
Anniversary issue

This issue marks the start of the ninth year of bimonthly
publication for Stellarator News. The Editor wishes to
thank Bonnie Nestor (ORNL) for her outstanding edito-
rial assistance.

The articles in this issue show that the stellarator com -
munity is an exciting venue for fusion research. New
machines are coming online, a modern reactor study has
been completed, and even better new configurations are
being proposed. Finally, two mature devices report the
very important effects of heating methods on the radial
potential which may have profound effects on transport. 

TJ-II flux surfaces

In the last issue of Stellarator News, we reported that the
final assembly of the Spanish heliac TJ-II (CIEMAT,
Madrid) was complete. In mid-December, the Spanish
team succeeded in measuring the TJ-II flux surfaces (see
Fig. 1), thus verifying the gross accuracy of the compli -
cated magnetic coil configuration.

All opinions expressed herein are those of the authors and should not be reproduced, quoted in publications, transmitted, or use d as a reference
without the author’s consent.
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Fig. 1. The measured bean-shaped TJ-II flux surfaces
are shown with three fixed reference lights.



U.S. Stellarator Power Plant Study
(SPPS)

Work has been completed on the Stellarator Power Plant
Study (SPPS) [see Stellarator News, Issue #32 (March
1994), p. 7]. Participants in the study included a broad
representation of the stellarator physics community, as
well as a subset of the multi-institutional ARIES Team,
augmented by specialized industrial support.

Generally, conceptual power plant design studies
extrapolate from the present knowledge base to charac -
terize the future economic and environmental features of
competing approaches. The SPPS addresses a widely
perceived need to consider non-tokamak alternative
power plant options in the post-ITER period. Limited in
scope and depth relative to the ARIES tokamak-based
studies, the SPPS focused on the consensus identification
of a reference configuration, the modular, Helias-like
Heliac (MHH), and applied engineering assumptions,
constraints, and extrapolations consistent with the
ARIES tokamak studies to address key issues for the
stellarator approach.

The SPPS/MHH projects a 1,000-MWe (net), DT-fueled
central power station, with key parameters summarized
in Table 1. The baseline MHH configuration has four
field periods, produced by 32 modular, nonplanar coils
of four distinct types.

(a) assumes 10th-of-a-kind learning-curve credits and certain
safety-related cost credits. 
(b) assumes 6-year construction lead time.

74.6Cost of electricity, COE (mill/kWeh)

4,340Total capital cost ($ × 106)b

0.76Plant capacity factor, pf

2,249Total direct cost ($ × 106)a

0.05Recirculating power fraction

1Net electrical power, PE (GWe)
1.05Gross electrical power, PET (GWe)
2.29Thermal power, PTH (GWth)
0.46Thermal conversion efficiency

1.73Fusion power, PF (GW)
14.5Field at TF coil (maximum), Bc (T)
4.94On-axis toroidal field, B0 (T)
2 .3Lackner-Gottardi confinement multiplier, H
0.05Plasma beta
734.7Plasma volume, Vp (m3)
1.63Circularized (average) plasma radius, rp (m)
8.5Plasma aspect ratio, A = RT/rp

13.95Plasma major toroidal radius, RT (m)

Table 1: SPPS/MHH Parameter Summary

Compared to a tokamak reactor, the recirculating power
is low because of the absence of a current drive require -
ment. System power density is typically lower because
of the requirement for a minimum plasma-coil spacing at
higher plasma aspect ratio. The engineering configura -
tion is complicated by the helical plasma geometry, but
fundamental choices of materials and coolants are shared
with the tokamak approach. A critical design constraint
is the desire to minimize the distance between the
inboard plasma edge and the coil winding pack consis -
tent with adequate tritium breeding in the lithium-
bearing blanket and sufficient neutronic shielding of the
coils. The reference blanket/coolant configuration
invokes a vanadium-alloy structure (with CaO-coated
coolant channels to reduce MHD pumping power) with
low-activation properties that is cooled by flowing liquid
lithium.

Physics issues for the MHH include equilibrium/stability
at the reference beta value of 5%, the influence of mag -
netic islands on divertor geometry, neoclassical transport
in the presence of electric fields, suppression of the boot -
strap current, and startup/control scenarios. MHH phys -
ics performance is projected to be adequate and robust.

Engineering emphasis is on the coil design, neutronics
optimization, integration of the blanket/shield/divertor
systems into the MHH configuration, and assessment of
a suitable maintenance approach. A suitable
divertor/blanket/shield configuration can be accommo -
dated in MHH-based fusion power plants and main-
tained. A preliminary, but detailed, assessment of Nb3Sn
cable-in-conduit conductor (CICC) graded, modular,
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Fig. 1. A top view of the MHH coil configuration, with the
blanket/shield between the plasma and the coils.



nonplanar coils at 14.5 T is encouraging. The MHH as
examined in the SPPS was found to be cost competitive
with tokamak approaches. Further reductions in the over -
all size of the fusion power core, with corresponding
increases in the system power density, may be required
to improve competitiveness.

A top view of the MHH coil configuration, with the
blanket/shield enclosing the plasma, is illustrated in Fig.
1.

The SPPS/MHH fusion power core is illustrated sche -
matically in Fig. 2. Access for maintenance is provided
through four large ports at the corners of the MHH con -
figuration. Sets of modular coils and the underlying
blanket/shield assemblies would be clustered into mov -
able units for transport to the hot cell.

