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High-beta, low-aspect-rati¢‘compact”) stellarators are promising solutions to the problem of
developing a magnetic plasma configuration for magnetic fusion power plants that can be sustained
in steady state without disrupting. These concepts combine features of stellarators and advanced
tokamaks and have aspect ratios similar to those of tokari2alk4. They are based on computed
plasma configurations that are shaped in three dimensions to provide desired stability and transport
properties. Experiments are planned as part of a program to develop this concgpt.486
quasi-axisymmetric plasma configuration has been evaluated for the National Compact Stellarator
Experiment(NCSX). It has a substantial bootstrap current and is shaped to stabilize ballooning,
external kink, vertical, and neoclassical tearing modes without feedback or close-fitting conductors.
Quasi-omnigeneous plasma configurations stable to ballooning mod¢gs=406 have been
evaluated for the Quasi-Omnigeneous Stellaraf@OS experiment. These equilibria have
relatively low bootstrap currents and are insensitive to changes in beta. Coil configurations have
been calculated that reconstruct these plasma configurations, preserving their important physics
properties. Theory- and experiment-based confinement analyses are used to evaluate the technical
capabilities needed to reach target plasma conditions. The physics basis for these complementary
experiments is described. ®000 American Institute of Physid$§1070-664X00)94905-X]

I. INTRODUCTION to the extent possible. The frequency of unscheduled plasma
A critical i ‘ ic fusi FE) is th terminations(e.g., due to disruptionsmust be minimized,
d ::rlt(;ca llssue ﬁ_r rr??)g?enc u5|0t|_1 enlergM ) 'Sf_t € i and their effects mitigated, to avoid long unscheduled out-
need fo develop a hign-beta magnetic plasma configura IOQges. High plasma bet&% or morg and low aspect rati¢4
that can be sustained in steady state without disrupting. In- ; . .
: ) . . or lesg advance the goal of making fusion devices as eco-
terest in steady-state magnetic confinement systems is moti-

vated by their economic benefits for MFE power plants: Con_nomlcally attractive as possible while reducing development

. . C
tinuous power output without the need for energy storage, .
P P 9y g Currently the major steady-state MFE research thrusts

and good reliability through minimizing the thermal cycling
of plasma-facing components. However, there are challenrafa-re the stellarator and the advanced tokanak). The

ing requirements. The core plasma must have good plas Qree-dimensional conventional stellarator relies entirely on
energy confinement and require recirculation of only a smalMagnetic fields generated by coils to sustain it. This elimi-
fraction of the plant’s fusion power output to sustain thenates the need for plasma current drive, but care must be

plasma. For this reason the use of inefficient means of sudaken in the configuration design to avoid self-generated cur-

tainment such as noninductive current drive must be avoidetgnts. These designs have large plasma aspect (atds)
and project to conservative power plant designs with rela-

tively low power density. The axisymmetric AT uses the
*Paper LI2 2 Bull. Am. Phys. Soe4, 220(1999. . . . .
"Invited speaker. bogtstrap current to sustain a conflggratlon with lower aspect
dpresent address: Universidad Carlos IIl de Madrid, Spain. ratio (=4) and higher power density than the stellarator,

osts.
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using plasma profile control, conducting structures close to
the plasma, and feedback control of unstable modes to avoid
disruptions.

High-beta, low-aspect-ratio stellarators, or ‘“compact
stellarators”(CS), offer a promising alternative solution that
combines features of stellarators and advanced tokamaks.
The CS uses the self-generated bootstrap current to sustain a
configuration with AT-like plasma aspect ratio and beta val-
ues. The CS uses three-dimensional stellarator magnetic
fields from coils to provide some of the confining poloidal
magnetic flux and to stabilize the plasma by three-
dimensional shaping without the need for active plasma con-
trols or conducting structures close to the plasma. Theoreti-
cal studies, aided by sophisticated numerical analyses, have FIG. 1. Reference plasma configuration evaluated for NCSX.
established basic physical characteristics of two CS plasma
optimization approachésthe quasi-axisymmetridQA) stel-  ible with the geometry of the existing toroidal fieldF) coil
larator and the quasi-omnigeneo(@0) stellarator, each set. A reference pressure profile wih=4% (volume aver-
having a set of advantages. Experiments are needed to daged and a bootstrap-like current profile are assumed in gen-
velop the physics of these complementary approaches argtating this configuration. The boundary shape has been cho-
clarify their relative merits, and the necessary facilities aresen to provide a substantial externally generated rotational
now being designed. The National Compact Stellarator Extransform(>50% of the total transform at the plasma exge
periment(NCSX) will demonstrate disruption-free operation with sufficient shear that the total rotational transfafmor
near beta limits and test the physics of the QA approachy /q) profile is monotonically increasing. This gives good bal-
while the smaller Quasi-Omnigeneous Stellaré@®S will  |ooning and kink stability propertiés’ and provides ad-
test QO physics properties at lower beta values. equate quasiaxisymmetry for the assumed profiles.

