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Compact Stellarators with plasma aspect ratigs- (RI[a[1= 2-4 are of interest because they
may combine the best features of tokamaks (moderate aapectgoodconfinement andbeta)

and stellarators (disruption immunity, no currdnte, low recirculatingpower in a reactor).
Here[RCand[allare the average major and minor radii of the plasma. The benefitsesfA,

are larger plasma sider a given costfor an experiment andower cost for agiven fusion
power in a reactor. Two complementary approaches are being studied for Compact Stellarators.
Quasi-axisymmetric stellaratof$] have tokamak-like symmetry properties and a bootstrap
current comparable to that intekamak. The quasi-omnigeneou&O) stellarators[2] exam-

ined hereuse a spectrum afnagnetic field spatiaharmonics tominimize the deviation of
bounce-averaged drift orbit (approximate secadidbatic invariand*) surfaces frommagnetic
surfaces (Fig. 1). The approximate alignment of drifiurfaces with flux surfaces reduces
energetic orbit losses and neoclassical transport. The low bootstrap current, typicaltatl/10
in a comparable tokamak, should lead to configurations that are relatively insendite &md

are robust against current-driven modes (external kinks), vertical instabilities, and disruptions.

1. Quasi-Omnigeneous Stellarator Optimization

Quasi-omnigeneous stellarators have some general similarity to the drift-optimized Wendelstein
7-X (W7-X) "helias" configuration [3] but QO configurations have plasma aspect satigier

by a factor of3-4, asignificant bootstragurrent, alarger helical component, and amaller
mirror-like variation of the magnetic field on a flgyrface. Although theW7-X configuration

has veryattractivephysics properties, ieads to a largellRCJ= 22 m) reactor. Compact QO
configurations are of interest because they could lead to reactors with a volume-aetagBe

= 4-5% andR[]~ 9 m, closer to theeverse-shear ARIES-RBkamak reactor in the ratio of
reactor mass to generated power.

The optimization criteridor QO configurationsre their confinemergroperties,S8 limits, and
feasibility of the modular coset. The goalsare (1) energyconfinement timesg > 21g!SS93
where1g!SS95is the empirical stellarator confinement scalidg (2) [BO~ 4% (for areactor);
and (3) modular coils with sufficient accdss heating andliagnostics. Previouslyhe itera-
tive optimization loop calculated the shape of the LCFSghaduceghe desiregphysics prop-
erties using measures of trapped particle confinement (poloidal variati®a@f Bmin, J*), B
limits (global magnetiavell, Mercier stability), magnetic fieldripple, outer surface curvature,
and limits on thdotal currentand rotational transform (= 1/4) profiles. Figure 1 shows the
type of improvement obtained as a result of the optimization procedure; the flux surfaces are
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Fig. 1. Open J* contours (left) before and closed (right) after the optimization for helically trapped particles.
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concentric circles in thismagnetic coordinateystem. Similar improvements are obtained for
passing particles, buhe drift surfaces inthe yyv range where orbits change framelically
trapped to passing are not as well confined, and these determine the neoclassical transport.

Different QO configurations are obtained depending on whether one is optirfozind) a
reactor (where the critical issues are maximizing the space betweke@FSeand the center of

the coil winding surfaceBLJ] and alpha-particle confinement); or (2) for a modeéRil{ 1 m,
B~1T,P < 2 MW)concept exploration experiment designed to tiestphysics ofthe QO
approach (where confinement and configuration flexibility are more important issues). We have
studied both optimizations, but this paper deals primarily with the experimental optimization.

QO-optimizedconfigurations with toroidal fielgheriods Ny = 3 and 4 andd, from 3 to 4.8

were examinedFigure 2 shows the LCFS for ang\- 3 A, = 3.6 QO configuratiomptimized

for an experiment and the modular coil set that creates it. Additional coils (not shown) are need-
ed for configuration flexibility. The colorsindicatecontours of constanB|. Figure 3shows

the spatial Fourier spectrum [B| components for this configurationlhe largest components

are the helical, axisymmetric 'R/ term (a factor of 4 larger in an equivalénkamak), and
"bumpy" (mirror) terms. The spectrum of smaller compensating field termthas needed to
satisfy the physics constraints at lower aspect ratio. The on-axis field is normalized to 1 on this
scale and the rotational transform varies frigm 0.55 on axis te; = 0.64 at the plasma edge.
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Fig. 2. LCFS and coils for anfpl= 3 case. Fig. 3. Magnetic field structure for plasma in Fig. 2.

QO optimization reduces neoclassitansport because
cross-field drifts scale with gellp > [0 J*/00 where y 1.4
is the particle driftvelocity, ¢ is theflux, and 0 is the
poloidal angle. Figure 4 showthe result of aMonte t2r
Carlo calculation of the particldiffusivity D and heat
diffusivity x for an Np = 4 A, = 4.2 QO configuration. 3
It was obtained by following four groups tfst particles 2
with energies0.5, 1, 2,and 3 keV in a background £
plasma with 1-keV temperature anck5L019 m3 density = o6}
with different radial electricfields. The results were
integrated over aMaxwellian distribution and the 0-D %4y
energy confinementime Tg = <a>/4x where X was O R
obtained from the energy moment in theegration. The s 2 1 0 1 2 3
values for D angk decrease with decreasing density (and
collisionality v*) and do not exhibit the @/] transport
scaling normally associated with ripple-induckztsses. :
For comparisonjwice the 1g!SS9 is 11.4 ms atP = Fig. 4. Dependence of transport on
2 MW, about the same as the neoclassical valile no the radial electric field
ambipolar electric field.
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Energetic orbit confinement is importdot heating schemetat rely on these particles in an
experiment andor adequate alpha-particle confinement ireactor. The compatibility of QO
configurations with ion cyclotron range of frequency (ICRF) heatingokas simulated in two

ways. Forsimulating an experiment witkenergetic taillCRF heating,20-keV ions were
launched at their turningoints atthe field resonance arfdllowed collisionlessly. The loss

rates were less than that for the CHS experiment in which ICRF heating was used successfully.
Monte Carlo calculations have also started using a quasilinear ICRF diffusion operator to follow
particles as thegiffuse up in energyallowing study offundamental as well as minoritgil

