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ABSTRACT

Stellarators with significant magnetic shear in the United States, the Soviet
Union, and Japan are described, and recent results are discussed in terms of their
contributions to the physics understanding relevant for stellarator optimization and
to toroidal confinement understanding in general. The areas discussed are the
properties of stellarators with significant shear, magnetic surfaces, trapped-particle
losses, magnetohydrodynamic (MHD) stability, global confinement scaling, local
transport, fluctuations, and particle and impurity control.






1. INTRODUCTION

The period covered by this review, January 1989 to June 1990, has been a
productive time in the world stellarator program. Three major experiments that
began operation in 1988 have produced significant results: the Advanced Toroidal
Facility (ATF) (Lyon et al., 1990a) at Oak Ridge, U.S.A.; the Compact Helical
System (CHS) (Nishimura et al., 1990) at Nagoya, Japan; and Wendelstein VII-AS
(Sapper and Renner, 1990) at Garching, F.R.G. In addition, important results were
obtained during this period from older experiments: L-2 (L-2 Team and ECR
Group, 1989), operating since 1975 at Moscow, U.S.S.R.; Heliotron E (Obiki et al.,
1990a), operating since 1980, and Heliotron DR (Morimoto et al., 1989), operating
since 1981, at Kyoto, Japan; Uragan-3 (Berezhnyi et al., 1989), operating since 1981
at Kharkov, U.S.5.R.; and the Interchangeable Module Stellarator (IMS) (Shohet
and the TSL Group, 1990), operating since 1984 at Madison, U.S.A. Earlier work
has been reviewed elsewhere (Carreras et al., 1988; Kovrizhnykh, 1988).

Stellarator research is primarily aimed at developing physics understanding in
support of the development of large, next-generation experiments (Lyon, 1990b)
and of a more attractive steady-state reactor concept. However, stellarator research
can also contribute to better understanding of tokamaks. Both belong to the fam-
ily of toroidal confinement devices characterized by helical (toroidal plus poloidal)
magnetic fields that form toroidally nested, closed magnetic surfaces. Stellarators
complement tokamaks in their magnetic configuration properties (absence of a net
toroidal plasma current, generally opposite sign of magnetic shear, nonaxisymmetry,
etc.) and in better external control of these properties.

Stellarators encompass a wide range of currentless magnetic configurations.
Three important properties characterizing these configurations are the rotational
transform + (= 1/q, where ¢ is the tokamak safety factor), the global magnetic
shear {= [+(@) — +(0)] /+(0), where @ is the average radius of the inherently non-
circular (and nonaxisymmetric) stellarator plasma}, and the size of the magnetic
well (or hill). There are two major stellarator classifications: low-shear stellara-
tors with a global magnetic well encompassing the entire plasma that are discussed
elsewhere (Ringler et al., 1990; Shi et «l., 1988), and higher-shear stellarators with
a central magnetic well that predominate in the U.S.A., the U.S.S.R., and Japan.
Recent results and progress (and preparations) toward better understanding and
optimization of the latter class of devices are the subject of this review.

After a discussion of stellarators with shear (Sect. 2) and a description of the
recent performance of these devices (Sect. 3), this review focuses on recent progress
in addressing the following key issues for configuration optimization.

(1) The shear common to these devices provides a stabilizing term for MHD instabil-
ities. However, 1t also introduces a set of low-order rational values of + into the
plasma volume that can produce magnetic islands or broken magnetic surfaces
in the presence of resonant error fields. Creation, correction, and avoidance of
magnetic islands are discussed in Sect. 4. This section also contains an exami-
nation of the bootstrap current, which could change the magnetic configuration
from the optimized one.



(2) The helical windings used to create these magnetic configurations lead to large
helical ripple and to a large population of helically trapped particles, which can
give rise to instabilities (trapped-electron modes), higher neoclassical transport
(x x 1/v at lower collisionality), and direct collisionless loss (unconfined orbits)
of helically trapped particles with small v /v. Here x is the heat diffusivity,
v is the collision frequency, and v is the component of the particle velocity

v parallel to B. Flexible poloidal field coil sets can ameliorate these effects,
and the ambipolar radial electric field can reduce the neoclassical transport and
direct losses. These effects, particularly the loss of energetic helically trapped
particles, are discussed in Sect. 5.

(3) The other main component of configuration optimization is MHD stability and
access to the second stability regime resulting from the finite-beta shift of the
magnetic axis; this is discussed in Sect. 6.

(4) The balance between confinement and beta in the optimization is reflected in
the global confinement scaling studies described in Sect. 7, where a comparison
with tokamak scaling is made.

(5) Profiles, local transport, deviation from neoclassical transport, and the am-
bipolar electric field are discussed in Sect. 8. Studies of fluctuations and their
correlation with transport are described in Sect. 9.

(6) Particle and impurity control is important for steady-state operation and is
discussed in Sect. 10.

Section 11 summarizes recent results in these areas and the steps needed to improve
physics understanding for optimization of stellarators with shear.

2. MAGNETIC CONFIGURATION OPTIMIZATION

Magnetic configuration optimization is the key challenge for both the present
and the next generation of stellarators with shear. It involves finding the optimum
combination of configuration parameters (rotational transform, shear, poloidal field
shaping, toroidal field component, helical ripple, etc.) that provides the best com-
promise among possibly conflicting requirements for high-beta operation (MHD
equilibrium and stability limits), gocd confinement of energetic ions [such as those
created with ion cyclotron range of frequency (ICRF) heating or perpendicular neu-
tral beam injection (NBI)], low transport losses, good particle and impurity control,
low bootstrap current generation, etc.

