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An important goal for a stellarator design is to in-
corporate enough flexibility to experimentally test a range
of physics issues. The proposed Quasi-Poloidal Stellar-
ator device achieves this by allowing independently vari-
able currents in the modular, vertical field, and toroidal
coil sets. Numerical optimizations and modeling show
that this can allow significant tests of neoclassical cross-
field transport rates, reduced poloidal flow damping (rel-
ative to the tokamak), and magnetic island width control.
This flexibility is achieved in a unique, very low aspect
ratio (R0/^a& 5 2.7) two-field period (racetrack-shaped)
configuration that generates rotational transform from a
combination of internal plasma currents and external
shaping.
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I. INTRODUCTION

Recently developed stellarator computational design
tools1 ~STELLOPT code! have successfully merged the
optimizations of external coils for engineering and inter-
nal plasma physics. This procedure controls the engineer-
ing features and complexity of the magnet coils, thus
directly impacting the cost in an ongoing design. It also
allows one to methodically explore the physics flexibil-
ity options in a completed design where the coil geom-
etry is fixed, but where the coil currents can still be

varied over some specified range. This type of flexibility
is one of the significant advantages that stellarators can
offer compared with tokamaks. Developing better tools
for exploring the available parameter space can also en-
hance the scientific value of a stellarator experiment.

As an example of such flexibility studies, we analyze
the Quasi-Poloidal Stellarator~QPS! device.2 This is a
very low aspect ratio~R00^a& 5 2.7! two-field period
~racetrack-shaped! configuration that generates rota-
tional transform from a combination of internal plasma
currents and external shaping. The magnetic spectrum of
QPS is dominantly poloidally symmetric with the high-
est degree of symmetry present near the magnetic axis
~nonsymmetric mode energy5 0.062% of symmetric
mode energy!, dropping off to a lower degree of symme-
try at the plasma edge~nonsymmetric mode energy5
3.25% of symmetric mode energy!. This results from the
QPS design criteria of keeping the neoclassical loss rates
small compared with the expected anomalous losses,
which also typically rise near the plasma edge. The phys-
ics goals of this device are to test equilibrium flux sur-
face fragility and plasma confinement scaling at very low
aspect ratio, to study plasma flow generation and damp-
ing under conditions where the viscous damping has a
reversed ordering~poloidal viscosity, toroidal viscos-
ity! from that of a tokamak, and to test ballooning0kink0
vertical stability under first and possibly second stable
regimes.3

QPS has been designed with independent power sup-
plies for controlling the five unique modular coil groups,
the three vertical field~VF! coil pairs, and the toroidal
field ~TF! coils. In addition, the plasma current can be
controlled independently since an ohmic transformer is
available to drive plasma current. Ten parameters can
thus be independently varied. Since searches of even a
ten-dimensional parameter space, based on intuition or*E-mail: spongda@ornl.gov
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trial and error, are likely to miss interesting combina-
tions, we have used the merged coil-plasma optimizer
code STELLOPT to automate this search process. In the
following, we focus on transport improvement and is-
land avoidance at lowb, but such techniques can also be
applied to the optimization of stability targets at finiteb
~Ref. 3!.

II. COIL CONFIGURATION

The reference design for QPS is based on a set of 20
modular field coils~with 5 unique coil shapes!, 6 VF
coils, and 12 TF coils. In Fig. 1, the modular coils are
shown from a top view, with the five unique coils la-
beled. The coil-current optimization will vary the cur-
rents in modular coils, VF coils, and the TF coils.
Stellarator symmetry is maintained by keeping the cur-
rents in each unique modular coil group equal. A modular
coil group consists of the modular coil that is present in

the first half of each field period along with its stellarator
symmetric pair occurring in the second half of each field
period. For QPS, each modular coil group contains four
coils that will be run at the same current. Engineering
constraints will limit the range over which these currents
can be varied; the current constraints that we assume are
listed in Table I. We will also constrain the currents to
maintain approximately the same volume-averaged mag-
netic field among configurations. The current values given
for the TF coil are for the total current flowing through
the 12 TF coils; the other currents apply to individual
coils. It should also be noted that in an experimental
device some component of the VF coil currents is re-
quired for plasma positioning and compensation of stray
fields from the ohmic transformer. We will not directly
assess the latter current requirements in this study but
will verify that the plasma-shape distortion does not be-
come too large.

