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Exploration of Stellarator Configuration Space with
Global Search Methods

H.E. Mynick, N. Pomphrey, S. Ethier
Plasma Physics Laboratory, Princeton University
P.O. Box 451
Princeton, New Jersey 08543-0451, U.S.A.

Abstract

An exploration of stellarator configuration spagdor quasi-axisymmetric
stellarator (QAS) designs is discussed, using methods which provide a more global
view of that space. To this end, we have implemented a “differential evolution”
(DE) search algorithm in an existing stellarator optimizer, which is much less
prone to become trapped in local, suboptimal minima of the cost fungtitian
the local search methods used previously. This search algorithm is complemented
by mapping studies of overz aimed at gaining insight into the results of the au-
tomated searches. We find that a wide range of the attractive QAS configurations
previously found fall into a small number of classes, with each class correspond-
ing to a basin of(z). We develop maps on which these earlier stellarators can be
placed, the relations among them seen, and understanding gained into the physics
differences between them. It is also found that, while still large, the regian of
space containing practically realizable QAS configurations is much smaller than
earlier supposed.

PACS #s: 52.55.Hc, 52.25.Fi, 52.35.Py
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. Introduction

The search for attractive stellarator designs has been greatly enhanced by the
development of optimization codes which search configuration sparsing a
specified cost functiog(z). Such codes have been used extensively in the design
of W7-X (Wendelstein-VII-X)! HSX (Helically Symmetric eXperiment),and
more recently, by the NCSX (National Compact Stellarator eXperiment) group
in designing a proposed quasi-axisymmetric stellarator (QAS). These optimizers
have used search algorithms which are ‘locad’, which make use of derivatives
in the local topography of(z) to decide in which direction to move along a sin-
gle trajectory inz, such as the steepest-descent and related Levenberg-Marquardt
(LM) methods! The NCSX optimizer (Stellopt) uses the LM algorithm. While
efficient in suitable cases, such methods often become trapped in local, subopti-
mal minima of the cost function, in the large and sometimes highly corrugated
z space. This makes human involvement an essential part of the optimization
loop, in which the system position or the weights iry are adjusted to dislodge
Stellopt from local minima. Surmounting this difficulty is a first objective of this
work, performing more global searchewispace through implementing a variant
(Stellopt-DE) of Stellopt, which uses a “differential evolution” (DE) algorithfn.

This is far less prone to become locally trapped, and thus permits a more robust,
though more time consuming, explorationzo$pace.

The DE algorithm is similar to genetic algorithms (GAd)ut suited to explo-
ration of a continuous space. Unlike local methods, these do not require taking
derivatives, but evolve a sequence of generatiprs0, ...¢..., €ach generation

comprised of an ensemble of, system point§z‘}(g), (i = 0,...N, — 1) dis-



tributed over the space to be explored, and with a simple rule for obtaining the
(g + 1) generation from the'". Because the evolution is of a cloud of system
points, rather than of a single point along one trajectory, the evolution of the DE
population can provide a less myopic map of thepace topography compared
with that from traditional local algorithms.

Obtaining such a map of space is important, both for understanding and for
finding optimal designs. Up to now, the LM optimizer (Stellopt-LM) has obtained
promising QAS configurations after a complicated sequence of optimizer runs and
human adjustments, and there has been little knowledge of how close the various
configurations are to each other, how many different types of good QAS designs
there may be, and what their distinguishing features are. In addition to providing
an optimization algorithm less prone to the local-well weakness of local methods,
a second objective of this work is to enhance insight of this sort, by providing a
more global view of the space in which Stellopt has been searching and identify-
ing configurations. We findcf. Secs. 1V and V) that a wide range of the attractive
QAS configurations previously studied falls into a small number of classes, with
each class corresponding to a well or ‘basin’xofBy mappingy(z) over useful
sections of the fult space, we obtain maps showing these basins, their relative po-
sitions, and gain insight into the physics separating them. Configurations known
to have related ancestry tend to fall near one another on the map, as one might
expect. The maps also indicate that, while the #ufipace is in principal enor-
mous, the region of that space containing configurations which are (in a sense to
be defined) practically realizable is much smaller than one might have supposed
(though still large). While these maps are not complete or definitive, they begin

to put limits on the domain being explored, and to converta incognitainto



something with a known geography.

