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Abstract

The national compact stellarator experiment (NCSX) [EPS 2001, Madeira, Portugal, 18–22 June 2001] is a new

fusion project located at Princeton Plasma Physics Laboratory, Princeton, NJ. Plasma boundary control in stellarators

has been shown to be very effective in improving plasma performance [EPS 2001, Madeira, Portugal, 18–22 June 2001]

and, accordingly, will be an important element from the very beginning of the NCSX design. Plasma-facing components

will be developed systematically according to our understanding of the NCSX boundary, with the eventual goal to

develop a divertor with all the benefits for impurity and neutrals control. Neutrals calculations have been started to

investigate the effect of neutrals penetration at various cross-sections.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The national compact stellarator experiment (NCSX)

is a new fusion project of the US fusion program, de-

signed with the goal to develop a more compact fusion

reactor configuration which is intrinsically capable of

steady state operation and avoidance of disruption

problems [1]. The design incorporates tokamak and

Stellarator features for optimum confinement and sta-

bility. The main machine parameters are: R ¼ 1:4 m,

hai ¼ 0:32 m, three field periods, B6 2 T, PNBI ¼ 6 MW,

Prf ¼ 6 MW. Approximately 75% of the rotational

transform is provided by external coils and the rest by

the bootstrap current.

2. Development of plasma-facing components

It has been shown that plasma boundary control is a

key element in improving plasma performance in stell-

arators [2,3], as it has been for tokamaks. Accordingly,

the NCSX program incorporates a strong plasma

boundary component from the very start of the design.

The plasma edge in NCSX is 3-dimensional and sto-

chastic and developing optimal plasma-facing compo-

nents (PFCs) will take some iterations between modeling

and experiment. The PFCs will have complicated shapes

according to the 3-D plasma topology. A top view of the

plasma contour with the modular coils is shown in Fig.

1. Since our understanding of the plasma boundary is

limited at the beginning of operation, we will take a

phased approach to the development of the PFCs.

In a stellarator, the plasma boundary can be very

complex, with islands and ergodic regions with short

connection lengths which can themselves interact locally

with the walls. Therefore, for initial operation, limiter

operation may be more easily controllable, although it
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will likely not be optimal for plasma performance. The

first generation of PFCs will simply consist of three

poloidal limiters (one for each field-period at / ¼ 60�),
depicted in Fig. 2, which will be sufficient to protect the

walls and perform Ohmic operation.

The second generation of PFCs will have to be in-

stalled simultaneously with auxiliary heating. It will

consist of graphite wall armor on the inboard side of the

vacuum vessel, as is schematically shown in Fig. 3. This

armor will extend toroidally around; the exact configu-

ration at / ¼ 60�; . . . is still under discussion. The con-

figuration should be flexible enough to explore various

plasma configurations and their interactions with the

wall. It will also provide the first opportunity to study

boundary configurations with finite plasma pressure. In

this configuration it should be possible to explore plas-

mas of various size as well as limiter or separatrix con-

figurations.

3. Magnetic topology outside the last closed magnetic

surface

Based on recent results of W7-AS [2] divertor oper-

ation can make a major difference in plasma perfor-

mance such as increasing the energy confinement time

and reducing the particle and impurity confinement

time, to name only two of the observed improvements.

We assume that operation with the second generation of

PFCs (Fig. 3) will provide us with the database neces-

sary for a full divertor design.

In our computational studies, we have made exten-

sive use of a code originally developed for the design of

the divertor of the W7-X stellarator, magnetic field

solver for finite beta equilibria (MFBE), which is a new

magnetic topology code developed by Strumberger [4],

for magnetic configurations which have finite plasma

pressure. Prior calculations for the boundary of stella-

rators used only vacuum magnetic fields outside the last

closed magnetic surface (LCMS). In addition to these

vacuum fields, MFBE calculates all magnetic fields of

finite-beta, free boundary equilibria with plasma cur-

rents on a grid whose nodes may be arbitrarily close to

the plasma boundary. Unlike other stellarators, the

Fig. 1. Plasma contour and modular coils of the NCSX.

Fig. 2. First generation of PFCs: poloidal limiters at the

/ ¼ 60� location.

