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Exploration of stellarator configuration space with global search methods
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An exploration of stellarator configuration spactor quasi-axisymmetric stellaraté®AS) designs

is discussed, using methods which provide a more global view of that space. To this end, a
“differential evolution” search algorithm has been implemented in an existing stellarator optimizer,
which is much less prone to become trapped in local, suboptimal minima of the cost fup¢tian

the local search methods used previously. This search algorithm is complemented by mapping
studies ofy overz aimed at gaining insight into the results of the automated searches. It is found
that a wide range of the attractive QAS configurations previously found fall into a small number of
classes, with each class corresponding to a basyiz)f Maps are developed 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 regianspface containing
practically realizable QAS configurations is much smaller than earlier suppose200®American
Institute of Physics.[DOI: 10.1063/1.1445756

I. INTRODUCTION trajectory, the evolution of the DE population can provide a
less myopic map of the space topography compared with
The search for attractive stellarator designs has beethat from traditional local algorithms.
greatly enhanced by the development of optimization codes Obtaining such a map of space is important, both for
which search configuration spaeeusing a specified cost understanding and for finding optimal designs. Up to now,
function x(z). Such codes have been used extensively in thehe LM optimizer (Stellopt-LM) has obtained promising
design of W7-X(Wendelstein-VII-¥,* HSX (Helically Sym-  QAS configurations after a complicated sequence of opti-
metric experiment® and more recently, by the NCS#a-  mizer runs and human adjustments, and there has been little
tional Compact Stellarator experimggroup in designing a  knowledge of how close the various configurations are to
proposed quasi-axisymmetric stellarat@AS). These opti- each other, how many different types of good QAS designs
mizers have used search algorithms which are “local,” i.e.,there may be, and what their distinguishing features are. In
which make use of derivatives in the local topography ofaddition to providing an optimization algorithm less prone to
x(2) to decide in which direction to move along a single the local-well weakness of local methods, a second objective
trajectory inz, such as the steepest-descent and relatedf this work is to enhance insight of this sort, by providing a
Levenberg-Marquard_LM) methods: The NCSX optimizer more global view of the space in which Stellopt has been
(Stelloph uses the LM algorithm. While efficient in suitable searching and identifying configurations. We fitd. Secs.
cases, such methods often become trapped in local, subopt and V) that a wide range of the attractive QAS configu-
mal minima of the cost function, in the large and sometimegations previously studied falls into a small number of
highly corrugatedz space. This makes human involvementclasses, with each class corresponding to a well or “basin”
an essential part of the optimization loop, in which the sys-of y. By mappingx(z) over useful sections of the fult
tem z position or the weights iry are adjusted to dislodge space, we obtain maps showing these basins, their relative
Stellopt from local minima. Surmounting this difficulty is a positions, and gain insight into the physics separating them.
first objective of this work, performing more global searchesConfigurations known to have related ancestry tend to fall
in z space through implementing a varig®tellopt-DB of  near one another on the map, as one might expect. The maps
Stellopt, which uses a “differential evolution”(DE) also indicate that, while the full space is in principal enor-
algorithm?® This is far less prone to become locally trapped,mous, the region of that space containing configurations
and thus permits a more robust, though more time consunwhich are(in a sense to be defingg@ractically realizable is
ing, exploration ofz space. much smaller than one might have supposgtugh still
The DE algorithm is similar to genetic algorithms large. While these maps are not complete or definitive, they
(GAs),® but suited to exploration of a continuous space. Un-begin to put limits on the domain being explored, and to
like local methods, these do not require taking derivativesconvertterra incognitainto something with a known geog-
but evolve a sequence of generatians 0, . . .gmax, €ach  raphy.
generation comprised of an ensembleNyf system points The remainder of this paper is organized as follows. In
{Z}1(9),(i=0, ...Ny,—1) distributed over the space to be Sec. Il we introduce some needed notation, and briefly dis-
explored, and with a simple rule for obtaining thg+1)"  cuss features of the operation of Stellopt and ancillary codes
generation from thg™. Because the evolution is of a cloud which are used for the optimization process. The DE algo-
of system points, rather than of a single point along oneithm is introduced in Sec. Ill, and some of its characteristics
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discussed. In Sec. IV the method is employed in studying the  As indicated in Sec. |, the optimizer is initialized in gen-
QAS region of stellarator configuration space. The searclerationg=0 with an ensemble o, system point§Zz'}(g
leads to a study of the topography pfn z space, and to the =0) distributed in some way over thB-dimensionalz
development of a simple taxonomy for the QAS configura-space. For generatiog-+ 1, a new pointz'(g+1) is gener-
tions on which the NCSX team has focussed. Section V proated from those in generatianby first using the rule

