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Thereis great potentia for improving the attractiveness of stellarator reactorsif the unit size
can be substantially reduced. A difficulty with designing low aspect ratio stellarator systems
has been the tendency for both b limits and 1/n regime transport to degrade with decreasing
aspect ratio, A. However, recently two approaches have been developed to reduce or
eliminate ripple transport in small aspect ratio systems through plasma shaping: (1) by
Imposing an approximate symmetry of the magnetic field spectrum in Boozer coordinates
(quasi-helical, quasi-axisymmetric), or (2) by requiring that bounce average drift orbits
approximately align with flux surfaces (quasi-omnigeneity) [1]. In contrast to the approach
taken in the design of W7-AS and W7-X, we do not require complete cancellation of the net
bootstrap current. The resulting current allows for increased b and additional control over
the rotational transform profile. The design objective isto employ a substantially lower net
current than in a comparabl e tokamak (< 30%) so as not to reintroduce the danger of plasma
disruption. Quasi-omnigeneous configurations are obtained by a non-linear optimization
procedure in which the plasma shape and current profile are adjusted in order to achieve
certain targeted physics and engineering objectives. Once the configuration is obtained, a set
of modular coilsis“reverse engineered”. Using these techniques we have obtained attrac-
tive configurations for amodest “ Proof of Principle” scaledevice, (R, ~1.5m,B,~ 14T,
A~ R,/<a>=3.6), and for asmall “Concept Exploration” scale device, (R, ~ 1.0 m,
B,~1.0T, A~R,/<a>=4). Preliminary examination of reactor scale devices show that
acceptable alpha particle confinement can be obtained.

Optimization procedure

Great smplification in calculating and understanding confinement in 3D systems can be
achieved by working in aparticular flux coordinate system known as Boozer coordinates
[2]. Inthissystem, and in the absence of electric field, the drift orbit Hamiltonian depends
on space only through the magnitude of the magnetic field, |B|. Any symmetry in |B|,
therefore, yields a constant of motion which assures good particle confinement. Systems
having a single dominant helicity in the Fourier spectrum of [B| are referred to as quasi-
symmetric and tend to have very good neoclassical confinement [3,4]. However it has
recently been shown that magnetic symmetry is sufficient, but not necessary, for good
confinement [1,5]. Symmetric configurations are special cases of amore genera criterion



known as omnigeneity, such that bounce average particle drift orbits do not deviate from
flux surfaces{v, Ny } = 19/1q = 0, where Jisthe second adiabatic invariant. We have
developed amethod of confinement optimization in which contours of an approximate
second adiabatic invariant, J*, are made to align with flux surfaces[6,7]
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and m=mass. Thisisavery flexible criterion and we find that it is possible to maintain
good confinement properties while controlling other desirable physics properties such as
stability, and bootstrap current profile.

A new optimization code has been developed which uses a nonlinear Levenberg-Marquardt
scheme to minimize an objective function ¢c? representing the various physics or engineering
targets with adjustable weights s [8,9],
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Typically the targets for confinement optimization include: dignment of B ;, withy to
improve confinement of deeply trapped particles, alignment of B, withy to minimize the
number of transitional particles, alignment of J* withy for arange of pitch anglesto better
confine the whole population of trapped particles, and minimization of magnetic ripple,

B, .x — B, 10 reduce the number of trapped particles. Other targetsinclude: specified iota
profilei(y ), specified aspect ratio R, /a, magnetic well V'’ <0, upper bound on plasma
currentl,< I, and limit on local magnetic surface curvature to avoid excessive elongation
or cusps. The control variables for the optimization consist of the Fourier harmonics of the
outermost flux surface shape (typically about 20 are used) and expansion coefficients of the
current density profile.



In operation an initial configuration is selected from a previously computed VMEC
equilibrium, either from simple coils or from a previous optimization. Iteration is per-
formed under control of the Levenberg-Marquardt optimizer in which the boundary shape
and current profile are adjusted, anew VMEC equilibrium is calculated, the equilibrium

is converted to Boozer coordinates, and the objective function c? is computed. Detailed
assessment of the final optimized configuration is carried out by post processing with
confinement (Monte Carlo and orbit codes), stability, bootstrap, and coil analysis codes.