The remainder of this paper is organized as follows. In Sec. Il we introduce
some needed notation, and briefly discuss features of the operation of Stellopt and
ancillary codes which are used for the optimization process. The DE algorithm
is introduced in Sec. Ill, and some of its characteristics discussed. In Sec. IV
the method is employed in studying the QAS region of stellarator configuration
space. The search leads to a study of the topographyiofz space, and to
the development of a simple taxonomy for the QAS configurations on which the
NCSX team has focussed. Sec. V provides some discussion of the results of the

foregoing sections.

II. Preliminaries

The cost functiory(z) is given in Stellopt by
==Y it )

where thew; are the weights of the various contributiog$ to y?. To com-
putex?, Stellopt first calls the VMEC codeo compute a magnetohydrodynamic
(MHD) equilibrium, and then additional codes to compute the diffeféntvhich
make use of the equilibrium information. VMEC can compute both fixed and
free-boundary equilibria. In the fixed-boundary cagespecializes to the set
X ={X21.-n} = {Rmis Zmis Rmy, Zm,, - - -} Of Fourier amplitudes defin-
ing the plasma boundaryz(0, ¢), Z(9, ()], plus a small number of other quan-
tities such as central pressuigand enclosed toroidal fluk, needed to satisfy
certain constraint targets, such as the desired plasarad toroidal field. Here,

m = (m,n = n/Ny) are poloidal and toroidal modenumbers per period, with
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Ny equal to the number of field period$,and ¢ are the poloidal and toroidal
azimuths,R is the major radius and is the height above the midplane. In the
free-boundary case,may be given by the sé&t= {/;} of currents in a given coil
set, plus the few additional quantities just mentioned.

Various transport figures of merit have been used in Stellopt. A simple and
standard one often used for studying QA configurations, employed in the present
work, is the quasisymmetry measu&,,, = (3 n.nz0 Ban/Bo)s, where the
B, are the Fourier amplitudes of magnetic field strengtim Boozer flux co-
ordinates, and...); denotes a weighted average (these weights distinct from the
w; above) over flux surface label Kink stability (%) is computed using the
Terpsichore codé,and ballooning stability %) is computed with the COBRA
code!? Other contributions tq? include constraints on the desired plasma aspect
ratio A, volume-averaged, rotational transform(s), maximum curvature of the
plasma surface, and minimum plasma major radtusSuch constraints are im-
posed through contributions 1& in the same manner as the transport and stability
constraints. Any of these contributions may be switched on or off, or their relative

contribution changed by changing the corresponding

[ll.  The DE Algorithm

As noted above, the DE algorithm is similar to genetic algorithms (GAs), but
suited to exploration of a continuous space. Here we briefly specify the method
and touch on some of its properties. The reader is referred to the fuller discussion

in the original work®-°

As indicated in Sec. I, the optimizer is initialized in generatipa- 0 with



an ensemble oV, system pointgz'} (g = 0) distributed in some way over the
D-dimensionak: space. For generatign+ 1, a new pointz’(g + 1) is generated

from those in generatiomby first using the rule

V' =2z(9) + (20, (9) — 2r,(9)) F (2)

to produce trial vectox’. HereF is a input parameter, typically in the interval

.5, 1], multiplying the difference between 2 randomly-selected system points of
generatiory, and setting the spread of trial points for generagon 1. ro 5 are
random numbers [0, N, — 1], andz,(g) is a third element of generatignwhose
choice varies with the particular DE ‘strategy’ chosen. Other strategies arise from
adding 2 difference vectors instead of the single one in (2). For the studies in this
paper, strategy ‘DE/best/1’ is employ&dpeaning that,(g) is thez having the
lowesty in generatiory, and that only a single difference vector is employed.

Next, L of the components of v’ are ‘mutated’ to produce trial vectar,

similar to crossover in the GA, according to

vj forj=nn+1,..(n+L—1)p
u; =
(z');(g) otherwise

Here,L € [0, D—1] is the length of the mutated sequence, chosen with probability
P(L =v) = P, with P. the ‘crossover probability’, ann) = m moduloD.

Finally, if the cost function value((u’) is smaller than that fozi(g)), u’
replaces that membez!(g + 1) = u’. In the studies discussed here, the choices
F = .9, P. = 1 have been made, the latter implying that no mutation is used. This
has been found to produce adequate diversity in the population.