vides some discussion of the results of the foregoing sec-
tions. V'i=2,(9)+(z,(9)—z(9))F, )

to produce trial vecton'. Here F is an input parameter,
Il. PRELIMINARIES typically in the interval(0.5,2), multiplying the difference
between two randomly selected system points of generation
g, and setting the spread of trial points for generationl.
I, are random numbers [ON,—1], andz,(qg) is a third
X*= 2 Xi= 2 wix?, (D) element of generatiog, whose choice varies with the par-
R ticular DE “strategy” chosen. Other strategies arise from
where thew; are the weights of the various contributiops  adding two difference vectors instead of the single on@jn
to x°. To computey?, Stellopt first calls the VMEC coddo  For the studies in this paper, strategy “DE/best/l” is
compute a magnetohydrodynan(i@HD) equilibrium, and  employed meaning thatz,(g) is thez having the lowesj
then additional codes to compute the diﬁeréﬁt, which  in generationg, and that only a single difference vector is
make use of the equilibrium information. VMEC can com- employed.
pute both fixed and free-boundary equilibria. In the fixed-  Next, L of the componentsy of V! are “mutated”
boundary casez specializes to the seX={Xj_; n} produce trial vectou', similar to crossover in the GA ac-

={Rm,;.Zm:Rm,1Zm,, - . .} of Fourier amplitudes defining cording to
the plasma boundaiyR(6,¢),Z(6,¢)], plus a small number o for j=n,n+1,...(n+L—1)p,
of other quantities such as central pressugeand enclosed uj=1y .
toroidal flux ®, needed to satisfy certain constraint targets, (z);(g) otherwise.
such as the desired plasngand toroidal field. Herem Here,n andL are integers=[0,D — 1], with n the first com-
=(m,n=n/Ns) are poloidal and toroidal mode numbers perponent in the mutated sequence, randomly chosethe
period, withN; equal to the number of field period¢ and{ length of the mutated sequence, chosen with probability
are the poloidal and toroidal azimuthgjs the major radius P(L=v)=P/, with P, the “crossover probability,” and
andZ is the height above the midplane. In the free-boundarym)=m moduloD.
casez may be given by the sét={l;} of currents in a given Finally, if the cost function valug(u') is smaller than
coil set, plus the few additional quantities just mentioned. that forZ'(g), u' replaces that membez(g+1)=u'. In the
Various transport figures of merit have been used in Stelstudies discussed here, the choi€es0.9P.=1 have been
lopt. A simple and standard one often used for studying QAmade, the latter implying that no mutation is used. This has
configurations, employed in the present work, is the quasibeen found to produce adequate diversity in the population.
symmetry measurexan <Emn¢OB n/BOO>S, where the From (2), with F~1, one sees that the trial points for
B are the Fourier amplitudes of magnetic field strenigth generatiorg+ 1 will have a spread comparable to that of the
in Boozer flux coordinates, and. . . )s denotes a weighted current ensemble about the current-best pant If the
average(these weights distinct from the; above over flux  points lie across only a single basin, the ensemble center will
surface labek. Kink stability (x%) is computed using the remain in that basin, and the search will converge rapidly to
Terpsichore cod&and ballooning stability x3) is computed  the bottom of that well. If on the other hand thg#1)th
with the COBRA cod€. Other contributions toy? include  best is toward the edge of tlggh ensemble, as would occur
constraints on the desired plasma aspect ratiorolume- if the present ensemble lies generally on a slope, or if points
averagedB, rotational transform(s), maximum curvature at the edge have encountered a new and deeper well, the
of the plasma surface, and minimum plasma major raitius focus of the search can shift, and permit hunting in new
Such constraints are imposed through contributiong?@  wells. Thus, it is important that the initial ensemble be spread
the same manner as the transport and stability constraintgidely enough, in order that the evolution not be simply a
Any of these contributions may be switched on or off, orconvergence to the initial well bottom.
their relative contribution changed by changing the corre-  With this scheme, consistent with the guidance given
spondingw; . for good convergence performance, we will takg=7D in
the runs discussed herg,,,x for convergence also scales
with D. As a rule of thumb, we find),,x~10D. Thus, the
total time for a run usindNcpy processors i§ =Ny X gmax
As noted above, the DE algorithm is similar to genetic X T;/Ngpy=70D?T;/Ncpy, With T, the CPU time to evalu-
algorithms(GAs), but suited to exploration of a continuous ate a singley(z). On the R10000 processors in the Origin
space. Here we briefly specify the method and touch on som2000 Nirvana machines at Los Alamos National Laboratory
of its properties. The reader is referred to the fuller discus{LANL ), including a VMEC equilibrium calculation, and a
sion in the original work. Terpsichore evaluation of kink stability, we findl;=15

