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ABSTRACT

Low-aspect-ratio stellarator configurations can be realized by using torsatron winding. Plas-
mas with aspect ratios in the range of 3.5 to 5 can be confined by these Compact Torsatron
configurations. Stable operation at high 8 should be possible in these devices, if a vertical
field coil system is adequately designed to avoid breaking of the magnetic surfaces at finite

3.






1 INTRODUCTION

Stellarators have traditionally been considered large-aspect-ratio configurations. In re-
cent years, however, interest in low-aspect-ratio stellarators has increased [1,2]. Many
configurations are being studied, and some of the experiments being proposed have a plasma
aspect ratio, A, = R/d, below 10. The Advanced Toroidal Facility (ATF) [1], ready to be-
gin operation at Oak Ridge National Laboratory (ORNL), has 12 toroidal field periods and
a plasma aspect ratio of 7.5. The CHS device [2], under construction at Nagoya Univer-
sity, has eight toroidal field periods and a plasma aspect ratio of 5. A motivating factor
for studies of low-aspect-ratio stellarators is the move toward a more compact stellarator,
which could make a more attractive fusion reactor [3,4]. Another factor which is impor-
tant for present-day experiments is to have larger plasmas for a given-size device. Critical
physics issues for low-aspect-ratio stellarators are the potential for (1) low-equilibrium g
limit, (2) fragility of the magnetic surfaces, and (3) unfavorable scaling of the neoclassi-
cal transport coefficients with aspect ratio. These three critical issues were discussed in a
general sense in Ref. 6. This paper focuses on the first two.

A low-equilibrium g limit is correlated with a low rotational transform at the plasma
edge, which is proportional to the aspect ratio for configurations with the same helical
coil pitch. Fragility of magnetic surfaces is a result of the lack of symmetry of the system
because of the mixing of toroidal and helical effects, which becomes more important with
low-aspect-ratio configurations. Symmetry breaking increases with 3, and, thus, so does
the likelihood of breaking the outer magnetic surfaces. For low-aspect-ratio configurations,
the breaking of magnetic surfaces can be the dominant cause of limiting the equilibrium 3.
Even if that is not case, breaking of the outer magnetic surfaces can contribute to lowering
the equilibrium 3 limit by further reducing of the edge transform.

The conventional wisdom states that the equilibrium 3 limit for a stellarator scales as

Be ~ j% Here, <5 is the rotational transform at the plasma edge, and the equilibrium 3
critical, 3., has been defined as the value of 3 for which the toroidally averaged magnetic
axis shift, A, is half the average minor radius, @. Because the edge rotational transform
scales as the aspect ratio, this 8. scaling indicates a reduction of the equilibrium 3 limit with
decreasing aspect ratio. However, the reduction is not as bad as this simple scaling indicates
because the nonlinear increase of A with g3 is less than this lowest-order result, as shown
in Ref. 6. In addition, increasing the edge rotational transform opens a path for increasing
B.. In carrying out low-aspect-ratio configuration studies, the rotational transform can be
increased in several ways by modifying the helical coil system. As shown in this paper, the
problem can be approached by starting from a standard helical coil and varying the pitch,
the cross-sectional shape of the winding surface, and the winding law of the helical coils.
An alternative approach to improve the equilibrium 8 limit, based on the minimization
of Pfirsch-Schliiter currents, has been taken by the Wendelstein group [5]. However, up
to now this optimization approach has been applied only to large-aspect-ratio stellarator
configurations. In contrast, the current study is concerned with torsatron configurations
with aspect ratios below 5 and toroidal field periods, M, in the range of 6 to 9.