From (2), withF' ~ 1, one sees that the trial points for generation 1 will
have a spread comparable to that of the current ensemble about the current-best

point z,. If the points lie across only a single basin, the ensemble center will
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remain in that basin, and the search will converge rapidly to the bottom of that
well. If on the other hand thgy+ 1) best is toward the edge of th& ensemble,

as would occur if the present ensemble lies generally on a slope, or if points at the
edge have encountered a new and deeper well, the focus of the search can shift,
and permit hunting in new wells. Thus, it is important that the initial ensemble be
spread widely enough, in order that the evolution not be simply a convergence to
the initial well bottom.

With this scheme, consistent with the guidance giveior good convergence
performance, we will takeV,, ~ 7D in the runs discussed herg,,,, for con-
vergence also scales with. As a rule of thumb, we find,... ~ 10D. Thus,
the total time for a run using/cpy processors i = N, X gmaz X 1T1/Nepy =~
70D*Ty /Ncpy, with Ty the CPU time to evaluate a singlgz). On the R10000
processors in the Origin 2000 Nirvana machines at LANL, including a VMEC
equilibrium calculation, and a Terpsichore evaluation of kink stability, we find
Ty ~ 15 minutes. TakingD = 30, about945 x 103 /Ngpy min =15750/Nepy hr
are thus needed to run to an optimum. Thus, hawagy ~ 100 (as is the case
on an Origin 2000) makes such calculations accessible.

In the process of convergence in a space Witk 1, one finds a ‘dimensional
contraction’ in the DE ensemble (see Sec. IV), in which the ensemble converges
most rapidly along the directions m in which the largest variations iy are
found, followed by slower convergence along directions in which successively
smaller variation occurs. The intermediate, pre-converged states of the DE en-
semble thus can be of as much interest as the fully-converged state, or the final
state coming from a local method — instead of a single optiun#tey typically

possess aetof z‘, with nearly optimaly values, but spread appreciably ower



space. Especially since the implementedoes not fully capture human criteria

for an optimum, this property can be helpful, as will be seen.

I\V. Stellopt-DE Applications

To illustrate some of these features of a DE search, we first show a DE study
parallelling a series of LM studies doreo investigate the operational flexibility
of the reference NCSX configuration LI383, using the “M1017” set of modular
coils (Fig. 1). This calculation thus uses VMEC in free-boundary mode,zand
space has dimensioR = 11. Forj = 1 -9, z; = I; are the currents in the
4 distinct types of modular coils, in the 1 set of auxiliary TF coils, and 4 equiv-
alent currents for the dipole, quadrupole, hexapole, and octupole fields used to
represent the PF contribution 8. 2z, is the central pressung andzi; is the
enclosed toroidal fluxp,. These are adjusted in order to satisfy constraints for a
target plasma, and to keep the plasma limited by a specified first wall boundary.
Following the heuristic rules noted in Sec. I, we takg = 80 ~ 7 x D for this
search.

In Fig. 2(a-c) are shown projections of the DE population onto 2 partieylar
j = 6 and 8, (a) for generation = 0, (b) for the superposition of generations
g = 0—49, and (c) forg = 49. The choice of; used for plotting is arbitrary,
and the appearance is similar for other pairs. The initialization randomly selects
z; values between 0.8 and 1.2 times those for LI383, producing the rectangular
filled region in Fig. 2a. Between = 0 andg = 49, the ensemble spreads as the
algorithm searches space, as seen in Fig. 2b. This is followed by a dimensional

contraction to the nearly 1-D form shown in Fig. 2c. Finally, in Fig. 2d is shown



the cost function valug(z) versuszs for ¢ = 49, with the boundary line showing

the locus of the cloud of values which would appear for the same superposition of
generations as in Fig. 2b. One sees that the DE evolution thus far has produced a
rangeof configurations, all having cogtcomparable to the single value found by

the Stellopt-LM runs, and with best valug ~ 6.41, slightly better than the best

xoym =~ 6.43 produced by the LM searches.