Figure 2 shows the-profile of the reference configura-
Il. NCSX PHYSICS BASIS tion, as well as the vacuum tran_sform_generated by_the ex-
ternally generated three-dimensional fields alone. Since the

Quasi-axisymmetric stellaratdrs possess tokamak-like transform generated by the current decreases near the edge,
magnetic symmetry as experienced by charged particles ithe externally generated transform has been designed to have
the system. Neoclassical transport and energetic-particlenough shear to produce a totalith positive shear even in

losses are reduced by reducing the non-axisymmetric COMyjs edge region. The monotonically increasing profile gives
ponents of ripple in the magnetic spectrum. The bootstrag perturbed hootstrap current effect that strongly opposes the
current magnitude is comparable to that in an advanced tGprmation of magnetic islands. This stabilizing effect is the

kamak. The NCSX will support experiments aimed at dem-onqsite of the unstable neoclassical tearing mode that has
onstrating disruption-free operation near beta limits and Unpeen seen in tokamats.

derstanding the physics properties of QA stellarators: beta oy configurations differ in shape from other stellarators
limits and limiting mechanisms, equilibrium islands and neo-j, their strong axisymmetric components of ellipticity and
classical tearing-mode stabilization, reduction of neOdaSSicachangularity. These shape components are used to produce
transport by QA configuration design, reduction of anoma-ys04 ballooning stability properti€s® The ballooning beta

lous transport by flow-shear control, and compatibility with |imjt for the reference configuration discussed in this paper is
stellarator power and particle exhaust methods. The design igyout 49%. The plasma core region is calculated to be in the
optimized around a reference high-beta QA plasma configu-

ration. The machine and plasma heating system are able to
generate the reference plasma and produce the required eqt
librium fields accurately enough to preserve its important
physical properties.

Here we describe the physics of a design for NCSX
which reuses existing major componefttsroidal and poloi-
dal field coils and neutral-beam injectprfsom the former
Princeton Beta Experiment ModificatigRBX-M)* tokamak
facility, has a major radiu®,=1.45m, an average plasma
radius(a)=0.42m, and a nominal magnetic field strength

0.6 T T T T T T T T

05 - 1

04 -

[eR-N o4

Total Transform \

-
e

o2} External Transform o 1
ot /’_’
- "/-“’

rotational transform  (1/q)

Bo=15T. o1f ,’ .
A. Quasi-axisymmetric plasma configurations 00 . . . s . . . .
01 02 03 c.4 05 06 07 08 0.9 10
This paper will focus on the physics properties of a ref- sant (toroidal flux) [~r/a]

erence QA plasma con_figuratr:bahown in Fig. _1- The con-  Fig. 2. Total rotational transform profile and externally generated contribu-
figuration has three periods and an aspect r@&id) compat- tion for configuration C82.
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FIG. 3. Reference configuratidnight) with kink-stabilizing surface corru- . ,
gation, compared with an uncorrugated, kink-unstable configuréd. fraction of nonaxisymmetry Shape

FIG. 4. Growth rate of periodicity-preserving modelse vertical mode in
the tokamak limit for a family of configurations in which the non-

second stability regime for ballooning, and consequenthf 2 eER e e e e e and & kel

there is considerable ballooning stability margin which could

allow the ballooning beta limit to be further increased by

peaking the pressure profile. axisymmetric shaping than in a tokamak, where the shaping
The reference configuration is marginally stable to exterys |imited by vertical stability considerations.

