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Abstract

A candidate magnetic topology of the plasma boundary of the proposed compact stellarator national compact
stellarator experiment (NCSX) is investigated using field-line tracing with diffusion. The required magnetic fields
are obtained from a free-boundary equilibrium using the magnetic fields from external coils and bootstrap plasma
currents inside the last closed magnetic surface (LCMS). These results are used to calculate the magnetic fields of the
finite beta equilibria inside and outside the LCMS in a form suitable for field-line tracing. Poincaré plots of field lines
that diffuse outwards from starting points just inside the LCMS indicate an ergodic divertor region. Intersections of
field lines with a simple limiting surface show contained patches suitable for divertor control. Undesirable regions
of sharply inclined angle of intersection with the limiting surface are localized, indicating the suitability of the
configuration for optimized divertor design techniques. We also discuss physics implications of field-line lengths in

the divertor region.

PACS numbers: 52.55.Hc

1. Introduction

Power and particle handling in the proposed national compact
stellarator experiment (NCSX) is achieved by providing
controlled target surfaces for plasma—wall interactions. The
location of these surfaces is determined by the interplay of
practical issues such as the placement of diagnostic ports
and coil locations and by the requirements of the confined
plasma equilibrium configuration. In this paper, we present
a detailed analysis of one such equilibrium configuration to
determine the diversion properties of the magnetic field and
thus develop a divertor concept for the NCSX. In doing so, we
describe a procedure for expediting three-dimensional field-
line tracing enhanced with simulated cross-field diffusion.
Similar calculations for other three-dimensional devices such
as W7-X [1-5], have been central to determining the final
device configuration and the placement of limiters or divertor
plates, and other plasma-facing components.

To determine the magnetic topology of the plasma
boundary region, we adopt the methodology developed for
W7-X [6]. Namely, we start with an equilibrium solution
calculated from the external coils and the bootstrap current
as computed by the energy minimizing variational moments
equilibrium code (VMEC) [7], which assumes the existence
of nested flux surfaces. It determines the Fourier coefficients
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of the nested flux surfaces and of the magnetic field in the three-
dimensional geometry up to the last closed magnetic surface
(LCMS). Coupling of the VMEC solution to the magnetic field
solver for finite-beta equilibrium (MFBE) code [6], allows
one to determine the magnetic field on a three-dimensional
grid for the entire region of interest, including the scrape-
off layer (SOL) outside the LCMS. For W7-X, field-line
tracing with diffusion was considered to be the basic method
for investigating the flow of energy and particles outside the
confinement region [1-5,8]. It is then possible to study
the properties of the magnetic field in detail and determine
the diversion requirements. For W7-X, this basic ‘diversion
structure’ consisted of plasma boundary magnetic field lines
intersecting a control surface surrounding the plasma with a
pattern of helical strips following the helical edges [1, 8].

In this paper we study a specific example representative
of the NCSX standard configuration. We determine the
intersection of the field lines with a limiting surface that
toroidally surrounds the plasma. The surface is not itself
conformal to the LCMS, nor is it intended to represent the
vacuum vessel. Instead, the limiting surface is the proposed
plasma-facing components surface of all protective armour
including the divertor, which might be mounted inside the
vacuum vessel. Detailed studies of a range of possible coil
configurations for NCSX and their magnetic configurations
outside the LCMS are presented elsewhere [9].
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This paper is organized as follows. In section 2, we
review the geometrical properties of the NCSX device, the
limiting surface, and the reference calculations from VMEC
and MFBE that provide the starting point for our investigations.
In section 3 we describe a methodology developed for W7-X
that allows a large number of field lines to be traced in a rapid
fashion giving a complete picture of the diversion region of
the plasma. In these calculations, diffusion of the field lines is
introduced at varying levels to mimic the diffusive behaviour
of plasma particles or energy transport due to small-scale
turbulence. In section 4, we provide results of our calculations
including three-dimensional ‘footprints’ or signatures of the
field-line intersection pattern on the limiting surface. We also
give details of the diffused field-line length for the intersecting
lines and inclination angle of intersection with the surface. In
section 5 we give some theoretical insight and one-dimensional
calculations of field-line length effects in the diversion region.
Finally, in section 6 we conclude and give recommendations
for divertor design.

2. Geometrical aspects and reference calculations

NCSX is planned as a low aspect ratio, high-beta quasi-
axisymmetric stellarator with three field periods [10]. The
goal of the NCSX team is to design a compact device with
good transport and stability properties. The reference design
for initial physics optimization, called 1i383, is based on a high-
beta regime (8 = 4%). The equilibrium properties of 1i383,
such as the rotational transform are presented elsewhere [11].
Unlike other stellarator devices where the vacuum fields are
quite useful for the study of the divertor and SOL regions, the
NCSX configuration relies on the bootstrap current and, thus,
finite beta as an essential element of the design. Thus, we use
this B = 4% reference design as a basis for our investigations.
Our detailed studies should provide a baseline for further
optimization of the divertor and baffle plate geometry.

For the purpose of determining the location of protective
armour, a limiting surface has been defined for NCSX and
introduced into the NCSX database [10]. Initially, this surface
was chosen to be just a constant distance of 2 cm away from the
bounding plasma as determined by a VMEC fixed boundary
analysis. As the engineering design evolved, however, it
became apparent that to allow for the use of neutral beams
it was necessary to pull out the surface even further at the
outboard midplane of the kidney section (¢ = 0). This
optimized surface (vvfw_surf.1i383_1.4m) is used in our design
study. For quantitative analysis, this surface is described by
a Fourier coefficient representation based on the NESCOIL
convention, 1.€.

= Runcos(mo +ng),

m,n

2= Zunsin(mé +ng),
m,n
that can be inverted to give the (r, z)-coordinates. Here, ¢ is
the toroidal angle, 6 is the poloidal angle, and R,,,, and Z,,,
are the Fourier coefficients. A table of the Fourier coefficients
is included as an appendix. We note that the final position
of such a bounding surface will depend on engineering issues
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associated with divertor plates as well as optimization of the
plasma configuration via studies such as this present work.

To facilitate field-line tracing calculations (as well as
other equilibrium studies) in finite-beta equilibria, including
contributions from the coils and the equilibrium plasma state,
the MFBE code was developed [6]. This code, used together
with the VMEC2000 code for self-consistent calculations,
calculates a continuous representation of the magnetic field at
equally spaced grid points in a three-dimensional space both
inside and outside the LCMS. Recently, MFBE was modified to
include computations of equilibria with non-vanishing toroidal
current, e.g. bootstrap current. The numerical method used
there is based on the so-called ‘virtual casing’ principle [12]
which also allows the computation of magnetic fields of
equilibria with net toroidal current, such as quasi-axisymmetric
and tokamak equilibria [13].