III. TRANSPORT OPTIMIZATION

As a first example of coil-current optimization, we
will find current distributions that can either improve or
degrade the neoclassical transport properties of QPS. A
number of transport measures are available for this pur-
pose, including the effective ripple~«eff! calculated from
the NEO code4; collisional transport coefficients from
the DKES code5; quasi-poloidal symmetry; and align-
ment ofJ* ~longitudinal adiabatic invariant!,6 Bmin, and
Bmaxcontours6 with flux contours. The primary target we
will focus on in this paper is the effective ripple«eff. As
will be shown, control of«eff has so far had the most
direct correlation with other measures of transport such
as DKES, global Monte Carlo lifetime estimates, and
reductions in poloidal viscosity. We have also been able
to directly improve quasi-poloidal symmetry by a factor
of 4 to 5 over the reference design, but so far this has
proven to be anticorrelated with other transport mea-
sures. This characteristic is possibly related to the par-
ticular solution that the optimizer finds for quasi-poloidal
symmetry improvement, which is to increase currents in
the corner section modular coils~Mod-4 and -5! and
weaken currents in the side modular coils~Mod-2 and -3!.
This increases the ripple level and the fraction of trapped

Fig. 1. Top view of QPS modular magnetic field coils. End
coils are numbers 4 and 5 while 1, 2, and 3 are side
coils.

TABLE I

Minimum, Maximum and Reference Current Levels for Our Flexibility Study

Coil Mod-2 Mod-3 Mod-4 Mod-5 VF 1 VF 2 VF 3 TF

Minimum current~kA! 0 0 0 0 260 2180 2130 275
Maximum current~kA! 380 380 380 380 160 1180 1130 175
Reference design current~kA! 300 300 300 300 0 275.5 2129 224.9
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particles and seems to have a stronger negative impact
compared with any transport improvement arising from
enhanced symmetry. Further work will be done on find-
ing strategies for improving quasi-poloidal symmetry that
are consistent with improvements in the other transport
measures.

In Fig. 2 the values of effective ripple coefficients
that have been obtained by targeting either improved or
degraded transport are plotted as a function of the flux
surface location. A significant variation~a factor of;30!
in low collisionality transport levels can be achieved over
most of the plasma cross section by controlling coil cur-
rents. Table II gives the coil-current distributions that
produce the configurations used in Fig. 2. As may be
seen, lower«eff is obtained by raising the current in the
middle Mod-2 coil and lowering it in the Mod-3, -4, and
-5 coils comprising the corner section. To increase the
effective ripple, the optimizer chooses to zero the current
in the Mod-2 coil and increases currents in the Mod-1, -3,
-4, and -5 coils up to their maximum limits. In Fig. 3 the
variation of 6B6 is plotted along a field line near the
magnetic axis@~c0cedge!102 5 0.06# for the three cases of
Fig. 2. This shows that the primary effect leading to
variations in low collisionality transport is the overall
level of ripple in 6B6. The degraded«eff case has the
largest variation in6B6, while the improved case has
the weakest variation in6B6. We have also found that the
variation in 6B6 on other flux surfaces going out to the
plasma edge shows similar trends, as in Fig. 3. Coil-
plasma separations have not been significantly changed

by these optimizations; for the reference configuration,
the minimum coil-plasma separation is 13.2 cm—it be-
comes 11.9 cm for the«eff-optimized case and 13.9 cm
for the«eff-degraded case. These optimizations have been
carried out using the Levenberg-Marquardt~LM ! option
of the STELLOPT optimizer. Coil-current optimization
attempts have also been made using differential evolu-
tion ~DE! and genetic algorithm~GA! options. The DE
and GA approaches allow the coil-current limits to be
naturally incorporated into the calculation as bounds upon
the search process but to date have not resulted in con-
figurations with good flux surfaces. The LM algorithm
does not provide any direct way to constrain the values

Fig. 2. Effective ripple coefficient as a function of normalized
toroidal flux for the QPS reference configuration and
for improved and degraded configurations.