The stellarators discussed here generally rely on the outward shift of the mag-
netic axis with increasing beta to deepen an existing (vacunm) magnetic well that
produces, in combination with the strong edge shear, a beta self-stabilization ef-
fect that permits access to a higher-beta second stability regime (Shafranov, 1983).
This MHD optimization has led to increasingly lower plasma aspect ratio: R/a =11
(Heliotron E), 7-8 [ATF, the Large Helical Device (LHD)], 5 (CHS), and 3—4 (Cora-
pact Torsatrons) (Carreras et al., 1987). However, an outward shift worsens orbit
confinement and neoclassical transport. Reconciling the different requirements is
the major challenge in configuration optimization for stellarators with shear.



The main configuration controls used in these devices are an additional toroidal
field (Heliotron E, Uragan-2M) to change + and shear, horizontal shifting of the
vacuum magnetic axis (Heliotron E, ATF, CHS) to change the vacuum magnetic
well (or hill), and poloidal field shaping (quadrupole component in ATF) to change
the central value of + and the fraction of the trapped particles that are confined.

The main device parameters for the experiments whose results are reviewed here
are given in Table 1. Although these stellarators, currently the world’s largest, are
modest by present tokamak standards, this situation is expected to change when
LHD comes into operation in 1997. This large next-generation experiment, now
under design in Japan (liyoshi et ¢l., 1990), will have double the size and field of
ATF (the largest of the present stellarators), an order of magnitude more heating
power, and superconducting coils for steady-state operation.

Most of the devices considered here (ATF, CHS, Heliotron E, Heliotron DR, and
Uragan-3M) produce the helical field by unidirectional currents in helical windings
without the need for additional toroidal field (TF) coils, although such coils may be
included for additional configuration flexibility (as on Heliotron E). In Uragan-2M
and L-2, TF coils provide the bulk of the main field. Figure 1 illustrates the helical
winding geometry and the poloidal field coil sets for CHS; ATF and LHD have a
similar geometry, but are larger in scale by factors of two and four, respectively.
The poloidal field coil sets are used to control the net plasma current (usually
zero), the magnetic axis position, and the plasma shape [or ((0)] through the total
flux, the dipole component, and the quadrupole component of the poleidal field,
respectively. External control of the magnetic configuration with these coil sets
provides a useful toroidal research tool for controlled study of the bootstrap current
(Sect. 4.2), the dissipative trapped-electron mode (Sect. 5), and the second stability
regime (Sect. 6.2), all topics of interest for tokamaks.

These devices form a complementary set: there are significant differences
[aspect ratio, +(r), well depth, etc.] within this set and between these devices

Table 1. Major device parameters for stellarators discussed in this review

Major Minor
Start of radius  radius  Bo (T),* P (MW)/°

Name Location Operation Ro (m) a(m) At(s)® At (s)®
Operating
ATF Oak Ridge, U.S.A. 1988 2.1 0.27 2.0,5 2.2,0.3
Heliotron E Kyoto, Japaun 1980 2.2 0.2 20,05 5,02
CHS Nagoya, Japan 1988 1.0 0.2 1.5,1 1.2,1
L-2 Moscow, U.5.5.R. 1975 1.0 0.11 1.3 0.5, 0.01
Uragan-3M Kharkov, U.S.S.R. 1981 1.0 0.11 2,05 0.6, 0.05
Heliotron DR Kyoto, Japan 1981 0.9 0.07 0.6 0.2, 0.01
Planned

Uragan-2M Kharkov, U.S.S.R. 1991 1.7 0.22 24,2 6.2, 0.3
LHD Toki, Japan 1997 40 0506 4.0 00 =30, 10

2By = on-axis field. ‘
b At = pulse length at the maximum value of By or P.
¢P = auxiliary heating power.
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Fig. 1. Set of helical field (HF') windings and poloidal field coils on CHS: SF =
shaping field, IVF = inner vertical field, TVF = trim vertical field, and
OVF = outer vertical field.

and the low-shear stellarators. Three of the experiments (CHS, ATF, and L-2) and
the LHD have generally similar magnetic configuration properties. They typically
~have +(0) ~ 1/3 and +(a) ~ 1, just the opposite to tokamaks, in which typically
+(0) ~ 1 and «(d@) ~ 1/3. The high-transform [+(a) = 2.5] Heliotron E and the
low-transform [{(Ez) ~ 0.3] Uragan-3M are complementary to this set. This com-
plementarity is useful in understanding the effect of configuration changes. For
example, the additional toroidal field on Heliotron E changes the ratio of toroidal
to poloidal fields and hence +(r), but it also changes @, the plasma-wall distance,
the plasma ellipticity, and the magnetic well (or hill).

3. SUMMARY OF RECENT PERFORMANCE

The relevance of the physics developed on the present generation of stellarators
increases with increased device capability. Most of the results reviewed here were
obtained on three experiments: ATF, CHS, and Heliotron E. These experiments
have By ~ 2 m, a = 0.1-0.27m, By < 2T, Pgcp = 0.4-1 MW with pulse length
< 3.3 s, and Pypr = 1.2-2 MW with pulse length < 1 s. Substantial progress
has been made during the period, in part because ATF and CHS are relatively
new (1988) experiments and their capabilities are still expanding. In addition to
increases in plasma parameters on ATF and CHS, there has been increased emphasis
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on more sophisticated diagnostics and on extension of device capabilities for better
understanding of different aspects of plasma behavior both in the new experiments
and in the more mature Heliotron E, L-2, and Uragan-3M.