However, in practical terms, a configuration with low€ris not necessarily
actually a better configuration, because the cost function does not perfectly ex-
press what a good configuration really is. First, in addition to physics figures of
merit y? one does regard as a measure of goodness, sugh,asor x%, the cost
function also contains target constraints, such as the desired beta, or minimum
major radius, whose relation to physics goodness is unclear, but whose contribu-
tions to? can nevertheless dominate the physics contributions. Additionally, the
physics figures of merit do not always perfectly reflect the characteristic they are
intended to. For examplg, ., intended to measure confinement quality, is only
a rough measure of ripple transport, and does not include axisymmetric or turbu-
lent transport at all. And finally, in a given run, sorggare sometimes switched
off, for various reasons. These deficiencies are common to both the present LM
and DE versions of Stellopt.

One way the physics- versus target- constraint problem can be dealt with is
illustrated in Fig. 3, which shows a scatter plotdf,,,,, versusy? for an interme-
diate generation for a free-boundary run similar to that in Fig. 2. Asin Fig. 2d, this
produces an ensemble of configurations with similar valugg gbut with differ-
ing breakdowns inta¢?. While all are comparably good as measured by the full

x?2, only a few, falling within the boxed region, are regarded as satisfactory, since



we are interested in configurations which #&@h quasiaxisymmetric and kink
stable. For comparison, we include here configuration ‘A’ in Fig. 3, the optimum
arrived at by the LM optimizer.

From the numerous searches with Stellopt-LM carried out by the NCSX team,
a number of different fixed- boundary QA configurations with promising char-
acteristics have been identified. One would like to know how these (and other)
configurations are related to each other, how different they are from each other,
and whether there might be other QA configurations space, as yet undiscov-
ered, which are comparably or perhaps more attractive than those already found.
In addition to the current NCSX reference configuration LI38Bgre we shall
also make use of 4 additional QAS configurations, all haviyg= 3 periods
and fairly low aspect ratio (Table 1): PG2, a QAS developed by P. Garabédian
to achieve good stability through a deep magnetic well, C82, an earlier reference
configuratioh® constrained to fit inside the PBX vacuum vessel, 1286b (ab-
breviated 1175), a configuration obtained starting from L1383 with a greater target
value of edge transform(/175) ~ .75 at 3 = 4%, versus,,(LI383) ~ .65],
and A4k2.45b4.7% (abbr. A4k2), a configuration obtained starting from C82
but with enhanced elongation, which improves kink stability. For brevity, we re-
fer to the resultant stellarators as configurations 1-5, in the order just given. The
configurations are specified by the surface shape, hence the fixed-boundary spe-
cializationz — X is being used. The dimensionality needed to describe all 5
configurations within thé&X description isDy = 60.

To compare these on an equal footing, we rescale each of them tdhave
1.68 m, and®, = 0.54 Wb (the LI383 reference values). We refer to the resultant

configurations as 1a-5a. These configurations were developed targetting different
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objectives, and thus are local optima for differing sets of weidhts;, and so
differing x. To make comparison among them, one must choose a sindleget
for which stellarators 1a-5a will no longer be optima. Valueswpfvere chosen
from the prescription that each of the’x? contributes equally to the totaf?
when itsy? equals an acceptably small target value. For example, the QA weight
Wpmy 1S calculated from the condition?,  \%,., = 10 wheny%, = .015, and
the kink weightwy, is calculated fromv%-y% = 10 wheny% = A% = (—107°)2,
where\ is the kink eigenvalue from Terpsichore, negative for unstable mddes.
Accordingly, with the prescribed sétv; }, we run Stellopt-LM on each of con-
figurations 1a-5a, to obtain new local optima, called 1b-5b, respectively. We find
that these lie fairly near the original configurations 1a-5a (Fig. 4). Here, we have
introduced the simple noriz| = (3} 27)"/2, where the prime ofY; excludes
from the sum the extra, nongeometric quantities suchy @and®, introduced in
Sec. Il. Configurations 1a-5a and 1b-5b are shown in poloidal cross section at
¢ = 0andr in Figs. 5, and 6, resp. This convergence of Stellopt-LM to 5 distinct
minima when started from 5 different locationsaiilustrates the tendency of lo-
cal methods mentioned in Sec. | to become trapped in local, suboptimal minima.
As a second DE application, we now take the= 5 subspace spanned by
these 5 ‘seed’ configurations®—>’, and allow Stellopt-DE to search this space.
The selection of the space makes use of knowledge found using the LM optimizer,
but the search within this space is unbiasesl, the DE optimizer has no infor-
mation on where these optima lie. From a best cost vglge = 0) = 31.6 at
generatiory = 0, x, falls to 3.16 aty = 24 and 2.65 ay = 54, about 87% and
73%, respectively, of (LI383_b) = 3.62 andx(A4k2_b) = 3.63, the lowest 2 of

the 5 seed values for tHev; } used. Thus, without information on the locus of the
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LM optima, the DE method appreciably improves on the 5 local minima found
previously by LM plus human interaction.