TABLE II

Coil Currents for Transport Optimized and Degraded Cases

QPS
Reference

NEO
Optimized

NEO
Deoptimized

Modular 1 33 105 3 3 105 3.83 105

Modular 2 33 105 3.293 105 0
Modular 3 33 105 2.123 105 3.83 105

Modular 4 33 105 2.783 105 3.83 105

Modular 5 33 105 2.793 105 3.83 105

Vertical 1 0 13 103 7.323 103

Vertical 2 27.553 104 25.623 104 21.13 105

Vertical 3 21.293 105 21.33 105 21.33 105

Toroidal 22.493 104 21.293 104 21.453 104

Fig. 3. Variation of6B6 ~in Tesla! along a field line for a flux
surface near the magnetic axis@~c0cedge!102 5 0.06#
for the reference«eff-optimized and«eff-degraded cases
of Fig. 2.
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accessed by coil currents and therefore requires constraint-
related targets to accomplish this. Typically, one runs the
LM method for a certain number of iterations, finds that
one or more of the coil currents has gone outside of its
acceptable range, fixes these coil currents at whichever
bound is closest~i.e., maximum0minimum value!, re-
starts the LM algorithm using the reduced number of
coils, checks again, etc.

The effectiveness of the above optimization0de-
optimization of transport has been further checked by
using other measures of transport. We have run the DKES
code,5 which calculates collisional transport coeffi-
cients, and the DELTA5D Monte Carlo code,7 which cal-
culates global energy lifetimes. In Fig. 4 the DKES
monoenergetic particle and energy cross-field transport
coefficients are plotted versus the DKES collisionality
parameter~n0v! for a half-radius flux surface and with
no radial electric fieldEr 5 0 ~to emphasize configura-
tional differences!. Here,r 5 ^a&~c0cedge!102 is a dimen-
sional~in meters! flux surface label.At low collisionalities
~below plateau values corresponding ton0v, 0.02!, these
show similar variations with optimization as does the
effective ripple coefficient shown in Fig. 2. In the higher
collisionality regime, there is not as much sensitivity to
the configuration~as one would expect since local vari-
ations in6B6 do not lead to different classes of trapped
particles in the short mean-free-path regime!. Figure 5
shows the Monte Carlo ion energy lifetimes for the ref-
erence«eff-degraded and«eff-optimized configurations
corresponding to the plasma parameters:Telectron~0! 5

0.5 keV,Tion~0! 5 0.5 keV, andn~0! 5 8.33 1019 m23.
These parameters are expected to be typical of the QPS
with ion cyclotron resonance heating~ICRH!. Figure 5
indicates that the«eff-optimized configuration has life-
times in between the reference and«eff-degraded config-
urations. There is also some tendency toward this behavior
in the plateau and higher collisionalities of Fig. 4. The
differing trends between the NEO0DKES results of Figs. 2
and 4 and the Monte Carlo lifetimes are probably related
to the different physics content of the two calculations.
The Monte Carlo lifetimes do not assume diffusive trans-
port but rather take into account transport properties over
the entire volume and are based on a Maxwellian distri-
bution; the DKES results of Fig. 4 are monoenergetic and
evaluated at a fixed flux surface. Nevertheless, both mea-
sures show that a significant variation in confinement
can be accessed by coil-current variations.

In addition to cross-field particle and energy trans-
port, flow damping and flow generation effects are also
important issues for compact stellarators. Sheared flows
are expected to play a pivotal role in turbulence suppres-
sion and in the generation of transport barriers. In addi-
tion, the diagnosis and control of impurity transport
depends on the inclusion of multiple species in the mo-
mentum balance relation and prediction of impurity flow
velocities.

Recent methods developed by Sugama and Nishi-
mura8 have allowed a momentum conserving calculation
of the neoclassical viscosity tensor for a stellarator based

Fig. 4. DKES monoenergetic transport coefficient versus col-
lisionality for the reference, effective ripple optimized,
and degraded cases~for Er 5 0!.

Fig. 5. Monte Carlo global ion energy lifetimes~Er 5 0! for
reference, transport-degraded, and optimized configu-
rations based on parameters typical of the QPS ICRF
heated scenario.
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upon the transport coefficients obtained from the DKES
code. The ability to implement this procedure is currently
hampered at low collisionalities by the reduced con-
vergence of DKES. Also, at high electric fields and col-
lisionalities, flows are expected to depart from the
incompressible approximation.8,9 However, the range of
applicability between these limits is generally sufficient
so as to provide us with at least qualitative indications of
the different flow damping physics present in a quasi-
poloidal device as compared to the equivalent toroidally
symmetric device.