Fig. 3. Second generation of PFCs: toroidal inboard wall

armor.
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NCSX configuration has a bootstrap current compara-

ble to a tokamak with the same iota, having an external

transform fraction of about 75% and the rest by boot-

strap current, which will contribute to the structure of

the magnetic boundary.

For the NCSX boundary studies, the VMEC code is

used to determine free boundary finite beta equilibria [5].

The upgraded VMEC2000 code is an energy minimizing

equilibrium code which assumes nested flux surfaces and

therefore cannot be used to study islands and stochastic

regions inside the LCMS. Coupling of the VMEC2000

and MFBE codes allows the LCMS to be found by an

iteration procedure.

Stellarators are generally lacking the ordered mag-

netic field line structure with nested surfaces found in the

scrape-off layer of axisymmetric devices. For the M45

coil set of NCSX, the field lines do not form nested

surfaces outside the LCMS, but make many toroidal

revolutions close to it. This is shown in Fig. 4, which

depicts Poincar�ee plots for planes with the toroidal angles

of 0�, 30�, 60� and 90�.
The Poincar�ee plots in Fig. 4 are generated by fol-

lowing 10 field-lines each for 20 toroidal revolutions,

launched from the inside midplane (red) and the outside

midplane (green) respectively; the plots represent the

full-current, full-beta case. Typical Kolmogorov lengths

Lk for field-lines shown in Fig. 4 are in the order of 30–

50 m, while the field-lines were followed for 20 revolu-

tions, corresponding to 176 m. After 20 revolutions,

about 80% of the field lines stay within a band of 2.5 cm

outside the LCMS, so we assume that 80% of the field

lines have connection lengths Lc P 176 m. This means

that Lk is smaller than Lc, which means the field-lines are

stochastic, but since we do not have Lk � Lc the sto-

chasticity is moderate. In conclusion, a large fraction of

the field lines has sufficiently long connection lengths for

divertor operation.

The second boundary characteristic, important for

divertor operation, is the flux expansion in the divertor

region. The Poincar�ee plot in Fig. 4 shows for the / ¼
0�; . . . cross-section a flux expansion of 5–10 between the

midplane and the top and bottom of the bean shape.

This looks very promising for manageable heat loads

during divertor operation. A possible future divertor

configuration with divertor plates, baffles, and pumps is

shown in Fig. 5.

4. Heat flux peaking factors on the wall

Since the power loads on the wall depend largely on

the specific design of the PFC configuration, we calcu-

late here more generally typical peaking factors that can

be expected from the characteristic stripes resulting from

the plasma contacting the wall. As an example, we have

chosen the / ¼ 60�; . . . cross-section by moving the wall

as close as 2 cm to the plasma to investigate the resulting

peaking factors. Similar calculations will be done for the

loads on the actual PFCs.

We have used field-line tracing to estimate the power

loading on the wall surfaces. Here we describe the cal-

culation of the relative distribution of intersecting field

lines on the wall versus toroidal and poloidal angles. The

data for the wall intersections are taken from the field-

line tracing calculations using the Gourdon code fol-

lowing the work of Strumberger and Kisslinger [6,7].

The wall for these calculations is taken as a surface

that is nearly conformal to the VMEC LCMS, but then

shifted outward in major radius, such that the minimum

gap on the inner wall is 2 cm, while on the outer wall, the

gap is �10 cm. This way, virtually all of the field-line

intersections occur on the inside. The field-lines are then

started at the LCMS and diffuse in the perpendicular

direction with a diffusion coefficient of 1� m2/s to sim-

ulate anomalous cross-field heat diffusion. In order to

estimate the heat flux to the wall, we have produced a

numerical distribution function of the field line inter-

sections. The intersections with the wall are then binned

Fig. 4. Poincar�ee plots for the toroidal angles 0�, 30�, 60� and

90�; green field-lines launched on outer midplane (between 0

and 1 cm), red field-lines lauched on inner mid-plane.
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Fig. 5. Divertor configuration for NCSX with divertor plates,

baffles and pumping option.
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on a uniform 2D mesh in ð/; hÞ space using linear in-

terpolation. The toroidal angle / has its origin at the

center of the bean cross-section, and the poloidal angle h
has the origin at the inner midplane of the cross-section.