As with application 1, however, a configuration with loweis not necessarily
actually a better configuration. In this cagedoes not include a penalty for sharp
corners. The result is illustrated in Fig. 7, which shows cross sections of the
lowest-¢ configuration at generation = 24 noted above. It lies quite close to
A4k2_b inz space, only 2.9 cm away, compared with 19.2 cm from L1B8®ne
notes that the tips gt= 0.0 have become too sharp to be realizable with practical
coils (i.e., coils which are not too near the plasma).

As a third application, therefore, we investigate a similar subspace spanned by
5 seed configurations 1c-5c, with each obtained beginning as before with config-
urations 1a-5a, but now running Stellopt-LM with a penalfyincluded for high
curvature of the outer flux surface. Important elements ofth@decomposition of
these configurations are given in Table 2, along with some other important physi-
cal parameters. The resultant LM-optimal configurations 1c-5c¢ (Fig. 8) again lie
fairly near 1la-5a, and retain their qualitative character in poloidal cross-section,
as one sees comparing Figs. 5 with Figs. 8a and b. Configurations 1c and 4c lie
quite near each other (unsurprising because configuration 4a derives from l1a), and
these and 2c have a bullet-like shape with positive triangularity-atr, while the
remaining 2 seeds, 3c and 5c, have negative triangularity and are indented around
6 = 0. The resemblance of these two is also unsurprising, since, as noted above,
5a derives from 3a. Thus, tlje= 7 cross section shapes suggest a division into 2
classes of configurations. A refinement of this simple picture is suggested by the
¢ profiles for these 5 stellarators shown in Fig. 8d: instead of 2¢ (=&)&&sem-

bling 1c and 4c, it now resembles 3c and 5c. An overall taxonomy suggested by
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these two characteristics is thus 1¢c and 4c in class A, 2c in hybrid class B, and 3c
and 5cin class C.

Doing an unbiased DE run in thB = 5 space spanned by configurations
z'=%¢, the results are similar to those application 2: From a best cost value
x»(g = 0) = 42.1 at generatiory = 0, x, falls to 3.53 byg = 16, and thereafter
remains quite flat, reaching 3.47 hy= 52, about 94% and 59%, respectively of
x(LI383_c) = 3.66 and x(A4k2_c) = 5.84. The configuration with the lowest
for ¢ = 52 just mentioned lies only 1.0 cm from LI383and 1.9 cm from the
related 1175c¢ (the 2 lowesty c-configurations), versus 17.1 cm from A4k2

While the 5 seed configurations span a 5-dimensional subspac@ashoted
there are 2 pairs of closely related configurations among tiwesg(1c,4c) and
(3c,5¢). For the first pair, 1c=LI388 is closest to the reference configuration
L1383, and has lowey for the sets{w; } used here. Both members of the second
pair are of interest: 3c=C8R is close to the earlier reference configuration C82,
while 5c=A4k2c has the lowery. Thus, we now further restrict our space of
study to that containing 1c,2c, and either of 3c or 5¢. Choosing 3c first, the 3 seed

vectors (1c,2c,3c) are all contained in a 2-D space, spanned by
7 — Zlc 4 al(ZQC . Zlc) 4 CLQ(Z?)C . Zlc)’ (3)

for all values of coefficients; ». Thus, from a 5-D subspace»nthosen to contain

much of the interesting physics uncovered by numerous studies with Stellopt-LM,
we arrive at a 2-D space which contains much of the physics interest of that 5-D
subspace, but over which visualization and physical interpretation of the variation
of important quantities are far easier, our main purpose for this portion of the

