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Physics issues for compact
drift-optimized stellarators

Introduction

Stellarator optimization techniques have allowed the
exploration of design parameters corresponding to com-
pact (aspect ratio Ry/(a) = 2.5-4), low-field-period (Ng, =
2-4) toroidal devices with attractive physics properties.
(Here angle brackets around variables represent volume
averages.) These configurations permit near-term experi-
ments with the same plasma minor radius (a) as the more
conventional large-aspect-ratio stellarators at lower cost.
In addition, they offer the longer-term potential of a more
economically sized, higher-power density fusion reactor.
These devices will also explore new regimes of stellarator
parameter space in which the transport physics, equilib-
rium resilience, plasma flow dynamics, radio-frequency
(RF) heating strategies, and microturbulence are expected
to be quite different than at higher aspect ratios.

The strong geometric couplings that occur at lower aspect
ratios generally require a numerical approach and present
challenging computational problems because of the broad
spectraof |B| (in Fourier space) that must be considered.
We have used a transport optimization strategy based on
guasiomnigeneity (QO) [1, 2] that minimizes particle
drifts by targeting both the variation of the longitudinal
adiabatic invariant J within magnetic flux surfaces and
local neoclassical transport rates as cal culated by the
DKES [3] code. Additional optimization targets are Merc-
ier stability, ballooning stability based on the COBRA [4,
5] code, a self-consistent bootstrap current that is reduced
(by factors > 3) from that in atokamak, and rotational
transform profiles that avoid major resonances.

Previousdly [2], we analyzed 3- and 4-field-period QO con-
figurationswhich were closeto quasihelically symmetrical
states for Ry/(a) = 3.5-4. Here we focus on 2- and 3-field-
period devices that are close to quasipoloidally symmetri-
cal statesfor Ry/{(a) = 2.5-3.5. The emergence of thisform
of quasisymmetry has been anatural outcome of directing
our QO optimization approach toward lower N¢, and lower

Ry/(&). Quasipoloidal symmetry offersthe unique property
of minimizing the viscous damping (caused by magnetic
pumping) in the direction of the E, x B drift. This feature
may be important in accessing enhanced confinement
regimes that depend on E, x B shear and should lead to
much lower parallel flows than in quasiaxisymmetric
devices[6].

Two types of configurations have emerged from our opti-
mization studies. The first, which we regard as more
appropriate for a near-term experiment, relies on plasma
shaping to achieve most of its rotational transform and
guasipoloidal symmetry. The second, whichweregard asa
longer-term option because of its more challenging startup
and heating requirements, derives most of its transform
and quasisymmetry from bootstrap currents driven by the
finite volume-averaged plasma pressure (3). In this respect
it resembles an advanced tokamak, but because of its qua-
sipoloidal symmetry the bootstrap current is spatially well
aligned and is lower (by afactor of 3 or 4) than that of the
equivalent tokamak. Thislatter feature leads to higher {3)
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Physics issues are discussed for compact stellara-
tor configurations that achieve good confinement
because the magnetic field modulus |B| in magnetic
coordinates is dominated by poloidally symmetric
components. Two distinct configuration types are
considered: (1) those that achieve their drift optimi-
zation and rotational transform at low beta and low
bootstrap current by appropriate plasma shaping
and (2) those that rely more heavily on plasma beta
and bootstrap currents for supplying the transform
and obtaining quasipoloidal symmetry. Analysis of
the stability of the latter configuration type against
ballooning, kink, and vertical displacement modes
indicates that stable volume-averaged betas on the
order of 15% are possible. The first class of devices
is being considered for a near-term low-beta exper-
iment that could explore some of the confinement
features of the high-beta configurations. ............. 1
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Fig. 1. (a) Top view of outer flux surface and modular coils (in blue) for an N, = 2, Rg/(a) = 2.5 device. (b)—(d) VMEC flux

surfaces at toroidal angles {/N¢, = 0°, 90°, and 180°.

stability toward external kink and vertical modes than in
the advanced tokamak.

Low-({B), near-.term experimental configuration

In Fig. 1 we show the flux surface shapes and coilsfor a 2-
field-period, Ry/(a) = 2.5 device, which is of the first type
mentioned above.

The rotational transform profiles with and without boot-
strap current and the Fourier coefficients By, of |B| are
showninFig. 2. Asprevioudly indicated, these devices are
dominantly quasipoloidal [i.e., the m= 0 components
(0,0), (0,2), and (0,2) of B, are the largest] and most of
their rotational transformis provided by the external coils.
The bootstrap current flows in the direction that increases
the transform; this fact, coupled with the positive shear in
the transform, provides stabilization against neoclassical
tearing instabilities. The threshold for ballooning instabili-
tiesis(B) = 1.8-2%.