The MHH configuration, selected for emphasis in the
SPPS, is one of a number of credible stellarator embodi -
ments. Other interesting variations of the MHH configu -
ration were not explored in detail.

The SPPS effort is documented in Ref. [1]. Evolving
summary information regarding the SPPS and other
power plant studies performed by the ARIES Team can

be found on the World Wide Web at the URL:
http://aries.ucsd.edu/PUBLIC/RESEARCH/ARIES/ARIES.html

Ronald L. Miller 
University of California, San Diego
Fusion Energy Research Program, Engineering Building, Unit II     
9500 Gilman Drive, Mail Code 0417, La Jolla, CA 92093-0417 
Phone: (619) 534-7842 
Fax: (619) 534-7716 460 
Email: miller@fusion.ucsd.edu
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Fig. 2. The SPPS overall layout.



Average drift velocity of trapped
particles in stellarators

The normal to a magnetic surface component of the
bounce-averaged velocity of trapped-particle drift is of
special interest. We denote this component by van. It is
known from neoclassical transport theory (see, e.g., [1])
that when the effective collision frequency for trapped
particles is less than the trapped-particle bounce fre -
quency, the difference of van from zero leads in stellara -
tors to a significant increase of coefficients of the trans -
port across magnetic surfaces in comparison with the
case of an axially or helically symmetric magnetic field,
where van = 0. For example, the 1/ν transport regime is
characteristic for standard stellarators due to the above
effect. 

Qualitatively, for rather small collision frequenc ies the
neoclassical transport coefficients in stellarators are pro -
portional to the square of van. So, van is an interesting
parameter which allows one to estimate the relative neo -
classical transport in stellarato r magnetic configurations.

For specific stellarator magnetic configurations, numeri -
cal methods must be used for the evaluation of the neo -
classical properties. The necessary computations are fre -
quently performed in magnetic coordinates (see, e.g.,
Ref. [2]). To compute the magnetic coordinates for a
given stellarator magnetic field in Cartesian coordinates
is a rather complicated task. Here we consider a method
of performing a direct numerical calculation of v an in
stellarators with a given magnetic field without using
magnetic coordinates.

We assume that the magnetic field  of the system underB
consideration is purely a vacuum field and the electric
field  is a potential field  with the potential E 

E = −¬w


 assumed to be a function of the magnetic surfacesw

alone. In this case we can write the drift equations for a
charged particle motion in the form [3,4]

(1)dr
dt = vy

B
B + vd,

(2)
dvy
dt = - 1

2 Jz 
B $ ¬B 

 /B,

(3)vd = mc
2eB3


2v

y

2 + JzB 
 B % ¬B + c

B2 E % B  ,

where  is the transverse adiabatic invariant.Jz = vz2 /B

We also suppose (as it common in neoclassical transport
theory) that the Larmor radius of a particle and the elec -
tric field are rather small, and consequently the displace -
ment of the particle across a magnetic field line during
one bounce period is insignificant. Therefore it is possi -
ble to neglect as a first approximation the second term in
the right-hand side of Eq.  (1) and to solve Eqs. (1) and

(2) by the method of integration along a magnetic field
line. Equation (3) is used in this case for calculating the
particle drift velocity across a magnetic field line. 

     We are interested in the  component which is nor-vd

mal to a magnetic surface

vdn= n $vd, n = ¬Y/ ¬Y ,

where  is a unit vector of the normal to a magnetic sur -n
face, and  is the magnetic surface func -Y

tion  For the calculation we use the(B $ ¬Y = 0). ¬Y

method of Ref. [5].

   As a result, we arrive at the following system of
equations:

(4)
dr
dt = vy

B
B ,

(5)
dvy
dt = − 1

2 Jz
B $ ¬B 

 /B,

(6)dP
dt = -

vy
B
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P + ¡B2

¡n3
Q + ¡B3
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G

 ,

(9)drn

dt = vdn.

In Eqs. (6)–(8),  are contravariant compo-B1 , B2 andB3

nents of the vector  (in a normal curvilinear system ofB
coordinates (ξ1, ξ2, ξ3), and ∂Ψ/∂ζ1, ∂Ψ/∂ζ2, and ∂Ψ/∂ζ3

are represented through P, Q, and G. The multiplier vy/B
on the right-hand sides of these equations corresponds to
the variable of integration t.

Calculating  with the help of the system ofr, vy, and¬Y
equations (4)–(7) and simultaneously solving Eq. (9), the
right-hand side of which is determined by Eq. (3) and the
definition of van, we shall find for each moment of time t
a value of the trapped-particle displacement  across arn

magnetic surface. After dividing the displacement δrn

obtained during a bounce period by the duration of this
period τb, we obtain an average drift velocity for a
trapped-particle guiding center across a magnetic sur -
face, van =  δrn/τb.

     To calculate van in a specific stellarator magnetic con -
figuration it is convenient to use the following method.
For the magnetic surface of interest let us take the sur -
face part which corresponds to one magnetic field
period. Within this part we select some magnetic field
lines for which we wish to calculate van. For each of
these lines, the point corresponding to a minimum B
value is taken as the initial point of integration in Eqs.
(4)–(9). The initial values of  at these points are¬Y

determined using the method of Ref. [5] concurrently
with the magnetic surface computation. Solving Eqs.
(4)–(9) under such initial conditions, one can obtain the

Stellarator News -4-   January 1997



van distribution as a function of the initial value of the
particle longitudinal velocity and the position of thevyi

considered segment of the magnetic field line on the
magnetic surface. It is convenient to present the calcula -
tion results in a normalized form as the dependence of g
on , where the parameters  and  are related to thec g c

quantities van and  byvyi

(10)g = van
R

vz0rL0 , c = vyi/vz0.