Before discussing our field-line tracing calculations where
diffusion is included and the wall footprints are calculated, we
give details of the reference MFBE solution. Figures 1 and
2 show the Poincaré section data for the 1i383 NCSX case
for a series of cross sections from 0° to 70° in toroidal angle.
In these plots, field lines are started at a series of equally
spaced points marching radially outwards on the midplane
of the cross section at toroidal angle ¢ = 60°. Each of
these starting points is followed for a total of 120 transits in
the toroidal direction and Poincaré plots are retained at 10°
intervals. The nested closed flux surface plasma region inside
the LCMS is illustrated with the green-coloured points starting
at the plasma centre and moving outwards, towards the VMEC
plasma boundary denoted by a red curve on each plot. The
limiting surface for each of these cross sections is given by a
blue dashed curve. This limiting surface is not used in these
reference calculations; it is only shown so that we can refer to
its location in the following sections. Finally, a few Poincaré
section points for varying poloidal radii, also in green, indicate
the ergodic region outside the plasma.

One notable aspect of the plots in figures 1 and 2 is the
rapid degradation of the nested nature of the flux surfaces
leading to ahighly ergodic SOL region. Thus, a careful study of
the region outside the LCMS is required to determine the actual
footprints or intersections of the field-line transit paths with the
limiting wall. This leads us to the technique for mapping the
region between the LCMS and the wall as described in the next
section.

3. Methodology: field-line tracing with diffusion

A first step in designing a divertor/limiter is to map out the
‘footprint” of the plasma (i.e. the intersection pattern of the
field lines in toroidal/poloidal space) in the SOL region either
on a conformal surface or a limiting wall. Since we have in
hand a specification of a limiting wall, we can trace field lines
and determine where these lines intersect the limiting surface.
Then, more detailed divertor locations can be specified and
optimized to constrain the size of the footprint, thereby,
reducing or eliminating the fraction of field lines that intersect
the limiting surface in undesirable locations or with greater
inclination angle. It is important to realize that diverting the
plasma in one location can affect the plasma footprint in other
locations.
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Figure 1. Poincaré plots (in green) for MFBE solutions at 0-30°. The VMEC plasma boundary is shown as a red curve, and the limiting

wall is shown as a blue dashed curve.

Field-line tracing paths that are started outside the NCSX
LCMS appear to be ergodic and diverge very quickly from
a regular nested pattern. Furthermore, field lines that are
traced by starting a significant distance outside the region of
closed surfaces may not be realistic if their starting points are
such that they could not be attained by a plasma appropriately
contained by a limiting surface and undergoing normal cross-
field diffusion. Thus, we use the following algorithm as a
basis for our choosing appropriate field-line tracing starting
points for calculating footprints. This method allows us to
adequately cover the ergodic region between the LCMS and
the wall without introducing spurious solutions that could not
be reached by natural cross-field diffusion. We first define a
‘starting surface’ by integrating a field-line path just inside the
LCMS. To ensure complete coverage, a linear interpolation of
these points is used to obtain a new set of starting points that
correspond to more than one single starting surface. Triangular
points in figure 3 depict a sample set of new starting points. In
this view, one can see that the triangular starting points cover
the poloidal extent. Field-line tracing with diffusion is started
from this initial set. To move the points away from the more
nested solutions inside the LCMS, a cross-field diffusion is
introduced as follows.

Cross-field diffusion in a stellarator is assumed to be
anomalous and of the order of 10* cm? s~! [14]. To simulate

the SOL diffusion numerically, we introduce ‘diffusion’ of
field lines in our integration techniques. Here, the diffusion
coefficient, D, is given by
p=na1"
A

where A is the maximum displacement introduced during field-
line tracing, X is a characteristic length, and Vr is a thermal
velocity (here, Vy = 3.17 x 107 cms™!). In each toroidal
integration step, a random change up to a maximum of A in
the R- and Z-coordinates of the point is calculated. Here,
the characteristic length is equal to the average arc length
between the toroidal angles where the field is specified. Thus,
a larger time interval associated with a larger field-line spacing
gives the position a larger random kick and the end result is
that the amount of diffusion is independent of the field spacing.
The direction of the diffusive kick is random, so the field line
may diffuse either inwards or outwards. Numerical reflecting
limiters, that serve to speed the calculation, eventually stop
field lines that diffuse inwards. These limiters are placed
several orders of magnitude further away than a characteristic
diffusion length and their precise location does not affect the
final results. Field lines that diffuse outwards are followed
until a specified maximum calculation time is reached or until
the field-line path intersects the limiting surface. Once field-
line integration is stopped, either by intersecting the numerical
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Figure 2. Poincaré plots (in green) for MFBE solutions at 40-70°. The VMEC plasma boundary is shown as a red curve, and the limiting

wall is shown as a blue dashed curve.

inner reflectors or by intersecting the outer limiting surface, a
new starting point is determined as a perturbation of the initial
starting surface. A close-up sample of new starting points is
depicted in figure 4.

4. Results

The magnetic field structure outside the LCMS is studied using
the methodology described in the previous section, whereby
a large number of field lines are followed including diffusive
effects. The key point in obtaining good plasma performance
in the NCSX is to implement edge control with divertor-like
configurations. In order to design the divertor region, we must
understand the boundary configuration. In particular, we study
the SOL region of the plasma between the LCMS and the
limiting surface via Poincaré plots, intersections of field lines
with the limiting surface, and the confinement properties of the
plasma, namely the connection length.

4.1. Poincaré plots

In figure 5, we show sample Poincaré plots for a toroidal angle
¢ = 0° with diffusion included. View A shows the punctures
with the limiting surface included, and view B shows the
calculation with no limiting surface. In both views, 10000
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sample punctures of the plane are plotted. Radial field-line
expansion at the tips of the banana shape shows promise for
localized divertor operation.

In the analyses and results that follow, we have considered
two cases, moderate diffusion where D = 1.0 x 10* cm?s™!
and low diffusion where D = 2.0 x 10° cm?s~!'. However,
for these Poincaré plots the differing values of D are
indistinguishable from each other—the specific points are
different but the general appearance of the picture is not.

Figure 6 shows Poincaré plots of the limited plasma at
toroidal intervals spaced 10° apart starting from ¢ = 10°
through ¢ = 60°, thus, combined with figure 5, spanning one
symmetry section of the three period geometry with stellarator

symmetry.

