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This work examines bootstrap current in quasi-
symmetric stellarators with a focus on the impact of boot-
strap current on the equilibrium properties of stellarator
configurations. In the design of the Quasi-Poloidal Stel-
larator (QPS), a code was used to predict the bootstrap
current based on a calculation in an asymptotically
collisionless limit. This calculation is believed to be a
good approximation of the bootstrap current for low-
collisionality plasmas but is expected to be higher than
the actual bootstrap current for more collisional plas-
mas. A fluid moments approach has been developed to
self-consistently calculate viscosities and neoclassical
transport coefficients. The viscosities and transport co-
efficients can be used to calculate the bootstrap current
for arbitrary collisionality and magnetic geometry. The
bootstrap current calculations from the two codes were
done for low-density, electron cyclotron–heated (ECH)
plasmas and high-density, ion cyclotron–heated (ICH)
plasmas for a range of configurations, and provide a
benchmark for the moments code and a test of the range
of validity of the collisionless code. In the configurations
examined here, namely, QPS, the National Compact Stel-
larator Experiment, the Helically Symmetric Experi-
ment, the Large Helical Device, and the Wendelstein-7X
Stellarator, the bootstrap currents predicted from the two
codes agree qualitatively for both ICH and ECH profiles.
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I. INTRODUCTION

Bootstrap current in a toroidal confinement device
changes the rotational transform profile. In a stellarator
this can potentially have a large impact on the quality of
magnetic surfaces, especially near the edge where the
introduction of low-order rational surfaces can introduce
islands or stochastic regions. It can also affect magneto-
hydrodynamic stability by changing the radial location
of low-order rational surfaces or by adding a current
gradient–driven term to the energy principle. In recent
stellarator experiments, the obtainable b has increased.1,2

Here, b is the ratio of the volume-averaged plasma pres-
sure to the magnetic field strength squared. This trend
will likely continue as stellarators currently under con-
struction, namely, the National Compact Stellarator Ex-
periment3 ~NCSX! and the Wendelstein 7-X Stellarator4

~W7-X!, have even higher b as operational goals. The
higher b values in these experiments may lead to in-
creased bootstrap current in these devices. Indeed, these
devices, as well as the Quasi-Poloidal Stellarator5 ~QPS!,
have bootstrap current constraints in their design optimi-
zation. Namely, the W7-X optimization minimized the
bootstrap current, the NCSX optimization targeted boot-
strap current similar to an axisymmetric device, and the
QPS optimization targeted matching the bootstrap and
plasma current required in the finite-b optimization. The
impact of bootstrap current on reactor-size stellarators
has also been examined.6 An improved understanding of
bootstrap current in stellarators is therefore an important
goal for theoretical research.

In the design of a number of these devices, the boot-
strap current was estimated using a semianalytic formu-
lation of the bootstrap current in an asymptotically
collisionless limit.7 The BOOTSJ code uses this formu-
lation to provide a rapid estimate of the bootstrap current
that can be easily implemented in an optimization rou-
tine. Using the BOOTSJ code, the bootstrap current can*E-mail: andrew.ware@umontana.edu
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be calculated on every surface of a given equilibrium
~approximately 50 surfaces! in less than a minute of CPU
time on an IBM SP RS06000. This calculation is believed
to give an accurate prediction of the bootstrap current in
a collisionless plasma and an overestimate in a colli-
sional plasma. For QPS this implies an accurate predic-
tion in the case of a high-electron temperature ~Te!,
low-density ~n!, electron cyclotron–heated ~ECH! plasma
~n ; 3 � 1019 m�3, Te ; 1 keV, Ti ; 0.2 keV!, and an
overestimate for a lower Te, high n, ion cyclotron–heated
~ICH! plasma ~n; 8 � 1019 m�3, Te; 0.4 keV, Ti; 0.4
keV!. The degree of accuracy of this calculation has not
previously been benchmarked against any other code.
The collisionality at which the asymptotic limit breaks
down is also not clear because of the uncertain effects of
shallow wells.

A new moments method for calculating neoclassical
transport has been developed.8 This method uses analytic
formulations coupled with the results of the Drift Kinetic
Equation Solver code9 ~DKES!. The moment method for
neoclassical transport calculations was originally devel-
oped by Hirshman and Sigmar10 for axisymmetric ge-
ometry and was extended to three-dimensional geometry
by Shaing and Callen.11 Sugama and Nishimura12 devel-
oped a method for calculating the transport coefficients
numerically using DKES for three-dimensional config-
urations. The moments-based transport model allows for
calculating plasma flows for arbitrary geometry and a
range of collisionalities from lower plateau to lower
Pfirsch-Schlüter. The bootstrap current is one of the quan-
tities that can be determined from this transport model.
The calculations presented in this paper provide a com-
parison between the BOOTSJ and moments-based trans-
port model. This work is also complementary in nature to
early work by Maassberg et al. that compared DKES
results with a Monte Carlo code for a single optimized
configuration.13

The remainder of this paper is organized as follows.
In Sec. II, the equilibrium configurations and the plasma
profiles are described. In Sec. III, results for both ECH
and ICH plasmas are presented. In Sec. IV, the impact of
the bootstrap current on the rotational transform is ex-
amined. Finally, in Sec. V, a brief discussion is presented.