A typical discharge is shown in Fig. 2. Here electron cyclotron heating (ECH) is
used to form a currentless plasina target in ATF for subsequent NBIL ICRF has been
used for this purpose on CHS and on the Uragan torsatrons at Kharkov, allowing a
wider range of magnetic field values. The plasma density and stored energy reach a
stationary state in Fig. 2; the plasma duration is limited only by the heating pulse
length. Longer (~850 ms) stationary discharges have been obtained on CHS with

a longer NBI pulse.

ORNL-DWG 90M-2430A FED

{arbitrary units)

0 0.1 0.2 0.3 04 0.5
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Fig. 2. ATF discharge history with NBI into an ECH target plasma at By = 1.9 T.
The gas puff rate is indicated by ¢, and the diamagnetic loop measure-
ment of the stored plasma energy by Wy;..

Parameter improvements on ATF are the result of operation at full field with
higher power and with more effective gettering (~70% coverage) of the vacuum
vessel walls (Murakami et al., 1990a). The maximum magnetic field increased from
1 T to 2 T and the total plasma heating power increased from ~1 MW to 2 MW
during this period. As a result, W), increased from 8 kJ to 27 kJ, n. increased
from 3.5 x 10'® m™3 to 1.2 x 10*® m~3, 75 increased from =5 ms to ~30 ms
(at Pnpr o 1 MW), (B) increased from 0.5% to 1.5%, and the discharge duration
increased from 1 s to 3.3 s for ECH alone and from <0.1 s to 0.35 s (the full
duration of the beam pulse) with NBIL The parameters obtained on CHS (Matsuoka
et al., 1990) are To(0) =~ 1 keV at n.(0) = 2 x 10'® m™> and 7,(0) =~ 500 eV at
ne(0) = 10'® m™3 with only 50-100 kW of ECH at 53.2 GHz or 28 GHz, and
T(0) ~ 500 eV at ns(0) =~ 2 x 10'® m™ and T(0) ~ 300 eV at n.(0) 22 10*°® m~
with 400-950 kW of 35- to 40-kV NBIL



The maximum parameters obtained thus far are plasma stored energy W, = 27-
34 kJ, volume-average beta () = 1.5-2%, global energy confinement time 7g = 20~
30 ms, line-average density n. = 1-1.8 x 10%° m™2 central clectron tempera-
ture To(0) < 1-2.4 keV, central ion temperature 7;(0) < 1.6 keV, Zg < 2, and
Pragiation/ Pinput S 30%. Figure 3 shows the parameter range obtained on the oldest
and most developed of these devices, Heliotron E (Sudo et al., 1990a). These param-
eters, and those in ATF and CHS, are comparable to those obtained in similar-scale

tokamaks and allow relevant physics studies.
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Fig. 3. Parameters obtained in Heliotron E with ECH, NBI, and ICRF heating.
The highest electron temperatures are measured with electron cyclotron
emission (ECE). The other 7T,(0) values are obtained from Thomson scat-
tering. The Tj(0) values are from the central chord of a neutral particle
analyzer.

4. MAGNETIC SURFACE STUDIES
4.1 Magnetic Field Errors

Stellarators should have good vacuum magnetic surfaces because they do not re-
quire a net toroidal plasma current to produce the confining poloidal field. Ensuring
the existence of good magnetic surfaces is the first step in magnetic configuration
optimization. However, resonant field perturbations (field errors) can produce mag-
netic islands, which, if large enough, can reduce the plasma size. Magnetic surface
mapping on Heliotron E using a resistivity method (Sudo, 1990) shows a fine struc-
ture (several subpeaks of the resistivity within a width of 7-8 cm) just inside the
outermost magnetic surface, which may be due to ergodicity at + > 2. In ATF,



good agreement was obtained between islands measured with an electron beam and
those calculated from field errors due to the current feeds to the helical and vertical
field coils {Colchin et al., 1989). This field perturbation was used to advantage to
access the second stability region at lower beta than otherwise possible (Harris et
al., 1989); the field errors were then corrected (Colchin et al., 1989). Field errors
have also been corrected and additional poloidal coils installed for configuration
flexibility on Uragan-3 (renamed Uragan-3M). The average plasma radius has in-
creased from <9 em to 11 cm, and the on-axis field capability has increased from
<1 T to 2 T (Berezhnyi et al., 1990).

Careful attention to coil design and use of poloidal field shaping can reduce
residual vacuum magnetic islands and increase the effective plasma size. Figure 4
shows the improvement that can be obtained in the calculated vacuum magnetic
surfaces for the Uragan-2M device by modifying the amplitude 3 of the sin 26 mod-
ulation of the helical winding trajectory given by ¢ = (6 — a sin § — 8 sin 26)/2,
where ¢ and 8 are the toroidal and poloidal angles, respectively (Bykov et al., 1989).
Maximization of the plasma size by optimizing the helical winding trajectory has
also been done in the Compact Torsatron study (Carreras et al., 1987) and in the
design of the small Compact Auburn Torsatron (Gandy et al., 1990) by using the
Cary-Hanson technique (Hanson and Cary, 1984). Another, experimentally more
flexible and dynamic method of flux surface restoration is via optimization of the
currents in the poloidal field coil sets (Carreras et al., 1987; Besedin et al., 1990).

