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If quasi-axisymmetry is preserved, non-axisymmetric shaping can be used to design tokamaks that
do not require current drive, are resilient to disruptions, and have robust plasma stability without
feedback. Suggestions for addressing the critical issues of tokamaks can only be validated when
presented with sufficient specificity that validating experiments can be designed. The purpose of
this paper is provide that specificity for non-axisymmetric shaping. To our knowledge, no other
suggestions for the solution of a number of tokamak issues, such as disruptions, have reached this
level of specificity. Sequences of three-field-period quasi-axisymmetric plasmas are studied. These
sequences address the questions: (1) What can be achieved at various levels of non-axisymmetric
shaping? (2) What simplifications to the coils can be achieved by going to a larger aspect ratio? (3)
What range of shaping can be achieved in a single experimental facility? The sequences of plasmas
found in this study provide a set of interesting and potentially important configurations.

I. INTRODUCTION

Stellarators, such as Wendelstein 7AS (W7AS) and
the Large Helical Device (LHD), which have strong non-
axisymmetric shaping, have yielded impressive perfor-
mance [1], [2]. The experiments have found stable high
volume-averaged beta, β ≡ 〈2µ0p/B

2〉 plasmas that last
hundreds of energy confinement times [6], high density
(≥ 1021/m3) regimes exceeding the Greenwald density
limit of tokamaks [7], and a scaling of confinement com-
parable to that of H-mode tokamaks [8]. These achieve-
ments coupled with the observed robust stability [1]
without disruptive plasma terminations show that three-
dimensional shaping of fusion plasmas addresses impor-
tant issues that must be addressed before fusion power
systems can be a reality.

Issues beyond those that will be addressed on the Inter-
national Thermonuclear Experimental Reactor (ITER)
[3] that must be addressed to make fusion power a real-
ity were the subject of the report to the Fusion Energy
Sciences Advisory Committee (FESAC) [4]. That report
and the subsequent discussions imply that:

• A fusion plasma can have little external power in-
put.

A fusion power plant must generate far more power
than it uses. Two implications are: (1) The con-
trol of a fusion plasma must be carried out with
little power input. (2) The pressure and bootstrap
current profiles are essentially self-determined by
power balance between the fusion burn and the mi-
croturblent transport. The self-determination of
plasma profiles is made even stronger by the ab-
sence of an accepted method of injecting particles
into the center of a fusion plasma.

• Disruptions cannot be tolerated at any significant
level in a fusion plasma.

At present there is no accepted method of avoiding
tokamak disruptions–even with far more complete
diagnostics than are expected in a fusing plasma
and even with controls that inject power equal to
the total power that flows through the plasma.

• Feedback systems in fusion plasmas will be highly
constrained.

Each feedback system requires a diagnostic, but
few diagnostics can withstand fusion conditions.
The feedback control can require little power. The
shielding of control coils will constrain the rapidity
with which external magnetic fields can be changed.

• A close coupling between central plasma and edge
plasma conditions makes extrapolations to fusion
conditions difficult and endangers plasma facing
components

In high performance tokamaks, the central temper-
ature is empirically found to be determined by the
conditions on the inner side of the edge pedestal
region, which is sensitive to wall conditions. This
feature of the central temperature is theoretically
understood as a result of the critical-gradient na-
ture of Ion Temperature Gradient (ITG) microtur-
bulence. A consequence is that a sudden change in
the pedestal plasma, such as Edge Localized Modes
(ELMs), can deposit a significant fraction of the
plasma energy on divertor components, which gives
an unacceptable rate of erosion. Even if ELMs are
avoided, the high edge temperature and the low
edge density, which are characteristic of tokamaks
operating at the critical gradient, makes it difficult
to have an acceptable strategy for ensuring the sur-
vivability of the chamber walls and the divertor.

Wall conditions will be very different in a fusion
plasma than in ITER. In ITER, as in existing toka-
maks, the walls are much colder than in a fusion
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system. Hot walls, unlike those in existing exper-
iments, generally reflect particles. Liquid lithium,
which requires a relatively low wall temperature not
to evaporate, can give an absorbing boundary con-
dition for particles, which also differs from that in
present experiments.