4.2. Footprints

The Poincaré plots in figures 5 and 6 are just snapshots in time
of the entire calculation where intersections with the limiting
surface or ‘footprints’ are calculated. To obtain the intersection
data, the calculation is continued until roughly 10 000—15 000
intersections with the limiting surface that define the ‘footprint’
are calculated. After an intersection, the field-line integration
is restarted by the random perturbation to the initial starting
surface point described in the previous section.
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Figure 3. Starting surface points shown as red triangles
superimposed on a Poincaré surface plot. (Details of the Poincaré

surface plot points are given in the next section.) The position of the
limiting surface is given by a blue curve.
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Figure 4. Close-up view of starting surface points (red triangles)
superimposed on a Poincaré plot. Both VMEC plasma boundary
and outer limiting surface positions are shown. New starting points
are given as purple diamonds.

Three-dimensional plots of the intersection points are
shown on a segment of the stellarator in figure 7. A moderate
value of the diffusion coefficient D = 1.0 x 10*cm?s™!
is used for these results. (Two views of the same surface

Figure 5. Poincaré plots ¢ = 0° with a limiting surface (view A)

and no limiting outside the LCMS (view B).
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Figure 6. Sample Poincaré plots for field-line tracing with diffusion

given at 10° intervals from 10° to 60°. The plasma (field line) is

stopped by a limiting surface.
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are rotated slightly to show the strike-point locations.) The
limiting surface is represented in grey. Here, the stellarator is
shown in a segment from ¢ = 0° to 60° with the banana shaped
cross section on the right-hand side. Since the stellarator has
three periods and stellarator symmetry is assumed, this cut
gives all the relevant information. In the plots, ¢ = 0° is on
the right-hand side and ¢ = 60° is on the left-hand side. There
are no intersection points on the back or outboard side of the
device. The intersection points are colour-coded as to their
inclination angle of intersection with the limiting surface. In
this convention, intersecting the wall at normal incidence is 90°
inclination. Here, the degrees of the intersection inclination
are 12-15° red, 9°-12° green, 6-9° blue, 3—6° yellow, and 0-3°
orange. In the design of the W7-X stellarator, no intersections
with inclinational angle greater than 6° are permitted. This
is done by further limiting of the plasma in the banana tips
and other locations, thereby moving the strike points. As
shown in the figure, the red points with the highest inclination

angle occur at the ‘D-shaped’ cross section near 60°. Thus,
as in W7-X it may be possible to move these strike points
by additional limiting near the 0° cross section. (N.B. In the
actual optimization process, one must refer to the data to be
sure to optimize away the highest inclination angle points.
Occasionally, since so many points are plotted, different
intersection points may lie on top of each other masking the
original colour code.)

Intersection or footprint data can also be represented on
a toroidal/poloidal plot as in figure 8. Here, we show the
intersection footprint pattern for the case of moderate diffusion
with D = 1.0 x 10*cm?s™'. The plots show that there
is a distinct footprint pattern repeated thrice, periodically.
There are a few outlying points. For lower diffusion where
D = 2.0 x 103cm?s™!, the strike pattern is similar but
there are less than 1000 intersections for the same amount
of computer time. This indicates that the diffused field-line
length, which is introduced in the following section, calculated

Figure 7. Segment of the limiting surface of the NCSX stellarator showing intersection points colour coded by inclination angle. The
intersection points are colour coded with their inclination angle as 12—15° red, 9—12° green, 6-9° blue, 3—-6° yellow, and 0-3° orange.
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Figure 8. Strike-point locations in poloidal/toroidal space colour-coded with inclination angle of intersection.
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by this procedure will depend significantly on D, i.e. it will be
shorter for larger D. This is also quantified in the next section.
When the simulation is run further to achieve approximately
10 000 intersections, the locations and the angles of inclination
are not significantly different from the higher diffusion case.
The only difference is that the number of outlying points (those
that do not fit the repeating pattern closely) is reduced.

It is possible that highly energetic particles such as those
produced by ELMs would have a much higher effective
diffusivity than that studied here. Experiments performed
after increasing the diffusivity to even higher levels show
more outlying points, but the basic structure of the intersection
patterns remain the same.

4.3. Diffused field-line length

The parallel connection length of the flux tube in which heat
is conducted from the core plasma to the material surfaces is a
quantity that strongly affects the temperature profile in the SOL
and the resulting temperature near the targets. While we do
not measure this quantity directly, we can have an indication
of the results by considering the ‘diffused field-line length,’
namely the toroidal distance a traced particle travels from
its starting point just inside the LCMS to the limiter strike
point. In section 5 we discuss the implications of such a
length and the implications for impurity generation and core
plasma performance. In figure 9, we give a bar chart showing
the length in metres of the orbit paths that strike the limiting
wall. The values in the bar chart are binned according to the
number of intersections out of a total of 13069 calculated
intersections. A moderate value of the diffusion coefficient
D = 1.0 x 10*cm® s! is used for these results.

Examination of the actual values plotted in figure 9
shows that more than 60% have a diffused field-line length
of more than 100m. This shows promise for the NCSX
design. Furthermore, we note that the length values do
not appear to be correlated with any of the other measured
quantities such as toroidal/poloidal location or inclination
angle of intersection. The average diffused line length for
the moderate diffusion case is roughly a factor of two smaller
than that of the lower diffusion case, namely 129 m and 229 m,
respectively.

5. One-dimensional plasma modelling

The connection length, L., of field lines in the SOL outside
the LCMS of NCSX is an important parameter that will
determine the temperature profile of the SOL plasma. The
L. is related to the diffused field-line length discussed in the
previous section, but L. is generally defined as the L/2 of a
field line traced backwards from the intersection with a limiter
until its intersection with another limiter without diffusive
effects perturbing the path. It will be possible to calculate this
distance more accurately once the final NCSX configuration
with limiters in place has been designated. Design choices
under consideration now could have a dramatic effect on the
magnitude of L.. If L. is too short the temperature profile
along the field lines could be very flat with moderate to low
temperature at both the target and separatrix. This might
lead to thermal instabilities at the edge due to carbon cooling.
Long connection length allows a high separatrix temperature,
a significant temperature drop along field lines to a reasonably
low target temperature, and establishment of a high recycling
regime with low impurity source at the targets.
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Figure 9. Diffused field-line length in metres binned according to number of intersections with that value out of a total of 13 069.
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The upstream temperature may also be important because
it is the boundary condition for the core temperature profile.
Since NCSX is designed to have approximately the same drift
orbits as a tokamak, the transport characteristics may be similar
to tokamaks. In that case the separatrix temperature may set
the height of the pedestal at the edge of the core plasma. If the
temperature profiles are stiff inside the NCSX core plasma as
in tokamaks, then the core energy content and confinement may
be very sensitive to the separatrix temperature. If the transport
is more like that in a classical stellarator then confinement
improvement would still be expected at higher separatrix
temperatures as seen in recent experiments [15, 16].