Field errors can essentially be avoided by constructing coils with many turns, as
on CHS and on future large experiments with superconducting coils. Field mapping
measurements on CHS in early 1990 showed no change from the measurements at
0.1 T in June 1988: a small (1-cm) island at the + = 1/2 surface whose size scaled
as B7/2 (a constant field perturbation) and a larger island at + = 1 with a clear
boundary and no signs of ergodization (Okamura, 1990).

ORNL-DWG §0-2903 FED

(a) (b)
B =-0.0171 B = +0.0070

Fig. 4. Calculated magnetic flux swfaces for Uragan-2M for two different values
of the sin 26 modulation of the helical winding pitch: (a) 8 = ~0.0171
(design value) and (b) # = 0.0070.



Resonant field perturbations can be deliberately added to create magnetic is-
lands and to study their effects. On Heliotron DR (Morimoto et al., 1990), an
externally applied m = n = 1 perturbation with By /B ~ 3 x 107* produced a
large island at «+ = 1 (r/a ~ 0.5) and a significant deterioration of plasma confine-
ment. However, a perturbing field that produced a set of many islands with high
poloidal (m) and toroidal (n) mode numbers (m = 5,4, 3; n =5, 6, 7, 8, 9, 10),
extending from r/a ~ 0.5 to ~1, that should overlap did not lead to confinement
deterioration; in this case, large magnetic fluctuations due to plasma turbulence
may have dominated the plasma behavior. An added m = n = 1 field error on
Heliotron E produced a 10-cm-wide band of poor flux surfaces near + = 1, as ex-
pected from calculations. Error field coils will be installed on ATF in early 1991
to simulate the earlier field errors for study of their effect on confinement and for
more controlled access to the second stability region at lower beta as a result of the
reduced plasma size, as discussed in Sect. 6.2.

4.2 Bootstrap Currents

An important consequence of finite plasma pressure is a net bootstrap current,
which can provide part of the toroidal plasma current that is needed in tokamaks
but could compromise zero-current operation in stellarators and distort «(r) in an
unfavorable manner for stability and transport.

Neoclassical calculations of the bootstrap current have been confirmed by ex-
periments in ATF (Murakami et al., 1990b). Figure 5 shows the agreement of the
neoclassical predictions for the bootstrap current and the measured plasma current
as the quadrupole moment of the poloidal field is varied for 0.3-MW ECH plasmas.
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Fig. 5. Measured toroidal plasma currents and neoclassical predictions of the
bootstrap current as functions of the ratio of the shaping field current
Isy (proportional to the quadrupole moment of the poloidal field) to the
helical field current Iy in ATF.
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The experimental error bars correspond to measurement uncertainties and to shot-
to-shot variations in the net plasma current. The measured current is not an Ohmic
current because the loop voltage is «<0.003 V, nor is it due to ECH current drive
because the ECH launch is perpendicular to B, the current reverses when the helical
field is reversed, and the current increases with 7, instead of 1/7.. Agreement is
also obtained for experiments in which the vacuum magnetic axis shift is varied.
Both experiments show that the bootstrap current can be reduced to zero or even
reversed without current drive and that the bootstrap current is approximately neo-
classical in nature, even though the particle and heat transport are anomalous by
much larger factors. These experiments increase confidence in use of the neoclassical
bootstrap current formulation in optimizing stellarator configurations.

5. TRAPPED-PARTICLE LOSSES

One aspect of configuration optimization is improvement of the confinement
of helically trapped particles, which have a loss region for small v) /v (pitch angle
~ 90°). Figure 6 shows the loss region (on the large-R side) calculated for LHD
(TLiyoshi et al.,; 1990). Small inward shifts (10-15 cm in 400 cm) of the vacuum

magnetic axis would dramatically reduce the size of the loss region and consequently
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OUTERMOST OUTERMOST
MAGNETIC MAGNETIC MAGNETIC
SURFACE AXIS SURFACE

PITCH ANGLE

140 U - :

320 400 480

, R (cm)

Fig. 6. Classes of confined particles (shaded areas) and the loss region (unshaded
area) at a toroidal angle of 18° for different axis shifts A calculated for
LHD. Here P = passing particles, LT = locally trapped particles, and QT
= quasi-trapped particles.
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the fraction of the helically trapped particles that are lost, as illustrated in Fig. 7.
This loss of energetic particles may limit the use of heating schemes that produce
energetic particles with small vy/v (perpendicular NBI and some forms of ICRF
heating) and may cause a significant loss of alpha particles in a reactor [although
recent studies (Painter and Lyon, 1990) indicate that such losses are acceptable and
provide an inherent, effective helium ash removal mechanism].
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Fig. 7. Fraction of particles lost in LHD for different shifts of the vacuum magnetic
axis.

The extent and effects of the near-perpendicular loss region are being studied
in a complementary fashion in ATF and CHS. ATF has fixed tangential NBI and
a two-dimensional (2-D) scanning neutral particle analyzer (NPA) that can scan
from tangential in one direction through perpendicular to tangential in the opposite
direction, whereas CHS has a scanning NPA and a 1.2-MW neutral beam line that
can be moved from tangential to perpendicular. A third neutral beam line is being
installed on ATF for perpendicular injection, and this should allow better studies of
the energetic particle loss region at low v)/v. Studies of ECH on L-2 (Andryukhina
et al., 1990) indicate another effect: poorly confined fast trapped electrons localized
in the region of the ECH launch can absorb a significant fraction of the input power
while contributing little to the plasma stored energy.