nal kink modes a{3~3.9%. The external kink mode has Figure 4 shows a calculation of growth rates of

been stabilized by a combination of externally generategeriodicity-preserving modes for a set of equilibria interpo-
shear and an appropriately designed three-dimensional cofgting between the reference configuration and a correspond-
rugation of the boundary. The potential use of externally,ng tokamak. The tokamak boundary is defined by keeping
generated shear to stabilize kink modes was suggested Hhly the axisymmetricf=0) Fourier components defining
several early papers:**Calculations for NCSX confirm that  the houndary of the reference configuratié®ee Ref. 16 for
the external kink in quasi-axisymmetric configurations cang discussion of the Fourier representation of the flux surfaces
be stabilized by this methda However, when eXterna”y and boundary in theyMEC Code) The non_axisymmetric
generated shear alone is used to stabilize the kink, in Combifourier Components are |inear|y varied to produce the inter-
nation with the requirement for a monotonigprofile, thez-  mediate configurations. The tokamak case is unstable to a
in the interior is forced to undesirably low values for neo-vertical mode, as is generally the case for shaped tokamaks
classical transport. The development of a second kink stabin the absence of a conducting wall. Figure 4 shows that the
lization scheme—a three-dimensional corrugation of thegrowth rate of the mode decreases as the three-dimensional
plasma boundary with little associated shear—to augmendeformation is introduced, and the mode is stabilized about
externally generated shear is therefore key to generating a60% of the way to the reference configuration. The existence
tractive kink-stable configurations for NCSX# of such a large stability margin suggests the possibility of
The stabilizing corrugation is illustrated in Fig. 3, which applying much stronger axisymmetric shaping to improve
shows the cross section of the reference configuration at seperformance; this is currently being studied.
eral values of the toroidal angle, as well as the cross section While producing a substantial rotational transform and
of a closely related kink-unstable configuration. The kink-the favorable stability properties described above, the three-
unstable configuration has approximately the sarpeofile,  dimensional boundary shape of the reference configuration
so that the externally generated shear has a substantial stablso provides approximate quasi-axisymmetry, meaning that
lizing effect on the kink, but not sufficient to stabilize the the non-axisymmetric Fourier coefficients of the magnetic
mode. A key feature of the corrugation used to complete théield strength in Boozer coordinatésare strongly sup-
stabilization is an outboard indentation, which can be seen ipressed relative to the axisymmetric term, even though the
Fig. 3. In the following section we describe the capability of shape is three-dimensional. For example, even though the
the NCSX coil design to control this feature, varying them=2, n=1 component of the boundary shape has a signifi-
degree of indentation to test its effect on kink stabilization. cant role in producing the desired externally generated shear,
The external kink mode preserves stellarator symmetrghe m=2, n=1 component of the magnetic spectrum is
(symmetry underp—-¢, 6—-6), but not the stellarator's made smallless than 3.5% of the axisymmetric component
periodicity. It is also necessary to consider modes, correto reduce the neoclassical transport. The adequacy of the
sponding to vertical instabilities in tokamaks, that preservdevel of quasi-symmetry achieved is judged on the basis of
the periodicity, but not the stellarator symmettll modes  calculated transport.
can be constructed by a combination of these two types.  The sensitivity of the stability properties to changes in
Periodicity-preserving modes are found to be robustly stablgrofiles has been analyzed to assess their robusthessk-
in kink-stabilized NCSX configurations without a nearby ing the pressure profile raises the beta limit for both the kink
conducting walf® This makes it possible to use stronger and the ballooning mode, while a broader pressure profile is
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more unstable. A broader current profile raises the beta limit
for both modes. Decreasing the magnitude of the current also
improves stability to the kink mode, but causes ballooning

stability to deteriorate somewhat.

B. Coils

Coils for NCSX are configured to reconstruct the refer-
ence plasma equilibrium with sufficient accuracy to preserve
its kink stability and neoclassical transport properties. Other
requirements derive from experimental considerations. To
satisfy NCSX physics goals, flat-top pulse lengths at nominal
high-beta conditions must be long enough (.5 sec) for
profile relaxation. For the coil and conductor designs under
consideration for NCSX, the pulse length is limited by con-
ductor current density, so reducing this quantity is a key
objective of the coil design process. Practical considerationsiG. 5. NCSX saddle coil design for reference plasma configuratiack-
impose further constraints. In order to adapt the design to around TF and PF coils not shown.
fixed axisymmetric background field provided by the
PBX-M toroidal field (TF) coil set, saddle coilgcoils with
no net toroidal or poloidal currenare used to generate the

hon-axisymmetric fields. Space between the plasma and Co'l?ach periodin the coil set Fig. 5 is effective at controlling

must be allowed to prqwde room for power and particle han'the outboard plasma indentation. This is demonstrated in Fig.
dling structures and diagnostics.