In a perfectly symmetric quasi-poloidal device, the
poloidal viscous damping would go to zero, and any non-
zero parallel flow components~V5! would be canceled
out by the generation of a counteracting toroidalE 3 B
drift component~Er 3 Bp! leading to the relationEr 5
~Bt 0Bp!BV5 between the parallel flow and the electric
field ~Bp, Bt 5 poloidal0toroidal magnetic field compo-
nents!. This implies that the radial electric field in QPS
will be larger by;~Bt 0Bp!2 compared with the equiva-
lent relation in a perfectly symmetric tokamakEr 5BpV5,
where the poloidal flow components must cancel~due to
the vanishing of the toroidal viscous damping!. In a re-
alistic quasi-poloidal system, there will be somewhat larger
damping of the parallel flows due to the higher level of
parallel viscosity~see Fig. 6b! but not by a large enough
factor in the plateau regimen0v ; 0.01 ~relevant to ion
flows! to negate the~Bt 0Bp!2 enhancement factor. This
larger radial electric field should also reduce the radial
diffusivity in QPS.

The basis for the dominance of poloidal flows in
QPS is also seen in Fig. 6a where the monoenergetic
poloidal viscosity coefficient is reduced by up to a factor
of 10 in the plateau regime from that for the equivalent
tokamak~i.e., the tokamak with the same iota profile and
toroidally averaged shape as QPS!. The coefficients plot-
ted in Fig. 6 are related to those of Ref. 8 by

muu 5 MaPP~K !0mvT K 302 ,

m 5 5 M *5 Ma~K !0mvT K 302 ,

whereK 5 ~v0vT!2 andvT 5 ~2kT0m!102; MaPP andM *

are defined in Eqs.~B5! and~54! of Ref. 8. In evaluating
the viscosity coefficient expressions of Ref. 8, we have
used DKES coefficients calculated at thec0cedge5 0.25
surface and have used the relation10

^ EU 2& 5
3

2

D11

n0v
Sevaluated forn0v in the

Pfirsch-Schlüter regimeD
to obtain the required flux surface-average-squared
Pfirsch-Schlüter velocity. These characteristics of quasi-
poloidal systems lead us to conclude that it should be
possible to control the electric field level and the shear
with less momentum input than for a similar axisymmet-
ric system.

The viscous coefficients plotted in Figs. 6 can also
be modified by variations in coil currents in a similar way
as the effective ripple and cross-field transport coeffi-
cients plotted in Figs. 2 and 4. In Figs. 7 we plot the
monoenergetic poloidal and parallel viscous coefficients
~for Er 5 0 andc0cedge5 0.25! using the effective ripple

~a!

~b!

Fig. 6. Monoenergetic~a! poloidal and ~b! parallel neo-
classical viscosities versus collisionality and am-
bipolar electric field for the QPS configuration, evaluated
at c0cedge5 0.25. These are obtained using the DKES
code5 coupled with the analysis of Sugama and
Nishimura.8
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optimized and degraded coil-current distributions that
were mentioned earlier. We conclude that the poloidal
viscosity can be varied by a factor of;10 while the
parallel viscosity can be varied by a factor of 2 to 3.
These coefficients have not been directly targeted by
the optimization yet, but this may be the topic of future
research.

IV. ISLAND AVOIDANCE

In addition to variations in the coil currents for con-
finement optimization, we have carried out optimiza-
tions to control the shape of the rotational transform
profile. The goal has been to use combinations of ohm-
ically driven plasma current and modifications in the
coil-current distributions to keep the iota profile in a
range bounded between values determined by adjacent
low-order rational surfaces~which occur for QPS at iota5
208, 207, 206, 205, etc.!. Once such configurations are
found, they are checked by the PIES code11 for magnetic
islands. If good surfaces are found, then the search ends;
if large islands are present, further optimizations are per-
formed to avoid the offending resonances in the plasma.
As there is generally some deviation between the rota-
tional transform predicted by VMEC and that given by
PIES, several iterations of this process may be required
to find a satisfactory configuration. In the operation of
low aspect ratio stellarator devices, this type of search for
optimum plasma and coil-current distributions for island
avoidance is expected to be of importance in finding
attractive regimes of operation. It may also be possible to
more directly target island reduction through targeting
measures such as normal magnetic field components, par-
allel currents, and resonant Jacobian Fourier components
at the island locations.