An important issue in our approach is to find an efficient method of handling the large
number of degrees of freedom involved in the process. Such a method, developed by Cary and
Hanson [6], is based on the equivalence of toroidal magnetic fields to a Hamiltonian system.
The method, which aims at elimination of magnetic field line stochasticity, has been applied
to the sequence of low-M (M = 9 to 6) torsatron configurations. As a result, a sequence of
configurations with decreasing aspect ratio but with a constant edge rotational transform



just below 1 has been obtained. By using numerical techniques that assume the existence
of magnetic surfaces for nonzero 3, it can be shown that these configurations have favor-
able magnetohydrodynamic (MHD) properties. The equilibrium 8 limit is higher for these
confignrations than for the unoptimized cases, and it scales as 1/ M. These configurations
are stable to 3-D ideal Mercier modes. By using the stellarator expansion [7] technique, it
is possible to show that they are also stable to low-n modes.

For nonzero B values, the main question concerning the viability of these configurations
is still the fragility of the magnetic surfaces. Indeed, as 8 increases and the plasma shifts
outward, changes in the magnetic field spectrum can destroy the results of the vacuum
field optimization. A practical way of resolving this problem is to do the magnetic surface
optimization for the vacuum magnetic field by varying the currents in four pairs of axisym-
metric vertical field (VF) coils. Similar optimized configurations are obtained in this way.
This has two consequences. First, the problem of accurately constructing a helical coil is not
overly demanding because the VF coil system can be used to correct for winding law errors.
Second, it gives a way of compensating for 3 effects on the magnetic surfaces. This offers
a potential solution to the problem of fragility of magnetic surfaces for small-aspect-ratio
configurations.



2 VACUUM MAGNETIC FIELD PROPERTIES OF
LOW-ASPECT-RATIO TORSATRONS

The starting point for the vacuum magnetic field calculations is a set of realistic coils.
For an £ = 2 torsatron, the coil configuration consists of two helical conductors, carrying
current in the same direction and wound on a torus of major radius R.. The coil position
is given by

R:Rc+d1cos()+a2cos29 (1)
Z = e(aq sinf — ay sin 26) (2)

where R and Z are the usual cylindrical coordinates for a toroidal configuration and the
winding law is defined by

¢ =¢o+ ¢ [0 -3 an sin(nﬂ)] /M (3)

Here ¢ and 6 are the toroidal and poloidal angles, respectively. An average minor radius
of the coil, @., can be defined as the square root of the area of the winding cross section
of the torus divided by n, which gives a. = /a? — 2a}. If a3 = 0 in Egs. (1) and (2), the
winding cross section of the torus is circular and the coil radius is @, = a;. The parameter
e in Eq. (2) is the ellipticity, which for most calculations in this paper is e = 1. In addition,
an external vertical magnetic field must be provided to define the location of the magnetic
axis and to allow formation of closed magnetic surfaces. The VF coil system consists, in
general, of several pairs of axisymmetric coils. The dipole and quadrupole moments of this
coil system can be used to control some physics parameters of the configuration [8].

The main helical coil parameters varied in these studies are the coil aspect ratio A, =
R./d., the number of field periods M, the helical coil pitch parameter p. = M/({A,), the

~Bay

triangularity of the torus winding cross section dy = O Fere and the winding law

parameters, a,. By changing these parameters, the main physics characteristics of the
vacuum configuration (namely, rotational transform ¢, shear, well depth, and shape of the
vacuum flux surfaces) can be varied.

The studies presented here used the same techniques as those in Ref. 11. In that paper,
the configurations studied had basically M > 10 and plasma aspect ratios, 4,, above 5.
Here we focus our attention on configurations with M < 10. The objective is to find low-
aspect-ratio configurations, 4, < 5, with good flux surfaces and physics properties similar
to those of the M = 12 configuration in Ref. 11, on which the ATF device is based [1]. The
results presented here are for a fixed-coil major radius, which for convenience is taken to
be R. =1 m. All other lengths are given in meters.