5.1. Basic equations of one-dimensional SOL parallel
transport

Following Stangeby* [17] we look for solutions to the
temperature profile in a SOL flux tube assuming parallel heat
conduction dominates over convection. This has been shown
to be a good assumption for the dominant electron channel
in tokamaks except under detachment conditions in which
the temperature is very low (~1eV) and the density is quite
high (~1 x 102 m~3). For non-detached SOL in NCSX, the
Spitzer heat conductivity equation in the direction s;; along the
magnetic field from the LCMS to the wall is

dlgy] _ d-KoT@T/dsp)] _ PGsy)
dsy, ds) Ay

ey

where for a pure hydrogen plasma Ko, ~ 2000, Kp; ~ 60, T
isin eV, and s in m. The power from the core into the SOL
is denoted as P, G(s))) is a shape function whose s)| integral
gives unity, and A, is the area of the flux tube perpendicular to
B. Thus, g, = P/A, for A constant. For T, ~ T, electron
conduction dominates the parallel energy transport in the SOL,
and at sufficient collisionality, the ion power is coupled through
the electron channel via energy exchange collisions.

Assuming that the power enters the flux tube at only the
upstream end (outer midplane where s; = 0) or is uniformly
distributed along the flux tube, only introduces a simple
parameter « into the solution; « = 1 for a localized source of
G(s)) = 8(s)) and @ = 1/2 for G = 1/L [17]. Integrating
the heat conduction equation thus gives the temperature at any
point along the flux tube, ¢ (s)), in terms of either the upstream
temperature, Te;:

Ta P K} 27
Ny (1% o Il
ro=[2-(3) () (=) e

or, in terms of the target temperature, Te:

e (TN (2 (BT
o= [+ () () ()] o

Upstream temperatures at least twice that of the target, can
be well approximated by

w=[HEE)] e

4 Compare pages 187 and 221.
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In the evaluations given below, we set « = 1/2
corresponding to uniform power deposition along the flux tube,
but the solution does not depend very sensitively on it.

If one assumes that the sheath is the only heat sink in the
SOL flux tube, i.e. there are no substantial radiation losses
along the tube, and that parallel pressure balance holds owing
to negligible cross-field transport of parallel momentum, then,
stagnant flow upstream and Mach = 1 flow at the target allows
one to express T in terms of power and upstream density, n,, as

mi\ (2a1 \ (TeqiLe ™ o o, ap
Ty = <7) L.
o 2e (yenu 2Koe Xy e e
)

Here, g = P/Aj, and y is the sum of energy sheath
transmission factors for ions and electrons.

While equation (5) is useful for understanding the
scaling trends when T, > T, the results presented in the
examples below use the more general equation (3) rather than
equation (4), so the specialized relations in (4) and (5) do not
hold if T, & T¢;. The generalized form of equation (5) for the
target temperature is

mi 2\
= () (2 ©
2e yenyTe,
which is solved numerically for T;; using equation (3) evaluated
ats) = 0.

5.2. NCSX examples

For estimating the NCSX target and upstream temperatures
we use Ko, = 2000, y = 7 and the following assumptions:
(1) maximum input power to the core = 12MW; (2) core
radiation fraction = 0.2; (3) power entering the SOL =
12 x 0.8 = 9.6 MW; (4) SOL power scale width, 1,1 = 2 cm;
(5) effective major and minor radii, Reg = 1.4m, ags =
0.28m; (6) A (SOL) = 47 RAy1(Bs/B) (extra factor of 2
accounts for the two ends); (7) (By/B) ~ 0.13 for tegge ~
0.65. This leaves L., ny, the ion species and the injected
power as parameters. Note also that the target temperature in
equation (5) scales as the SOL power scale width, A, to the
—10/7 power, through q‘]‘o/ 7, so this is an important unknown
parameter for NCSX. In the examples below we have used
Ag1 = 2cm as inferred from measurements on W7-AS [18].

5.2.1. Target and separatrix temperatures vs L. and Py;.  To
achieve low target sputtering and a high recycling regime in
tokamaks one usually tries to minimize the plasma temperature
near the targets while keeping the plasma from detaching. This
means a T in the range of 10-20 eV. From figure 10 this low
target temperature is reached in a deuterium plasma for the
short L. case only at very low input power, Py, ~1-2MW.
Figure 11 then shows that the upstream temperature will
be about 30-40eV. Higher input power raises the upstream
temperature but the target temperature also increases. For
the full 12MW case in NCSX the separatrix and target
temperatures are almost equal. At low upstream density
(n, = 3el9m™3) the target temperature is much too high
for considerations of plate sputtering and at higher upstream
density (n, = 6e19 m~?) the separatrix temperature is too low
for good core confinement.
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Long connection length, L. ~ 100 m, allows a substantial
temperature drop in the SOL flux tube as shown in figures 10
and 11. Atthe high input power of 10 MW, deuterium solutions
with T, ~ 20 eV and Ty, ~ 120 eV are possible at a separatrix
density of 6e19m~3 (figure 10). Even at a lower density,
3e19m3, solutions with Ty ~ 30eV and Toep > 100eV are
possible with 5 MW of input power (figure 11).

Comparison of the analytical results in figures 10 and 11
with the field-line tracing results in figure 9 give an indication
that the NCSX design may produce an attractive SOL regime
although detailed three-dimensional modelling is required to
draw quantitative conclusions. A majority of the field lines
traced satisfy the qualitative criterion of L, > ~100m,
assuming that the diffused field-line length will give an
indication of the L.. Future detailed modelling should focus
on the subset of the SOL field lines that intersect the proposed
target structures in the NCSX design. Once the design is

"
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Figure 10. Target temperature vs injected power for four deuterium
plasma cases: (a) (red +) symbols use L, = 5m, n, = 3el9;

(b) (black #) symbols use L. = 5m, n, = 6e19; (c) (green *)
symbols use L, = 100 m, n, = 3e19 and (d) (blue) plain line uses
L. =100m, n, = 6¢e19.
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Figure 11. Upstream temperature vs injected power for four
deuterium plasma cases: (a) (red +) symbols use L. = 5m,

n, = 3el9; (b) (black #) symbols use L, = 5m, n, = 6e19;

(c) (green *) symbols use L, = 100 m, n, = 3el9 and (d) (blue)
plain line uses L, = 100 m, n, = 6e19.

finalized, we can follow these intersecting lines backwards
without diffusion to estimate a true L.

5.3. Implications of short vs long connection length

Separatrix T in the 40 eV range with carbon impurity can lead
to thermal instability. As indicated in figure 12, the carbon
cooling curve increases sharply with decreasing 7, from 40 eV
down to about 7 eV.