19 ; . i 6, where cross sections of reconstructed plasmas are shown
The NEScoIL™ code is used to establish an initial set of

ddl s by first i heet t soluti for two values of the current, differing by 10%, in the rel-
saddie colis, by 1irst generating sheet-current SolUutions on g, ¢ pair, with all other coil currents are held fixed. A
winding surface surrounding the plasma with a uniform

standoff distance of 18 cm. Reconstruction accuracy is tarl_(ink-unstable configuration is made marginally stable by this
T ' y . adjustment, with only a slight deterioration of the neoclassi-
geted by minimizing the normal component of the magnetic

field, averaged over the surface of the reference plasma. &al confinement. The dependence of the kink eigenvalue is

genetic algorithm is used to generate a small number of OIiSr_nonotonlc with coil current, which implies that this coil pair

crete coils by selecting constant-current-potential contourIS a good controller of the kink stability. Thus, by adjusting

from the sheet-current distribution. The selection method si—ﬁqe currents in this single coil group we gain control of the

multaneously targets both the low normal component of th outboard indentation, and hence an important experimental

magnetic field and low conductor current density. To Calcu?leXIblllty to test understanding of kink stabilization mecha-

late the latter with sufficient accuracy, the effect of the wing-""SMs:
ing surface curvature and winding-pack geometry details are
taken into account. The results strongly favor reducing the
number of coils to reduce the conductor current density
enough to satisfy minimum pulse length requirements.

The NCSX saddle coil configuration shown in Fig. 5 has

ten coils per period and large unobstructed regions on the 04
outboard side which provides access for heating and diag-
nostics. Each coil can be independently powered, if neces- 0.0

sary, and the mutual inductance between saddle coils and the
TF or polodial field(PF) coils is low; these are desirable for
plasma control. These coils reconstruct the plasma with a
mean value of magnetic field normal to the surface equal to Z{m) 0.0
1.2% of the average magnetic field in the surface, and a

maximum value equal to 6.3%, and they have a current den-

sity 80% of the maximum allowable. At this value of the -0.2
field error, the plasma boundary shape is matched with an

average deviation of 1.2 cm and a peak deviation of 4.4 cm
(compared to an average plasma radius of 42. drhis re- -04 -
construction adequately preserves the neoclassical transpot R NEEENNENEERE ERE RN NN
properties of the original configuration. To examine the coil ) _ _
set fleibilty o contrl the kink stabilty of the plasma, use 1%, 5, Setersiieis pisne s sector, vang e e e
is made of the sensitivity of the kink mode to the outboardyngtaple. solid configuratiote) is made marginally stable by the deeper
indentation described in Sec. Il. A. A single pair of cdils  indent on the outboard side.

I'l'll|||||||ll!i|l’lll-
IR IO ANl IR SN TSR O A OX A O M
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C. Operating scenarios TABLE I. Parameters for NCSX operating points.

The transport properties of NCSX candidate configura- Scenario (B)=4%
tioqs have begn evalugted to project accessiple .beta values,(/lagmetiC field B (T) 15
estimate required heating powers, and quantitatively assessnjected powerp (Mw) 6.9
the neoclassical transport optimization. The projections have Volume-averaged bet) (%) 4.0
focused on the expected performance using the existing 50Volume-averaged density(10m"?) 113
keV neutral beams from PBX-M. Separate numerical models SeNal temperaturé, (keV) | 2.0

. . . Collisionality parametefnR/T?) 4.2
of neutral-beam ion orbit loss and thermal neoclassical trans- . (mseq 53
port are used. These are combined with global confinement
scalings to project plausible plasma parameters. “Includes 10% beam beta.