ICRF heating. Following 500 3.5-Me#lpha particledor areactor-scalerersionindicates an

energy loss rate of ~20%, which is marginally acceptable for this application.

2. Optimization Improvement

The development in the last year of much ,; s
improved QO configurations with a stronger
physics basis is due to incorporationnadich

faster (factor ~10) calculations of both the 210}
self-consistent bootstrap current ahe bal-
looning stability limit within theterative opti-
mization loop. The fast 3-D bootstrapcode
(BOOTSJ) hasallowed determination of QO <
configurations with self-consistent bootstraff, 1 10° |
current. Figure 5 showthe radial variation !
of the bootstrap current from BOOTSJ and
VMEC [5] equilibrium solver that computes
the magnetidield, metric elements, and other
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= 3 Ap = 3.6 QOconfigurationthat is bal- 0 02 04 06 08 1
Ioonlng andMercier stable afBl]= 2%. The (r/<a>)?

bootstrap current is 19 kAor the assumed Fig. 5. QO bootstrap current profiles.

density and temperature profiles. This is

much smaller than the 380-kA plasma current in a tokanitik equivalentcrosssection and
rotationaltransform. The current is not in the direction to stabilize neoclassstahds and
tearingmodes,but is thought to be sufficiently small to halitle effect. Stability against
externalkinks or vertical instability isalso expectefor the samereason,but calculations are
underway to check this.

QO configurations areelatively insensitive to
changes in(BLJ Figure 5 showshe plasma ¢ = 60

cross sections dhe beginning, 1/4,and 1/2
way through a field period fdB[l= 0 and 6%.
There is little outward shift of the magnetic axis;
the small bootstrap current produces only a
small (~10%) change ifr).

Although the modest concept-exploration-level
> 4%) are needed for an attractive reactdeal
ballooning modes sehe critical B0 for QO
stellarators rather than kink modes because thg
bootstrap current is rathemall, typically ~ a
few tens of kA. Ballooning instabilities are
local modesthat aredriven unstable by the
presence of pressure gradients in regions of bad

experimentdiscussed thus far would be power

local curvature. Their stabilization is difficultrig. 6. Insensitivity of the plasma to increasing beta.
because their behavior is governed by local _ _

guantities like the local shear or the local curvature. The fast 3-D ideal ballooning code

limited to [BI< 2%, higher values obeta (B[]
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COBRA [6] hasbeen developed to evaluate the balloorgngwth rate on aprescribed set of
flux surfaces and initial points for a given equilibrium. Integratio€OBRA into theconfig-
uration optimization codlas resulted in configurations witlice the value of Bllwhile pre-
serving good transport properties. Figure 7 shows how ghe BIA, = 3.6 QOconfiguration
in Fig. 2 was modified to be stable[Bf= 3%. Figure 8 showthe modification of the origi-
nal (unstable) configuration to the final (stable) configuration invéréically elongatectross
section. The rotationaltransform profile also changed @= 3% from nonmonotonic to
monotonically increasing with radius. Small changes in the pressure profile used ig&ig 7
ballooning stability atBL> 4% for thisfinal configuration. Newer configurations withgher
rotational transformt§ = 0.78,t53 = 0.91) are also ballooning stable it~ 4% with good con-
finement and small self-consistelmbotstrap current.Earlier reactor-scale Q@onfigurations
had [BOup to=7%, goodconfinement, and a low bootstraprrent contribution ta, but the
bootstrap current in those cases was not self-consistent with the MHD equilibrium.
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Fig. 7. Reduction of ballooning growth ratel8f= 3%. Fig. 8. Surface changes corresponding to Fig. 7.

Two improved measures of confinement are planned in the QO configuration optimizat&n
The approximate adiabatic invariant J* (calculated by integrafjrajong the toroidal angle in
magnetic coordinates) will be replaced by the masecuratesecondadiabatic invariant J
(calculated by integrating)\along the magnetic fieldgnd extended tpassingparticlesfor a
better calculation of orbit losses. A measure of local diffusive transport wiklbelated in the
optimization loop with the DKES (drift kinetic equation solver) code [7].

Nonplanar modular coilshat accurately create thdesired LCFS withadequate distances
between the plasma and the coils, and between adjacentocdilsating and diagnostaccess,

(Fig. 2) were found byiteratively varying the parameters describing the coils until the desired
match with the LCFS was obtained. The next step in improvingdiheptimization code is to

add constraints othe minimumbend radius anthe distance between coiler finite cross

section coils. The distance between the LCFS and the center of the coil winding surface and the
ratio of Bmax on the coils tdg on axis will be optimized for studying the reactor extrapolation.
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