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ABSTRACT

Stellarator/torsatron configurations with a wide range of parameters
have been evaluated and compared in terms of their vacuum field topology,
magnetohydrodynamic equilibrium and stability, and guiding center orbit
confinement. The torsatron configurations are found to be the most
suitable choice for a near-~term physics experiment. The best of these
configurations has an equilibrium beta limit of <B> = 5% for a plasma
aspect ratio of 7. The equilibrium limit can be increased to <8> = 8%
by doubling the aspect ratio. Modularization of the torsatron coils can
be achieved in a practical way that retains all the physics properties
of the configuration. The modularization introduces additional flexi-
bility, which allows the realization of a larger variety of vacuum flux
surface topologies. The feasibility of modularizing the coils and the
reasonable physics parameters found for 4 configuration with moderate
aspect ratio make torsatron configurations very attractive, both for

physics experiments and for future fusion reactors.



1. INTRODUCTION

The key issue in stellarator design is finding a magnetic configu-
ration that is optimal with respect to beta limits and low collisionelity
transport and extrapolates to a modular reactor. In this study, many
stellarator/torsatron configurations were evaluated and compared using
several different methods. The configurations studied were limited to
modest coil aspect ratios (R/acoil = 3,5-5) appropriate to a near-term
experiment. The desired characteristics were magnetic surfaces with
moderate aspect ratios (Rf; = 6<12), average radius a = 20-30 cm, sub-
> 0.5), moderate magnetic shear, and

ax ~
a modest well. Some of the stellarator configurations studied in this

stantial rotational transform (tm

survey were: (1) 2 = 2 continuous-coil torsatrons, (2) £ = 2 modular
torsatrons, and (3) & = 2 modular stellarators. In all cases magnetic
fields are calculated from filamentary windings (v200 elements each)
with practical bend radii and coil separations, rather than from a
simple model field expression. Replacement of a single filament by 4-8
filaments to simulate a finite conductor cross section reduces the
average radius a of the last closed flux surface by <10%.

The properties evaluated in these studies were: (1) vacuum field
flux surface topology and *(r) profile, (2) guiding center orbit con-
tainment for thermal and fast ions, including electric fields, pitch
angle scattering, and slowing down; and (3) magnetohydrodynamic (MHD)
equilibrium and stability to low and high n modes. The MHD studies were
done using three different methods: (a) averaged MHD equations based on
the stellarator expansion {1], (b) the cylindrical, helically symmetric
limit, and (c) full three-dimensional (3-D) calculations. These methods
were applied in an iterative and interactive manner to optimize the

configurations studied.



2. RESULTS OF CONFIGURATION EVALUATIONS

Among the magnetic configurations studied, the torsatrons (con-
tinuous and modular) are the most suitable for the given constraints.
Moreover, the configuration properties (beta limits, particle confine-
ment) were acceptable over a wide range of parameters (aspect ratio,
number of toroidal periods m, winding modulation a). The best results
were obtained with %(0) = 0.3, +(a) ~ 0.9, and modest variation of
[ d&/B on flux surfaces (typically ~15% at r/a ~ 0.7). The maximum
volume-average beta (<B>) values are due to equilibrium limits rather
than stability limitations and are <f> = 5% for plasma aspect ratios
R/a = 7. This value can be increased to <B> = 8% by doubling the aspect
ratio. Negligible fast ion losses occurred at B = 2 T for near-tangential
30-keV H® injection. Low (v1%) thermal ion losses occurred for collision-
less 1l-keV protons when plasma potentials v 1 kV were included in the
calculations.

The results for other configurations were not as favorable for a
near—-term base physics experiment, at least for the particular geo-
metries studied. The modular stellarators studied had twisted toroidal
field (TF) coils deformed sinusoidally in the toroidal direction [2,3].
Only simple, identical, circular, poloidally rotated coils were con-
sidered, where the jth coil (of N) was deformed toroidally by Aj(e) =
d sin[se(p ~ ej)], where 2 = 2 and Gj = 2mmj/4N. The harmonic enhance-
ment factor s was greater than one in the region near the coil deflection
nodal points to increase the rotational transform. The coil parameter
ranges surveyed were m = 3-6 periods, N = 15-60 coils, and R/acoil = 3-6.
These configurations generally had decreasing +(r) profiles with low
shear and modest values of + (v0.4-0.6) but relatively high rotational
transform per period (+/m = 0.1). Magnetic surface quality at nonzero
beta improves with increasing N/m (decreasing shear) and decreasing
+/m, but raising * to find equilibria with <f> above 1% leads to insta-
bilities, probably due to the low shear of these configurations.