Optimization Studies

Initial optimization studies focused on “Proof of Principle” scale devices of modest size
(R, ~1.5m, B, ~1.5T) but having sufficient performance to definitively address the key
physicsissues. confinement optimization through quasi-omnigeneity, attractive b
(<b>>5%), and control of bootstrap current profile. Configurations having different
numbers of field periods (2 to 8) were studied. It was easier to obtain high b limitswith
the higher field period numbers but these configurations required coils relatively close to
the plasmain order to obtain the [B| variation needed for omnigeneity. Now the most
attractive configurations appear to be the lower field period numbers (2 to 4). Figure 1
shows a 3D plot of the last closed flux surface of a4 field period configuration having
R,/<a> = 3.6. Figures 2aand 2b show the flux surfaces at the f = 0° and f = 45° planes
for <b>=6.75%. Thei profileismonotonically increasing fromi = 0.13 at the center to
I =0.38 at the edge. Strong shear exists at the outer edge, which is favorable for stability.
This configuration was found to be Mercier, ballooning, and kink stable at thisb. At the
time of thiswork, we were not able to extract coilsfor finite b configurations, so a fixed
boundary equilibrium was calculated having the same shape as Figs. 2aand 2b, but with at
b=0,1,=0. A very modest Shafranov shift occurred and there was adlight increasein

I o ~ 1o @ b changed from zero to 7%. A set of modular coils was generated to produce
this vacuum configuration, which are also shown in Fig. 1. Using these coilsto calculate
afree boundary equilibrium we recovered the original fixed boundary, b = 0 flux surfaces
with good accuracy. Figures 2c and 2d show that Poincare plots of the vacuum fields
produced by the modular coils set are again in good agreement with the free boundary
equilibrium. One can see small idand chainsin the Figs. 2c and 2d, but these are not
thought to be a serious difficulty. We have not as yet obtained a complete coil set which can
maintain the optimized plasma shape asb isincreased.

We used a Monte-Carlo model [10] having pitch angle and energy scattering to estimate the
transport properties of this configuration assuming plasma parameters: T, = T,= 1.0 keV,
n,=5.0x10"m? |,=120kA. Thetest particle energy istaken as 2T, and a parabolic
ambipolar potential well isincluded withef / T, =1. Thegloba confinement timeis
estimated to be about t - = 50 msec, which isabout 7 times the empirical scaling of 1SS95.
Post optimization calculation of the bootstrap current gave about twice the value assumed in



the equilibrium. We have shown that considerable control of | is possible by targeting
various harmonics of the Boozer spectrum. We have plans to include the bootstrap current
within the optimization procedure so that self-consistency can be maintained.

More recently we have been examining the properties of smaller, “Concept Exploration”
scale devices,R, =1 m, B, = 1T, assuming relatively modest heating power (~0.4 MW of
ECH and ~1 MW of ICRH). The goals of such adevice would be to study transport and
confinement optimization by quasi-omnigeneity, effectsof radia electric fields,
confinement of energetic particles from ICRH, turbulence properties and stability at
moderate b. The critical optimization objectives are achievement of good neoclassical
confinement and confinement of deeply trapped energetic ions as would be expected from
ICRH. We have considered 3 and 4 field period configurations having A in the range 3.6 to
4.2, each with two types of iota profile: (1) lowiota(0.25£i(y) £ ~0.45), and (2) high
iota(0.68 £ i(y) £ ~0.79). Figure 3 showsthe Monte Carlo calculation of the energy loss
rate through the last closed flux surface for the above four configurations, assuming B, = 1
T, test particle energy = 2 keV, background plasmadensity = 5 x 10" m?®, plasma
temperature = 1 keV. The plasma potential istaken to be zero. Also showninFig. 3 are
similar results for ATF (which has similar minor radius but R, = 2.1 m) and also the W7-X
configuration scaled to the same minor radius a= 0.28 m but proportionately larger major
radius. We see that both high iota cases and the N = 3 low iota case have about twice the
confinement time of ATF (at half the major radius) and about half the confinement time of
the W7-X configuration, but at one third the aspect ratio. Investigation of the high-n
ballooning stability gives b limits for these configurations in the range of <b> = 0.5% to 3%
depending on the width of the pressure profile, the N = 4 case yielding the higher b values.

Conclusions

We have devel oped a new optimization procedure for low aspect ratio stellarators that targets
bounce-average omnigeneity by aligning contours of constant J* with magnetic flux sur-
faces. We have found interesting configurations having good stability and transport which
are neither quasitoroidal nor quashi-helical. The optimization procedure is quite flexible so
that additional target functions can easily beincluded. We are presently in the process of
making ballooning stability and consistency of the bootstrap current direct targets of the
optimization. Soon, we expect to propose asmall “ Concept Exploration” type experiment to
begin testing these principles.
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Fig. 1. Outermost flux surface and modular coils for a4 field period Quasi-omnigeneous
hybrid stellarator
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Fig. 2. Flux surfacesat f =0 and half period toroidal planes (a, b) for b = 7%,
and associated Poincare plots for B field from modular coils (c,d)



Monte Carlo Thermal loss rates
60 . T r

50

(]
(&)
R
5
(7]
3
>
(o]
40 1 o
S
AT P~ . 3
<
30 - =
low iota, N=3, A=3.6 &
0
~— £
20 | high iota, N=Z. =22 - S
high iota, N=3, A=3.6 E
10 | - ©
- W7-X scaled to CE size
O 1 1 1
0 5 10 15 20

time (msec)

Fig. 3. Monte Carlo calculation of energy loss rate out the last closed flux surface
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