If this instability occurs around the LCMS the expected
result is a high density, low temperature mantle that is strongly
radiating at the edge of the core plasma. If the temperature
profile of the core plasma is stiff, as it is in tokamaks, then low
separatrix temperature will produce low core confinement.

In diverted tokamaks the effect of this carbon thermal
instability is observed in experiments with heavy gas injection
to high density [19]. As the density in the SOL increases
the temperature drops and the carbon radiation in the SOL
increases somewhat with no appreciable decrease in core
confinement. However, when the temperature at the separatrix
is reduced to about 40 eV, the carbon radiation is observed to
move rapidly inside the separatrix and the core confinement is
reduced by a factor of two.

A long connection length allows a substantial temperature
difference to be established between upstream separatrix
temperature and the target temperature. The separatrix
temperature can be consistent with good core confinement
while at the same time the target temperature can be consistent
with low physical sputtering of carbon targets. The physical
sputtering curve for deuterium on carbon is givenin [17],p 119.
For the long L. solution at Py,; = 6 MW and n, = 5el9,
Tet ~ 10eV and the carbon sputtering is a factor of three less
than would be the case with short L. and T, ~ 40-60¢V.

Another advantage of long connection length is that most
of the temperature drop occurs near the target so the core
plasma is screened from incoming neutrals by ionization in
the hot plasma not far from the target. This leads to high
recycling conditions near the target at moderate core density

Emissivity (W m® )

100

10 BE—
1 10

Electron temperature (eV)

1000

Figure 12. Carbon emissivity (¢) vs electron temperature showing
emissivity increase with decreasing temperature in the range
7eV < T, < 40eV. Radiated power is enen..
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and can even lead to detachment and substantial reduction of
the heat flux on the target at higher core density.

Strong temperature gradients near the target can lead to a
transport of impurities away from the targets by the VT; force.
However, the high recycling solution typically also generates
sufficient flow towards the targets that the drag force on
impurities balances the V T; force and impurities are reasonably
well entrained near the target surface. Shaping of structures in
the vicinity of the targets can help entrain the impurities.

6. Conclusions

We have analysed the suitability of a candidate NCSX
boundary configuration for divertor operation. The magnetic
fields were calculated with a combination of the MFBE and
VMEC codes. Poincaré plots generated with a field-line
tracing code demonstrate that the magnetic configuration meets
some principal conditions necessary for successful divertor
operation. Diffusive effects are studied in addition to field-
line tracing with no diffusion. For the case of no diffusion
and no limiting surface, field lines launched at the midplane of
the bean-shaped cross section (¢ = 0) show an accumulation
of punctures at the top and bottom of the cross section. The
field outside the LCMS seems to be highly stochastic without
any discernible island structures. (It is possible that the
stochasticity could be reduced by either more resolution in
the number of toroidal planes used for the VMEC and MFBE
solutions, or the application of various procedures to control
the production of magnetic islands [15]. This is left for future
studies). Between the midplane and the top and bottom of the
¢ = 0 cross section there is a flux expansion of a factor larger
than 5. The areas near the clusters of punctures in the bean-
shaped cross section seem to be suited for placing divertor
structures such as divertor plates for intercepting the power
and most of the particle flux as well as additional baffles for
confining neutrals.

For the purpose of determining the location of protective
armour, a proposed limiting surface has been introduced
for NCSX. This paper describes a technique for rapidly

calculating the three-dimensional plasma footprint on such
a limiting surface. Using this technique, the magnetic field
topology inside and outside the plasma boundary region for
this candidate NCSX configuration of 8 = 4% is calculated in
detail. Diffusion effects are included in these field-line tracing
calculations. We provide three-dimensional renditions of the
footprints that can be used for design optimization. We also
study the correlation of the strike-point locations with diffusion
coefficient and angle of incidence upon the surface. Strike
points that possess an undesirably large angle of incidence
occur in localized groups, indicating that design optimization
to reduce the number of such points should be possible.
We infer that with an appropriately designed vacuum vessel,
connection lengths between the LCMS and plasma-facing
components can be made long enough (~100m) to ensure
sufficient electron temperature gradients between the divertor
plates and the separatrix. Finally, we discuss the implications
of the field-line connection length on temperature gradients in
the SOL and on potential radiation instabilities.
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Appendix

Table 1 contains the Fourier coefficients used to specify the
bounding surface (as described in section 2 of the main
text).

Table 1.

m n R(m,n) Z(m,n) m n R(m, n) Z(m,n) m n R(m, n) Z(m,n) m n R(m, n) Z(m,n)

0 0  1.39E+00 0.00E+00 4 5 —-7.69E-05 7.78E—05 8 10 —131E-05 221E-05 12 15 —1.20E-06 —1.66E—06
0 -1 —1.07E-02 1.36E-02 4 4 273E-04 —2.0lE-04 8 9 —580E—06 1.99E—05 12 14 —2.68E—06 —5.57E—06
0 -2 —145E-03 1.14E—02 4 3 7.86E—07 —8.62E—06 8 8 145E-05 —-5.58E-06 12 13 —2.79E—06 —4.74E—06
0 -3 3.16E-03 —3.99E-04 4 2  6.08E—04 —5.13E—04 8 7  2.14E-05 —-3.20E-05 12 12 —6.16E—07 —1.67E—07
0 —4 —458E-04 2.11E-03 4 1 —342E-04 229E-04 8 6 3.00E-05 —5.07E—05 12 11 8.46E—07  5.24E—06
0 -5 —3.52E-04 437E-04 4 0 347E-03 1.54E-03 8 5 —821E-07 —3.23E-05 12 10 2.834E-06 6.80E—06
0 -6 —243E-04 —635E-04 4 —1 —-577E-03 1.05E-02 8 4  943E-06 —791E-06 12 9 —442E-07 4.60E—06
0 -7 589E-06 —1.04E-03 4 -2 558E—-03 —249E-03 8 3 —3.04E—05 4.19E-05 12 8 —7.35E—07 —1.94E—-06
0 -8 2I12E-04 —-6.73E-04 4 -3 773E-05 —829E—04 8 2 1.35E-05 5.69E—05 12 7 —8.14E—-06 —5.77E—06
0 -9 263E-04 2.82E-05 4 —4 —176E—04 —1.76E—06 8 1 —1.39E-04 3.12E-05 12 6 —2.03E—-06 —7.39E—06
0 —10 1.57E—04 585E-04 4 -5 —789E-04 7.53E-04 8 0 1.71E-04 —441E-04 12 5 —876E—06 1.15E—06
0 —11 —179E-05 6.89E-04 4 —6 555E-07 1.72E-05 8 —1 —6.35E—-05 —8.54E—04 12 4  9.06E—06  7.80E—06
0 —12 —143E-04 333E-04 4 -7 269E-04 —223E-04 8 -2 399E-05 —1.36E-03 12 3 —220E-05 1.85E-05
0 —13 —145E-04 —195E-04 4 -8 239E-04 —-2.04E-04 8 -3 1.14E-04 -—553E-04 12 2 894E—-06 6.10E—06
0 —14 —-3.17E-05 —489E-04 4 -9 599E-05 —6.19E—05 8 —4 —224E—04 —1.36E-05 12 1 870E-06 1.46E—06
0 —15 9.33E-05 —4.10E-04 4 —10 —1.64E—04 132E-04 8 -5 4.82E-05 146E-04 12 0 2.12E-04 7.16E—05
1 15 —1.10E-04 —2.06E—04 4 —11 —2.68E—04 228E-04 8 —6 —145E-04 —-7.73E-05 12 —1 1.14E—04  1.38E—04
1 14  2.11E-04 —120E—04 4 —12 —-2.04E—04 181E—04 8 -7 474E-05 —-3.88E-05 12 -2 —133E-04 1.28E—04
1 13 3.63E—04 5.65E—05 4 —13 —-388E—05 431E-05 8 —8 —422E-05 6.60E-05 12 -3 —475E-06 1.49E—-04
1 12 2.14E—04 198E—04 4 —14 1.06E—04 —837E—-05 8 -9 447E—07 285E-05 12 —4 —1.61E-05 2.05E-04
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Table 1. (Continued)