Here  is the average value of the lon -vz0 = (JzB0 )1/2, B0

gitudinal magnetic field,  is the LarmorrL0 = mcvz0/eB0

radius, calculated for B = B0, and R is the major radius of
the torus. Use of the relation for  and van allows us tog

perform a convenient comparison of the drift velocity van

in various magnetic configurations. In particular, for the
frequently used model of a standard stellarator magnetic
field with a circular magnetic surface cross section, the
amplitude of the  distribution over a magnetic surfaceg

equals (see, e.g., Ref. [1])

.gm = 0.5

As an example of the use of this method, we present the
results of the calculations of van for a model magnetic
field which is appropriate for a zero-beta variant of the
toroidal quasihelically symmetric stellarator [6]. The
magnetic field was approximated by a superposition of
toroidal harmonic functions containing the associated
Legendre functions. The number of the decomposition
terms used was limited by the conditions  

 where n and m are the0 [ n [ 12, m = mpM, M [ 12,
poloidal and toroidal harmonic numbers, mp is the num-
ber of periods along the torus (mp = 6). The decomposi -
tion coefficients of the superposition were found by
minimizing the magnetic field component that is normal
to the given boundary magnetic surface [6].

The results obtained for the near-boundary magnetic sur -
face are as follows. For this surface, the  valuec l 0.5
corresponds to the transition from particles trapped
within one magnetic field period to particles that are
untrapped or trapped within two or more periods. For all
magnetic field lines it appears that  for rather smallg^ 1

; i.e., for deeply trapped particles van is practically equalc

to zero. But for particles with a mean depth of trapping
and  < 0.5,  van is not equal to zero. Its distribution overc

the magnetic surface is periodic with the amplitude
depending on . For these particles the  amplitude, ,c g gm

reaches the maximum value for   and is in0.3 [ c < 0.5
the range . For particles corre-gm = 0.25 to gm = 0.3
sponding to  van appears to be small. So, for par -c m 0.5,
ticles with a mean trapping depth and rather close to the
transition between untrapped and trapped within two or
more magnetic field periods, van differs from zero,
though it is approximately equal to only half of the
velocity obtained analytically for a standard stellarator

model [1]. Therefore, we expect an approximately four -
fold reduction of the coefficients of neoclassical trans -
port in the magnetic field considered compared to the
corresponding coefficients obtained theoretically for the
standard stellarator model for equivalent sizes.

The method proposed has allowed us to investigate the
average velocity of the trapped-particle drift in complex
magnetic fields across any magnetic surface. This can be
used for the analysis of  plasma confinement in real stel -
larator magnetic configurations. Minimization of the  g
parameter is one of the ways of optimizing stellarator
systems.

V. V. Nemov
Institute of Plasma Physics, National Science Center
Khar’kov Institute of Physics and Technology
Khar’kov 310108, Ukraine
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Shear-related confinement and the
electron root in W7-AS 

W7-AS with its almost shearless vacuum configuration
was operated in a hybrid mode with significant plasma
currents. Stationary profiles of the rotational transform
with positive or negative magnetic shear were introduced
by inductive and/or electron cyclotron (EC)-driven cur-
rents in the direction co and counter to the confining
magnetic field. Confinement was investigated in both
net-current-free and current-carrying discharges.

The confining magnetic field in the W7-AS stellarator
has a “built-in” flat profile of the rotational transform, ι.
The magnetic shear is weakly positive (ι′/ι up to +2%)
above ι = 0.4 and weakly negative below (up to −2%).
Low-order rational values of ι can thus be excluded from
the confinement region by a proper choice of  ι , which
can be varied over a wide range, 0.25 < ι < 0.65 [1]. The
low shear configuration of the vacuum magnetic field is,
however, modified by internal net plasma currents such
as the pressure-driven bootstrap current. The equilibrium
currents (Pfirsch-Schlüter currents) generating the Sha -
franov shift of finite-beta plasmas play an important role
and also modify the profile of the rotational transform
[2]. Experiments with weak and strong, positive and
negative shear were performed by running inductive and
EC-driven currents in the appropriate direction. 

Although the scenario to operate the same device in net-
current-free “stellarator” operation and, for comparison,
in pure “tokamak” operation cannot be completely veri -
fied on W7-AS (the main coils always impose some
external rotational transform), hybrid operation with sig -
nificant net currents is possible. Configurations with
positive and negative shear were investigated and may
contribute to the understanding of the physics of

reversed-shear tokamak results (e.g., Ref. [3]). Net cur -
rents Ip in the range between −30 kA and +30 kA were
induced by the ohmic heating (OH) transformer in target
plasmas with electron cyclotron resonance heating
(ECRH) supplying on-axis deposited heating power of
0.45 MW. The experiments were conducted in long-
pulse operation, > 1 s, to obtain steady-state conditions
on the current-diffusion time scale. The OH power (typi -
cally below 10 kW) can be neglected as compared to the
ECRH power. At a feedback-controlled density of typi -
cally 2 × 1019 m−3 (typical electron and ion temperatures
of 3.5 and 0.4 keV, respectively), the electrons dominate
the heat transport and ions play a minor role because
they are energetically decoupled from the electrons. By a
proper choice of the vacuum ι, the discharges were con-
trolled to have an almost constant edge rotational trans -
form of 0.40 ± 0.05. The vacuum ι is 0.55 for −30-kA
operation and 0.25 for +30-kA operation, indicating that
the plasma current contributes significantly to the total
rotational transform. The magnetic configurations for the
different net currents deviate significantly from the vac -
uum configuration, and the corresponding finite-beta
stellarator equilibria with net currents were calculated
with the NEMEC code. Radial profiles of the electron
temperature from Thomson scattering and electron
cyclotron emission (ECE) are shown in Fig. 1 (left) for
three cases with +30, 0, and −30 kA. 