We have used pressure profiles with zero gradient at the
plasma edge to avoid creating finite bootstrap currents at
the edge; such edge currents are not thought to be main-
tainable but can lead, in some cases, to higher ballooning
thresholds (although the kink mode should be destabi-
lized). Predicted levels of bootstrap current (in the low-
collisionality limit) for this device are about a third of
those in the equival ent tokamak configuration. For exam-
ple,ina¢B)=1T, Ry=0.8 mdeviceat () = 1.5%, 34 KA
of bootstrap current would flow, based on the low colli-
sionality limit. Calculations of bootstrap current for colli-
sionalities representative of experimental conditions (see
Table 1) are under way using the DKES model [3]; prelim-
inary results indicate that the bootstrap current will be
reduced (~1/3) from the low collisionality limit and will
depend weakly on the val ue of the ambipolar electric field.

Our analysis of neoclassical transport in this device has
been directed at regimes that would be accessiblein a
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Fig. 2. Rotational transform profiles (top) and B, ampli-
tudes (bottom) vs toroidal flux. The poloidal and toroidal
mode numbers (m, n) are indicated for the larger compo-
nents of Byp.
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Table 1. Plasma parameters for a device with (B) =0.5-1 T,
Rp =0.83 m, and pr =2, based on I1SS95 scaling with
enhancement factor h = 1.

Table 2. Predicted neoclassical lifetimes (columns 2, 3, 4)
for the cases of table 1 and their relation to ISS95 stellara-
tor scaling with enhancement factor h = 1.

Case | Heating/ Density | Te, T | V¥, V¥ | (B
Magnetic (1020 m™3) | (keV) (%)
field
(a) 0.5-MW 0.18 1.4, 0.02, 0.7
ECH,B=1T 0.15 1.6
(b) | 1-MW ECH, | 0.045 2.1, | 0.002, 1
B=05T 0.2 0.22
(c) 1-MW ICH, 0.83 0.5, 0.68, 2
B=10T 0.5 0.64
(d) | 1-MW ICH, 0.59 04, | 075 | 3.7
B=05T 0.25 18

B)=1T, Ry=0.8 mdevicewith 28-GHz (B=0.5T) and
53-GHz (B = 1 T) electron cyclotron heating (ECH)
sources available. The impact of 1 MW of supplementary
ion cyclotron heating (ICH), which is available in the 40-
to 80-MHz range, has also been considered; this would
allow access to higher density regimes than ECH (density
cutoff limited).

Our transport analysis has been carried out with the
DELTASD Monte Carlo model, which is a generalization
of an earlier stellarator Monte Carlo code [7] to include
energetic beam and alpha populations, ICH, global life-
time estimates, and bootstrap current options. Populations
of ions and electrons areinitialy distributed randomly in
pitch angle and in poloidal and toroidal angles. The radial
distribution is consistent with aflat density profile, while
the energy distribution is modeled after parabolic-squared
temperature profiles. As particles leave the outer flux sur-
face boundary, they are replaced with new initial values
chosen from these distributions.

We assume an ion-root ambipolar potential profile that
rises from the center inversely with the drop-off in electron
temperature profile and take ep/kT, = 1 at the plasma edge.
Electron-root profiles (e@/kT, < 0) have also been exam-
ined for the ECH cases; however, for the same edge value
of |e@/kTg, these cases lead to nearly the same global con-
finement times as the ion root.

We are also developing a self-consistent calculation of the
electric field using the DKES model [3], similar modeling
[8] carried out for the W7-AS experiment. Initial results
from these cal culations near the plasma edge show ion-
root behavior with eq/kT, ~ 1. Table 1 lists the parameters
we have considered for the various heating scenarios (here
we assume Zg; = 1).

Applying the Monte Carlo transport model these parame-
tersleads to the predicted neoclassical lifetimes presented
in columns 2—4 of Table 2. Column 5 compares the predic-

Predicted lifetime (ms)
Case | Teion | Teelec | TEglobal | TEISS95 | TEglobal/
TE,ISS95
@) 16.2 174 16.2 8.1 2
(b) 4.3 1.95 2.1 15 1.4
(©) 27 ~100 41.7 11.7 3.6
(d) 7.7 ~55 16.4 5.5 3

tions with the 1SS95 [9] empirical stellarator confinement
scaling, assuming no enhancement factor (here Tg gopq iS
the overall neoclassical energy lifetime, taking into
account both Tg o, and Tg ge). The neoclassical loss rates
are considerably smaller than the | SS95 rates, especially at
the higher range of densities that can be accessed with
ICH.