To show the dependence of the properties of the magnetic configuration on the p. and M
parameters, we have calculated a sequence of magnetic configurations by varying M between
6 and 9 and p. between from 1.3 and 1.5. The magnetic surfaces for this sequence at the
beginning of a field period have been plotted in Fig. 1. Let us consider the main properties of
this configuration. For a. fixed-coil pitch, decreasing the number of field periods decreases
the aspect ratio, rotational transform, and shear (Fig. 2a). If the rotational transform
becomes zero at a radial point, an internal separatrix forms (i.e., the magnetic axis bifurcates
and an internal X-point may form for low values of M). This is shown in Fig. 1 for the
configuration scan with fixed pitch, p. = 1.4. In this sequence, the M = 6 configuration has
a magnetic surface topology with multiple magnetic axes. The same happens to higher M



configurations if the helical coil pitch is increased beyond p, = 1.4. Therefore, it is important
to choose the helical coil pitch so that the transform is greater than zero and thus ensure
that there is no internal separatrix. This can be achieved by reducing the pitch of the
helical coil (Fig. 2b). However, as the pitch decreases, the average radius of the last closed
magnetic surface and the utilization volume are reduced. Furthermore, the resulting increase
in rotational transform does not produce an increase in shear (Fig. 2b). Therefore, although
the pitch parameter is more important in the determination of the physics properties for
low-M configurations than for high-M configurations, it is not sufficient to use only the
helical coil pitch as an optimization parameter. Other degrees of freedom of the helical
coil system must be used to achieve the shear, rotational transform, and utilization volume
desired.

Although the configurations in Fig. 1 have low shear, their stability properties are not
necessarily poor. All these configurations have broad magnetic wells. This is shown in
Fig. 3, where the magnetic well has been plotted for three configurations with M = 7
and different values of helical coil pitch. In this figure, the magnetic well is defined as
[Vi(p) — V'(0)]/V’(0), where V'(p) is the derivative with respect to the toroidal flux of
the volume enclosed in a magnetic surface with normalized radius p = #/a. It is not the
stability properties but rather the low equilibrium limit associated with low transform that
is the main concern for these configurations.

Let us now consider the effect on the configuration properties of the cross-sectional
shape of the torus on which the helical coils are wound. An elliptical shape for this cross
section reduces the rotational transform and magnetic well. Therefore, ellipticity is not a
useful parameter for improving the equilibrium properties of low-aspect-ratio configurations
and has not been used in the present studies. Also, the effect of ellipticity can always be
sinitlated by the quadrupole component of the vertical field.

A triangular shape for the torus winding cross section can have a more interesting effect
on the physics parameters of low-aspect-ratio torsatrons. In the parameterization of the
helical coils [Eqgs (1) and (2)], the cross section triangularity is controlled by the parameter
az. Depending on the sign of ay, the vertex of the triangle points inward (a3 < 0, positive
triangularity) or outward (a; > 0, negative triangularity). As an example, Fig. 4 shows a
coil system with the vertex of the triangle pointing inward. This corresponds to an M =
torsatron configuration with a; = —0.1. The triangnlarity of the torus winding cross section
has an impact on the physics parameters, as illustrated in Fig. 5 in which the rotational
transform and the magnetic well have been plotted for an M = 8 torsatron with p. = 1.38.
For either sign of a; (and hence triangularity), the rotational transform increases as the
magnitude of the triangularity increases (Fig. 5a). However, the magunetic well decreases
and can even change to a magnetic hill as the triangularity increases. This is demonstrated
in Fig. 5b, which plots the magnetic well at the ¢+ = 0.5 surface vs triangularity. The
effect of the triangularity is stronger for ay > 0 (negative triangularity), where the shear
also increases with the triangularity. Lowering the aspect ratio deepens the magnetic well,
increasing the triangularity as the aspect ratio is decreased thus offers a potential trade-
off in improving the configuration properties by increasing the rotational transform, shear,
and utilization volume. For M = 8 and 9 and 4, ~ 5, it is possible to find torsatron
configurations with physics parameters like those of the ATF configuration by carefully
choosing the coil pitch and the triangularity of the torus winding cross section. That is not
the case for configurations with a lower number of field periods.