A reference m = 2 Heliac configuration [4] with a central toroidal
ring conductor linking helically offset, circular TF coils was also

studied. This coil geometry produces a helical magnetic axis, a magnetic



well with a depth that is relatively insensitive to coil aspect ratio,
and intermediate rotational transform with low shear [+(0) = 0.52,

t(a) = 0.7] but high transform per period (+/m ~ 0.3-0.5). This con-
figuration, which shows favorable stability properties in the cylindrical
limit [4], 1s very sensitive to toroidal effects for the aspect ratio
considered here (R/a = 6). The 3-D equilibrium calculations, which do
not use a close-fitting conducting shell, indicate a low value for the
limiting beta, <B> < 1%. With a close~fitting shell, this result can be

improved to <B> < 3%. Better results have been obtained by doubling the
aspect ratio.



3. TORSATRON OPTIMIZATION

The ¢ = 2 torsatron configurations studied had helical coils with

ol = 3.5-5,
where ¢ is the toroidal angle and 8 is the poloidal angle. Optimizing

winding laws of the form ¢ = (6 - a sin 8)2%/m with R/ac

the vacuum field configuration for transform, vacuum magnetic well, and

coil = 3.5 with +#(3) = 0.15,
x(a) = 0.7, a = 32 cm, and a 3.5% magnetic well. Equilibrium studies of

plasma radius gave m = 10, o = -0.2, and R/a

this configuration using the Chodura-Schluter code [5] gave an equilib-
rium beta limit <B> = 2.5%. The calculation is approximately flux-
conserving (there is numerical dissipation, due to finite-grid effects,
whicli allows island formation and magnetic surface breakup), and the net
induced currents remain small. Depending on +(r) and the pressure
profile, <B> limits arise from equilibrium failure or large-scale
instabilities. The equilibrium limitations are due to a large shift of
the magnetic axis, which can cause the formation of an internal sepa-
ratrix, to magnetic island formation, which can lead to destruction of
magnetic surfaces, or to both. Bifurcation of the magnetic axis occurs
for low +(0) even for <B> < 1%. For %(0) z 0.3, bifurcation occurs for
higher values of 8 (<B> ~ 3%), and equilibria with good magnetic surfaces
are found with <B> values above 4%. If #(0) > 0.5, a <B> limit below 4%
results from gross instability (loss of equilibrium) rather than excessive
equilibrium shift. In the beta optimization from equilibrium consider-
ations, the presence of a small magnetic well or hill in the vacuum
configuration was less important than the value of +(0). The best
results (<f> = 5%) were obtained for m = 12, a = 0, and R/acoil = 4,5
with #(0) = 0.3, +(a) = 0.9, a = 26 cm, and a 1% magnetic well. The
magnetic surfaces for this configuration at <g> = 4% are shown in
Fig. 1(a). Increasing the coil aspect ratio from 4.5 to 9 (plasma
aspect ratio from 7 to 14) increased the equilibrium <8> limit to about
8%.

A parallel study of the equilibrium properties of the £ = 2 torsatron
configurations has been done using the stellarator expansion [1].
Equilibria have been calculated by requiring either zero net current on

each flux surface or flux conservation. The latter method allows a more
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detailed comparison with the 3-D calculations described above. Figure 2
shows the calculated magnetic axis shift given by the different methods
for the reference m = 12 continuous-coil torsatron. Pressure profile
effects are also shown in this figure. Although the magnetic axis shift
shows no dependence on the method of calculating the equilibrium,
differences between flux conservation and zero net current constraints
are contained in the Bc [= 2+ZC;)/A] parameter. For the largest values
of beta considered, there is significant deformation of the % profile
for the zero net current case. For a fixed value of <B> this method
gives a larger shift than the flux-conserving calculation. The zero net
current calculation is, however, overly pessimistic since realistic
dissipation effects are not included. On the other hand, the presence
of a small net current in the 3-D calculation, together with the numer-
ically induced resistivity, can indicate an unreallstic breaking of
magnetic surfaces. Therefore, in assessing a given configuration, we
consider it very important to use these different methods.

Stability studies have been performed using the methods mentioned
in Section 1. The calculations done for the cylindrical, helically
symmetric limit using the HERA stability code [6,7] give very low beta
limits. In particular, for the m = 12 continuous-coil torsatron configur-
ation without toroidal curvature, the limiting value is <B> < 0.8%. The
results are totally different when we use the reduced set of toroidal
MHD equations [8] based on the stellarator expansion [1]. A modified
version of the RST code [9] has been used for low n mode stability
calculations to study stability for intermediate mode numbers (1 €< n < m),
and a ballooning limit of this set of equations has been derived. The
results indicate no instability for equilibria up to <> = 5% (the
limiting equilibrium). This indicates that toroidal effects are very
important and that the magnetic well produced by the Shafranov shift is
sufficient to stabilize these modes. A further test of these results
has been done using the 3-D code to study the stability of the (2;1)
mode for the cylindrical and toroidal configuration, with the same grid
size used for both calculations. The cylindrical configuration shows a

strong instability, but the toroidal one is stable. Therefore, the

Q
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m = 12 torsatron configuration is found to be limited by equilibrium,
rather than stability, considerations.