II. EQUILIBRIA

In this work, five different configurations are con-
sidered including three recently designed stellarators, QPS,
NCSX, and W7-X, and two existing experiments, the
Large Helical Device14 ~LHD! and the Helically Sym-
metric Experiment15 ~HSX!. Three of these are quasi-
symmetric ~namely, HSX is quasi-helically symmetric,
NCSX is quasi-axisymmetric, and QPS is quasi-poloidally
symmetric!. The other two configurations are included
for the sake of comparison. The effect of collisionality
and the radial electric field on bootstrap current in LHD

has previously been examined.16 Here, the focus will be
the effect of the magnetic configuration on the bootstrap
current. To focus on the effect of magnetic geometry, all
configurations have been scaled to an average minor ra-
dius of ^a& � 0.33 m and an average magnetic field
strength of ^6B6& � 1.0 T. These are typical values for
QPS and imply a scaling of the other configurations as
shown in Table I. The Variational Moments Equilibrium
Code17 ~VMEC! is used to calculate fixed-boundary equi-
librium for these configurations. The outer flux surfaces
of these scaled plasmas are shown in Fig. 1. These are
vacuum flux surfaces ~b � 0 and no plasma current!
except for the NCSX case, which has 113 kA of toroidal
plasma current. In the calculations of the bootstrap cur-
rent below, it is these vacuum ~non-self-consistent! fields
that are used.

In the calculation of bootstrap currents, two separate
sets of profiles for Te, Ti ~ion temperature!, and n, asso-
ciated with two different heating mechanisms, have been
studied. Both use a broad density profile with pedestals
in both density and temperature. Quasi-neutrality is as-
sumed with ne � ni � n. The profiles for density and
temperature are

n � n0

@dn � ~1 � r6 !2 #

1 � dn

~1!

and

T � T0

@dT � ~1 � r2 !2 #

1 � dT

, ~2!

where r � MS and S is the normalized toroidal flux,
n0 and T0 are the density and temperature on axis, and dn

and dT represent pedestal factors. For the ICH plasmas
the parameters are Ti0 � 0.3 keV, Te0 � 0.5 keV, n0 �
8.0 � 1013 cm�3, dn � 1.0, and dT � 0.6. For the ECH
plasmas the parameters are Ti0 � 0.2 keV, Te0 � 1.5 keV,
n0 � 2.5 �1013 cm�3, dn �1.0, and dT � 0.6. The plasma
profiles for density, electron temperature, and ion tem-
perature are shown for both ICH and ECH in Fig. 2. The
temperature and density profiles result in a zero-pressure

TABLE I

Scaling Factors for the Size ~Major Radius! and
Magnetic Field Strength for Five Configurations

Device R Scale Factor 6B6 Scale Factor

HSX 2.724 2.000
LHD 0.500 0.333
QPS 1.000 1.000
NCSX 1.042 0.608
W7-X 0.626 0.333
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gradient at the edge ~r� 1! thereby precluding the pos-
sibility of a discontinuity of the bootstrap current at the
edge.

The normalized collisionality for these cases is n*�
nR00ivth, where n is the collisionality, R0 is the average
major radius, i is the rotational transform, and vth is the
thermal velocity. The profiles of the ion and electron
collisionalities are shown for the ECH cases in Figs. 3a
and 3b and for the ICH cases in Figs. 3c and 3d. For
the ECH cases, the electrons have a low collisionality
~n* , 1! over the whole cross section, especially for the
W7-X and QPS configurations. For the ICH cases, in all
the configurations the electrons have collisionality n*. 1
over the majority of the cross section. For both the ECH
and ICH cases, the ions have an effective collisionality
n* . 1 for all configurations. The self-consistent ambi-
polar radial electric field solutions from the moment-
based method are shown in Fig. 4 ~Ref. 18!.