Finally, the other coil parameters to be considered are the winding law parameters,
a,,, which also play an important role in the determination of the physics parameters of a



configuration. In the optimization studies described in Section 3, the a; parameter is always
found to be dominant. Therefore, in this section, to illustrate the role of the winding law in
the determination of physics parameters, only the a; parameter will be considered. Figure 6
shows the effect of varying a; on the shape of the helical coil for an M = 7 torsatron. These
changes of the winding law affect the physics properties of the configuration. Figure 7
shows the dependence on ay of the magnetic well, rotational transform, shear, and average
radius of the last closed flux surface for the M = 7 configuration with a helical coil pitch
p. = 1.3. By choosing a positive value of a;, the average radius, edge rotational transform,
and shear can be substantially increased over the values for ay = 0. However, for positive
ay, there is no longer a broad magnetic well, and even a magnetic hill across the whole
radial extent can be generated for a; > 0.2. To have deeper magnetic wells, it is necessary
to choose negative values for ;. Therefore, the improvement of equilibrium and stability
properties for these configurations cannot be achieved simultaneously by changing only the
winding law parameters; and, as in the case of the cross section shaping, there is a trade-
off between transform and well, which opens the possibility for configuration optimization.
This optimization is discussed in detail in Section 3.



3 VACUUM MAGNETIC FIELD OPTIMIZATION OF
LOW-ASPECT-RATIO TORSATRONS

As mentioned in the introduction, a major problem in optimizing the vacuum field
configuration is finding an efficient method of dealing with the numerous degrees of free-
dom that characterize the coil winding law. The method of Cary and Hanson [5] offers a
possible way of addressing this problem. The basic idea is to reconstruct the outer mag-
netic surfaces by reducing the stochasticity of the magnetic field lines. In this way, the
size of the utilization volume and the edge transform can be increased. The method is
based on minimizing the residue (9] of the periodic orbits, which is a measure of the island
size at the corresponding magnetic surface. The stochasticity is reduced by decreasing the
probability of island overlap through reducing the size of each magnetic island. The details
of the method have been discussed elsewhere [}, so we mention only the constraints and
parameters used for the minimization.

In the present studies, the optimization has focused on the equilibrium properties of low-
aspect-ratio torsatron configurations. The goal is to increase the edge rotational transform
and the utilization volume, but at the same time it is important to maintain or increase
shear and magnetic well. This is achieved by doing a constrained minimization of the
residues. The parameters that are kept constant are the axis rotational transform, +(0),
the axis magnetic well, through V(0), and the position of the magnetic axis, which is kept
close to the center of the coil. For the lower- M configurations, the magnetic axis is slightly
nonplanar. In these cases, the toroidal averaged position of the magnetic axis is maintained
at the center of the coil. Parameters used for the minimization are the coil minor radius, a.
(and hence the coil pitch), and the winding law parameters, a,. In doing the minimization,
it is sometimes necessary to relax the constraints and restrict the field of variation of the
minimization parameters. Although this method provides a more systematic way of dealing
with the numerous degrees of freedom of the coils, it is not a fully automatic process. The
method does not lead to a unique solution for every M value. The resulting configuration
depends on the initial configuration parameters, the values of the constraint parameters
¢(0) and V"(0), and other details of the minimization procedure. The solutions are also
sensitive to the position of the magnetic axis with respect to the center of the coil (see
Section 5).

The configurations resulting from this optimization calculation will be called Compact
Torsatrons. The optimized configurations considered in this paper are designated by CTAM,
where M is the number of toroidal field periods. Four cases are considered, CT6, CT7,
CT8, and CT9, which are torsatrons with 6 to 9 toroidal field periods. Figure 8 shows
the vacuum magnetic field surfaces for these configurations. The four cases were selected
on the basis of nearly constant rotational transform, close to 1, at the last closed flux
surface. The main physics parameters for these four configurations are shown in Fig. 9,
and the valnes obtained for the winding law parameters are listed in Table 1. All four
configurations have a plasma aspect ratio below 5, and the A, for C'I7 and CT6 is below
4. Some physics parameters of the Compact Torsatrons are similar to those of the ATF
configuration [1]. Figure 10 shows the rotational trausform and V' profiles for ATF and
the CT6 configuration. To underline the similarity of these profiles, the values have been
plotted vs the average radius normalized to the plasma minor radius. Although the two
profiles are rather close, there are some differences between the two configurations. Apart
from the aspect ratio, the main difference is in the variation of [d¢/B over a magnetic



field period on a magnetic flux surface. This quantity is a measure of the Pfirsch-Schliiter
currents. The CT configurations have larger values for the variation of [ df/B at the edge
than the unoptimized configurations, and this value increases with decreasing M value.