Two distinct effects are clearly seen. First, w hereas
strong temperature gradients exist within r/a < 0.3 for
the reference case with zero net current and for all dis -
charges with positive currents, significantly lower central
temperatures are measured in the negative current cases.
As seen in Fig. 2, a monotonic decrease of Te0 with
increasing negative current is observed. Second, s trong
temperature gradients exist in the outer plasma region
around r/a = 0.8 for all cases with net currents > 5 kA
independent of the sign of the current and thus the sign
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Fig. 1. At left, radial profiles of the electron temperature with currents of −30 kA (dotted line, diamonds), 0 kA (dashed line,
dots), and +30 kA (solid line, squares). At right, the corresponding profiles of the total rotational transform (solid lines). T he
inductive current contribution without bootstrap current is also indicated (dots). The ι profile of W7-X is shown for
reference.



of the shear. The reference case with zero net current and
the same edge ι does not show this steep edge gradient.
Net-current-free discharges at optimum confinement at
lower ι (a) = 0.34 also show less pronounced gradients,
which are in between the two cases of Fig. 1. The ι  pro-
files in Fig. 1 (right) are calculated assuming Zeff = 2; the
inductive current distribution using the neoclassical
resistivity (solid line) and the linear superposition of the
bootstrap current contribution (dotted line) are shown.
The vacuum ι profile of the W7-X magnetic configura -
tion, which has considerable shear at the edge, is dis -
played for reference. The current-voltage characteristic
gives no evidence for a significant suprathermal electron
contribution. Due to the ι -dependence of the bootstrap
current (DKES) a self-consistent calculation of the ι  
profile is necessary. The iteration is robust at positive
currents but turns out to be delicate for the negative cur -
rents with low or even zero rotational transform in the
center. 
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Fig. 2. Central electron temperature for discharges with
different plasma currents.

Fig. 3. Comparison of the local electron heat diffusivity
(crosses) from power balance analysis with the neoclassi-
cal predictions (dots) at r/a = 0.8 for discharges with differ-
ent plasma currents.
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Fig. 4. Electron heat diffusivity (left) and radial ambipolar electric field (right) for the +30-kA case. The neoclassical elec-
tron heat diffusivity without (circles) and with (crosses) electric field (“electron root” in the center) is compared to the
experimental values (dashed-dotted line).

Fig. 5. Radial electric field determined from CXRS as a
function of the effective radius in helium discharges.



The ι  profiles for negative currents indicate low central
values approaching zero in the plasma center, which may
explain the central confinement degradation with
increasing negative currents. The good confinement in
the outer plasma region with both positive and negative
net currents may be due to significant shear in this
region, which is much smaller in the reference cases with
zero net current. The measured local electron heat diffu -
sivity from the steady-state power balance approaches
the neoclassical values at high currents even close to the
plasma edge up to r/a < 0.8, as seen in Fig. 3. This can
be interpreted as an expansion of the plasma volume,
that is governed by neoclassical transport. Note that neo -
classical transport in the long mean free path regime is a
strong function of the temperature. 

From the neoclassical solution of the ambipolarity condi -
tion, the “electron root” for the radial electric field is
expected for r/a < 0.3. The existence of the electron root
and of the related improvement of neoclassical confine -
ment is supported by the heat transport analyses. Assum -
ing the usual approach of zero electric field in the
plasma center and of the “ion root” solution, where exist -
ing, the neoclassical predictions fit well in the radial
range of 0.3 < r/a < 0.8, but are more than one order of
magnitude higher than the measured values in the plasma
center with r/a < 0.3 (see Fig. 4). The electron root solu -
tion with strongly positive radial electric fields must be
assumed in the center to reduce the neoclassical transport
to below the experimental values.

Direct measurements of the radial electric field were per -
formed with the charge-exchange recombination  spec-
troscopy (CXRS) method in pure helium plasmas. As
shown in Fig. 5, the center part of the plasma is gov -
erned by positive electric fields of up to 600 V/cm,
which supports the theoretical analysis assuming the
electron root. Recently central electron temperatures of 4
keV were achieved under these conditions.

J. Baldzuhn, H. Maaßberg, and V. Erckmann for the W7-AS Team
IPP Garching, Garching, Germany
Phone: 0049-89-3299-2129
E-mail:  voe@ipp-garching.mpg.de
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Potential profiles measured with
HIBP and the deduced loss cone

structure in CHS

In toroidal helical plasmas, helical-ripple-induced trans -
port and loss-cone loss are greatly affected by radial
electric fields. Therefore, measurement of the potential
profile is essential to clarify the confinement properties
of these plasmas. In CHS, potential profiles in steady-
state plasmas have been measured with a 200-keV heavy
ion beam probe (HIBP). The potential profiles show
widely varying polarity for ECH and NBI plasmas, com -
pared to tokamaks where the potential was observed to
be negative. With the HIBP method, singly charged
heavy ions (primary beam) are injected into the plasma;
some doubly charged ions (secondary beam) emerge
from the target plasma with an energy change corre -
sponding to the space potential at their birth point. The
analyzer for the HIBP is required to distinguish a few
dozen volts of change (potential) in several hundred kilo -
volt beams (primary beam energy). 