The cost functiony(z) is given in Stellopt by

Ill. THE DE ALGORITHM
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FIG. 1. The “M1017" set of modular coils for the NCSX LI383 configura-
tion, showing the four different types of modular coils.

minutes. Taking D=30, about 94%10°/Ncpy; min
=15 750Ncpy hr are thus needed to run to an optimum.
Thus, havingN¢p~ 100 (as is the case on an Origin 2000
makes such calculations accessible.

In the process of convergence in a space With1, one
finds a “dimensional contraction” in the DE ensemlikee
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x Values, but spread appreciably overspace. Especially
since the implementeg does not fully capture human crite-
ria for an optimum, this property can be helpful, as will be
seen.

IV. 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
done by the NCSX team to investigate the operational flex-
ibility of the reference NCSX configuration LI388,using
the “M1017” set of modular coil§Fig. 1). This calculation
thus uses VMEC in free-boundary mode, andpace has
dimensionD =11. Forj=1-09,z;=1; are the currents in the
four distinct types of modular coils, in the one set of auxil-
iary TF coils, and four equivalent currents for the dipole,
quadrupole, hexapole, and octupole fields used to represent
the PF contribution td. z,, is the central pressung, and
Z4, is the enclosed toroidal flup,. These are adjusted in
order to satisfy constraints for a target plas@aand to keep
the plasma limited by a specified first wall boundary. Follow-
ing the heuristic rules noted in Sec. Ill, we takg=80=7
X D for this search.

In Figs. 2a)—2(c) are shown projections of the DE popu-
lation onto two particulag;, j=6 and 8,(a) for generation

Sec. V), in which the ensemble converges most rapidlyg=0, (b) for the superposition of generatiogs-0-49, and

along the directions iz in which the largest variations ig

(c) for g=49. The choice of; used for plotting is arbitrary,

are found, followed by slower convergence along directionsand the appearance is similar for other pairs. The initializa-
in which successively smaller variation occurs. The intermetion randomly selectg; values between 0.8 and 1.2 times

diate, pre-converged states of the DE ensemble thus can lieose for LI383, producing the rectangular filled region in

of as much interest as the fully converged state, or the findFig. 2(a). Betweeng=0 andg=49, the ensemble spreads as

state coming from a local method—instead of a single optithe algorithm searchesspace, as seen in Fig(l. This is

