically confined fusion experiments. Here, we report that an
extreme hollow profile of the impurity carbon has been
observed in a high-ion-temperature plasma in the Large
Helical Device (LHD) in Toki, Japan.
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Fig. 1. Tangential lines of sight for charge-exchange spec-
troscopy on LHD.

Recently, a tangential line-of-sight charge-exchange spec-
trometer (CXS) was installed on LHD as shown in Fig. 1.
Emission from charge exchange of carbon with a 40-keV
neutral beam (BL4) are led to the fiber bundle by optics
installed in the view port for the armor tile monitor at BL3.
A dichroic filter is used to separate the light into a visible
component for the CXS and an infrared (IR) component
for the IR camera. The tangential line of sight has the
advantage that the line-integrated signal of charge-
exchange emission is less affected by the impurity pro-
files, while the noncentral charge-exchange emission is
dominant on the line-integrated signal using a poloidal line
of sight when the impurity profile becomes extremely hol-
low. An impurity hole is clearly observed in a discharge
with injection of a single carbon pellet, which is intended
to increase the deposition of the high-energy neutral beam

(~160 keV) and to increase the ion temperature. The mag-
netic field strength By = —2.676 T, the position of mag-
netic axis R,; = 3.6 m, the pitch parameter y = 1.254, and
the canceling rate of the quadrupole field B, = 100%.
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Fig. 2. Line-averaged electron density measured with FIR
interferometer. The bars at the top indicate the durations of
neutral beam injection from each beamline.

Figure 2 shows the time evolution of the line-averaged
electron density measured with the far infrared (FIR) inter-
ferometer. Neutral beam injection times are indicated by
the bars at the top in Fig. 2, and the carbon pellet injection
times and the CXS measurement times are indicated with
the arrows. The electron density rapidly increases just
after the injection of the carbon pellet at 0.8 s and then
decreases on a time scale of a few hundred ms, while the
plasma is sustained with three tangentially injected nega-
tive ion source neutral beams (BL1, BL2, BL3), and a
modulated neutral beam which has a positive ion source
(BL4). BL4 has been modulated to be on for 100 ms and
off for 100 ms to provide the both the signal and the back-
ground for CXS. The ion temperature increases during the
decay phase of the electron density. Figure 3 shows the
profiles of the ion temperature and the toroidal rotation
velocity. The ion temperature profile changes during the
decay phase of the electron density. The ion temperature
gradient after # = 1.45 s becomes more steep around R =
4.1 m, and becomes more gradual outside R = 4.3 m com-
pared with the ion temperature profile at # = 1.25 s. This
suggests that there is an improvement of ion transport
inside the plasma. It is also observed that the strong toroi-
dal rotation is driven in the co-direction by the neutral
beams associated with the increase of the ion temperature.
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density to ion density reached 0.3% at the plasma center,
40 and 10% near the edge (R = 4.4 m).
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Fig. 3. Profiles of (a) ion temperature and (b) toroidal rota-
tion velocity at t= 1.25 s (circles), 1.45 s (squares), and
1.65 s (triangles).
Figure 4 shows the time evolution of the density of the
carbon impurity at different radial positions. Decay times
of the carbon impurity in the inner region (R = 3.9 m, 4.1
m) are much shorter than in the outer region (R =4.5 m,
4.6 m). The profile becomes perfectly hollow at = 1.65 s,
while it is peaked at # = 1.25 s. Figure 5 shows profiles of
carbon density and electron density. Both are observed to
be peaked at r = 1.25 s. The profile of the carbon impurity
is observed to be extremely hollow, while the electron
density is observed to be peaked or almost flat at # =
1.65 s. This suggests that a strong outward flow of impuri-
ties may sustain the hollow profiles. The ratio of carbon
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Fig. 5. Profiles of (a) carbon density and (b) electron den-
sity at t=1.

25 s (circles) and t = 1.65 s (triangles).
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