In the CHS HIBP, a secondary beam sweep system is
introduced in addition to the primary sweep system to
manage 3-D trajectories in the toroidal helical plasmas.
This method, which we call active trajectory control [1],
gives the following advantages: (1) reducing the poten -
tial measurement error caused by uncertainty in the
angle of the beam injection into the energy analyzer, (2)
expanding the applicable configurations and the observa -
tion regions, and (3) keeping the energy analyzer away
from locations where the magnetic field will disturb the
determination of the beam energy.

The experiments presented here were performed on a
magnetic field configuration with axis Rax = 92.1 cm and
a field strength of 0.9 T.  The necessary energy is 71 keV
for 0.9-T operation when a cesium beam is used.  The
actual observation points are distributed along the toroi -
dal direction, and the points at left in Fig. 1 are the pro -
jections obtained by tracing the magnetic field line from
the actual observation points.  The toroidal angle ζtor of
the actual observation points is shown at right in Fig. 1,
where ζtor = 0 corresponds to the vertically elongated
magnetic flux surface at left in Fig. 1. Other configura -
tions can also be accessed with our system, although the
observation region is limited for some configurations.

The upper part of Fig. 2 shows potential profiles
obtained during steady-state ECH and NBI plasmas.  The
open and closed circles indicate the potential profiles of
ECH plasmas with low (ne = 3 × 1012 cm−3) and medium
(ne = 8 × 1012 cm−3) density, respectively.  The central
electron temperatures of the low- and medium-density
cases are Te(0) = 900 eV and Te(0) = 400 eV,
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respectively.  The squares indicate the potential profile
of a co-injected NBI plasma where the electron density
is ne = 8 × 1012 cm−3 and the central electron and ion tem -
peratures are Te(0) = 300 eV and Ti(0) = 200 eV, respec-
tively.  The port-through NBI power was 500 kW. These
profiles are averages for about 20 ms in steady state, and
the error bars indicate standard deviations.

The potential is positive with a central value of about
200 V for a low-density ECH plasma with gyrotron out -
put power of 100 kW. Electrons are almost in a colli -
sionless regime since the electron collisionality is
νe*(a/2) = 1.4.  The definition of the collisionality here is
νe*(r) = νeff(r)/ωb(r) with νeff(r) = ν(r)/εh and ωb=
ι(εhT/m)(1/2)/2πR, where ι is the rotational transform. In
the medium-density ECH plasma, the potential exhibits
an interesting characteristic; the electric field is positive
around the core, while it has a large negative value (= 70
V/cm) near the edge. The electron collisionality is
νe*(a/2) = 13.1, and the electrons are in the plateau
regime. On the other hand, the potential in the low-
density NBI plasma is negative with a central value of
about −200 V.  The collisionalities of the electrons and
ions are νe*(a/2) = 6.0 and νι*(a/2) = 8.2, respectively.
The electrons and ions are both in the plateau regime.     

The lower part of Fig. 2 shows radial electric field pro -
files deduced from polynomial fitting curves to the
obtained potential profiles. In the ECH plasmas, a ten -
dency can be seen — the positive electric field becomes
more negative as the density increases.  In the medium-
density case, the electric field shows a strong shear
around the plasma edge, although the statistical error bar
is large. In the NBI case, the ion temperature, and

electron density and temperature profiles are available
from the database. Hence, the experimentally obtained
electric field can be compared with the electric field pre -
dicted with the ambipolarity condition (Er) = Gi

NC

(Er), where (Er) and (Er) represent the elec-Ge
NC

Gi
NC

Ge
NC

tron and ion fluxes in the neoclassical theory, respec -
tively. The dashed-dotted line in the lower part of Fig. 2
represents the neoclassical radial electric field for the
NBI plasma. The theoretically expected electric field has
a tendency similar to that of the experimental result in
this case.  

These obtained potential profiles give us an insight into
loss cone structure and the behavior of high energy
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Fig. 1. Left: Projection of observation points with the
HIBP.
Right: Toroidal angle of the observation points.

ζ

Fig. 2 . Potential profiles (top) and electric field profiles
(bottom) in steady state of ECH and NBI plasmas. The
electric field profile expected from neoclassical theory is
represented by a dotted-dashed line for comparison.



particles. The loss cone structure can be easily estimated
from the obtained potential profiles by use of an analytic
formula.  According to Ref. [2], the loss cone for deeply
trapped particles (with small v||) is expressed as Wm < W
< Wp, where W is the particle energy,  Wm = −qφ(0)
f(x)/[εha(1−x2)+εta(1−x)], and Wp = −qφ(0) f(x)/(εha(1−x2)−
εta(1−x)) .  Here, εta and εha represent toroidal and helical
ripple coefficients, respectively; x indicates the horizon-
tal coordinate whose origin is on the magnetic axis; and
f(x) is a normalized function fitted to the experimental
profiles with f(0) = 1, f(1) = f(−1) = 0. For the magnetic
field configuration with Rax = 92.1 cm, we choose εta =
0.16 and εha = 0.255.