The expected improvement in energetic orbit confinement (reduced loss region)
for inward shifts (A < 0) of the magnetic axis is confirmed in Heliotron E by the
dependence on the axis shift of (1) the measured decay time of the perpendicularly
injected beam ions following beam turnoff and (2) the loss time needed for good
agreement between the measured time-dependent neutral particle flux and that cal-
culated from the Fokker-Planck equation, as shown in Fig. 8 (Sano and Heliotron E
Group, 1990). This is further evidence that energetic ions behave classically in
stellarators.
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The best plasma performance in Heliotron E is found at A = —2 cm, where the
orbit deviation from a flux surface is a minimum. Figure 9 shows the results for an
NBI-heated plasma (Sano and Heliotron E group, 1990). Small inward shifts of the
vacuum magnetic axis also give the maximum values of the stored energy on ATF
and CHS. However, shifting the vacuum magnetic axis inward changes a number
of other configuration characteristics on Heliotron E, producing a larger magnetic
hill, reduced effective helical ripple, a decrease in +(0), and an increase in shear
that peaks at A = —2 cm, so factors other than improved orbit confinement may
contribute to the improved performance.

Loss of helically trapped particles, and related ripple-induced transport, can be
reduced by poloidal field shaping and radial electric fields. Calculations (Lyon et al.,
1990c) show that increasing the central transform in ATF can essentially eliminate
the loss of energetic helically trapped particles, similar to the effect of an inward
shift of the magnetic axis. However, both techniques lead to a higher bootstrap
current and to less favorable MHD stability properties. On the other hand, radial
electric fields should improve confinement of helically trapped particles and reduce
neoclassical ripple-induced transport through £ x B poloidal orbit rotation without
a deleterious effect on stability. Taking advantage of electric field effects, which
probably also play a role in the favorable transition from L-mode to H-mode in
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Fig. 8. Dependence on vacuum axis shift A of the central electron (7.) and ion
(T3) temperatures and the plasma stored energy (W,,) for an NBI-heated
plasma in Heliotron E.

tokamaks (Itoh and Itoh, 1988; Shaing et al, 1990), is an important factor in
stellarator optimization and is critical to the reactor extrapolation of low-aspect-
ratio stellarators (Painter and Lyon, 1990).

External configuration control is a useful tool in studying the effects of trapped
particles. For example, the dissipative trapped-electron mode can be studied more
easily in stellarators than in tokamaks because of the configuration flexibility, the
shorter connection length (lower effective collisionality), the toroidal localization
of certain modes in the helical ripple, and the resulting larger radial extent of
these modes in stellarators (Carreras et al, 1990). In ATF, the driving term (the
trapped-electron fraction) and the stabilizing term (the shear) can be varied from
a stable configuration [no trapped particles confined and +(0) ~ 0, hence large
shear] to an unstable configuration [all trapped particles confined and ¢ = 0.36-
0.4 for r/a = 0-0.6, hence a large central region with low shear] by changing the
quadrupole component of the poloidal field.

6. FINITE-BETA BEHAVIOR
6.1 Maximum Beta Values

With the limited heating power available to date, MHD behavior and beta
limits are best studied at lower magnetic fleld. Values of {3) = 1.5% have been
obtained recently with NBI on ATF at By == 0.63 T and on CHS at By = 0.45-
0.49 T. Figure 10 shows the variation of {8) with shift of the magnetic axis for CHS
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plasmas obtained with 1-MW tangential NBI (Yamada, 1990). The stored energy,
from which (B} is calculated, is obtained from a diamagnetic loop measurement
(parallel beam pressure not included). The best performance is obtained when the
magnetic axis is located at 92 cm, 3 cm inside the axis position where the on-axis
magnetic ripple vanishes. The (3) values obtained are still below the calculated limit
for low-m ideal interchange modes. The magnetic fluctuations shown in Fig. 10,
identified as low-m (m = 1, 2, 3) coherent modes, increase with inward magnetic
axis shift (stronger magnetic hill); however, they do not seem to affect the beta
achieved.
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6.2 Second Stability Behavior

Beta self-stabilization occurs when the depth and radial extent of the magnetic
well increase rapidly enough with increasing beta to offset the destabilizing effect
of the increasing plasma pressure. Evidence for this behavior has been obtained in
ATF (Harris et al., 1989). Figure 11(a) shows that coherent n = 1 poloidal magnetic
fluctuations ( Bs) are observed to first increase with beta and then decrease at higher
values, even though the instability should be moving closer to the array of magnetic
loops as beta increases. The same behavior is seen during the time evolution of a
single discharge. On-axis beta values [8(0) < 3%)] are well above the theoretical
value [,3(0) ~ 1.3% for ideal modes] for transition to the second stability regime for
the peaked pressure profiles obtained in this earlier phase of ATF operation.