To achieve the programmatic mission of ITER, which is
“to demonstrate the scientific and technological feasibility
of fusion power for peaceful purposes,” these issues imply
that it is necessary to

• Provide sufficient poloidal magnetic field to ensure
the maintenance of the magnetic configuration and
to allow compensation for the uncertainty or mis-
match in the profile of the bootstrap current.

In the physics basis of ITER, it was concluded [5]
that the part of the poloidal field produced by ex-
ternal current drive in ITER will be four times
larger than that allowable in a demonstration of
fusion power (DEMO). ITER is not expected to
fully test either the maintenance or the control
of poloidal field profile at the level required for
DEMO. It should also be noted that even low lev-
els of external current drive place great demands
on the development of suitable external sources [4].

• Ensure sufficiently robust plasma stability to pre-
vent disruptions.

• Minimize the need for feedback systems.

• Maintain a large center to edge ratio in the ion
temperature and a high plasma density.

Since fusion plasmas are in a self-organized state, the
primary design freedom to meet these requirements is
non-axisymmetric shaping [9], [10]. Axisymmetric toka-
maks have a space of only about four shaping parame-
ters, which are aspect ratio, ellipticity, triangularity, and
squareness. This space can be expanded to about forty
parameters if non-axisymmetry is allowed. The empir-
ical studies of non-axisymmetric shaping have been in
stellarator experiments, which differ greatly from the ex-
tensively studied axisymmetric tokamak in having strong
asymmetries in the magnetic field strength and suffi-
ciently strong shaping to produce most of the poloidal
magnetic field. A clear need exists to understand the
benefits of shaping on magnetically confined plasmas that
lie between axisymmetric tokamaks and stellarators.

The extension of the design space of tokamaks by non-
axisymmetric shaping depends on the concept of quasi-
axisymmetry (QA). A magnetic field satisfies the con-
straint of quasi-symmetry if the field lines lie in nested
toroidal surfaces, called magnetic surfaces, and the mag-
netic field strength along each field line obeys B(`) =
B(` + L), where ` is the distance along the line and L
is a constant along that line [9]. Quasi-symmetric sys-
tems can either extend the space of axisymmetry or he-
lical symmetry. The principles of quasi-symmetry have

been demonstrated in the Helically Symmetric Experi-
ment (HSX) [11]. However, quasi-axisymmetry has not
been studied in an experiment other than near the ax-
isymmetric limit, δB/B <∼ 10−3.

Theoretical and numerical investigations of QA stel-
larators were pioneered by Nührenberg and Garabedian
[12], [13], [14], and the potential of a quasi-axisymmetric
stellarator as a fusion power reactor has been studied
[15]. An experimental device [16], the National Compact
Stellarator Experiment (NCSX), was proposed in the late
1990’s, but the construction was terminated in 2008 dur-
ing the final stages of manufacture and assembly. These
studies have demonstrated the existence of a wealth of
available QA configurations. Nevertheless, most of these
configurations were constructed and optimized only to
meet the objectives of each individual study. The breadth
of shaping options that exist for quasi-axisymmetric stel-
larators has not been examined systematically.

No experiments have been performed in which quasi-
axisymmetry was preserved while breaking axisymmetry
at a level above δB/B ∼ 10−3. Nevertheless, the com-
monality of the physics, the design tools, and the exten-
sive experimental data base of stellarators allow the de-
sign of tokamak-like magnetic configurations that address
issues that must be addressed to make fusion a reality.
This paper demonstrates the existence of sequences of
QA configurations that can be constructed with various
levels of externally supplied poloidal magnetic field over
a wide range of aspect ratios. These sequences clarify the
benefits that can be obtained at various levels of shaping.
The paper also shows that it is in principle possible to
construct a single device that would enable an empirical
study of a broad sequence of QA configurations.

Suggestions for addressing the critical issues of toka-
maks can only be validated when presented with suffi-
cient specificity that validating experiments can be de-
signed. The purpose of this paper is provide that speci-
ficity for non-axisymmetric shaping. To our knowledge,
no other suggestions for the solution of a number of toka-
mak issues, such as disruptions, have reached this level
of specificity.