mal z, they typically possess setof Z, with nearly optimal

followed by a dimensional contraction to the nearly 1D form

FIG. 2. (a)—(c) Projections of the DE
population ontazg and zg for genera-
tions (&) g=0, (b) g=0-49, and(c)

g=49 for DE flexibility study of the

LI383 configuration.(d) y versuszg
for the same study, fog=49.
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x& FIG. 4. Diagram showing the distancés cm) in z space between the 10
seed configurations la—5a and 1b—5b used in the fixed-bourdlary
FIG. 3. Scatter plot of¢3,,, versusyz for an ensemble of configurations restricted space.
from a free-boundary run all having comparable values of tptal

One way the physics—versus target—constraint problem
h i Fi Finallv. in Fi 4 is sh h can be dealt with is illustrated in Fig. 3, which shows a
shown in Hg. Zo). Finally, in Fig. 2d) IS shown the cost  goier plot ofy3,,, versusy for an intermediate generation
f_unct|on vglue)((z) Versusz, for g=49, with the bqundary for a free-boundary run similar to that in Fig. 2. As in Fig.
line showing the locus of the cloud of values which would 2(d), this produces an ensemble of configurations with simi-
appear for the same superposition of generations as in Fig, "\ .1 oc ofy2 but with differing breakdowns into?.
2(b). One sees thaF the DE evqlutlon thus far has produced Hhile all are comparably good as measured by the)tlajl
r‘?‘”ge"f configurations, all having cost comparable t.o the only a few, falling within the boxed region, are regarded as
single value found by the Stellopt—LM runs, and with beStsatisfactory, since we are interested in configurations which

value y,=6.41, slightly better than the begty=~6.43 pro- areboth quasiaxisymmetric and kink stable. For comparison,

duc|e_|d by the I.‘M seatrchlets. . i ith | we include here configuration “A” in Fig. 3, the optimum
owever, in practical terms, a configuration with lower _ . o4 - by the LM optimizer.

2 . . . .
x° is not necessarily actually a better configuration, because From the numerous searches with Stellopt—LM carried

the cost function does not perfectly express what a goo%ut by the NCSX team, a number of different fixed-boundary

conflguzratlon really is. First, in addition to physics figures of QA configurations with promising characteristics have been
merit x; one does regard as a measure of goodness, such fntified. One would like to know how thedand othey

2 2 . .
Xemn OF Xk. the cost function also contains target €ON” configurations are related to each other, how different they

straints, such as the desired beta, or minimum major radius, o trom each other. and whether there might be other QA
whos_e f?'a“"” ‘3 physics goodness is u_nclear, but Wh_os(?onfigurations inz space, as yet undiscovered, which are
contributions toy“ can nevertheless dominate the physics

o . S ; comparably or perhaps more attractive than those already
contributions. Additionally, the physics f'gL_"e_S of merit d_o found. In addition to the current NCSX reference configura-
not always perfectly re‘;'e"t the characteristic they are ingi,, | 138310 here we shall also make use of four additional
tended to. Fo.r exampleygpy,, intended to measure confine- QAS configurations, all havindl;=3 periods and fairly low
ment quality, is only a rough measure of ripple transport, an%spect ratio (Table ): PG2, a QAS developed by

does_not inf:lude.axisymmetric (3r turbulent.transpo-rt at a”'GarabediaH to achieve good stability through a deep mag-
And finally, in a given run, somg;’ are sometimes switched otic well, C82, an earlier reference configuratfoon-

off, for various reasons. These deficiencies are common tQtrained to fit inside the PBX vacuum vessel, 1175_288i-
both the present LM and DE versions of Stellopt. ’ -

