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Abstract 

Significant progress has been made in the development of new modest-size compact stellarator 
devices that could test optimization principles for the design of a more attractive reactor. These are 
3 and 4 field period low-aspect-ratio quasi-omnigenous (QO) stellarators based on an optimization 
method that targets improved confinement, stability, ease of coil design, low-aspect-ratio, and low 

' bootstrap current. 

1. CONFIGURATION OPTIMIZATION 

Development of increasingly sophisticated optimization methods in recent years [ 1,2,3] 
allows the design of stellarators that could lead to an attractive fusion power plant. Improved plasma 
confinement is achieved either through targeting symmetries (e.g., either helical [4] or toroidal [ 5 ] )  
of IBI in Boozer magnetic coordinates [6] or by directly attempting to reduce the deviation of 
particle guiding-center orbits away from flux surfaces [7]. Our stellarator optimization technique 
follows the latter approach through targeting the alignment of second adiabatic invariant J* [8] 
contours for the trapped particle population with magnetic flux surfaces (known as QO or quasi- 
omnigeneity). As this optimization method has evolved, additional physics and engineering targets 
have been included, such as Mercier stability, rotational transform qr )  = l/q in the range of 0.5 to 
0.8 with < 30% from plasma current, good coil realizability, low ripple, and ballooning and kink 
stability. 

FIG. 1 (a) - Outer flux surface and modular coils for an N, = 3 QO device, (b), (c), (d) - VMEC flux 
surfaces for this configuration at toroidal angles r / N f p  = O", go", and 1 80", (e), (f), (g) -Flux surfaces 
reconstructed from following field lines based on the modular coil configuration at wfp= 0", go", 
and 180". 
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FIG. 2 (a) - B,, profilles for an Nfp = 3, &/a = 3.6 device, (b) - J* contours for trapped particles 
(dp = 1.0 T) for the same device. 

Our optimizatioin is comprised of: (a) an adjustment of the outer magnetic surface shape and 
plasma current profile to achieve the desired physics goals, followed by (b) a synthesis of the 
modular magnetic coil geometry which produces that outer surface shape. Our earlier studies [ 1,2] 
produced low-aspect-ratio stellarator configurations that had promising features for a reactor (stable 
at <p> >7%, low bootstrap current, and reasonable confinement), but they were not self-consistent 
or optimized for an experimental test at modest scale. With development of a modest experiment in 
mind, our recent QO optimizations have focused on N, = 3, 4 devices (N, = field periods) because 
they seem to provide a good compromise between the achievement of desired physics properties and 
simple coil configurations with adequate plasmdcoil spacing. In this paper we analyze both N, = 3 
(&/a = 3.6) and Nfp = 4 (&/a = 4.2) devices for the parameters of l& = 1 m, Bt, = 1 T. The & profile 
for Nfp = 3 varies fiom 0.55 to 0.64 while that for Ne = 4 varies from 0.68 to 0.78. The flux 
surfaces for the N, = 3 device are shown in Fig. 1 while the Bmn spectrum is shown in Fig. 2(a). The 
helical m = 1, n = 1 component is dominant, but not to the same degree as in a quasi-helical device. 
There is a residual mirror field (m = 0, n = l), which is the dominant component in W7-X [3]. The 
present configurations arose from a large w a  (>5), nearly quasi-helical state, by reducing v a  while 
trying to retain J* = J*(\y). Trapped particle orbits approximately follow the J* contours [Fig. 2(b)] 
in their bounce precessional motion; our optimization attempts to make the J* contours over a 
range of &/p values as nearly circular and closed as possible. 

2. NEOCLASSICAL TRANSPORT 

The QO optimization technique is expected to lead directly to reductions in neoclassical transport 
because cross-field drifts scale with <vD*Vyo = aJ*/a0. While empirical transport scalings such as 
ISS95 [9] may be expected for a QO experiment, it is desirable to minimize neoclassical transport 
well below this level in order that any enhanced confinement regimes will lead to a measurable 
improvement. In Fig. 3(a) we plot the density dependence of the Monte Carlo particle diffusion 
coefficient for Nfp = 3 and 4 devices. These have been calculated using 2000 particles at zero 
ambipolar electric field and a constant plasma ,temperature of 1 keV (the test particles are 
monoenergetic at 2 keV). The diffusivities show a drop-off with decreasing collisionality without 
evidence of a ripple-induced (i.e., l/v) scaling. By calculating a sequence of such monoenergetic 
diffusivities over a range of energies we integrate to obtain the transport coefficients for a 
Maxwellian distribution. This has been carried out for the N, = 4 device at a density of 5 x , 1 O I 3  cm-3 
and as a function of the ambipolar electric field. Using this sequence, we obtain the heat conductivity 
by taking the energy moment [Fig. 3(b)]. The 0-D energy confinement time zE = a2/4lc is plotted 
based on this heat conductivity. For comparison, the empirical IS95 lifetime ZE,JSS~S = 11.4 msec for 
these parameters (B = lT, <a> = 0.23m, n = 5 x 10'3cm-3) roughly equals the neoclassical 
confinement time in the absence of an electric field. Ambipolar electric fields in the range 
e+/kTio,(r = a) = 2 to  3 are expected where, from Fig3(b), ZE,,, = (2 - 3 ) ~ ~ ~ ~ ~ ~ ~ .  