study.
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Accordingly, in Fig. 9 is shown a contour plot gfover the(zy, z99) plane,
computed from a regular ensemble 0fn the space. The increment between
successive contours I8y = 50. Again, the choice oty and zy, is somewhat
arbitrary, and does not affect our conclusions. One observes a central ‘ridge’
running roughly vertically, with peak values arougd~ 300. Configurations
1c=LI383 c and 2c=PGZ2 lie in a triangle-shaped valley to the left of this ridge
(x in the range 0-50), and 3c=C&2lies in a second valley to its right. No val-
ues are given outside the curve bounding all the contours shown, because VMEC
or sometimes TERPSICHORE fails to converge there. The configurations in this
region are too exotic (and thus probably less realizable) for these codes to op-
erate successfully. Thus, while Stellopt-LM has been searching an in-principle
unbounded: space, that space is bounded, and far smaller than one might have
supposed, if one regards failure of VMEC or TERPSICHORE as a good indicator
that the configuration is impractical. Moreover, across the limited range of prac-
tical configurations, one notes thatmanifests only a few maxima and minima.
This 2-D picture is consistent with results along 1-D curveg lmetween inter-
esting configurations reported earliérand provides an explanation for the small
number of attractive QAS classes which previous search has uncovered, included
in the taxonomy just discussed.

Some insight into the physical origin of the topographyyofmay be seen
from the breakdown into its component parts. In Fig. 10 are shown contour plots
of (@) xx and (b)xs.. over the same region as Fig. 9. One notes thatis
by far the dominant factor (the contour spacing in Fig. 9b is afily = 2),
with x .., having a significant role only in the flat triangular valley of near kink

stability(y x ~ 0), where the minimum iny ..., Near the triangle’s lower tip very
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nearly coincides with the position of the overall optimum LI3830ne sees that
the central ridge is due to increased kink instability as configurations pass from
the positive to negative triangularity form.

In Fig. 11 we show the projection over tlie;,, zo9) plane of a similar 2-
D space, but now using the set (1c,2c,5c) of seed vectors. This subspace is thus
rotated slightly about the*c — z'© axis from the (1c,2c,3c) space of Figs. 9 and 10,
and one again sees points 1c and 2c in a different cut of the elongated valley of near
kink stability, next to the ridge of relative kink instability, with the third seed, now
5c, again appearing on the other side of this ridge right near the code convergence
boundary which limits the region. The convergence region is somewhat larger
than that for the (1c,2c,3c) space, and has some extra features toward thejarge
side. However, the generic features discussed for the (1c,2c,3c) space are true for
the (1c,2c,5¢) space as well, including the dominancg?efin determining the

overall topography of?.

V. Discussion

We have implemented and exercised the DE algorithm in the Stellopt opti-
mizer in both fixed- and free-boundary searches of stellarator configuration space,
and found that it is, as expected, much less inclined to become trapped in local
suboptimal minima than the local LM algorithm, which has been used by Stel-
lopt until now. Stellopt-DE improved very slightly on the best value found using
Stellopt-LM for free-boundary studies of operational flexibility. It made some-
what greater improvement{ 30%) in a fixed-boundary run in a 5-D restricted

space containing 5 previously-discovered interesting QAS configurations. In both
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cases, the intermediate generations of the DE search have prodseeaf aon-
figurations which differ appreciably, but have almost the same total valye of

As expected, a single run with the algorithm takes appreciably longer (typically a
factor of 7-10) than a single LM run. However, the LM optimizer typically must
be run several times, with human readjustment between runs, in order to arrive
at a good optimum. For the applications studied thus far, Stellopt-DE has found
configurations improving somewhat, but not dramatically, on those developed by
the Stellopt-LM searches. We regard this as providing additional confidence that
the LM+human approach the NCSX team has used to date to find good QAS con-
figurations is working.

As noted, a configuration with optimalis not necessarily an optimal config-
uration in practical terms, because of a gap between the figures of {fersed
in x? and the criterion a human designer applies in judging goodness of the stel-
larator, and also because of the way both physics figures of merit and other target
constraints are combined 1 These are deficiencies of both the current LM and
DE versions of Stellopt.

A further weakness of simply using either optimizer is that they do not provide,
by themselves, much insight into why they arrive at the configurations they do,
how many good configurations there may be, and what their distinguishing fea-
tures are. The more global search pattern of the DE method has led us to address
this, attempting to visualize the topographyyobver z-space. By examining a
subspace which contains a range of quite different candidate configurations found
earlier, we found a taxonomy of a small number of QAS classes into which the
optimization runs fall, and a map on which this taxonomy and all the configura-

tions examined can be placed, and the relationship among them viewed. We find 3
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principal QAS classes, designated A, B and C, lying on the 2 sides of a ridge in
which is produced by enhanced kink instability as the configurations deform from
the positive triangularity af = 7 of classes A and B to the outward-indented,
negative triangularity of class C. Class A is typified by LI383, the current NCSX
reference design, class B by PG2, a design developed elsettlzré class C by
A4k2 or C82, an earlier reference design.