Section (II) briefly discusses the approach and methods
used in the investigation. Section (III) shows configura-
tions with weak, moderate, and strong shaping, which
illustrate attainable plasma control. Section (IV) exam-
ines the effect of the toroidal aspect ratio on the com-
plexity of the coils. Section (V) gives a design using
a combination of trim and planar toroidal field coils to
realize a sequence of plasmas with various degrees of ex-
ternal shaping. Section (VI) gives a summary and the
conclusions.

We note that the configuration space is rich and vast.
It is not the purpose of this paper to identify the optimum
QA configuration but to demonstrate the existence of
QA configurations that could fundamentally change the
perceived constraints of tokamak-like systems.



3

II. APPROACH AND METHODS

The plasma boundaries in the study are given in the
Garabedian representation [17],

R+ iZ = eiu
∑
mn

∆mne
−imu+inv, (1)

where R and Z are the radial and the axial components
of (R,ϕ,Z) cylindrical coordinates, m and n are the
poloidal and toroidal mode numbers, and u is a poloidal
angle. The toroidal angle is v = Npϕ, where Np is the
number of toroidal periods of the shaping. The coeffi-
cient ∆00 is a measure of the plasma minor radius, and
∆10 the major radius. The elongation and triangularity
in the plasma shaping are described by the m = 2, and
3 terms, respectively. The ∆1,n terms give the helical
excursion of the boundary.

Basic physics properties of a stellarator are determined
once an outer magnetic surface is prescribed. The ob-
jective of this study is to optimize the boundary shape
of configurations, which means the ∆mn’s of Eq. (1),
for providing a prescribed rotational transform, stabiliz-
ing the resistive wall modes (RWM’s) at a prescribed
plasma pressure, and adequately satisfying the quasi-
axisymmetry requirement. The rotational transform ι ≡
1/q is the average number of poloidal circuits a magnetic
field line makes per toroidal circuit of the torus. An
RWM is an ideal magnetohydrodynamic (MHD) plasma
instability, called a kink mode, which would be stabilized
if the structures surrounding the plasma had zero resis-
tivity. There may be other requirements as well, such as
the global shear in the rotational transform, the depth
of magnetic well provided by the external shaping, etc.,
which can be combined with the basic requirements to
form an overall objective function. The configurations
discussed in the following sections have been obtained in
this fashion. They represent configurations that satisfy
minimum requirements. In the landscape of the configu-
ration space, they may be regarded as a local minimum
of an objective function. Other configurations with dif-
ferent combinations of ∆mn’s may exist that give a lower
minimum of the objective function and are therefore bet-
ter. This study was not designed to find either the global
minimum or the best configuration but to show config-
urations exist that are sufficiently attractive that they
demonstrate the importance of the quasi-axisymmetric
shaping extension of the design space of tokamaks.

For some of the configurations, solutions for the re-
quired coils were found in order to study the issue of coil
complexity. A simple approach was taken. A coil wind-
ing surface was chosen, which was typically conformal to
the plasma surface shape but displaced from the plasma
by a fixed amount. A solution was sought for the current
potential κ such that the total normal field on the plasma
surface was minimized in a root-mean-square sense. The
normal field would be zero if the current potential pro-
duced the fields required to support a plasma with the
precise shape that was prescribed. The surface current

~K of electrodynamics texts has the form ~K = ~∇κ × n̂,
where n̂ is the unit normal to the surface. The required
coils are constant κ contours with the coil currents given
by the change in κ between the coils. There are other
more involved ways of designing stellarator coils, for ex-
ample [18], but they do not provide additional insights
for the study given in this paper.

The equilibria were obtained using the VMEC code
[19], either in the fixed-boundary mode while finding op-
timal shapes, the ∆mn’s, or in the free-boundary mode
while investigating issues related to coils. In most cases
the number of poloidal and toroidal harmonics was lim-
ited to no more than four in the ∆mn’s, which cor-
responds to squareness for the highest poloidal shap-
ing. External kink modes were analyzed using the three-
dimensional ideal MHD code Terpsichore [20], which de-
termines the growth rate of the unstable modes by min-
imizing the plasma potential energy. The measure of
quasi-axisymmetry was based on the evaluation of heli-
cal ripples along field lines on a few flux surfaces using
the NEO code [21] and by a direct examination of the
magnetic spectrum in magnetic coordinates [22]. The
design of the coils used a modified version of Merkel’s
NESCOIL code [23].