A new 3-D MHD code has been developed. It is similar to the
Chodura-Schluter code but uses vacuum flux surface coordinates [10] with
a Fourier representation in the poloidal and toroidal directions. The
equilibrium shifts obtained are in good agreement with the other codes.
The m = 12 torsatron equilibria have also been tested for stability to
the resonant low poloidal mode number modes using this code. No insta-
bility is found for <B8> £ 4%, which is in agreement with the results
discussed above.

The main conclusion of these studies is that equilibrium and
stability tend to give opposite restrictions on the configuration. Ar
optimal configuration is one in which the magnetic axis shift with beta
is small enough not to severely limit the equilibrium, but large enough
to produce sufficient magnetic well to stabilize the ideal MHD modes.

The m = 12 torsatron configuration fulfills these requirements.



4. MODULAR TORSATRONS

We have developed a technique for modularizing a torsatron that
retains the good physics properties of that configuration. The modular
torsatron, called the symmotron [11] (for symmetric modular torsatron),
uses identical, nonrotated, helically deformed coils, one per field
period, as shown in Fig. 3. The helical segments are connected by
toroidally directed windbacks (the stray field of which must be compen-
sated by toroidal ring coils not shown in Fig. 3), which also provide
part of the vertical field needed for positioning the plasma. A variety
of flux surface configurations can be produced by modulating the helical
winding pitch (as in a conventional torsatron), winding the helix on a
noncircular cross section, and varying the poloidal and radial location
of the windback and compensating coils. For some chcices of parameters,
it is possible to obtain configurations with a helical magnetic axis.
Figure 4 shows four extreme magnetic configurations obtained in this
way. These configurations are far from optimum but are useful for
examining the effects of internal flux surface topology, amount of
S d2/B variation on a flux surface, etc.

Studies of MHD equilibrium like those done for continuous~coil
torsatrons have been done for symmotrons. Figure 5 shows the magnetic
axis shift for three modular torsatron configurations and the m = 12
continuous-coill torsatron shown in Fig. 1(a) as calculated by the
Chodura-Schluter code [5]. All three modular torsatrons (symmotrons)
have triangular cross section toril, but cases A and B have the vertex at
large R and case C has it at small R. Other differences are: case A
has m = 16, +(0) 0.3, ¥(a) = 0.9, and R/a = 9; case B has m = 17,

#(0) =~ 0.3, +(a) # 0.9, and R/a = 9; and case C has m = 17, +(0) = 0.1,
+(a) = 0.85, and R/@ = 8.

The main difference among cases A, B, and C in Fig. 5 is the reduc~

tion from case B to A to C in S d&/B variation on a flux surface, which
1s also correlated with reduced guiding center orbit losses. TFor
example, case C has a direct loss of 30-keV collisionless orbits of

7% versus v20% for case B or the m = 12 torsatron, whereas a configura-

tion with a larger S d¢/B variation [Fig. 4(d)] has a much larger direct
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30-keV orbit loss (v60%). In general, collisionless guiding center
orbit losses are similar for different configurations [e.g., ~30~407%

for 30-keV H+ in 2-T fields for the configurations shown in

Fig. 4(a)-(c)) and hence are not as sensitive an indicator of configura-
tion quality as is the equilibrium beta limit. The actual orbit losses
for a given configuration would be smaller, however, because of the
effects of potential and collisions.

The moderate-shift modular torsatron configuration (case B of
Fig. 5) has m = 16, o = 0, and a triangular cross-section torus with the
vertex at small R. Figure 1(b) shows the magnetic surfaces for a
<B> = 3% equilibrium for this configuration, which are similar to the
m = 12 torsatron surfaces shown in Fig. 1(a). The values of *(0),

t(a), and the equilibrium beta limit (<B> = 4=5%) are the same for the
two configurations, but the modulsr torsatron has a slightly smaller
average radius of the last closed flux surface (Vv157% smaller for equal
R), principally due to the perturbation caused by the windback and
compensating windings. The particle confinement properties of the two
configurations are also very similar, and it is clear from our studies
that the modularization per se has little effect on orbit containment.

The value of the vertical field Bv needed for horizontally posi-
tioning the magnetic axis is a useful variable in optimizing the nonzero
beta equilibrium quality. The optimum value of Bv for <B> # 0 is
different from that for <g> = 0, as might be expected, but the final
equilibrium flux surface configuration attained for a given <B> also
depends on whether the additional Bv is applied at the start of the
relaxation toward an equilibrium or after an initial equilibrium is
attained if magnetic reconnection is allowed.