3

n R(m, n) Z(m,n) n R(m, n) Z(m, n) m n R(m, n) Z(m,n) m n R(m, n) Z(m, n)

15  213E-04 522E-04
14 888E—-06 4.25E—04
13 —1.96E—-04 2.25E—05
12 —-272E-04 —4.39E—-04
11 —1.26E—04 —5.85E—04
10 1.62E—-04 —2.55E—04
3.80E—-04  3.83E-04
4.11E-04  9.31E-04
1.33E—-04  9.82E—-04
—2.55E—04  3.66E—04
—5.82E-04 —5.95E—-04
—2.24E-05 —1.18E-03
—6.10E—04 —4.85E—04
9.64E—05 —1.42E-03
1.47E-02  1.65E—02
1.26E—-01  4.58E—02
—1  9.68E-02  2.17E—02
-2 271E-02 —-2.23E-02
—3 —546E—03  6.56E—03
—4 —2.60E-04  2.58E—-03
—5 —4.83E—04 9.57E—-05
—6 —4.84E—04 —7.68E—04
—7 —1.38E—04 —8.64E—04
-8 2.77E-04 -—2.73E-04
-9  426E—04 4.59E—-04
—10 3.16E—-04  8.32E-04
—11  4.03E-05 6.80E—04
—12 —2.04E-04 1.64E—04
—13 —2.66E—04 —3.35E—04
—14 —1.19E-04 —4.79E—04
—15 1.04E—04 —2.29E—04
15 1.64E—04 —1.62E—04
14 222E-04 —2.18E—04
13 1.16E—-04 —1.13E-04
12 —8.36E—05 8.38E—05
11 —230E-04 2.25E—-04
10 —1.99E-04 1.93E—04
141E-05 —1.84E—05
2.94E—-04 —2.93E—04
4.39E—-04 —4.32E—-04
3.32E-04 —3.23E—-04
—3.29E-05  3.53E-05
—4.04E-04  3.91E-04
3.05E-05 —4.05E—05
—5.52E—04  4.62E—04
2.60E-03 —2.51E—-03
—1.12E-02  8.83E—-03
—3.22E—-04 —3.33E-03

—11 1.51E-04 —5.81E—05
—12 1.38E—04 —8.46E—05
—13  528E-05 —6.00E—05
—14 —-3.97E-05 —8.19E—-06
—-15 —-797E-05 3.51E-05
15  235E-06 —3.10E-05
14 —3.16E—05 —2.52E—05
13 —4.27E-05 —8.08E—07

—6 —541E-05 —-3.99E-05 13 -1 8.75E—05 —1.03E—04
-7 3.32E-05 6.34E—05 13 -2 7.72E-05 2.96E—05
—8 —1.27E-05 1.96E—-05 13 -3 1.19E—04 2.55E—05
-9  7.67E-06 —1.73E—-05 13 —4 8.12E—05 —4.27E-05
—10 3.48E—06 —285E-05 13 -5 2.33E-05 —6.17E—05
—11 —-7.76E—-06 —1.89E—-05 13 -6 1.45E—05 —5.76E—05
—12 —1.33E-05 2.11IE-06 13 -7 —2.08E—05 —4.07E—06
—13 —1.29E-05 2.02E-05 13 -8 8.93E—06 —3.51E—06
12 —1.99E-05 2.43E—-05 —14 —6.33E—-06 229E-05 13 -9 —5.16E—06 —1.24E—05
11 1.79E—05 3.22E-05 —15 6.75E—07 1.14E-05 13 -10 8.96E—06 —4.09E—06
4.35E—05 1.48E—-05 10 15 —1.87E—-06 4.07E-06 13 —11 —7.34E-07 6.86E—06
9 2.94E—05 —1.52E-05 10 14 —1.85E—06 1.53E-05 13 —12 343E-06 6.46E—06
8 —145E-05 —4.27E-05 10 13 —3.66E—07 1.52E—05 13 —13 1.97E—06 4.54E—06
7 —731E-05 —-3.95E-05 10 12 2.23E—-06 3.86E—06 13 —14 7.33E—-07 —2.52E-07
6 —8.28E—-05 —1.71E-05 10 11 2.23E-06 —1.04E-05 13 -—15 3.60E—07 —4.39E—06
5 —6.77TE-05 3.71E-05 10 10 2.79E—-06 —1.72E-05 14 14 7.81E—07  7.81E—07
4
3
2
1
0