The calculations were carried out with a numerical res-
olution sufficiently fine that they should yield correct
physics solutions, but not so fine as to render compu-
tations prohibitively expensive. For example, 49 flux
magnetic surfaces were consistently retained in the equi-
librium solutions and 91 selected perturbation modes in
the stability calculations. The plasma pressure and boot-
strap current profiles were taken from NCSX [24] but ad-
justed to obtained a fixed β = 4% and to reflect changes
in the aspect ratio and the level of rotational transform,
which means a correction for R ·Bt and the trapped par-
ticle fraction.

III. CONFIGURATIONS WITH INCREASING
LEVELS OF ROTATIONAL TRANSFORM

This section considers two sequences of quasi-
axisymmetric (QA) configurations: one with weak to
moderate shaping, which illustrates the benefits of var-
ious levels of shaping, and one with stronger shaping,
which shows the difference between distinct sequences of
QA configurations. All of the configurations discussed in
this section have three periods, Np = 3, and an aspect
ratio, A ≈ 4.

Figure (1) shows configurations with the externally
provided rotational transform ranging from 0.05 to 0.30,
which accounts for about 20−60% of the total rotational
transform at 4% beta. These configurations have simi-
lar shapes. The toroidally averaged elongation is ≈ 1.8.
The rotational transform was mostly produced by the
∆21 term in Eq. (1), which gives an ellipse with an ori-
entation that rotates through a toroidal period. The ∆21

term is sufficiently small that a reasonable width is ob-
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FIG. 1: Quasi-axisymmetric configurations with the rota-
tional transform provided by the three-dimensional shaping
in (a): 0.05, (b): 0.10, (c): 0.20 and (d): 0.30, shown in four
cross sections with equally spaced toroidal angles over half
period. Configuration (a) is passively stable to the vertical
mode, (b) removes the need for current drive at β = 4%, (c)
remains in vacuum chamber if plasma pressure and current
vanish instantaneously, and (d) is passively stable to the wall
mode.

tained in the crescent-shaped cross section.
The construction was also designed to increase the

overlapping volumes of the non-axisymmetric and the
underlying axisymmetric configuration with an eye to-
wards designing a device capable of performing experi-
ments from a tokamak to a QA stellarator.

The configurations were designed to have a magnetic
well of 2-3% in the absence of the plasma pressure. Al-
though ballooning stability was not specifically targeted
in the optimization of the boundary shape, the configu-
rations have reasonably good ballooning stability char-
acteristics. A large plasma current increases the shear in
the core region, which improves the kink stability. Quasi-
axisymmetry was targeted using helical ripple as a mea-
sure, which meant εeff [21] was less than 1% in the bulk
of the plasma. In practice, we were able to achieve the
quasi-axisymmetry much better, typically εeff < 0.7% in
the core region. The residues in the magnetic spectrum,
n 6= 0, were kept below a few percent relative to the field
strength on the magnetic axis.

The configuration with the lowest transform, Figure
(1.a), was targeted to be passively stable to the verti-
cal mode, which means (m = 1, n = 0) as well as other
modes that the plasma shaping linearly couples to it, such
as m = 8, n = 3. The modes that are linearly coupled
to an n = 0 perturbation are called an N = 0 family of
perturbations. No penalty was taken in the optimization
for instabilities of the N 6= 0 families. The amount of
external transform needed to stabilize the vertical mode
depends on the toroidally averaged elongation. The con-
figuration shown has an averaged elongation of 1.8. This
is an elongation that is typical of modern tokamaks, but
in axisymmetry feedback stabilization is required. The
required external transform, ≈ 0.05, to passively stabilize
the vertical instability is smaller but generally consistent
with a formula that was derived by Fu [25] assuming a
large aspect ratio and a flat rotational transform. The
deformation of the plasma is modest and can be pro-