Alternative optimization studies have been carried out using the parameters that control
the shape of the torus winding cross section (e, a;, az) and coefficients of higher harmonics
in Eqgs (1) and (2) as optimization parameters. When the ellipticity parameter is let free,
the optimization moves toward a coil system with a highly elongated torus winding cross
section. This strong ellipticity can be reduced by constraining the ellipticity parameter
during the minimization. In either case, however, the coil system becomes very distorted,
and it was not possible to raise the rotational transform at the edge above 1.0 or to reduce
the aspect ratio below § for configurations with less than 8 toroidal field periods. Therefore,
the only optimized configurations that we discuss further are the ones obtained using the
winding law parameters.



4 MHD PROPERTIES OF THE COMPACT
TORSATRON CONFIGURATIONS

The discussion of MHD properties of the CTs in this section assumes that magnetic
surfaces exist for nonzero 3 values. The problem of the fragility of the magnetic surfaces is
discussed in Section 5.

Equilibrium studies have been done with the 3-D equilibrium code VMEC [10]. This
code uses a Fourier decomposition in the two angular coordinates to reduce the energy
minimization problem to one of solving a large set of ordinary differential equations for
the spectral coefficients. It is based on a Lagrangian formulation in which the magnetic
surfaces are agsumed to be nested. The equilibria obtained have been used to evaluate the
3-D Mercier stability criterion [11] for local instabilities. The form of the Mercier criterion
is

Dy = Ds+Dw+ Dr+Dg >0 (4)
where
(@/I@/)Z s
Vg m bl
Ds r £2?
B%d déd
DW - “"a_, dp (Vll / g C)

T e
o= s /gd‘”‘ LR /"‘”“’i,;f (/22

Here, ® and ¥ are the toroidal and poloidal magnetic flux functions, ¢ is the jacobian, p
is the pressure, I is the total toroidal current in a magnetic surface, and ¢** = [63[2 is the
corresponding metric element. The radial-like variable s is the toroidal flux normalized to 1
at the edge, and the primes indicate derivatives with respect to 3. This form for the Mercier
criterion is like the one given in Ref. 15. In this stability criterion, Dg gives the stabilizing
contribution of the shear, Dy is the contribution of the magnetic well or hill, Dy (which
is linear in the shear) gives the contribution of net currents, and D¢ is the contribution of
the geodesic curvature. Details of the numerical implementation and convergence studies
are given in Ref. 16.