DISCLAIM ER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference 
herein to  any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



1.8 

1.6 
1.4 

= 1.2 
% 

1 "E 
5 0.8 

\ 

0.2 - 
1 oi3 1 014 

n ( ~ r n - ~ )  

1.4 ~ 30 
I I I I I 

- 1  
8 
0 

\ 

(D 
0 

0.8 
- 1 5  

10 

W 

Y 
0.6 ' .  - 

- + D" 'L' I.. 

0.4 - _.-- 

0.2 . 5  I I I I I ~ 

-3 -2 - 1  0 1 2 3 
e$(r = a)/kTion 

FIG. 3 (a) - Density scaling of neoclassical diffusion coefficient based on monoenergetic Monte 
Carlo calculation, (b) - Electric field scaling of neoclassical diffusion, heat conductivity and 0-D 
energy lifetimes (zE) for a Maxwellian distribution. 

3. ENERGETIC PARTICLE CONFINEMENT AND HEATING 

The ability to heat toroidal plasmas depends critically on the confinement of energetic tail 
populations, which is a major motivation for our confinement optimization. We have particularly 
focused on the confinement of trapped energetic ions such as would be produced by ICRF heating. 
We have examined the confinement of this population by following an ensemble of collisionless 
particles and recording their loss rates vs. time. All particles are launched at a specified energy at  
resonant locations where B = BreSOnant with e/p = BreSOnant [i.e., the particles have their turning points 
(VI, = 0) at the resonant field]. Orbit losses occur both from open J* contours and from deviations of 
the guiding center orbits away from the J* surfaces. These orbit deviations are proportional to the 
particle's drift per bounce which scales as pla, the ratio of the gyroradius to the minor radius. In 
Fig. 4(a) we show results from following about 500 collisionless ions at 20 keV for flux surfaces in 
the inner 50% of the minor radius in our N, = 4 configuration. We vary the resonant field B,,, 
from 0.9 T up to 1.15 T. This selects different starting locations for the ions as well as different 
values of dp (and thus different J* contours). Confinement depends sensitively on the value of 
B,,,,,. This dependence arises from the variation of the J* contours as dp is changed. 
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FIG 4 (a) - Fraction of 20-keV ICRF resonant ions confined vs. time for an N, = 4 device 
(Bo = I T), for different values of dp= B,, (b) - Fraction of 3.5-Mev a-particles lost vs. time for 
reactor scale versions of the Nfp = 3 and 4 devices, starting particles at r/a = 0.25. 



For E/p < 1 T the J* contours are relatively well closed, whereas for 1.05 T < E/p < 1.15 T there 
begin to be open contours which cause prompt particle losses. The dashed line in Fig. 4(a) indicates 
the rate at which a 20 keV ion collisionally slows down in a T, = 1 keV background plasma; for the 
better confined cases, the particle loss approximately parallels the slowing-down rate, implying 
effective ICRF heating at these resonances. The other parameter which influences ion confinement 
is p/a; this determines the degree to which the particle orbit deviates from constant J* contours. 
Increasing the magnetic field from 1 to 2 T uniformly improves energetic particle confinement for 
both Nfp=3 and 4 devices. We have applied this calculation to the CHS configuration (Na = 8) in 
which ICRF heating was successfully used. We find that the confinement in our configurations 
generally exceeds that calculated for CHS, leading us to conclude that trapped ion confinement 
should be adequate for ICRF heating. 

We have also scaled these configurations to reactor sizes (Bo = 5 T, & = 10 m) to check 
a-particle confinement [Fig. 4(b)]. These calculations are based on following a group of about 500 
collisionless a-particles (Eo = 3.5 MeV) born at r/a = 0.25. The impact of these levels of a-particle 
losses is not expected to be a major issue for the power balance, but will need further analysis with 
respect to localization of power loading on the first wall. 

4. STABILITY 

Our optimization procedure checks for the existence of a magnetic well, in addition to  
favorable Mercier and ballooning stability over the whole plasma radius. Ballooning p thresholds for 
the Nfp =: 3 and 4 configurations discussed above are approximately 2% and 2.5%, respectively, 
which IS adequate for a test in a modest experiment. Typically, for broad pressure profiles, a region 
near the edge goes unstable first. Several methods have been successfiilly used in our previous 
configurations to extend the stable window into the <p> = 5 to 6% range, including profile flattening, 
increased shear in the b profile, and boundary shaping. A fast hybrid finite differencehariational 
version of the ballooning calculation has recently been developed which should facilitate improved 
optimization of the ballooning stability limit. In addition, low-n pressure-driven instabilities have 
been analyzed with a 3D initial value MHD model [lo]. The low-n radial mode structure shows 
similar structure as the radial dependence of the high-n ballooning growth rate. 

5. CONCLUSIONS 

We have studied a range of attractive low field period (Nfp = 3 - 4) devices for testing the QO 
optimization technique. Our method targets improvements in energetic particle confinement, core 
transport, stability, ease of coil design, and low aspect ratio. Modular coil sets exist which produce 
our optimized systems and these both preserve the original flux surfaces as well as the optimized 
physics properties. This optimization effort is ongoing and we expect to further address such issues 
as ballooning stability optimization, self-consistent bootstrap current equilibria, and a more 
comprehensive modeling of transport and ICRF heating. 
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