III. BOOTSTRAP CURRENT CALCULATIONS

Bootstrap current calculations in the moments-based
model are performed including a self-consistent ambi-
polar electric field. The profiles discussed above were
chosen in part to ensure a continuous electric field solu-
tion ~i.e., no root-jumping or bifurcations! across the minor
radius for all of the configurations examined. In the fol-
lowing, the BOOTSJ and moments model results are com-
pared for collisional ~ICH! and collisionless ~ECH!
plasmas. For the comparisons, the flux surface–averaged,
field-aligned bootstrap current ^Jbs{B& is shown as a func-
tion of the normalized minor radius r.

The bootstrap current predictions with the ICH pro-
files from both the BOOTSJ and moments-based trans-
port model are shown in Fig. 5. Even for these relatively
collisional plasma parameters, the predictions of the two
codes agree qualitatively, but there are some quantitative

Fig. 1. Outer flux surface for the five configurations discussed in this paper: HSX, LHD, QPS, NCSX, and W7-X. All configu-
rations have been scaled to ^a&� 0.33 m and ^6B6&�1.0 T. Darker regions on the surface indicate stronger magnetic field
strength.

Fig. 2. Profiles of ~a! the density for both the ICH and ECH cases, ~b! the ion and electron temperature profiles for the ECH case,
and ~c! the ion and electron temperature profiles for the ICH case.
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differences for the different configurations. The total
bootstrap currents for these cases are shown in Table II.
For the ICH cases, BOOTSJ predicts similar ~LHD and
QPS! or larger total currents ~HSX, NCSX, and W7-X!
compared to the moments-based model. The largest dif-
ferences between the two models occur for the NCSX
and W7-X configurations for which the moments model
predicts a larger bootstrap current by a factor of 1.7 and
2.4, respectively. The BOOTSJ code has resonances at
lower-order rational surfaces. The examples of these are
the small jumps in the profile for NCSX and the large

drop in the profile for HSX as shown in Fig. 5. The drop
in the HSX bootstrap current profile occurs near the r�
0.74 surface where the rotational transform is 0.222 and
the jump is likely associated with an 809 resonance.

The bootstrap current predictions with the ECH pro-
files from both the BOOTSJ and moments-based trans-
port model are shown in Fig. 6. Here, less surprisingly,
the results agree qualitatively, but again there are quan-
titative differences between the results from the two
codes for different configurations. The total bootstrap
currents for these cases are also shown in Table II. For

Fig. 3. Profiles of the normalized collisionality for ~a! ions and ~b! electrons in the ECH case and ~c! ions and ~d! electrons in the
ICH case.
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the ECH cases, BOOTSJ predicts lower total bootstrap
current compared to the moments model for all the con-
figurations except for W7-X ~both models, however, do
predict a small total current for W7-X!. The largest dif-
ference is for QPS: The moments model predicts a boot-

strap current three times that predicted by the BOOTSJ
code. This is primarily due to a second peak of the boot-
strap current profile as predicted by the moments model
that does not correspond to a feature in the density, tem-
perature, or collisionality profiles.

Fig. 4. Profiles of the ambipolar radial electric field used in the moments-based transport model for ~a! the ECH case and ~b! the
ICH case.

Fig. 5. Magnetic-field-aligned bootstrap current profile for five different configurations with the same high-collisionality ICH
profiles shown in Fig. 1 as predicted by ~a! the BOOTSJ code and ~b! the moments-based transport model. The field-
aligned current is in units of A{T0m2.
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IV. EFFECT OF THE BOOTSTRAP CURRENT

ON THE ROTATIONAL TRANSFORM

The bootstrap current can impact equilibrium, trans-
port, and stability properties of toroidal plasmas. Of these,
often the most direct impact is on the rotational trans-
form. Three-dimensional equilibria can often be sensi-
tive to changes in the rotational transform profile due to
the possible presence of islands on low-order rational
surfaces near the edge region. To test the impact of the
predicted bootstrap currents on the equilibrium proper-
ties, new equilibria for three of these cases were calcu-
lated with current profiles that match the predicted
bootstrap profiles from the BOOTSJ code for the ECH
cases. Note that these are not self-consistent profiles but
current profiles that match the bootstrap current pre-
dicted from vacuum magnetic fields.

Figure 7a shows the predicted bootstrap current for
ECH in W7-X and the plasma current from VMEC for a
W7-X equilibrium with a matching plasma current, and
Fig. 7b shows the rotational transform profiles for these
two cases ~i.e., in vacuum and with plasma current!. The
total plasma current for this case is 1.4 kA. The impact of
this current on the rotational transform is a small increase
in the core region but almost no change near the edge.
This is an important result for the planned operation of
W7-X with an island divertor outside the last closed flux
surface.