The collisionless regime occurs when the helically
trapped particles can accomplish one-turn orbits poloi -
dally without a collision.  This criterion is roughly
expressed as . Figure 3(a) plots the criticalz¬B > u/eh

energy Wrot to satisfy the criterion which is explicitly
written as Wrot

2.5 (eV) > 1.4 × 10−2 ne(cm−3) B(T) r(cm)2

εh
−2. This criterion is no longer valid around the magnetic

axis since there the banana width is larger than the local
structure owing to the small poloidal field. A loss cone
should affect these collisionless particles. Such a loss
cone diagram for deeply-trapped particles in the NBI
plasma is shown in Fig. 3(a).

When a neutral beam is injected into this plasma, the
energy transfer rates to ions and electrons are a function
of the electron temperature. The beam energy at which
energy is transferred equally to ions and electrons is
WPi=Pe = 15Te Ab [Zi

2/Ai]2/3, where Ab, Ai, and Zi are the
atomic mass of the beam particles, and the atomic mass
and the charge of the bulk plasmas, respectively.  Above
this energy (15 Te), the beam particles selectively heat
electrons, preserving their pitch angle. On the other
hand, the injected beam particles experience pitch-angle
scattering in the region below this energy and simultane -
ously transfer their energy to ions. The beam particles
are therefore more likely to enter the loss cone below
this energy.

The neutral beam is tangentially injected in the CHS
with an energy of about 38 keV [the hatched region in
Fig. 3(a)]. Effective energy transfer from injected beam
to bulk ions occurs in the regime between the upper loss
cone boundary and WPi=Pe (= 15Te). For the bulk ions,
their temperature is below the lower loss cone boundary.
Hence, the bulk ions are confined by the rotation due to
E×B motion. If the potential becomes sufficiently nega -
tive for the loss cone region to be located above Wpi=Pe

line, fast ions pass through the region because they have
mostly parallel velocity, i.e., the loss cone region in the
figure is not a real loss cone for beam ions. Therefore,
the ion heating efficiency will be improved since the
pitch-angle scattering will occur below the loss cone
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Fig. 3. (a) Loss cone diagrams for deeply trapped ions in
NBI plasmas. (b) Loss cone diagrams for deeply trapped
electrons in ECH plasmas.



region. The dashed line in Fig. 3(a) shows the loss cone
for electrons in the NBI plasma.

A loss cone diagram for deeply trapped electrons can be
also demonstrated for the low-density ECH plasma with
a positive potential shown in Fig. 3(b). Here that the loss
cone region above Wrot exists only on the outside (x > 0).
The critical energy Wrot for electrons is higher than that
for ions since the collision frequency is larger for the
same energy; Wrot

2.5 (eV) > 6.3 × 10−1 ne (cm−3) B (T)
r (cm)2 εh

−2. Thus, an electron heated up by the wave on
the outside of torus will easily enter the loss cone. For
the ions, the loss cone region in this positive potential is
localized only in an outside periphery of the plasma as is
shown by the dashed line in Fig. 3(b).  Therefore, highly
effective heating due to high-energy ions is expected
while positive potential is maintained for the plasma
because no E × B resonance exists for the ions.
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Nagoya 464-01, Japan
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Omnigenous stellarators

Stellarators are attractive plasma confinement devices.
With externally generated rotational transform, they can
be run in steady state without complicated current drive
schemes, and stellarators are not susceptible to disrup -
tions. Unfortunately, the original stellarator designs had
large particle loss rates because they contained particles
(those locally trapped in a helical magnetic well) with
large drift orbits that intersected the wall. This has led to
a search (e.g., Ref. [1] ) for configurations lacking such
particles. Here we point out that good confinement can
be attained with restrictions less restrictive than previ -
ously thought.

Nearly a decade ago, Nührenberg and Zille [2] proposed
that stellarators be quasihelical (termed quasisymmetric
in recent work [3]),  meaning that the magnetic strength
B is a function of only a single linear combination of the
toroidal and poloidal angles in Boozer [4] coordinates.
They were able to find large-aspect-ratio quasihelical
systems. However, Garren and Boozer [5] found that the
condition of quasihelicity cannot be satisfied beyond a
certain order in an expansion in the distance from the
magnetic axis. This result led to a pessimistic view about
the existence of small-aspect-ratio stellarators with good
transport properties. 

We have recently shown [6] that omnigenous systems
[7], those for which the bounce-averaged drift remains
within a flux surface, form a larger class than quasiheli -
cal systems. (The details of our discussion appear in Ref.
[8].) We have obtained a precise condition for omnige -
neity:  the contours of magnetic strength B on a magnetic
surface must have constant angular separation in Boozer
coordinates.  We also show that omnigenous systems for
which the magnetic strength is an analytic function must
be quasihelical, yet one can have systems with analytic
magnetic strength functions that are far from quasihelical
while very nearly omnigenous. This last result indicates
that, in a practical sense, analytic near- omnigenous sys-
tems form a larger class than quasihelical systems.
Finally, we propose simple design criteria for systems
with good confinement properties.