We have optimized vacuum configurations with most
of the weight placed on the target for attaining a specific
rotational transform profile. For the results presented here,
the transport properties have then been checked a poste-
riori, indicating that in addition to decreased island sizes,
the new configurations generally lead to improved con-
finement. The coil-current optimizations have been car-
ried out with varying levels of ohmic current present; the
ohmic-current profile has been modeled as centrally
peaked. By combining the coil-current optimization with
finite plasma currents, we have been able to both raise
the rotational transform and flatten it at the same time.

Figure 8 shows some of the VMEC rotational trans-
form profiles that we have obtained by this procedure.
Out of these profiles, the one with 25 kA has resulted in
the best magnetic surfaces. The 37-kA profile generated
4011 islands that destroyed the outer part of the plasma
while the 12-kA case generated 207 islands. However,
with further iterations between the optimizer and PIES, it
should also be possible to avoid major islands in the 12-
and 37-kA cases. Table III shows the coil-current distri-
butions that were used to produce the above cases; note
that the 12- and 25-kA cases use the same coil currents—
only the plasma current has been changed. In Fig. 9, the
surfaces obtained from the PIES code are shown for the
25-kA case, indicating that island widths have been made
small by this procedure. The 25-kA optimized case had a
minimum coil-plasma separation of 14.6 cm as com-
pared with 13.2 cm in the reference case. In Fig. 10
global ion energy lifetimes as obtained from Monte Carlo

~a!

~b!

Fig. 7. Range of flexibility in~a! poloidal and~b! parallel neo-
classical viscosities versus collisionality based on the
effective ripple«eff optimization studies shown in Fig. 2.
These are evaluated atc0cedge5 0.25 and forEr 5 0.
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calculations for the QPS ion cyclotron range of fre-
quency~ICRF! heated scenario are shown for the four
rotational transform profiles of Fig. 8. These indicate that
the rotational transform profile can be varied with rela-
tively little influence ~10 to 15% variation! on the ion
energy confinement.

V. CONCLUSIONS

Physics flexibility is an important aspect of stellar-
ator experiments. We have demonstrated a technique
to methodically search for configurations that sample

Fig. 8. QPS rotational transform profiles that have been at-
tained through combinations of ohmic plasma current
and coil-current optimization.

Fig. 9. PIES magnetic surfaces for the coil-current optimized
case with 25 kA. The transform profile is constrained to
remain between the 206 and 207 resonances.

TABLE III

Coil Currents for the Rotational Transform Profiles Shown
in Fig. 8

QPS
Reference

12- and
25-kA Cases 37-kA Case

Modular 1 33 105 3.563 105 3.653 105

Modular 2 33 105 3.573 105 3.473 105

Modular 3 33 105 3.423 105 3.793 105

Modular 4 33 105 2.863 105 3.753 105

Modular 5 33 105 3.523 105 3.413 105

Vertical 1 0 1.583 104 5.793 104

Vertical 2 27.553 104 21.83 105 8.913 104

Vertical 3 21.293 105 21.193 105 1.243 105

Toroidal 22.493 104 25.23 104 23.563 104

Fig. 10. Monte Carlo global ion energy lifetimes~Er 5 0! for
the different rotational transform profiles of Fig. 8
based on parameters typical of the QPS ICRF heated
scenario.
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extremes of transport and that minimize lowb islands
using the STELLOPT optimizer. This approach is espe-
cially useful when individual modular coil group cur-
rents can be varied as well as VF and TF coil currents. In
the case of the QPS device, coil-current distributions
have been found that result in up to a factor of;30
variation in low collisionality transport. Also, the trans-
form profile can be regulated to remain between adjacent
rationals, resulting only in island chains of very limited
width. Similar techniques should be applicable to other
optimization targets, such as stability.
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