The result is shown in Fig. 6 where we have normalized

the distribution such that it represents the increase over

a uniform distribution of field-line intersections. The

dark blue background corresponds to any value of the

peaking factor less than unity.

This procedure provides a first estimate of typical

peaking factors on the wall and predicts a maximum

peaking factor of about 42, such that the maximum

power load, Smax, would be given by Smax ¼ 42Pwall=A,
where Pwall is the power to the wall and A is the first-wall

area, which is approximately 40 m2. So, for a power flux

of e.g. 6 MW to the wall, the peak power flux would be

�6 MW/m2.

5. Neutrals transport calculations

The primary objective of the neutrals studies re-

ported here is to examine neutrals penetration at various

plasma cross-sections. Effects of the 3-D geometry are

determined with calculations in toroidally axisymmetric

geometry for several poloidal cuts combined with a to-

roidal midplane cut. Particular attention is focused on

neutral penetration of the radially thin region near

ð/Þ ¼ 0�; . . . Background plasma parameters depend

only upon the radial coordinate and are based on the

W7-AS experimental database [8]. The scrape-off layer

(SOL) grid surfaces are taken to be closed and approx-

imately conformal to the LCMS. Density and tempera-

ture profiles are parabolic with central values of 6� 1013

cm	3 and 1.5 keV, respectively. The assumed total re-

cycling source is 3:75� 1022 s	1, based on 20 ms particle

confinement time and a factor of 5 flux amplification.

The ion temperatures and species fractions are based

upon the average ion impact energy assuming a 3-kTe
sheath.

Fig. 6. Density of field-line distribution on the wall, normalized

to uniform distribution showing a maximum peaking factor of

42.

Fig. 7. (a) Neutrals distribution in 10log particles/cm3 with inner graphite wall and recycling locations at z ¼ 20 and 150 cm. (b)

Neutrals distribution in 10log particles/cm3 with divertor plates and baffles reduces the neutral density by a factor of 5 in the midplane.
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Contour plots of the distributions of atomic neutral

densities, calculated with the DEGAS code [9], are shown

in Fig. 7(a) and (b) for the / ¼ 0�; . . . cross-sections. The
density contours are given in neutral particles per cm3,

where the particle number is given as the 10-based loga-

rithm. Fig. 7(a) corresponds to the second generation of

PFCs, i.e. the graphite wall armor. The recycling loca-

tions are indicated at the top and bottom inboard areas.

This is where most of the recycling should occur ac-

cording to the Poincar�ee plot in Fig. 4. We see that in our

model the neutrals experience a large decrease in the SOL

already. From the LCMS to the confinement region, the

neutral density decays by about four orders of magni-

tude. In Fig. 7(b), which corresponds to our third gen-

eration of PFCs, we have added baffles to the divertor

regions and the particles recycle at the vertical plate. Here

again, we see that the neutral density in the core drops by

several orders of magnitude. We also find that the geo-

metrical baffling of the neutrals in the divertor region can

reduce the midplane pressure by a factor of 
5.

To evaluate the toroidal neutrals transport, simula-

tions are also performed for the equatorial midplane

geometry in which the recycling locations are the vac-

uum vessel wall at / ¼ 0�; . . . and 60�; . . . in the out-

board midplane. The results indicate that with the

plasma parameters used here, the neutral atomic density

drops by a factor of 10 within a toroidal distance of 1=2
field period. If the recycling location is / ¼ 60�; . . . the
closer proximity of the wall and strongly ionizing SOL

leads to a factor of 40 decrease in n(H�) at the same

toroidal distance from the source.

6. Summary

Results from W7-AS and other stellarators have

shown that plasma boundary control is an important

tool for performance improvement of stellarators, just as

it has been in the past two decades for tokamaks. The

design of the new compact stellarator NCSX at Prince-

ton Plasma Physics Laboratory will include boundary

control techniques, which will eventually result in the

implementation of a divertor. While the plasma

boundary outside the LCMS does not have closed nes-

ted flux surfaces or distinct islands, the field-lines stay

close to the LCMS for lengths of up to �180 m and

there is substantial flux expansion in the top and bottom

of the bean cross-section (factor 5–10). Therefore, in

spite of the stochastic nature of the boundary, the im-

plementation of a divertor at a later phase of the ex-

periment looks promising.
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