Beta self-stabilization is predicted to affect the stability of resistive pressure-
gradient-driven modes as well as ideal MHD modes (Carreras, 1988). Multiple-
helicity calculations of the nonlinear saturated amplitude of resistive modes (bal-
looning in the core and interchange near the edge) give m = 2, n = 1 and m = 3,
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n = 1) and (m = 3, n = 1) magnetic fluctuations from theory.

n = 1 for the dominant components, as in the experiment, although linear theory
predicts these modes to have lower growth rates than other modes (Charlton et al.,
1990); the beta dependence is the same as in the experiment [Fig. 11(b)].
Experimental broadening of the pressure profile with increasing beta, in much
the same way that the calculated volume of the magnetic well increases (shown in
Fig. 12; Harris et al., 1989), and theoretical calculations of the saturated pressure
profiles that are less turbulent above the transition to second stability than below
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it (shown in Fig. 13; Charlton et al., 1990) confirm that the beta self-stabilization
process 1s occurring in ATF and that the plasma is following the path of ideal MHD
marginal stability into the second stability regime.

The achievement of second stability operation in ATF has several conse-
quences: (1) it confirms the design basis for the set of beta self-stabilized stellarators
with significant shear that are emphasized in this review; (2) it gives confidence in
the predictions of higher beta in stellarators (and in tokamaks); (3) it suggests that
the stability of nonideal curvature-driven or curvature-coupled modes that can be
responsible for anomalous transport (such as the neoclassical extension of resistive
interchange modes, trapped-electron modes, and 1; modes) could be improved; and
(4) it provides an experimental method for separating instabilities that are coupled
with curvature from those that are not. ' ‘
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Fig. 13. Perturbed pressure profiles in ATF calculated from the saturated nonlin-
ear amplitude of a resistive mode for §(0) (a) below and (b) above the
transition to second stability for ideal MHD modes.
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Optimization of both confinement and stability may require field shaping in
addition to a magnetic axis shift. The additional configuration flexibility may be
obtained through poloidal field (quadrupole) shaping, as on ATF and LHD, or
through an added toroidal field, as on Heliotron E. Figure 14(a) shows the variation
of W, and 7g with a* = B, /By, for a Heliotron E configuration shifted in by 2 cm
(A = =2 cm). Here B, is the added toroidal field and B is the toroidal field
produced by the helical windings. The plasma was produced with 53.2-GHz ECH
and heated by 2.2-MW NBI with By = 1.76 T (a* < 0) or 1.9 T (a* > 0). The
best performance (W}, == 16 kJ, 7 = 9 ms) is obtained at o* = 0.05-0.1 (Kondo et
al., 1990). The peaks in W, and 75 in Fig. 14(2) for 0.0 < o* < 0.1 correspond
to magnetic-well stabilization of internal disruptions (m = 2, n = 1 mode at the
¢ = 1/2 surface), as indicated in Fig. 14(b) (Obiki et al., 1990b). Low-frequency (8-
to 20-kHz) m/n = 1/1, 2/1, and 2/3 fluctuations, thought to be resistive interchange
modes, and drift-wave-type density fluctuations below 100 kHz were also stabilized
for 0.05 < a* < 0.1.
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7. GLOBAL CONFINEMENT SCALING

Understanding the scaling of energy confinement and the processes responsible
is even more important in stellarators than it is in tokamaks because of the larger
configuration space covered by stellarators and the smaller number of experiments.
Figure 15 shows an empirical confinement scaling (Sudo et al.; 1990b), derived
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mainly from Heliotron E data, that has been used in the LHD design studies. The
LHD empirical scaling relation for stellarators, given by

TgHD(S) — 0.17P(MW)—.0'587_716(1020 1n"3)0‘6930(T)0‘84Ez(m)2Ro(m)0'75,

fits data from a wide range of stellarators. Recent results from CHS, ATF, and
Heliotron E confirm this general trend, although some deviations have been noted.
On CHS, higher values are obtained at lower densities and with inward axis shifts
(Matsuoka et al., 1990), and on Heliotron E, a scaling faster than @ is noted in
scans of the vacuum axis shift (Sano and Heliotron E Group, 1990).

The improvement in 7E7P with density and magnetic field offsets the degra-
dation with power. If the LHD 75 scaling is combined with a maximum density
scaling proposed by Sudo et al., (1990b), (e Jmax = 0.25(PB0/R0&2)1/2, then TEHD
is proportional to P~9-24B1-251-3 R34 with a weak negative dependence on power
and a stronger positive dependence on magnetic field and plasma radius.

The LHD 7g scaling is remarkably similar to a gyro-reduced Bohm scaling
estimate for g (Goldston et al., 1989) for tokamaks based on the properties of
saturated drift-wave turbulence (Perkins, 1984) and a simple scaling argument:

Tld«:w 8) = IO—QP(W)—3/5ﬁe(m_3)3/5B0(T)4/56(n1)12/5R0(n1)3/5,gAi—l/5’

where & is the plasma elongation and A; the ion mass. Except for the 4; and I,
dependences, this scaling is a good fit to the tokamak L-mode data base, and it
may be a better fit to the ATF data than the LHD scaling. All of the individual
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parametric dependences, including A4;, are consistent with those observed in stel-
larators. Trapped-particle drift-wave-type instabilities could be important in both
stellarators and tokamaks. A contradictory observation is that the heat diffusivity
x generally increases with minor radius r in experiments rather than decreases,
as theory would suggest. More development of the theory and systematic experi-
ments are needed to determine whether a more fundamental process that is common
to all toroidal experiments is responsible for anomalous transport, either directly
(e.g. convective transport) or indirectly (through determining the saturated level of
turbulence arising from different instabilities).