The Mercier stability studies have been complemented with stability studies for low mode
numbers, 7 = 1 and 2 (here n is the torcidal mode number). These stability calculations
are based on the stellarator expansion [7]. This approach to the stellarator MHD problem
has been shown to be accurate for a large number of configurations [12,13]. However, for
the low-aspect-ratio configurations studied in this paper, use of the stellarator expansion is
questionable. For instance, in the case of the CT6 configuration, the magnetic axis shift as a
function of the peak 3, fo, is shown in Fig. 11. In this figure, results of the 3-D calculation
are compared with results obtained using the stellarator expansion. These equilibrium
calculations assume flux conservation and a pressure profile p ~ 2. The comparison clearly
shows that the stellarator expansion overestimates the magnetic axis shift. Inaccuracy of
the stellarator expansion is not surprising because the inverse aspect ratio, ¢ = 1/A4,, for
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the CT6 configuration is € = 0.26, which is no longer compatible with the ordering assumed
for the expansion. Therefore, the stellarator expansion results for the Compact Torsatron
configurations should be taken in a qualitative rather than a quantitative sense. The 3-D
equilibrium calculations show that the equilibrium 2 limit increases with decreasing aspect
ratio. Figure 12 compares the magnetic axis shift as a function of 8o for the CT6 and CT8
configurations. The calculations are done for a fixed pressure profile, and the zero-net-
current condition is used on each flux surface. The pressure profile used is p ~ ¥2, where
¥ is the poloidal magnetic flux. The figure shows that the magnetic axis shift at a given
g is smaller for the CT6 configuration. To compare equilibrium properties for all these
configurations, one can define the equilibrium g limit, 8., as the value of 8 for which the
magnetic axis shift is one-half the minor radius. The resulting 3, for the CT configurations
is shown in Fig. 13. For comparison, the figure also includes the value obtained for an
ATF-like configuration (M = 12), using the same pressure profile. These results indicate
that 3. increases with decreasing M. This scaling is opposite to that usually attributed to
stellarators. The reason is clear if the 2 limis scaling is assumed to be given by 8, = +2/A4,.
For a fixed-pitch sequence of configurations, the rotational transform is proportional to M
and thus to the aspect ratio, ¢, ~ A,; therefore, 8. ~ A, ~ M. In the present study, the
CT sequence has constant rotational transform at the plasma edge, approximately equal to
one; therefore, 8, ~ 1/A4, ~ 1/M. The ability to reconstruct the outer flux surfaces reverses
the unfavorable scaling of equilibrium 8 for low-aspect-ratio stellarators.

The favorable stability properties of the low-aspect-ratio torsatron configurations are
not lost in the equilibrium optimization process. Zero-net-current equilibria with pressure
profiles p ~ ¥2 for the four CT configurations are stable to Mercier modes for practically
the whole range of B values for which equilibrium exists. For low values of 8 (8o < 3%)
for the CT6 configuration, a small region with Dy < 0 appears near the magnetic axis.
This problem can be eliminated by choosing flatter pressure profiles near the magnetic
axis. Dps is positive over the whole plasma radius for higher 8. Figure 14 shows the
different contributions to the Mercier stability criterion for the CT6 configuration and for
Bo = 11.7%. The dominant stabilizing term in the inner two-thirds of the minor radius is
the magnetic well, Dw; in the outer plasma region, the stabilization is the result of shear.
This combination of well and shear is the basic stabilization mechanism for all the Compact
Torsatron configurations. The minimum value of Dps moves from being near the magnetic
axis at low 3 to near the plasma edge at higher B values. This is the result of broadening
of the magnetic well with increasing 8. The minimum value of Djs also increases with
increasing 3 (Fig. 15), showing the §-self-stabilization effect [14), which is characteristic of
the low-aspect-ratio torsatron configurations.

Stability calculations for low-n modes have been done with the FAR code [15,16], a fixed-
boundary stability code based on the stellarator expansion approximation. Only stability
with n < 3 has been considered. In general, it is found that the CT zero-net-current
equilibria are stable and that the only way to induce instabilities is to use the vertical
field to shift the plasma inward. These results are consistent with the Mercier stability
calculations.
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5 FRAGILITY OF THE MAGNETIC SURFACES FOR
COMPACT TORSATRON CONFIGURATIONS

The reconstructed outer magnetic surfaces for the CT configurations are semsitive to
magnetic perturbations. The main concern is with magnetic perturbations induced by non-
zero 3 effects. Before studying the 3 effects, let us consider the case of a vacuum magnetic
field subjected to an additional dipole magnetic field moment, which causes a shift of the
magnetic axis. Four variations have been considered: the CT6 configuration (Fig. 16¢)
aud the CT6 configuration with inward shifts of the magnetic axis of 2 cm (Fig. 16a) and
4 cm (Fig. 16b) and an outward shift of 2 cm (Fig. 16d). It is clear from the figure that
the sensitivity of the outer surfaces to the axis shift is high. A 10% outward axis shift is
enough to reduce the edge transform from 1 to 0.65 and to cause the destruction of 50% of
the surfaces that have been reconstructed with the optimization method. This sensitivity is
further underlined by combining the outward magnetic axis shift with a new optimization
for the shifted configuration. Figure 17 shows a sequence of vacuum magnetic surfaces for
configurations obtained in this way. It starts with the standard CT6 (Fig. 17a}, and the
other configurations are obtained by making successive 2-cra outward shifts of the magnetic
axis; each shift is followed by an optimization using only the winding law parameters. The
changes in the edge rotational transform and plasma size caused by the cutward magnetic
axis shift are shown in Fig. 18. They are contrasted with the values for the same parameters
obtained after the optimization. In doing this sequential optimization, the parameter a;
must be increased from 0.446 (Fig. 17a) to 0.795 (Fig. 17d). This implies major changes in
the winding law of the helical coils, which cannot be realized in practice using compensating
coils.