TABLE |. Seed configurations “a.” wf o ]
o} .
Config. L1383 PG2 C82 1175 Adk2 _ la "
Eop 4 &
R [m] 1.73 1.70 1.46 1.82 1.64 N a N
I, [KA] 150.0 150.0 200.0 120.0 230.0 3 T a2t F ]
RB, [m—T] 2.05 2.02 1.66 2.16 1.85 T F 7 1
A 4.4 4.3 3.4 4.8 4.0 —jg= .:
Bnax %) 42 35 3.9 4.0 48 N TR EEY
Lo 0.39 0.15 0.26 0.46 0.30 R
la 0.65 0.46 0.47 0.75 0.48
Xmn 0.015 0.095 0.027 0.012 0.016 FIG. 5. Poloidal cross sections of seed configurations la—%Fa&t and

(=
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AR AL IR LS LN TABLE Il. Some important physics parameters for configurations “c.”
Config. 1c 2c 3c 4c 5c
2 z A 4.4 4.4 4.0 4.4 4.2
N N B(%) 4.2 41 4.2 4.2 4.2
Lo 0.41 0.14 0.24 0.39 0.20
la 0.65 0.67 0.65 0.65 0.65
X2 13.4 112 52.1 14.0 34.1
X2 0.123 42.4 2.68 0.135 0.159
2
Rem Xgmn 8.96 38.5 14.2 8.58 13.8
X5 2.33 2.46 111 2.76 8.01

FIG. 6. Poloidal cross sections of seed configurations 1b—5b=dt and
{=m.

nongeometric quantities such ag and @, introduced in
Sec. Il. Configurations la—5a and 1b—5b are shown in po-
loidal cross section af=0 andsr in Figs. 5, and 6, respec-
tively. This convergence of Stellopt—LM to five distinct
minima when started from five different locationsarillus-

breviated 1175, a configuration obtained starting from LI383
with a greater target value of edge transfofmy(ll75)
=0.75 at B=4%, versus i,4(LI1383)=0.65], and
A4k2.45b4.75_t§abpr. Adk3, a conflgurat'lon obtglngd start- 4 ates the tendency of local methods mentioned in Sec. | to
ing from C82 but with enhanced elongation, which improvesy . .ome trapped in local, suboptimal minima.

kink stability. For brevity, we refer to the resultant stellara- As a second DE a[;plication, we now take the=5

tors as configuration;_l—s, in the order just given. The Con'subspace spanned by these five “seed” configurations
figurations are specified by the surface shape, hence tr}qb_sb and allow Stellopt-DE to search this space. The se-
fixed-boundary specialization—X is being used. The di- lection of the space makes use of knowledge found using the

mensionality needed to describe all five configurationsLM optimizer, but the search within this space is unbiased,

within the X description isDo = 60. . |fe the DE optimizer has no information on where these
To compare these on an equal footing, we rescale each Qbtima lie. From a best cost valyg,(g=0)=231.6 at gen-

thfem to haVFROOZ 1'68f m, anthDaZOI.54 wh E}he L|,383 erationg=0, y, falls to 3.16 atg=24 and 2.65 ag=54,
reference va uésWe refer to the resultant configurations as )+ 8704 and 73%, respectively, gfL1383_b)=23.62 and
la-5a. These configurations were de_veloped targeting d'ﬁer'(A4k2 b)=23.63, the lowest two of the five seed values for
ent objectives, and thus are local optima for differing sets o he{wi}_used. Thus, without information on the locus of the

weights {wi}, and so_differing x. T.O make comparison - optima, the DE method appreciably improves on the five
among them, one must choose a S'”g'e{?"'}' for Wh'.Ch local minima found previously by LM plus human interac-
stellarators 1a—5a will no longer be optima. For th|As, Weion
choose thew; from the prescription that each of thvef As with application 1, however, a configuration with
contributes equally to the totg}®> when its y? equals an lower y is not necessarily actually a better configuration. In
acceptably small target value. For example, the QA weighthis casey does not include a penalty for sharp corners. The
Wgmn is calculated from the conditiow3 , ,x3,,=10 when  result is illustrated in Fig. 7, which shows cross sections of
X3mn=0.015, and the kink weightvk is calculated from the Iowe;tx configuration at g_eneratiogm= 24 noted above.
Wﬁ)}ﬁ= 10 when)}ﬁz)\ﬁz(— 1075)2, whereh is the kink It lies quite close to Ad4k2_b iz space, only 2.9 cm away,
eigenvalue from Terpsichore, negative for unstable mddes.
Accordingly, with the prescribed sefw;}, we run

Stellopt—LM on each of configurations 1a—5a, to obtain new 9L

local optima, called 1b—5b, respectively. We find that these ]

lie fairly near the original configurations la—%&ig. 4). £ Eof .