FIG. 2: A modular coil set designed for the configuration
shown in Figure (1.a) with the current winding surface con-
formal to the boundary of the plasma and displaced outward
by a distance equal to 0.6a, where a is the average minor ra-
dius of the plasma. The left frame shows the coils, six per
field period, viewed from the top. The right frame shows the
contours of current potential on the flattened winding surface
in one field period with the abscissa being the toroidal angle,
v, and the ordinate the poloidal angle, u. The toroidal angle
starts at the crescent-shaped cross section and the poloidal
angle starts at the outboard mid-plane.

duced by moderately deforming the planar toroidal field
coils, as illustrated in Figure (2), or by using trim coils in
conjunction with planar toroidal and poloidal field coils.
For this case, the external transform is not sufficient to
have robust plasmas at high beta without current in the
plasma core in addition to the bootstrap current. An
additional current was assumed, which raised the central
iota to ι ≈ 0.33, which is a safety factor q ≡ 1/ι ≈ 3.

To avoid the need for current drive, the externally pro-
vided transform must be increased, as in the example
shown in Figure (1.b), which has an external rotational
transform of ≈ 0.1. The safety factor q = 1/ι at the
magnetic axis is about 20, but ι increases rapidly away
from the axis due to the bootstrap current. The shift of
the magnetic axis at 4% beta is about 35% of the average
minor radius a, which is defined so B0πa

2 is the toriodal
magnetic flux, where B0 the magnetic field strength at
the magnetic axis. The shift is about 50% of the half-
width of the crescent-shaped section, which is the approx-
imate limit for the maintenance of good flux surfaces. We
may regard the externally supplied rotational transform
of 0.1 as the minimum to eliminate the requirement for
central current drive.

As the transform is further increased, the plasma be-
comes more rigid, or robust, in the sense that even if
the plasma pressure and net current suddenly disappear
while the external coil currents are held fixed, as they
would in a fast disruption, the magnetic surfaces remain
inside the vacuum vessel. This rigidity should give a
strong resilience to disruptive plasma behavior. A free-
boundary equilibrium study showed that when the exter-
nally supplied rotational transform is ≈ 0.2, Figure (1.c),
the plasma could be maintained with an inward shift of
the magnetic axis relative to its pre-disruption state of
about 0.4a, where a is the average minor radius. When
the externally provided rotational transform is greater
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FIG. 3: Rotational transform for the plasma configuration
shown in Figure (1)(d) as function of the normalized toroidal
flux. The dotted line is the external transform supplied by
the shaping. The solid line is the total transform including
the internal contribution from the plasma current at β = 4%.

than ≈ 0.2, plasmas are so rigid that little movement of
the plasma is seen even for a sudden termination of the
pressure and the net current. This external transform,
≈ 0.2, is slightly larger than the 0.15 that was found nec-
essary to eliminate disruptions in the Wendelstein 7-A
stellarator [26].

Within the same sequence, shaping can also be used
to stabilize the kink modes, or equivalently resistive wall
modes. Almost all of the configurations studied that have
a vacuum transform greater than 0.1 can be stabilized,
although a tradeoff with good quasi-symmetry may be
necessary in some cases. The difficulty of obtaining sta-
bility depends on the location of the low order resonances
and the shear in the plasma region to which the modes
are most sensitive.

The final example given in Figure (1.d) is a configu-
ration with ι ≈ 0.3, for which the radial profiles of the
rotational transform with and without the plasma are
illustrated in Figure (3). This configuration has many
physics properties found in NCSX with respect to MHD
stability and quasi-axisymmetry. This configuration has
excellent surface quality as shown in Figure (4), which is
a calculation using the PIES code [20], and is the start-
ing point for the aspect ratio study discussed in the next
section.