As in the case of tokamak L-mode scaling, the LHD and gyro-reduced Bohm
scalings are a factor of 2-3 below that desired for an attractive reactor. The simi-
larity of the confinement scaling and of the edge properties, including fluctuations,
in tokamaks and stellarators combined with the higher degree of external control
in stellarators suggests that H-mode-like improvements in confinement should be
possible. In addition to the H-mode techniques developed on tokamaks, techniques
that should be tried include (1) application of electric fields (through biased lim-
iters, perpendicular NBI or electron beam injection, preferential heating-induced
loss of ions or electrons, etc.) to reduce both turbulent fluctuations (Shaing et al.,
1990) and the loss of helically trapped particles, which are a source of free energy
for instabilities and of potentially large neoclassical losses, and (2) operation in
the second stability region, where turbulent fluctuations (and associated transport)
may be reduced.

Particle confinement scaling studies are at a more primitive level than energy
confinement scaling studies. Figure 16 shows the scaling obtained on Heliotron E
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(Uchino et al., 1988), where T}’:‘t(s) = 0.01P(MW)~%42B(T)1-23, The dependence
on power and field is reminiscent of the LHD rg scaling, but the dependence on
density and other parameters is not well defined yet.

8. LOCAL TRANSPORT STUDIES

Understanding of the confinement scaling and of the mechanisms responsible
for it must come from detailed radial power balances and determination of the local
heat diffusivities and their changes with plasma and configuration parameters rather
than from global confinement studies. Examples from CHS (Iguchi et al., 1990) are
chosen to illustrate the observations and uncertainties.

Figure 17 shows the electron density and temperature profiles obtained for a
sequence of discharges in the 1/v regime (stellarator collisionality »* < 1) on CHS
with 28-GHz and 53-GHz ECH. The shapes of the electron density and temperature
profiles are the same at higher collisionality (in the plateau regime, v* ~ 5) with
only 28-GHz ECH, where the density is twice as high and the electron temperature
half as high as in Fig. 17. Broader profiles are obtained with NBI-heated plasmas in
the plateau regime. Figure 18 shows the electron density and temperature profiles
obtained with 0.9-MW, 40-kV, coinjected NBI at By = 1.5 T. The ion temperature
profile obtained from charge-exchange recombination spectroscopy is broader than
the electron temperature profile. In general, the density profiles in CHS and ATF
(and also in Wendelstein VII-AS) are flat or even hollow, although peaked ne(r)
can be obtained with pellet injection. Heliotron E routinely obtains more peaked
profiles than in ATF or CHS, but the reason for this is not yet understood.
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9]

The power deposition profile needed for determining the electron thermal dif-
fusivity y. in CHS is calculated by assuming that the ECH power absorbed on a
magnetic surface is proportional to the volume of the resonance layer at low density
(low single-pass absorption) for 28-GHz ICH and that the heating efficiency is pro-
portional to n.T, (fairly peaked at the center) for second-harmonic 53-GHz ECH,
which is consistent with measurements of the electron temperature decay after ECH
turnoff. The power deposition profile for the NBI case is obtained from calculation
of the birth profile of the fast ions. A significant broadening of the power deposi-
tion profile that is due to a ~6-ct outward orbit shift of the beam ions from the
magnetic axis is not yet included in the analysis.

Figure 19 shows the inferred xe(r) for this sequence of CHS discharges: ECH at
low (1/v) collisionality [ne(r) and Te(r) shown in Fig. 17], ECH at higher (plateau)
collisionality, and NBI at higher (plateau) collisionality [ne(r) and T.(r) shown in
Fig. 18]. In Fig. 19(a), the value of xe at 7/a = 1/2 is =7 m?/s, about four times
larger than that from a single-helicity neoclassical calculation of ripple-induced dif-
fusion. At higher collisionality with ECH [Fig. 19(b)], x. is lower but the anomaly
is higher (~10 at r/a = 1/2). The dashed portion of the electron heat diffusivity
in Fig. 19c¢ is due to the uncertainty in the NBI power deposition in the plasma
core. The value of x. at r/a = 2/3 is 23 m?/s, about 20 times the neoclassical
value. The anomaly factor is higher than with ECH and increases with density. In
all cases, y. is anomalous and more constant than the neoclassical value, suggest-
ing that another mechanism is responsible. Lack of an accurate Z.g measurement
makes estimation of the power deposition for the ions more uncertain than for the
electrons. Assuming Z.g = 2 gives a x; of the same order as y. and a smaller
anomaly factor than for the electrons.
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The effect of the ambipolar radial electric field on transport needs to be stud-
ied. Experiments in Wendelstein VII-A indicate large radial electric fields (E,
~ 1 kV/em) with perpendicular NBI (into the loss region), and calculations in-
dicate that y; is reduced from the plateau value to close to Pfirsch-Schliter values
(Maassberg et al., 1985). Experiments in Heliotron E show a reversal of electric
field at lower collisionality, as would be expected neoclassically. Recent Doppler-
shift measurements of poloidal rotation velocities in CHS indicate a negative electric
field |E;| > 100 V/cm at the plasma edge that is larger than that expected neoclas-
sically (Ida, 1990).

A 2-D heavy ion beam probe (HIBP) has been installed on ATF for mapping
of the electric field over most of the plasma cross section. The 2-D measurements
are important because probe measurements of the electric potential surfaces in IMS
indicate that magnetic surfaces are not equipotential surfaces, so E x B convec-
tive transport is important in the hollow-density ECH plasmas in that experiment
(Talmadge et al., 1989). The HIBP will also allow measurement and correlation
of density and potential fluctuations (and hence of the associated transport) deep
in the plasma, as well as providing information on electric fields for assessment of
energetic orbit losses, neoclassical ripple-induced transport, reduction of anomalous
transport, and convective transport.