Free boundary and field line following cal culations have
also been carried out for the modular coil set showninFig.
1in order to check that a good reconstruction of flux sur-
facesis obtained and that neoclassical confinement is pre-
served. Monte Carlo energy lifetimes based on free
boundary equilibria show less than a 10% change from the
original fixed boundary results. Also, analysis of this con-
figuration with the PIES [10] code up to () = 1.6% indi-
cates that only aminimal loss of flux surfaces occurs over
the outer 10% of the plasma radius.

High (B) Configurations

In addition to the device described above, we have also
found nearly quasipoloidal configurationswith Ny, = 2 and
3 (Ry/(a) = 2.7-3.7) in which the plasma bootstrap current
supplies alarge fraction of the transform. In the case of 3
field periods, these devices fully access the second regime
for ballooning stability at around () > 15% with stabiliza-
tion entering from the outer region of the plasmaat (3) =
6-7%. Configurations with Ng, = 2 that achieve second
regime stabilization for () aslow as 1% have aso been
found. Vertical and external kink modes are weakly unsta-
ble at {B) = 15% and can be stabilized by avery small
reduction (10%) of the self-consistent bootstrap current.
However, these modes are sufficiently near marginal sta-
bility that a slight modification in the three-dimensional
(3-D) shape should also provide stabilization. An example
of a 3-field-period configuration of thistypeisshownin
Fig. 3 along with its transform profile + with and without
plasma bootstrap currents.

At thisrelatively low value of +, the collisionless bootstrap
current in this device is about a quarter of that in the equiv-
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Fig. 3. Top view of outer flux surface with modular coils (in blue) for an Ng, = 3, Rg/{a) = 3.7 device (left) and its rotational
transform profiles (right), with (top) and without bootstrap current.

alent tokamak. These configurations have tokamak-like
transform profiles and approach quasipoloidal symmetry
with increasing ((3). This featureis evident in the By,
spectrum shown in Fig. 4(a), wherethe n =0 [(0,0), (0,1),
and (0,2)] components of By, may be seen to dominate.

At such high values of (f3), the |B| contours a so become
poloidally closed (at fixed toroidal cross sections) and
begin to align with flux surfaces. Thisis afurther indica-
tion of the enhancement in quasipoloidal symmetry associ-
ated with increasing ([3). As may be seen from Fig. 4(a),
the By o component is depressed in the center; thisisa
result of the diamagnetic well (shift due to Pfirsch-
Schlter currents) at this value of (). The poloidal gradi-
ent B drifts associated with thisradial variationin By o are
helpful for containing energetic particles, as shown for
alpha particlesin Fig. 4(b). Here the curve labeled “base
configuration” is constrained to have the same outer flux
surface shape and transform profile as the () = 23% case,
but it does not include the plasma diamagnetic current
effects that lead to the modified By, spectrum shown in
Fig. 4(a) (i.e., thisisessentially a{f3) = 0 case, except that
an ad hoc plasma current is provided, equal to the boot-
strap current of the () = 23% case). The alpha energy
losses (~ 12%) at the highest (3) are the lowest we have
found in modeling any of this class of compact stellarator
devices.

Conclusions

We have found attractive compact stellarators with Ne, = 2
and 3 and aspect ratios Ry/(a) = 2.5 3.5 that maintain
good neoclassical confinement by approaching quasipol oi-
dal symmetry. These configurations can be produced by

relatively simple modular coils, from which we have veri-
fied flux surface reconstruction and which retain the con-
finement properties of the original fixed boundary
equilibrium. Two types of compact stellarator configura-
tions have been examined: one that produces most of the
rotational transform and quasipoloidal symmetry through
external means and a second that relies more heavily on
the plasma currents associated with high plasma (3) to
produce these effects. We envision the first type of config-
uration to be a candidate for a near-term experiment with
B~1T and Ry~ 1 m. Our transport analysis has shown
that such a device has an adequate margin of confinement
above 1SS95 scaling (up to 3.6 times 1 SS95). The second
type of device, which may form the basis for areactor
vision of acompact QO stellarator, is computed to achieve
very high () limits (~15%) for alow-aspect-ratio stellara-
tor and very good (tokamak-like) energetic alpha particle
confinement.
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