Figure (5) shows a distinct sequence of configurations,
which have a larger external rotational transform. The
external transform ranges from 0.4 to 0.6 and accounts
for 75% to as much as 90% of the total transform at
β ≈ 4%. These configurations have different shape from
the sequence shown in Figure (1), and they also have a
different shape from NCSX. They were constructed with
a reduced average elongation, < 1.5, and an increased tri-
angularity by adjusting the ∆20, ∆−10, and ∆−1−1 terms
in Eq. (1). The reduced elongation helps maintain a fat-

FIG. 4: Contours of flux surfaces for the configuration shown
in Figure (1)(d) at β = 4% from a PIES calculation showing
the configuration has good surface quality despite the exis-
tence of rational values in the iota profile.

FIG. 5: Quasi-axisymmetric configurations with rotational
transform provided by shaping in (a): 0.40, (b): 0.50 and
(c):0.60, shown in four cross sections equally spaced in
toroidal angles over half period. The vacuum transform ac-
counts for ≈ 70%, 80% and 90% of the total transform at
β = 4%.

ter waistline at the crescent-shaped cross section when
a larger amount of transform is derived from ∆21, and
the increased trangularity helps increase the well depth
and stabilize the kink modes. These configurations have
vacuum magnetic wells of ≈ 3− 4%, which are needed to
maintain the Mercier stability at high beta since the mag-
netic well from the plasma pressure is relatively modest
due to the high rotational transform in the core. Again,
the quasi-axisymmetry was targeted by ensuring the ef-
fective helical ripple, εeff was less than 1% in most of
the plasma. These configurations are globally stable and
have sufficient core transform to eliminate the need for
current drive.
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FIG. 6: Quasi-axisymmetric configurations with three peri-
ods, rotational transform from shaping ≈ 0.3 and are MHD
stable to the external kink modes at β = 4%. The aspect
ratios are: (a) A = 3, (b) A = 4, (c) A = 5, (d) A = 6, and
(e) A = 8.

IV. CONFIGURATIONS WITH THE
INCREASING ASPECT RATIO

The quasi-axisymmetric sequences considered in the
previous section all had an aspect ratio A ≈ 4, which is
a low aspect ratio for stellarators but has an axisymmet-
ric tokamak with a reasonable aspect ratio as a limiting
case. Stellarators of larger aspect ratios have a weaker
toroidal coupling and a smaller poloidal field for a given
enclosed toroidal flux and rotational transform. These
features offer the potential for less complex coils. Here
we demonstrate that there exist families of configurations
covering a wide range of aspect ratios that meet the sta-
bility and quasi-axisymmetry targets.

Figure (6) illustrates configurations with aspect ratios
A ranging from 3 to 8, all have the externally supplied
rotational transform ι ≈ 0.3. The configuration with
A = 4 is the same as in Figure (1)(d). The boundaries of
these configurations were adjusted such that they were
made stable to the external kink modes at 4% beta and
have an effective helical ripple less than 1% in most of
the plasma volume. We have not made effort to stabi-
lize the ballooning modes as the unstable region at 4%
is very narrow, 0.90 < r/a < 0.95. While the unsta-
ble region is not much larger for an aspect ratio as large
as 8, the growth rates do increase as A becomes larger,
as seen in our calculation based on the infinite-n bal-
looning mode code COBRA [28]. This is consistent with
ballooning theory in tokamaks, where the instability in-
creases with A. The Shafranov shift of the magnetic axis
also increases linearly with the aspect ratio. For these
configurations, the rotational transform near the mag-
netic axis is ι ≈ 0.25. For β = 4% and A = 8, the shift
is ≈ 21% of the average minor radius a and ≈ 32% of
the half-width at the crescent-shaped cross section. This
indicates that for A > 10 the shift would reach half of
the narrow width so that the quality of the flux surfaces
may not be adequate unless the rotational transform in
the core is correspondingly increased. Figure (7) shows
the shape of flux surfaces for A = 8 at toroidal angles
corresponding to the beginning of a field period and at
the half-period. For A = 8 and β = 4%, the Tryon

FIG. 7: Contours of flux surfaces for the configuration shown
in Fig. 6 (e) with A=8 at β = 4% from a VMEC calculation.
The Shafranov shift of the magnetic axis is about 32% of the
half-width at the crescent-shaped section.