Our results are related to those of Ref. [3], where it was
noted that isometric systems, those for which the mag -
netic contours within a surface are separated by constant
distance along a magnetic field line, are omnigenous.
Our condition of constant angular separation is equiva -
lent to isometry. Our results are most easily arrived at
from the use of Littlejohn’s Lagrangian [9]  in Boozer
coordinates. Boozer coordinates are flux coordinates,
implying that the magnetic field has a trivial, periodic-
angle Clebsch representation, 
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ι . This implies that the vec -B = ¬y % ¬h + (y)¬w % ¬h
tor potential has the form , where ιA = y¬h + Aw(y)¬w
= .  As noted by Boozer, these angles can be−dAw/dy
further specified by requiring that the magnetic field,

, have angularB = By(y, h,w)¬y + Bh(y)¬h + Bw(y)¬w
covariant components that are flux functions. 

Quasihelical systems are those for which B is a function
of only a single linear combination of the angles, say f
≡ , where N is the toroidal mode number and l isNw − lh
the poloidal mode number of the dominant Fourier com -
ponent of the magnetic field strength.  [Near-axis analy -
sis [6] shows that l = 1.]  For such systems, it follows
directly from the Littlejohn Lagrangian that

,Ph ó
¡Lgc

¡h
= e

c 
y + Aw

N

 + mu

B

Bh + Bw

N



the helical canonical guiding-center momentum, is an
invariant of the motion.  Analogous to the axisymmetric
case, the existence of the invariant Ph guarantees orbits
with good properties.  Energy conservation guarantees
that the variation of the parallel velocity u and, hence,

the final term is bounded.  Thus, the variation of y + Aw

N

is small,  so orbits remain confined to the vicinity of a
flux surface. 

A less restrictive way to achieve systems with good tra -
jectories is to require omnigeneity [7], the property
whereby the bounce-averaged cross-flux-surface drift
vanishes. As the bounce-averaged drift conserves the
bounce (or longitudinal) action through lowest order in
the expansion in the drift frequency relative to the
bounce frequency, this implies that the bounce action is
constant on a surface. Thus, we need to find systems
where the bounce action, or zeroth-order bounce adia-
batic invariant, 

, J0 = Ämub $ dr = m
iBh + Bw


 Ä


u dw/B 



is constant on a magnetic surface. Here the velocity
 is determined by energy con -u = [2(E − lB − eF/m)]1/2

servation, and the loop integral is along a field line
between reflection points, . An immediate conse-E = lB
quence of the condition that  J0 is constant on a magnetic
surface is that the local minima of the magnetic field
along field lines in a given surface have the same value
of B. This is the principle behind the improved confine -
ment for the systems in Ref. [1]. One can also show that
the magnetic maxima and the action of particles at the
trapped-passing boundary have the same value on a sur -
face and, hence, that transition orbits [10], which are
chaotic owing to separatrix crossing [11], are absent in
omnigenous systems. We are able to show from the form
of the bounce action in Boozer coordinates that the angu -
lar separation along a magnetic field line of any two con -
tours of the same value of B is constant on a magnetic
surface.  From this follow many consequences.  First, it

can be shown that the contour of the maxima is straight
in Boozer coordinates provided the rotational transform
is irrational. Second, one can construct omnigenous
functions B that depend nontrivially on θ in addition to
ζ. Unfortunately, this construction leads to nonanalytic
transformations unless the transformation is independent
of θ. Thus, analytic, omnigenous magnetic fields are
quasihelical.

However, analyticity is a fragile concept. Two functions,
one analytic and one not, can be arbitrarily close in value
everywhere. Hence, it might be possible to find a mag -
netic strength that is analytic, yet is close everywhere to
a nonanalytic function that is far from quasihelical. If
this is true, then it is possible to have magnetic fields
that are very far from quasihelical, yet very nearly
omnigenous.

Fig. 1.  Contours of an near-omnigenous, analytic |B|
that is far from quasihelical.

To test this idea, we used our method to construct a
nonanalytic, omnigenous |B| that is far from quasihelical.
The contours of this magnetic field strength are shown in
Fig. 1.  That this field is not quasihelical is evidenced by
the fact that the contours are not straight lines. However,
the contours of |B| have nearly constant separation along
a field line, as required for omnigenity. To test the omni -
geneity of these configurations, we integrated several
trajectories in the analytic, nearly omnigenous magnetic
field found above. The poloidal cross section of the tra -
jectory of a typical locally trapped particle is shown in
Fig. 2.  [The coordinates are  and ,x = r cosh y = r sinh
where , and B0 is the value of the mag -r = [y/yedge]1/2

netic field on axis]. We have taken a relative ripple at
the edge of 25%.  We set the dimensionless energy,

= 2 × 10−3, and the magnetic moment, E/mW0
2a2

=1.81 × 10−3, where E is the energy, Ω0 islB0/mW0
2a2

the gyrofrequency on axis, and a is the minor radius.
This corresponds to a 17-keV proton in a machine with a
1-T magnetic field and a minor radius of 30 cm. This
figure shows that the trajectory has remained, on
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average, close to its initial flux surface.  One can see that
this system is not quasihelical by the fact that the oscilla -
tion width varies with poloidal angle.