To see the effect of 3 on the magnetic surfaces, a 3-D equilibrium study of the CT
configurations was done with the NEAR code [17]. As with VMEC, this 3-D equilibrium
code solves the equilibrium problem by minimization of energy. However, the NEAR. code
uses an Eulerian formulation for finding an equilibrium because this allows the study of
equilibria whose flux surface topology changes with pressure. A vacuum flux coordinate
system is employed as the Eulerian frame of reference for the calculation. For the CT6
coufiguration, converged equilibria with good flux surfaces are obtained up to fp ~ 5%
(Fig. 19). At higher 8 values, magnetic islands appear, and for 8y > 10%, no converged equi-
librium solution was found. Similar results were obtained for the other CT configurations.
The F effects are comparable to those induced by the shift of the vacunmn magnetic axis.

Because an axisymmetric magnetic field, a dipole, can generate the nonaxisymmetric
components that cause breaking of the magnetic surfaces, it is plausible that using axisym-
metric fields could heal the magnetic surfaces. To test this hypothesis, the method discussed
in Section 3 was reformulated to use the currents in an axisymmetric coil system as parame-
ters for the equilibrium optimization. The VF coil system used for the M = 6 configuration
is shown in Fig. 20. The system consists of four pairs of circular coils, positioned as indi-
cated in the figure. The magnetic surfaces obtained after the optimization are shown in
Fig. 21. The physics parameters obtained are close to those of the CT6 configuration. The
currents required are large (on the order of the helical coil current) in the inner set of VF
coils (VF1 in Fig. 20) but very weak in the outer VF coils. This shows that, with a prop-
erly designed VF coil system, the optimization method gives results very similar to those
obtained by changing the winding law. This has two important consequences. First, the
problem of accurately constructing a helical coil with the winding law of the type shown in
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Eq. (3) is not overly demanding because the VF coil system can be used to correct for errors.
Second, it gives a way of compensating for 3 effects on the magnetic surfaces in an exper-
iment. This offers a potential solution to the problem of fragility of the magnetic surfaces
for low-aspect-ratio configurations, but such a solution needs to be tested experimentally.
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6 CONCLUSIONS

Low-aspect-ratio stellarator configurations with good flux surfaces can be realized by
using torsatron windings. In particular, magnetic configurations that have utilization vol-
umes with aspect ratios in the range of 3.5 to 5 can be realized by helical coil systems with
aspect ratios of 2.5 to 3 and with 6 to 9 toroidal field periods.

These Compact Torsatrons are attractive stellarator configurations from the point of
view of their equilibrium and stability properties and the relatively large plasma size that
can be confined. The critical issue for these configurations is how well the magnetic surface
breaking at nonzero § can be avoided by the use of an adequate VF coil system. This issue
requires detailed experimental study in a device that is capable of accessing a high 3 regime.
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TABLE 1

WINDING LAW PARAMETERS

M=9 M=8 M=71 M=6
a;  0.27500 0.4695 0.35000 0.4460
a; -0.00435 -0.0804 -0.00789 -0.0079
as 0 0.0127 0.00450 0.0029
Qg 0 0 -0.00091 0.0009
a. 0.3085 0.3400  0.3991  0.4000
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FIG. 1. Magnetic surfaces in the ¢ = 0° plane for different torsatron configurations
obtained by varying the number of field periods, M, and the pitch of the helical coil.
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