Moreover, this map indicates that the extént; in components; over which
one finds realizable configurations is not very large, when measured by the typ-
ical scale length_; for y to go from a maximum to a minimum. For the maps
shown here, one hasz;/L; ~ 2 — 4. This implies that the number of different
QAS classes, as defined by the number of principal basinsaer the realiz-
able region otz space, is also not large, consistent with the small number (3) of
main classes found in the present study. This picture is presently conjectural. It
assumes that failure of VMEC or TERPSICHORE is a good indicator that the
configuration is too exotic to be practical. While the collection of interesting seed
configurations used to form the reduced space for the mapping here represent a
great deal of earlier searching, it is not clear that there are not other, possibly su-
perior basins in some direction not accessed by optimizer runs. And the size of
Az;j/L; in some of those directions may not be as small as the directions examined
thus far. Moreover, one would expect the precise topographytofchange as
important parameters here held constant (such as targetnumberN, of field
periods) are varied, and with these, the number and specific location of the basins
may change. However, the picture provides a view which is consistent with the
accumulated record of searches thus far for attractive QA stellarators, and which

offers the possibility of a large reduction in the uncertainty and complexity of our

17



understanding of stellarator configuration space.
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Config LI383 | PG2 | C82 | 1175 | A4k2
R[m] 173 | 170 | 146 | 1.82 | 1.64
I,[kA] 150. | 150. | 200. | 120. | 230.
RB,m—-T] | 205 | 202 | 166 | 2.16 | 1.85
A 4.4 43 | 34 | 48 | 40
Bimaz(%) 4.2 35 | 39 | 40 | 48
lo 39 15 | 26 | 46 | .30
la 65 46 | 47 | 75 | .48
B 015 | 095 | .027 | .012 | .016

Table 1: Seed configurations ‘a’

Config 1c 2c 3c 4c 5c
A 4.4 4.4 4.0 4.4 4.2
B(%) 4.2 4.1 4.2 4.2 4.2
Lo 41 14 24 .39 .20
la .65 .67 .65 .65 .65
X2 134 112 52.1 14.0 34.1
% 123 42.4 2.68 135 159
XBmn 896 | 385 | 142 | 858 | 1338
X2 2.33 2.46 111 2.76 8.01

Table 2: Some important physics parameters for configurations ‘c’
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Figures

FIG. 1. The “M1017” set of modular coils for the NCSX LI383 configuration,

showing the 4 different types of modular coils.

FIG. 2. (a-c)Projections of the DE population ontpand zg for generations (a)
g =0, (b)g = 0 — 49, and (c)y = 49 for DE flexibility study of the LI383

configuration. (dy versuszs for the same study, fay = 49.

FIG. 3. Scatter plot of%,,,,, versusys for an ensemble of configurations from a

free-boundary run all having comparable values of tgtal

FIG. 4. Diagram showing the distances (in cmyispace between the 10 seed
configurations 1la-5a and 1b-5b used in the fixed-boundary 5 restricted

space.
FIG. 5. Poloidal cross sections of seed configurations la-5a=at and({ = .
FIG. 6. Poloidal cross sections of seed configurations 1b-8bk=a6 and{ = .

FIG. 7. Poloidal cross sections of the lowgstonfiguration at generatign= 24

in fixed-boundary application 2.

FIG. 8. Poloidal cross sections of seed configurations 1c-5c@d) (b)¢ = ,
and (c} = =/2. (d)Rotational transform of these configurations versus
s=0/P,.

FIG. 9. Contour plot ofy(z) over the(zy, z99) plane for fixed-boundary applica-

tion 3, using the set (1c,2c,3c) of seed basis vectors.

FIG. 10. Contour plots of component partsxa)z) and (b) s...(z) over the

(210, 220) plane for the calculation of Fig. 9.

FIG. 11. As Fig. 9, but now using the set (1c,2c,5¢) of seed basis vectors.
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