Ultimately one would like to set certain limited criteria
for the design of a stellarator, as one does not expect to
obtain perfectly omnigenous systems.  The condition
proposed in Ref. [1] is that of constant magnetic minima,
so that the deeply trapped particles are omnigenous. As
noted above, the conditions of constant magnetic
maxima and constant separatrix action of a surface
ensure both omnigeneity of the marginally trapped parti -
cles and elimination of the chaotic transition particles.
With all three conditions, the two extremes of locally
trapped particles are omnigenous, and there are no cha -
otic trajectories. We suggest these as starting design cri -
teria, though naturally it will be necessary to check such
systems to ensure that the trajectories of the intermedi -
ately trapped particles do not make excessive drift excur -
sions. In addition, these systems should have better con -
finement than toroidal systems with equal magnetic field
variation; the variation of the flux surface label along a
trajectory is smaller than that in a tokamak by the ratio,
N/ι − 1, of connection lengths. Indeed, this leads to the
interesting speculation that transport due to ballooning
mode turbulence, which increases with connection
length, will also be small in omnigenous helical systems.

This work was supported by the U. S. Department of
Energy under grant DE-FG003-95ER54297.
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Four-period quasihelically-
symmetric Heliac

The quasihelically symmetric stellarator (QHS) discov-
ered by J. Nührenberg and R. Zille [1] possesses the
advantage of low neoclassical transport which can be on
the level of tokamak losses. Quasisymmetric stellarators
are studied both with three-dimensional (3-D) codes and
with the paraxial approximation. The existence of differ -
ent types of quasisymmetry [2] makes the problem of
comparing their equilibrium, stability, transport, and
other properties relevant.

The paraxial approximation shows that in Heliac-like
QHS systems, in which the magnetic surface cross sec -
tion rotates in phase with the principal normal to the
magnetic axis, the fulfillment of the quasisymmetry con -
dition can be combined with a large magnetic well. For
Helias-like QHS systems, in which the magnetic surface
cross section lags behind the principal normal with
respect to the position of the magnetic axis by half a turn
in one period, the exact fulfillment of the QHS condition
decreases the magnetic well. 

The accuracy of the quasisymmetry condition in differ -
ent systems — Heliac-like and Helias-like — can be
characterized by the ratio X of the dominant quasihelical
symmetric Fourier component (1,1) of the magnetic field
strength in Boozer coordinates to the maximum Fourier
component that violates the symmetry, evaluated at the
plasma boundary.
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Fig. 2. Poloidal cross section of a typical locally trapped
particle in the nearly omnigenous magnetic field.



The first 3-D calculations [1] of QHS systems showed
that the optimization of a Helias towards quasisymmetry
(X is more than 10 and high fulfillment of the QHS con-
dition) leads to configurations without a magnetic well.
A magnetic well could be achieved only with low X. In a
6-period Helias, the stability limit occurs at = 5%,b

where , with B0 the magnetic field strengthb = 2 p /B0
2

on the magnetic axis, and p the plasma pressure with an
assumed parabolic profile. Later the optimization of a
5-period Helias proposed for W-7X, with stability up to

= 5%, sacrificed quasisymmetry to reduce the boot -b

strap current and the parallel current density. Still, rela -
tively good particle confinement and reduced
neoclassical losses are guaranteed through poloidally
closed contours of the second adiabatic invariant,  J. 

A new project, the Helically Symmetric eXperiment
(HSX) at the University of Wisconsin, Madison, USA
[3], is a 4-period QHS Helias with X = 5–7 that is stable
with respect to Mercier modes up to  = 0.8% and  =b b

1.66% for the standard and deep well configurations. 

Heliac-like stellarators without quasisymmetry (X ~ 1)
can have a large magnetic well. The 4-period HHH
Heliac-like stellarator can achieve Mercier stability up to

 = 7.3% on the outer half of the plasma radius [4]. Inb

the conventional 4-period heliac TJ-II [5], one can obtain
Mercier stability up to  = 5%, if the island problem isb

not taken into account. 

We have investigated the local ideal MHD stability prop -
erties of a 4-period quasisymmetric Heliac-like stellara -
tor, shown in Fig. 1. This type of quasisymmetry can
provide more possibilities of obtaining a magnetic well. 

Paraxial estimates show that the  -limit from equilib -b

rium and Mercier stability can be achieved at the level of
8% for an initial magnetic surface cross-section elonga -
tion E0 = 5.5 and that   =5% can be achieved for E0 = 3.b

The fulfillment of the quasisymmetry condition in the
paraxial approximation makes the shape of the magnetic
surface for Heliac-like systems very complicated.

To validate the paraxial estimates, we need to obtain the
Fourier spectrum for 3-D equilibrium and stability codes.
For aspect ratio A = 10 and initial elongation E0 = 3, the
Fourier spectrum of the quasisymmetric Heliac boundary
in cylindrical coordinates has a large number of compo -
nents. So we need to modify our spectrum to get 3-D
quasisymmetry. The VMEC input boundary of a
4-period Heliac with 2 poloidal and 4 toroidal modes
achieves a relatively weak quasisymmetry condition (X =
3). 

Calculations of 3-D equilibria with the VMEC code
yield a beta limit of β = 9.8% for a parabolic pressure
profile. The stability of a 4-period Heliac-like stellarator
has also been investigated with the TERPSICHORE

code. The Mercier criterion is positive (stable) up to β =
4%. Thus, the 3-D calculations of Mercier stability in
our configuration with E0 = 3 give a lower beta-limit
than the paraxial estimates. The Mercier criterion
imposes a less restrictive limit than the ballooning
modes, for which β = 1.4%.

The ballooning stability in quasisymmetric Heliac-like
systems and also the influence of the accuracy of quasi -
symmetric conditions on particle orbits and transport
need further investigation.
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Fig. 1. The quasisymmetric Helias.