11 —1.75E—-04  1.84E—04 —15 1.40E-04 —-1.19E—04 8 —10 1.83E—-05 —-3.21E-06 12 -5 520E—06 1.37E-04
10 —5.33E—04 —6.74E—06 15 291E-05 131E-05 8 —11  253E-05 —-341E-05 12 -6 3.45E-05 1.05E-05
9 —6.10E-04 —2.60E—04 14 833E-05 —-2.63E-05 8 —12 2.08E—05 —4.65E—05 12 -7 —4.82E—06 5.14E—06
8 —2.83E-04 —4.14E—-04 13 7.68E-05 —4.71E-05 8 —13 425E-06 —-291E-05 12 -8 1.71E-05 1.03E-05
7 2.66E—04 —3.34E—-04 12 9.85E—-06 —3.16E-05 8 —14 —941E—-06 —829E—-07 12 -9 —1.06E—05 1.28E—05
6  6.90E—04 —3.64E—05 11 —6.63E—05 736E-06 8 —15 —124E-05 196E-05 12 —-10 4.18E—06 —1.02E—05
5 534E-04 341E-04 10 —9.01E-05 393E-05 9 15 2.07E-06 —1.54E-05 12 —11 —8.11E-06 —7.33E—06
4 —5.73E-04 4.83E-04 9 —-3.73E-05 4.15E-05 9 14 —-251E-06 —134E—05 12 —12 —4.79E—-06 —6.08E—06
3 —7.779E-04 3.31E-05 8 775E-05 —135E—-06 9 13 —6.35E-06 —7.96E-07 12 —13 —-2.67E—-06 1.73E-06
2 —590E-03  1.36E-03 7 1.66E-04 —-532E-05 9 12 —-537E-06 1.18E—05 12 —14 348E-07 7.81E-06
1 144E-02  7.24E-03 6 1.78E-04 —933E-05 9 11 —2.07E-06 1.66E-05 12 —I5 1.78E—-06  8.57E—06
0 322E-01 5.13E-01 5 6.21E-05 —-7.09E-05 9 10 3.69E-06 832E-06 13 15 1.42E-06 —1.92E—06
-1 —137E-01 1.59E-01 4 —8.82E—05 —1.49E-05 9 9 256E-06 —5.77E-06 13 14 1.85E—06 2.05E—06
-2 731E-03 —1.18E-02 3 —1.64E—04 1.73E-04 9 8 1.77E-06 —1.86E—-05 13 13  6.84E—07 4.54E—06
—3  4.61E-04 —1.21E-03 2 —321E-04 1.89E-04 9 7 —1.02E-05 —1.62E-05 13 12 2.10E-08  3.28E—06
—4  3.74E-05 -—1.27E-04 1 444E-04 2.18E-04 9 6 —855E—06 —4.52E—06 13 11 —1.90E—-06 —3.60E—07
-5 8.24E—-04 5.11E-05 0 336E—04 —293E-03 9 5 —228E-05 2.12E-05 13 10 —3.28E—08 —4.61E—06
—6  3.55E-04  2.98E-04 -1 1.84E-03 —145E-03 9 4 —1.75E-07 237E-05 13 9 —4.10E-07 —4.73E—-06
-7 —332E-04 2.63E-04 —2  462E-04 —331E-03 9 3 —259E-05 237E-05 13 8 4.69E-06 —2.47E—06
—8 —6.95E—-04 —1.44E—-06 -3 —9.65E-06 —-7.77TE-04 9 2 279E-05 —197E-05 13 7  2.17E-06  4.00E—06
-9 —6.12E—-04 —2.58E—04 —4 324E-04 524E-04 9 1 531E-05 —2.15E-07 13 6 7.56E—06 6.39E—06
—10 —2.03E-04 —-3.37E—-04 -5 9.79E-04 —8.94E-04 9 0 441E-05 2.11E-04 13 5 —442E-06  7.66E—06
—11  227E-04 —-2.19E-04 —6 9.87E—05 —144E-04 9 —1 —157E-04 5.83E-04 13 4  B8.04E—06 —2.15E—06
—12 4.15E-04 -3.83E-06 -7 —108E-04 134E-05 9 -2 —-559E-04 6.32E-04 13 3 —7.61E-06 —2.14E—06
—13  2.64E—04 1.56E—04 —8 —155E—04 834E-05 9 -3 —1.00E-04 7.07E-04 13 2 1.13E-05 —7.95E—-06
—14 —6.61E-05 1.57E—04 -9 —6.26E-05 694E—-05 9 —4 —-298E-04 4.72E-04 13 1 —256E-05 —7.52E-06
—15 —-3.41E-04 2.46E-05 —-10  6.55E-05 1.07E-05 9 -5 232E-05 4.23E-05 13 0 943E-05 —1.37E-04

9

9

9

9

9

9

9

9

9

9

O =N WA U0

492E-05 4.44E-05 10 —9.54E—07 —9.58E—06 14 13  524E—-07 5.24E—-07
1.92E-05 —1.73E-05 10 1.34E-06 6.89E—-06 14 11 —1.19E-06 —1.19E—-06
2.22E-04 —5.76E-07 10 —347E—06 2.54E-05 14 10 —1.07E-06 —1.07E—06
—2.26E-04 1.13E-04 10 6.78E—06  2.63E—-05 14