Modular torsatrons thus prove to be as good as continuous=-coil
torsatrons from the standpoint of physics properties. Their only draw-
back is that they have average plasma radii that are 10-207% smaller than
those of an equivalent continuous-coil torsatron. This poses no problem
in a reactor, where the plasma volume utilization must be reduced some-
what to accommodate the blanket and shield, but it is important for a
physics experimert, in which the coil size must be minimized for a fixed
plasma radius to reduce costs.
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5. GUIDING CENTER ORBIT STUDIES

Proper treatment of guiding center orbits is required to evaluate
the extent of loss regions, fast ion heating efficiency, and particle
and energy transport. This can be done as accurately as required
(typically 0.1-1.0%) by using a Fourier representation of the magnetic
field in field line coordinates [10]. Following guiding center orbits
in field line coordinates is an order of magnitude faster than using the
Biot-Savart law in real space, and because the extraneous helical motion
of the field lines is eliminated, the deviation of the orbit from a flux
surface (y = constant) is evident. Figure 6 shows two typical collision-
less 30-keV proton orbits in a 2-T field in ¢-8 coordinates, (a) a
co-passing orbit and (b) a helically trapped orbit.

Collisionless orbit losses are dominated by trapped particles and
in particular by those transitional particles that change from passing
to helically trapped. In order to evaluate direct collisionless orbit
losses, V100 ions randomly distributed in v"/v and ¢, 6, ¢ are followed
for ~20 toroidal or ~3 poloidal transits, Direct losses of 30-keV
protons in 2-T fields are “207% for lv“/vl < 0.5, but only ~1-4%Z for
lv"/v| > 0.5, as would occur for quasi~tangential neutral beam injection.
Much larger losses (factor of ~3) occur for configurations with hori-
zontally bifurcated magnetic axes and large S d&/B variations on a flux
surface, while much smaller losses (factor of ~3) occur for configura-
tions with small S d&/B variations. However, optimal containment occurs
before the minimum in f d&/B is reached. Removing the toroidally
symmetric (n = 0) harmonics from the field representation yields
omnigenous orbits for circulating and banana-trapped particles. For
protons below 5 keV, a 1-kV potential generally has more effect on
losses than magnetic configuration parameters. In these cases V1% of
l-keV collisionless protons are directly lost, and the average maximum
deviation of an orbit from its average flux surface E'is Ay v 1/15(111wall -
¥), where 0 < ¢ < 1,

Accurate loss estimates for quasi-tangential neutral beam injection
cases are obtained by Monte Carlo beam deposition along a realistic beam

trajectory, transformation of the beam lon birth points to fileld line
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coordinates, and orbit following in field line coordinates with analytic
slowing down and random pitch angle scattering. For quasi-tangential,
30-keV, H? neutral beam injection in a 2-T field, with T_(¢) = (1 - y) keV
and ne(w) = (1 ~ ¥)10!* em™3, no significant energy loss to the wall
occurs as the beam slows down on the background plasma, even in the
absence of an electric field. This calculation 1s not sensitive to
configuration details for the cases studied.

A potentially sensitive indicator of configuration quality is that
of thermal ion confinement. Estimates of confinement times for thermal
particles are obtained in the presence of pitch angle scattering, using
a Monte Carlo method similar to that employed by Wobig [12]. Rather
than calculating a spread in ¥ of an orbit to obtain a diffusion
coefficient, the equilibrium loss rate (to the wall) of ions born on a
given flux surface ¢’ is calculated. Lost ions are replaced at y° but
with random 6, ¢, and v"/v. The mean time for loss to the wall from a
given flux surface ' decreases exponentially with ¢’ and increases
rapidly with electric field strength. For a parabolic potential ¢(y),
only ions born at ¢ 2 0.9 are lost for ¢(0) < —Te(O). Ions inside
Y v 0.9 are electrostatically confined and are not lost. The large
excursions in ¢ that eventually lead to loss to the wall result from
orbits changing from passing to trapped and not from a diffusive
process. When the bulk of the plasma is in the plateau regime, the
trapped particle orbits that would be lost collisionlessly are
interrupted by collisions, while the contained passing particles are
relatively unaffected.

Guiding center orbits in the finite beta equilibria obtained from
the Chodura-Schluter code are now being studied for che first time. If
J d2/B is really constant on the finite beta flux surfaces, the orbit

containment and transport might be much better than in the vacuum state.
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6. CONCLUSIONS

Moderate-shear torsatrons (either continuous or modular coils) give
equilibrium beta limits <B> v 5% and acceptable orbit confinement for a
near-~term experiment, Since both the beta limit and the orbit confine-
ment improve with an inciease in aspect ratio toward reactor dimensions,
and since torsatrons can be successfully modularized, this configuration

looks attractive on a reactor scale.
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