FIG. 8: Top view of modular coils constructed for configura-
tions (b) with A = 4, (d) with A = 6, and (e) with A = 8
of Figure (6). Coil winding surfaces have been constructed
such that the inboard midplane is displaced by 0.6a whereas
the outboard miplane is displaced by 1.2a, where a is the
plasma minor radius, with interpolation made for locations in
between. In all cases, there are three types of coils for each
half-period for a total of 18 coils.

βN ≡ β/(Ieff/aB) ≈ 4, when estimated using the for-
mula given in [8]. The effective current Ieff is the current
that would give the poloidal field, including the field pro-
duced by the helical component. Much larger values of
βN were seen in W7AS experiments [8].

Figure (8) illustrates the effects of aspect ratio on the
design of modular coils. These examples have six mod-
ular coils per field period on a winding surface which is
separated from the in-board side of the plasma by 0.6a
and from the outboard side by 1.2a where a is the av-
erage minor radius. As the aspect ratio increases, the
toroidal excursion of the coil winding decreases, and for
A > 6 each coil can be put in place without having inter-
ference with neighboring coils. This is a highly desirable
feature in a power reactor as it eases the design for plant
maintenance. The fusion power output is proportional
to B4β2R3/A2, so increasing the aspect ratio to simplify
a coil design comes with an obvious penalty. The device
has to be bigger or the magnetic field has to be increased
or β has to be increased. Ultimately, the best aspect ra-
tio of a device would have to be determined by the over
all system requirements.
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FIG. 9: Left two frames: Current carrying surface (dotted
lines) relative to the plasma configuration shown in Figure
(1)(d) in two cross sections. Right frame: The arrangement
of the 16x16 windowpane coils wound on the current carrying
surface. Currents in the windowpane coils may be controlled
to produce plasma configurations (a) to (d) of Figure (1).
The shading here indicates current levels for configuration
(d) in linear scale, where darker shading corresponds to larger
current.

V. DESIGN OF A MULTI-FUNCTIONAL
STELLARATOR

This section shows that it is possible to design a single
set of coils to study a sequence of configurations, particu-
larly the sequence with lower external transforms, which
were discussed in Section (III) and illustrated in Figure
(1). When compared to NCSX, the rotational transform
of these configurations has been reduced by more than
50%. It is expected that the coils required to produce
these plasmas would be simpler and more accommodat-
ing.

To generate plasmas over a range of iota and stability
conditions, a combination of planar toroidal field coils
and dipole-like windowpane coils were distributed on a
winding surface far from the plasma. The distance of
these windowpane, or trim, coils from the plasma edge
is set to be the average minor radius of the plasma. In
terms of the so-called coil aspect ratio, the separation is
equal to the plasma aspect ratio. The windowpane coils
are arranged as 16 by 16 arrays in the poloidal and the
toroidal directions for each field period, Figure (9). Each
coil is independently powered except as constrained by
stellarator symmetry. For every case, currents in the win-
dowpane coils were chosen to minimize the residues of the
normal field on the plasma boundary. The plasmas that
are constructed using these currents, along with an 1/R
toroidal field, match very well with the target plasmas of
Figure (1) from the one with the lowest external trans-
form ≈ 0.05 to the one with the largest ≈ 0.3. Figures
(10) and (11) compare the rotational transform and the
plasma boundary, which has the same enclosed toroidal
flux, between the originally targeted configurations and
the configurations derived using the optimized coils.

Although this study used many trim coils, which would
be difficult to implement, simpler designs can be obtained
by optimizing the design of the coils while minimizing the
normal field ~B · n̂ on the plasma surface [29]. What is

FIG. 10: Comparison of the last closed magnetic surface be-
tween the target plasma and the plasma reconstructed using
the 1/R field and the window-pane coils whose currents are
adjusted to minimize the normal field on the target boundary
for the configuration with an external transform of ≈ 0.05
of Figure (1)(a), left two frames. The right frame shows the
comparison of the total rotational transform, target (solid)
versus reconstructed (dotted) at β = 4%.