9

8

7

6 —1.36E-06 —1.36E—06

—236E—-04 6.18E—04 10 5 —1.44E-06 1.43E—05 14

4

3

2

1

0

3.25E-07 3.25E-07
-1 —3.05E-03 —1.53E-04 10 2.10E-05 —1.39E-05 14
—2 —128E-03 2.88E-03 10
-3 —6.04E—-04  7.83E-04 10

9
8
7 —6.39E—-07 —6.39E—07
—1.84E-05 —1.12E-05 14 6 1.45E—-06 1.45E—06
6.71E-06 —2.45E-05 14 5 —2.68E—-06 —2.68E—06
—4 —393E—04 3.59E-04 10 —242E-05 —4.53E-05 14 4 341E-07 3.41E-07
-5 1.54E-04 —459E-04 10 4.19E-04 —1.68E—04 14 3 —1.09E-05 —1.09E-05
—6 —3.53E—04 349E-04 10 —1 4.23E-04 —9.86E—05 14 2 7.66E-07  7.66E—07
-7 622E-05 350E-05 10 -2 281E-04 291E-04 14 1 1.95E-06  1.95E—06
—8 8.I3E-05 6.18E-06 10 -3 287E—-04 —1.32E-05 14 0 3.78E-05 3.78E—05
-9 578E-05 —-3.37E-05 10 —4 1.52E-04 —-239E-04 14 —1 —649E-06 —6.49E—06
—10 —5.44E-06 —5.30E-05 10 -5 1.28E—04 —1.67E-04 14 -2 —-7.03E—05 —7.03E—05
—-11 —6.28E-05 —-3.52E-05 10 -6  3.28E-05 —6.04E-05 14 -3 —4.16E-05 —4.16E—05
—12 —-786E-05 2.54E—06 10 -7 1.80E—05 1.73E-05 14 —4 —5.96E—05 —5.96E—05
—-13 —-473E-05 3.11E-05 10 -8 6.26E—-06 —-5.06E-05 14 -5 —3.56E—05 —3.56E—05
—14  257E-06 349E-05 10 -9 —3.52E-06 —-797E-06 14 —6 648E—06 6.48E—06
—-15 370E-05 143E-05 10 —10 —1.88E-06 1.07E-05 14 -7 —2.69E-06 —2.69E—06
15 —1.61E-05 2.03E-05 10 —11 —3.83E—06 282E-05 14 -8 1.81E—-06 1.81E—-06
14 —-7.52E-06 3.61E-05 10 —12  2.50E-06 2.50E-05 14 -9 —6.33E-06 —6.33E—06
13 635E-06 2.59E—-05 10 —13 5.85E—06 7.79E-06 14 —10 3.89E—06 3.89E—06
12 142E-05 —-342E-06 10 —14 6.70E-06 —-1.02E-05 14 —-12  3.46E—07 3.46E—07
11 1.03E-05 —295E—05 10 —15 4.18E-06 —1.73E—-05 14 —13 —1.19E—-06 —1.19E—06
10 —4.21E-07 —-3.33E-05 11 15 3.43E-06 4.40E-06 14 —14 —-2.01E-06 —2.01E—06
9 —1.46E—-05 —5.86E—06 11 14  6.24E—06 —135E-06 14 —15 —1.83E—06 —1.83E—06
8 —1.27E-05 3.32E-05 11 13 385E-06 —6.34E—06 15 15 943E-07 9.43E-07
7 —751E-06 6.46E—-05 11 12 —6.27E-07 —-7.07E-06 15 13 —1.09E—06 —1.09E—06
6 1.75E—05 5.32E-05 11 11 —6.39E-06 —1.98E—06 15 12 —-9.20E-07 —9.20E—07
5 1.52E-05 1.94E-05 11 10 —5.57E—-06 3.50E—-06 15 11 —4.34E—07 —4.34E—-07
4 226E-05 —4.17E-05 11 9 —3.15E-06 6.88E—06 15 10 1.29E-06 1.29E—06
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Table 1. (Continued)

m n R(m, n) Z(m,n) m n R(m, n) Z(m, n) m n R(m, n) Z(m,n) m n R(m, n) Z(m, n)

3 -2 —1.09E—-02 1.11E-02 7 3 —4.69E-05 —4.08E—05 11 8 6.72E—06 240E-06 15 9 1.22E-06 1.22E—-06
3 -3 —3.02E-03 3.05E-03 7 2 —5.52E-05 —-7.75E-05 11 7 737E-06 —4.67E—06 15 8 2.02E-06 2.02E—-06
3 —4  327E-03 —-3.27E-03 7 1 1.02E—04 —4.28E—05 11 6 1.27E—-05 —1.45E—-05 15 7 —5.19E-07 —5.19E-07
3 -5 333E-04 —-324E-04 7 0 7.74E-04 7.61E-05 11 5 —6.70E-06 —1.30E—-05 15 6 3.29E-07 3.29E-07
3 —6 —1.73E—-04 1.74E—04 7 —1 1.01IE—-03 —1.53E—-04 11 4  4.01E-07 —1.11E-05 15 5 —341E-06 —-341E-06
3 —7 —=3.70E-04 3.62E—-04 7 —2  591E-04 392E-04 11 3 —2.06E-05 —1.59E—-06 15 4 287E-06  2.87E—06
3 —8 —2.80E—04 2. 71E-04 7 -3 9.29E-04 —7.29E-04 11 2 1.39E—-05  7.40E—-06 15 3 —1.54E-06 —1.54E—06
3 -9  243E-05 -—-2.87E-05 7 —4  2.11E-04 —-2.63E—04 11 1 —2.04E-05 443E-05 15 2  543E-06 543E-06
3 —10 295E-04 —293E-04 7 -5  3.33E-04 1.54E—04 11 0 —791E-05 4.22E-06 15 1 —5.11E-06 —5.11E—06
3 —11 3.59E—-04 —354E-04 7 —6 —9.69E—-05 1.60E—04 11 -1 —181E-04 —1.51E-04 15 0 6.52E-05 6.52E-05
3 —12  2.10E-04 —2.05E—-04 7 -7 1.16E—04 —1.48E—-04 11 -2 —1.63E-04 —-3.71E-04 15 -1 5.37E—05 5.37E—05
3 —13 —-2.74E-05 2.87E-05 7 -8 —2.15E-05 —4.05E-05 11 -3 —398E—-05 —-3.22E-04 15 -2 1.34E-05 1.34E—-05
3 —14 —1.86E-04 1.83E—04 7 -9 —3.04E—05 —-3.96E—-06 11 —4 —135E-04 —-2.10E-04 15 -3 2.64E—-05 2.64E—05
3 —15 —1.74E-04 1.70E-04 7 —-10 —-2.70E-05 4.13E-05 11 -5 —4.17E-05 3.32E-05 15 —4 349E-05 3.49E-05
4 15 —8.23E-05 6.30E—-05 7 —11 —9.28E—06 6.36E—-05 11 -6 —452E—05 3.88E-05 15 -5 240E-05 2.40E-05
4 14 —1.57E—-04 1.31E-04 7 -—12 1.37E—-05 443E-05 11 -7 -3.10E-05 1.75E-05 15 —6 2.03E-05 2.03E-05
4 13 —1.17E-04 1.03E—04 7 —13 246E—05 4.75E-06 11 -8 —195E—06 —1.25E-05 15 -7 —471E-06 —4.71E—06
4 12 1.64E—-05 —-597E-06 7 —14 1.86E—-05 —2.68E—-05 11 -9 —1.15E-05 227E-05 15 -8 3.51E-06 3.51E-06
4 11 1.41E—04 —1.13E-04 7 -—15 1.55E-06 —3.14E-05 11 —-10 1.19E-05 241E-06 15 -9 2.03E-06 2.03E—06
4 10 1.61IE—04 —1.35E—-04 8 15 797E—-06  2.60E-06 11 —11 848E—06 —3.48E—-06 15 —10 3.68E—06  3.68E—06
4 9 3.61E-05 —3.57E-05 8 14 1.54E—05 —1.74E-05 11 —-12  6.19E-06 —1.31E-05 15 —11 —2.14E-06 —2.14E—06
4 8 —1.61E-04 1.29E-04 8 13 1.15E-05 —248E-05 11 —13 —1.05E—06 —138E—-05 15 —12 —8.56E—07 —8.56E—07
4 7 —3.12E-04 2.59E—-04 8 12 444E-07 —144E-05 11 —14 —6.09E—06 —-7.03E-06 15 —13 —7.25E—07 —7.25E-07
4 6 —2.72E—-04 234E-04 8 11 —1.22E-05 7.69E—06 11 —15 —6.33E—06 1.53E—-06 15 —15 1.34E—06 1.34E—06
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