The beam ion orbiting and slowing-down is modeled t due to their diff t scali i@ Thi i i
using two separate three-dimensional Monte Carlo simulal €Nt due 1o their dinerent scaling with. This confinemen

tion method4®?! and the high-beta equilibrium. The codes enhancement is similar to the best achieved by the
) . . . ' Wendelstein-7 Advanced Stellarata/7-AS), at a very dif-
differ in their treatment of the collision operator, but show

ferent aspect ratioR/a=11). For comparison, similar sized

the same variations. The neutral beam deposition profile i ) L a0
calculated by therANSP code using the oblate cross—sectionEEX1 l\l/I_IP Iavjir:;]a; gg::‘?r:/:rﬁ gﬁg%;‘;\'gi{fﬂ?g}l 10 f7'\ii?rl1:st the

gzogqs?tt?é ?)Sntz 225251 pr%);mzt'?:és\:vg;lfhtehfossessmalrznjuaer nternational Thermonuclear Experimental ReadiidiER-
P P 9 ’ P scaling or~3.9 times 1SS95 scalintyThe ITER-89P

pitch-anglle scattering to trapped orbits. The pitch angles o nd 1ISS95 scaling multipliers differ because the scaling laws

lost ions are broadly distributed throughout the trapped r€ifer in their dependence on aspect ratio and plasma shap-

gion, indicating stochastic orbits as the primary loss mechalrng_ Radiofrequency wave heating is being investigated for

nism. A small amount of loss appears to be due to stochastlﬁcsx as a possible supplement to the neutral beam power,

; 22
passing orbits’ ) i . if needed, or as an alternative to neutral beams to avoid
The thermal plasma neoclassical confinement is calcu;

) ) . o energetic ion losses.
lated by Monte Carlo simulations using the gyrokinetic tor-
oidal code(GTC),2*?*similar to previous models of axisym- 1ll. QOS PHYSICS BASIS
metric neoclassical transport. The model simulates the full | ow-R;/(a) quasi-omnigeneous stellaratol Q09>

ion distribution function and the perturbatiodf() of the  gptain reduced neoclassical transport and high-beta stability
electron distribution function from a Maxwellian. The radial using an approach that is complementary to the QA ap-
electric potential is taken asD =T;(0)¥ (whereW is nor-  proach. In a QO design, energetic particles are confined by
malized poloidal flux, presuming operation in the ion root. approximately aligning their bounce-averaged drift orbits
The calculated electron neoclassical losses are negligiblgyith the magnetic surfacé$.Distinguishing QO configura-
compared with the ion losses, as expected for a quastion features are a large helical deformation of the flux sur-
symmetric configuration. Eliminating the electric potential faces and a “bumpy”(mirror) term in the magnetic field
reduces the ion energy confinement time-b¢5%, indicat-  spectrum, which lead to magnetic configurations that are
ing that the electric field terms are relatively weak. The cal-relatively insensitive to beta and have a low bootstrap cur-
culated ion neoclassical confinement scales approximately agnt, typically~ 1/10 that in a comparable axisymmetric sys-
BZ. tem. The QOS experiment is planned to test these properties.
The calculated beam-energy loss and thermal neoclassfhe low bootstrap current and insensitivity to beta should
cal confinement are combined with the International Stelleraallow configurations that are robust against current-driven
tor Scaling(1ISS99 global energy confinement scalfigto instabilities, vertical instabilities, and disruptions. The QO
model anomalous transppit a zero-dimensional model of configurations studied here have some general similarity to
the plasma performance, depending on the plasma size, defive drift-optimized Wendelstein 7-X(W7-X) “helias”
sity, magnetic field, heating power, and confinement enconfiguratior?® but there are four significant differences.
hancement over the scaling law. The confinement time iirst, a factor of 3—4 smaller plasma aspect ratio means a
assumed to be the minimum of that given by the scaling lavgiven plasma radius can be obtained with a correspondingly
or half of the neoclassical valuée., presuming the anoma- smaller major radius. The lower aspect ratio would lead to a
lous losses will at least equal the neoclassical Igssdse  factor of 3—4 larger B component of the magnetic field and
density is constrained by the Sudo density liffitThis a larger drift off a flux surface, but the structure of the opti-
model is used to search for parameter choices that minimizeized magnetic field produces aRlferm similar to that in
the heating power needed to achieve the degijimit, orto ~ W7-X. Second, the nonzero bootstrap current affects the ro-
search for the minimum confinement enhancement needed tational transform profiler{r) and the shear, which could
achieve theg limit. Table | shows the results from such a introduce magnetic islands and affect magnetohydrodynamic
search for parameters giving=4%, with 6.9 MW of H°® (MHD) stability. Third, a factor of three larger helical field
neutral beam injectiofNBI) and a confinement enhance- component allows=> 3 at low aspect ratio without the need
ment of 2.3 times I1SS95 scaling. The minimum power tofor a large plasma current. Fourth, the mirror component of
achieve a specified beta typically is equally constrained byhe magnetic field varies strongly with radius, which pro-
the global scaling and bytwice) the neoclassical confine- duces a poloidaV B drift that reduces transport and leads to
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FIG. 7. Magnetic field structurémagnetic field spectrum versus normalized reference configuration and the modular coil set that creates
toroidal fluy) for QO plasma configuration in Fig. 8. it. The shading indicates contours of constid@ijt Changing