FIG. 11: Comparison of the last closed magnetic surface be-
tween the target plasma and the plasma reconstructed using
the 1/R field and the window-pane coils whose currents are
adjusted to minimize the normal field on the target bound-
ary for the configuration with an external transform of ≈ 0.3
of Figure (1)(d), left two frames. The right frame shows the
comparison of the total rotational transform, target (solid)
versus reconstructed (dotted) at β = 4%.

shown is an existence proof. It is possible to construct
a single device for a range of configurations from near
axisymmetry to quasi-axisymmetry with the externally
supplied rotational transform exceeding 50%.

VI. SUMMARY AND CONCLUSIONS

Sequences of three-field-period quasi-axisymmetric
plasmas were used in this paper to address the ques-
tions: (1) What can be achieved at various levels of non-
axisymmetric shaping? (2) What simplifications to the
coils can be achieved by going to a larger aspect ratio?
(3) What range of shaping can be achieved in a single
experimental facility?

The level of non-axisymmetric shaping was parameter-
ized by the rotational transform produced by the shap-
ing. The transform due to the shaping ranged from 0.05
to 0.60 and accounted for 20% to 90% of the total trans-
form at β = 4%. It was shown, Figure (1), that shaping
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can be used to: (1) stabilize the vertical mode so that the
feedback control would not be needed, (2) raise the trans-
form in the core to eliminate the need for current drive,
(3) stabilize the wall modes so that a close-fitting wall
and a feedback system would not be required, and (4)
provide a magnetic cage stiff enough to hold the plasma
within the chamber even if there were a sudden disap-
pearance of the plasma pressure and net current. These
are issues that must be addressed to achieve the program-
matic mission of ITER.

Configurations were studied, Figure (6), that covered a
wide range of aspect ratios, from 3 to 8, for a given rota-
tional transform and β = 4%. These configurations pos-
sess good quasi-axisymmetry and are also MHD stable
to the external kinks. Although three dimensional shap-
ing inevitably increases the complexity of coils, larger
aspect ratio appears to simplify coil design, Figure (8).
Issues such as interlocking coils and high radii of curva-
ture complicate coil design, but are not themselves suf-
ficient metrics of coils complexity. The development of
better metrics would enable the design of better coils.

The coil designs in this study were based on a mini-
mization of the root-mean-square of the normal magnetic
field on the desired plasma boundary. No consideration
was given to the relative importance of the components
of the normal field on the properties of the plasma, which
means the plasma sensitivity to the various possible mag-
netic field errors. The relative plasma sensitivity to the
possible field errors is important to assess not only for coil
design but also to determine the precision with which de-
vices must be built, which is an important drive for the
construction cost and schedule. In tokamaks, it is known
both theoretically and experimentally that the plasma
sensitivity to various perturbations differs by an order
of magnitude [30]. Algorithms have been developed to
include the plasma sensitivity [9] and should be imple-
mented in future studies.

Many issues related to the three-dimensional shaping

cannot be addressed by numerical studies alone. An ex-
periment that can span a wide range of configurations can
best address issues such as the minimum external trans-
form to prevent disruptions and the effect of εeff , the
effective helical ripple, on the actual confinement, which
includes the effects of microturbulent transport. Section
(V) showed that in principle a single experimental facility
could explore an entire sequence of quasi-axisymmetric
configurations, from a vacuum rotational transform as
low as 0.05 to as high as 0.3.

The studies were carried out using available numerical
tools with a reasonable degree of accuracy and complete-
ness, but they are not exhaustive. Three field periods
were used as a baseline. This makes the calculation of the
stability properties for the external kinks simpler. Only
two families of perturbations, the N = 0 and the N = 1
are important, and unlike the two-period case, two iden-
tical N = 1 modes that are toroidally displaced by 90o

are degenerate, so only one need be considered. However,
a more complete study of the aspect ratio dependence of
the optimization would require the consideration of two-
and four-field-period configurations.

The confinement of energetic particles was not in-
cluded in the studies. A small effective helical ripple εeff

does not guarantee an acceptable loss of energetic parti-
cles. Following collisonless particle orbits to derive a loss
metric is an effective way to improve stellarator configu-
rations [15] and should be included in a more complete
study of QA configurations .
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