Here, we have introduced the simple nofgh=(=|z))"? 0 ]

where the prime orX; excludes from the sum the extra, TE E
- (E=m) Ll

R

IIIA- R(m)

‘__|Il|lllll|lllllllll - TY v vty T[T rrrrrrr — T T T .
Ln:_ ] 0 oL ]

o : o =} ]
ol 1 zof ] Tl LR
No: N N ] -

n L 0 £ ] n [ 5 b L y

o r . or . er N 7 o piRE

i : : : N 1 SERN

(L=0) 1 (L=m) ] — |(E=22) LY ] r 2 56
Aol A I S - M B e e Ry o L N R .
o5 1 15 2 25 o5 1 15 2 25 05 1 15 2 25 0 02 04 06 08 1
R (m) R (m)

FIG. 8. Poloidal cross sections of seed configurations 1c—&) 4t=0, (b)
FIG. 7. Poloidal cross sections of the lowgstonfiguration at generation (=, and(c) {=#/2. (d) Rotational transform of these configurations
g=24 in fixed-boundary application 2. versuss=d/d,, .
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o 100 0 100
0.5 50 ] 50
3¢ 1e: T
2h 05 o . us 1 " £ 05 0 . 05 1 9
Z_“,-IY 10 (a) fl:l x 107
FIG. 9. (Color) Contour plot of x(z) over the ¢.4,2,0) plane for fixed- 2 a0
boundary application 3, using the gét,2c,3¢ of seed basis vectors.
2c
1.5 25
compared with 19.2 cm from LI383_b. One notes that the 1 20
tips at /=0 have become too sharp to be realizable with =
practical coils(i.e., coils which are not too near the plagma * 0.5 15
As a third application, therefore, we investigate a similar ~ ~"
subspace spanned by five seed configurations 1c—5c, with a 10
each obtained beginning as before with configurations la—
5a, but now running Stellopt—LM with a penaﬁ included L5 5
for high curvature of the outer flux surface. Important ele- R 3e
ments of thex? decomposition of these configurations are g oE 5 o5 0
given in Table Il, along with some other important physical it z2,,x 10"

parameters. The resultant LM-optimal configurations 1¢c—5c
(Fig. 8 again lie fairly near 1la—5a, and retain their qualita-FIG. 10. (Colon Contour plots of component par®) xx(z) and (b)
tive character in poloidal cross section, as one sees compayem(?) OVer the €i,2;0) plane for the calculation of Fig. 9.

ing Figs. 5 with Figs. 8) and 8b). Configurations 1c and 4c

lie quite near each othéunsurprising because configuration

4a derives from la and these and 2c have a bullet-like =5.84. The configuration with the lowegt for g=52 just
shape with positive triangularity d= 7, while the remain- mentioned lies only 1.0 cm from LI383_c and 1.9 cm from
ing 2 seeds, 3c and 5c, have negative triangularity and arge related 1175_¢the two lowesty c-configurationy versus
indented around’=0. The resemblance of these two is also17.1 cm from A4k2_c. The? values for this run are some-
unsurprising, since, as noted above, 5a derives from 3avhat higher than those of application 2, both becayshas
Thus, thel= 7 cross section shapes suggest a division into 2an additional contribution from(i, and because the pres-
classes of configurations. A refinement of this simple picture
is suggested by theprofiles for these five stellarators shown
in Fig. 8d): Instead of 2d=PG2_g resembling 1c and 4c, it