the current in the corners of the coil se60% allows vary-

ing the aspect ratio from 2.9 to 4.6. Auxiliary coils would be
closed drift surfaces for trapped particles, even at low betased for plasma shaping and additional rotational transform
would lead to a larger R component of the field and a control.
larger drift off a flux surface, so the structure of the magnetic A study of the reference QO configuration wit0)
field is chosen to give the sameRlferm as W7-X. =0.56 ands(a)=0.64 demonstrates its relative insensitivity

The QO-optimized configurations with three and fourto changes in beta. Fixed-boundamec®® equilibrium cal-
toroidal field periods an®R,/(a) from 3 to 4.8 have been culations showed little outward shift of the magnetic axis as
studied. Therprofile has low shear and the average value ofpeta increased(7.4% of (a) at B=2% and 17% at
T varies from 0.55 to 0.9 in this sequence of QO configura-3=6%).2° There is only a small<8% decreasechange in
tions. Figure 7 shows the spatial Fourier spectrum ofBle  +(r) due to the small bootstrap current at the reference 2%
components for a three-field-peridg,/(a)=3.6 QO con-  beta® The bootstrap current is not in the direction to stabi-
figuration where the on-axis field is normalized to 1. Thelize neoclassical islands and tearing modes, but is thought to
largest components are the helical, axisymmetricR"l/  pe sufficiently small to have little effect. Similar loRg/(a)
term (but a factor of 4 smaller than for an equivalent toka-QO configurations have been found in which the bootstrap
mak, resulting in a smaller toroidal curvature driind mir-  current is in the stabilizing direction, producing a small in-
ror terms. The spectrum of smaller compensating field termgrease ire(r).** A magnetic well and monotonically increas-
is that needed to satisfy the QO physics constraints at lowng ¢ out to the plasma edge exist in both the vacuum and
aspect ratio. Figure 8 shows the plasma boundary for thiginite-beta configurations. Ideal ballooning modes set the
critical B for QO stellarators rather than kink modes because
of their relatively small bootstrap current. Ballooning insta-
bilities are local modes that are driven unstable by the pres-
ence of pressure gradients in regions of bad local curvature.
Their stabilization is governed by local quantities including
the local shear and curvature. A fast 3D ideal MHD code was
developed to evaluate the ballooning growth rate on a pre-
scribed set of flux surfaces and initial points for a given
equilibrium®2 Use of this code to target ballooning stability
in the configuration optimization process has doubled the
achievable value oB while preserving good transport prop-
erties. Figure 9 shows how the configuration in Figs&éble
at 8=2%) was modified to be stable #&>4%.

The fundamental QO naturéninimized deviation of
bounce-averaged drift orbit surfaces from magnetic surjaces
holds even for the vacuum configuration at 1By/(a). This
leads to neoclassical energy confinement timgghat are
typically three to five times the 1SS95 scaling value for the
machine parametef®,=1 m, B=1 T) being considered for
QOS. The values forg are obtained from a Monte Carlo
calculation of the rate of loss through the outer surface of
FIG. 8. Plasma surface and coils for a three-period QO plasma configurdONS and electrons where the particles are distributed across
tion. the plasma cross section according to assumed density and
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