Figure 8a shows the predicted bootstrap current for
ECH in QPS and the plasma current from VMEC for a
QPS equilibria with a matching plasma current, and Fig. 8b
shows the rotational transform profiles for these two cases.
The total plasma current for this case is 6.5 kA. There is
an increase of rotational transform across the entire cross
section with this amount of plasma current. Indeed, QPS
was designed with the expectation that plasma current,
including self-consistent bootstrap current, will provide
a portion of the total rotational transform18 ~this is also
the case for NCSX!. Since QPS has lower rotational trans-
form relative to most other stellarators, additional rota-
tional transform can be a beneficial result of bootstrap

current in QPS. While no bootstrap current is expected
for a truly poloidally symmetric stellarator, this is not
possible for a realizable stellarator configuration. The
bootstrap current naturally tends to be larger at lower-
plasma-aspect ratio and has been chosen to satisfy other
optimization criteria for QPS. The impact of adding 9.1
kA of current to the LHD equilibrium has a similar im-
pact on its rotational transform, namely, a small increase
in the transform in the central region with almost no
change at the plasma edge.

Figure 9a shows the predicted bootstrap current for
ECH in HSX and the plasma current from VMEC for
an HSX equilibrium with a matching plasma current,
and Fig. 9b shows the rotational transform profiles for
these two cases. The total plasma current for this case
is 9.5 kA. For HSX, there is a large decrease in the
rotational transform due to the bootstrap current. The
rotational transform profile shifts from weak, stellarator
shear in vacuum to a reversed shear profile that crosses
the i� 1 surface twice. This can result in possible deg-
radation of the equilibrium and stability properties of
HSX. For a quasi-helically symmetric device to operate
at significant b, external current drive to maintain con-
trol over the magnetic configuration may be required.

Finally, for the NCSX configuration, the equilibrium
current is 113 kA. That implies the 12 kA of bootstrap
current would need to be augmented by external current
drive to achieve this configuration. The actual NCSX
experiment is expected to run at higher b and lower col-
lisionality, thereby producing more bootstrap current than
predicted here.

V. DISCUSSION

The bootstrap current calculations discussed here
show that there is qualitative agreement between the boot-
strap current predicted by the BOOTSJ code and the
moments model. The level of quantitative difference be-
tween the predictions from the two codes is dependent on
the magnetic configuration. For the quasi-symmetric con-
figurations, the moments model predicts .50% more
bootstrap current in the ECH cases compared to the ICH
cases. For the other two configurations discussed here,
the moments model predicts roughly the same bootstrap
current for both the ECH and ICH cases. The BOOTSJ
code predicts roughly one-third more current in the
ICH cases compared to the ECH cases for all of the
configurations.

For the ECH and ICH cases discussed here, there is
no clear “scaling factor” that can be used to correct the
BOOTSJ results for a higher-collisionality plasma. It is
true, however, that the differences between the BOOTSJ
predictions and the moments model are, in general, larger
for the configurations with lower effective collisionality
~namely, W7-X and QPS!.

TABLE II

Total Bootstrap Current Predicted from the BOOTSJ
and Moments Model for Five Configurations

Ibs ~ECH! ~kA! Ibs ~ICH! ~kA!

Device BOOTSJ Moments BOOTSJ Moments

HSX 9.5 15.2 12.4 9.7
LHD 9.1 11.5 12.0 12.3
QPS 6.5 18.4 8.8 10.4
NCSX 12.0 16.4 15.8 9.1
W7-X 1.4 0.8 1.9 0.8
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The level of bootstrap current predicted by these
codes affects the rotational transform profile. The boot-
strap current is, as expected, smallest in the W7-X con-
figuration and has a correspondingly small effect on the
rotational transform profile. The bootstrap current adds

to the vacuum rotational transform in the LHD, NCSX,
and QPS configurations. In the HSX configuration, the
bootstrap current reduces the vacuum rotational trans-
form. It should be noted that these are not self-consistent
bootstrap currents. These current profiles are based on

Fig. 6. Magnetic-field-aligned bootstrap current profile for five different configurations with the same low-collisionality ECH
profiles shown in Fig. 1 as predicted by ~a! the BOOTSJ code and ~b! the moments-based transport model.

Fig. 7. ~a! Bootstrap current predicted by BOOTSJ for W7-X vacuum fields with ECH profiles ~open circles! and plasma current
from VMEC for a W7-X equilibrium with 1.4 kA of plasma current ~solid line!. ~b! Rotational transform profiles for the
vacuum ~closed circles! and with current cases ~open circles! for W7-X.
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the vacuum magnetic configuration. The results pre-
sented here are only an indication of the impact of boot-
strap current on the rotational transform in these devices.
Equilibriums with self-consistent bootstrap current have
been calculated for some of these configurations @e.g.,
NCSX ~Ref. 3! and QPS ~Ref. 19!# .
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