now resembles 3c and 5c¢. An overall taxonomy suggested by e

these two characteristics is thus 1c and 4c in class A, 2c in 3 250

hybrid class B, and 3c and 5c in class C. From Table I, one

observes that class B has much less kink stability than 5 200

classes A and C, and from Fig(8, the {= 7 cross section

of class B also has less squareness than those of classes A ? . 150

and C. Thus, kink stability may be improved by increased =

squareness dt= 7, or by some more complicated combina- o 100

tion of shaping harmonics not apparent from a simple visual

appraisal of these cross sections. » -
Doing an unbiased DE run in the=5 space spanned

by configurationsz¢=>¢, the results are similar to those in b

2
application 2: From a best cost valyg(g=0)=42.1 at gen- -2 -1 0 " i 3
erationg=0, x, falls to 3.53 byg=16, and thereafter re- "

mains quite flat, reaching 3.47 ly=52, about 94% and gig. 11. (Colon As Fig. 9, but now using the sélc,2c,5¢ of seed basis
59%, respectively, ofy(LI383_c)=3.66 and y(A4k2_c)  vectors.
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ence of)(i in computing the c-configurations which define kink instability as configurations pass from the positive to
the subspace of application 3 makes them more constraingtegative triangularity form.
than the b-configurations of application 2. In Fig. 11 we show the projection over the&{,z,)
While the five seed configurations span a five-plane of a similar 2D space, but now using the(det2c,5¢
dimensional subspace af as noted there are two pairs of of seed vectors. This subspace is thus rotated slightly about
closely related configurations among these, \itc,49 and  thez>— 7€ axis from the(1c,2c,3¢ space of Figs. 9 and 10,
(3c,50. For the first pair, 1&LI383_c is closest to the ref- and one again sees points 1c and 2c in a different cut of the
erence configuration LI383, and has lowefor the setqw;} elongated valley of near kink stability, next to the ridge of
used here. Both members of the second pair are of interegielative kink instability, with the third seed, now 5c, again
3c=C82_c is close to the earlier reference configurationappearing on the other side of this ridge right near the code
C82, while 5=A4k2_c has the lowey. Thus, we now fur- convergence boundary which limits the region. The conver-
ther restrict our space of study to that containing 1c,2c, angence region is somewhat larger than that for (the2c,3¢
either of 3c or 5¢. Choosing 3c first, the three seed vectorspace, and has some extra features toward the faggade.
(1c,2c,3¢ are all contained in a 2D space, spanned by However, the generic features discussed for (the2c,3¢
space are true for th@c,2c,5¢ space as well, including the
z=7%+a,(2°°— 7' + a,(*°— 2%°), ®) d(z)minance ofyZ in determining the overall topography of
X -
for all values of coefficients, ,. Thus, from a 5D subspace
of z chosen to contain mu_ch of the interesting physic_s UNy, DISCUSSION
covered by numerous studies with Stellopt—LM, we arrive at
a 2D space which contains much of the physics interest of We have implemented and exercised the DE algorithm in
that 5D subspace, but over which visualization and physicaihe Stellopt optimizer in both fixed- and free-boundary
interpretation of the variation of important quantities are farsearches of stellarator configuration space, and found that it
easier, our main purpose for this portion of the study. is, as expected, much less inclined to become trapped in
Accordingly, in Fig. 9 is shown a contour plot gfover  local suboptimal minima than the local LM algorithm, which
the (19,250 plane, computed from a regular ensemblezof has been used by Stellopt until now. Stellopt-DE improved
in the space. The increment between successive contoursVigry slightly on the best value found using Stellopt—LM for
Ax=50. Again, the choice of,, andz,, is somewhat arbi- free-boundary studies of operational flexibility. It made
trary, and does not affect our conclusions. One observes $pmewhat greater improvement30%) in a fixed-boundary
central “ridge” running roughly vertically, with peak values run in a 5D restricted space containing five previously dis-
aroundy=300. Configurations L1383 _c and 2ePG2_c covered interesting QAS configurations. In both cases, the
lie in a triangle-shaped valley to the left of this ridge in intermediate generations of the DE search have produced a
the range 0—50 and 3c=C82_c lies in a second valley to its Setof configurations which differ appreciably, but have al-
right. No values are given outside the curve bounding all thénost the same total value of. As expected, a single run
contours shown, because VMEC or sometimes TERPSIWith the algorithm takes appreciably longgypically a fac-
CHORE fails to converge there. The configurations in thistor of 7—10 than a single LM run. However, the LM opti-
region are too exoti¢and thus probably less realizapfer ~ mizer typically must be run several times, with human read-
these codes to operate successfully. Thus, while Stellopt—LN#Hstment between runs, in order to arrive at a good optimum.
has been searching an in-principle unboundespace, that For the applications studied thus far, Stellopt-DE has found
space is bounded, and far smaller than one might have sugonfigurations improving somewhat, but not dramatically, on
posed, if one regards failure of VMEC or TERPSICHORE asthose developed by the Stellopt-LM searches. We regard this
a good indicator that the configuration is impractical. More-as providing additional confidence that the E¥Muman ap-
over, across the limited range of practical configurations, on@roach the NCSX team has used to date to find good QAS
notes thaty manifests only a few maxima and minima. This configurations is working.
2D picture is consistent with results along 1D curveszin As noted, a configuration with optimal is not neces-
between interesting configurations reported eatfieand  Sarily an optimal configuration in practical terms, because of
provides an explanation for the small number of attractivea gap between the figures of megif used iny? and the
QAS classes which previous search has uncovered, includexditerion a human designer applies in judging goodness of
in the taxonomy just discussed. the stellarator, and also because of the way both physics
Some insight into the physical origin of the topographyfigures of merit and other target constraints are combined in
of x may be seen from the breakdown into its componenty. These are deficiencies of both the current LM and DE
parts. In Fig. 10 are shown contour plots(a@f yx and(b)  versions of Stellopt.
XBsmn OVer the same region as Fig. 9. One notes hais by A further weakness of simply using either optimizer is
far the dominant factofthe contour spacing in Fig. ) is  that they do not provide, by themselves, much insight into
only A xy=2], with xgmnhaving a significant role only in the why they arrive at the configurations they do, how many
flat triangular valley of near kink stabilityyx=0), where  good configurations there may be, and what their distinguish-
the minimum in ygm, Near the triangle’s lower tip very ing features are. The more global search pattern of the DE
nearly coincides with the position of the overall optimum method has led us to address this, attempting to visualize the
LI383_c. One sees that the central ridge is due to increaseédpography ofy over z-space. By examining a subspace
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which contains a range of quite different candidate configuiated record of searches thus far for attractive QA stellara-
rations found earlier, we found a taxonomy of a small num-tors, and which offers the possibility of a large reduction in
ber of QAS classes into which the optimization runs fall, andthe uncertainty and complexity of our understanding of stel-
a map on which this taxonomy and all the configurationslarator configuration space.
examined can be placed, and the relationship among them
viewed. We find three principal QAS cle_lsses., desi_gna_ted AACKNOWLEDGMENTS
B, and C, lying on the two sides of a ridge in which is
produced by enhanced kink instability as the configurations The authors are grateful to S. P. Hirshman and E. Valeo
deform from the positive triangularity &t= 7 of classes A for numerical advice and assistance, to A. H. Boozer and
and B to the outward-indented, negative triangularity of class.-P. Ku for useful discussions, and to M. Zarnstorff for
C. Class A is typified by LI383, the current NCSX referencebringing the DE method to our attention.
design, class B by PG2, a design developed elsewhersd This work was supported by U. S. Department of Energy
class C by A4k2 or C82, an earlier reference design. Contract No. DE-AC02-76-CHO3073.
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