9. FLUCTUATION STUDIES

Turbulent fluctuation-induced transport is being examined as a candidate for
anomalous transport in stellarators (and in tokamaks). The most developed tech-
niques involve measurements of density fluctuations, but information is also being
obtained from potential fluctuations and from magnetic fluctuations. Figure 20
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Fig. 20. Radial profiles of normalized density fluctuations (7ie/ne, solid circles) and
of an upper bound to normalized electron temperature fluctuations (7, /T,
open circles) near the plasma edge, obtained with a fast reciprocating
Langmuir probe array in ATF.

shows the normalized density and electron temperature fluctuation levels in ATF
near the plasma edge (Hidalgo et al., 1990). The T,/T. data points indicate an
upper bound on the relative electron temperature fluctuation level. The ne/n. and
T. /T levels are not equal and have different radial dependences. Both increase
with radius; fie/n, is larger outside the plasma, and T, /7T, is larger inside and has a
significant level. The crossing point for 2 /n. and Te /T occurs at the velocity shear
layer (indicated by the vertical arrow), where the poloidal fluctuating phase velocity
reverses from propagation in the electron diamagnetic drift direction for r/a < 1 to
the ion diamagnetic direction for r/@ > 1 and where the poloidal correlation length
of the fluctuations is sharply reduced. The particle flux inferred from these electro-
static fluctuations is consistent with the global particle balance estimated from H,
measurements if toroidal and poloidal symmetry is assumed. Similar edge behavior
is observed on the TEXT tokamak and leads to similar conclusions. This suggests
again that the underlying processes are similar despite the magnetic configuration
differences.

Figure 21 shows density fluctuation spectra measured deeper in an ECH plasma
in ATF with a two-frequency microwave reflectometer. Peaks in the range from 10
to 80 kHz associated with rational magnetic suifaces in the gradient region at +
> 1/2 arc observed at r/a ~ 0.85 but not at r/a ~ 0.83 or 0.9. The sharp radial
localization allows study of luctuations on a particular magnetic surface. Injection
of a small pellet into an ECH plasma will also be used in ATF as a diagnostic
to perturb the transport and to localize the microwave reflectometer fluctuation
measurement to the resulting gradient region. The radial correlation lengths are
1-2 em inside ECH plasmas and <0.5 cm at the edge of NBI plasmas. Density
fluctuations deeper in an NBI plasma have been measured on Heliotron £ (Sudo
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Fig. 21. Density fluctuation spectra obtained with a microwave reflectometer for
an ECH plasma in ATF, showing the sharp radial dependence of the mode
structure at 20 kHz and 40-60 kHz.

et al., 1990c) using Fraunhofer diffraction of a CO; laser beam. Fitting theoretical
curves to the observed frequency spectra gives an w—k relation that is consistent
with that expected for drift waves.

Correlation has been observed between a change in the edge density fluctuation
spectrum (a decrease of low-frequency components and an increase of high-frequency
components) and a factor of 2-3 increase in W, and rg in NBI plasmas in ATF
(Anabitarte et al., 1990). Correlation of density fluctuations with confinement prop-
erties has been observed in the L-2 stellarator (Batanov ef al., 1989). Measurements
of the fluctuation spectra with a 2.5-mm collective scattering system showed that the
central electron temperature decreased with increasing fluctuation amplitude and
that above a certain level the energy confinement decreased (Fig. 22). A similar
microwave scattering system is being developed by the L-2 group for measurements
on ATF in a collaborative program.
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for a 170-kW ECH discharge in L-2.

10. PARTICLE AND IMPURITY CONTROL

Because confinement improves with density, operation at higher density is pre-
ferred in the stellarators discussed here. Injection of multiple pellets into NBI
plasmas has been used in Heliotron E (Sudo et al., 1990a) to increase the density
(as shown in Fig. 23) and to change the peaking of the density profile for trans-
port studies. The slow decay of the density in Fig. 23 indicates a long particle
confinement time (7, > 7g).

Laser ablation of aluminum and scandium in ATF also indicates long impurity
confinement times in NBI plasmas (72 > 7g). Agreement between the measured
and modeled emission rates of various impurity lines in ATF gives estimated particle
diffusivities that increase from 0.1 m?. s~ at the center to 0.5 m?- s™1 at the edge
in ECH plasmas and decrease from 0.5 m? -s™! at the center to 0.05 m?-s~! at the
edge in NBI plasmas; the best comparison is obtained by assuming that there is no
radial convective velocity (Horton et al., 1990).

The long impurity confinement times can lead to impurity accumulation and
subsequent radiative collapse, but this has not occurred in recent experiments in
the stellarators discussed here. As discussed in Sect. 3, the pulse durations are now
limited by the heating pulse length. On ATF, the fraction of the power radiated is
typically $25%. Titanium gettering (~70% coverage) has reduced the carbon and
oxygen radiation to low levels and increased the metal radiation (Isler et al., 1990).

The most important effect of titanium gettering is to reduce the hydrogen re-
cycling from the wall. This allows tailoring of the gas puff and high-density op-
eration. However, gettering and other wall pumping techniques cannot be used
in future steady-state operation. Fortunately, these devices have a built-in heli-
cal divertor that can be used for steady-state removal of particles, impurities, and
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Fig. 23. Line-averaged density in Heliotron E with injection of hydrogen pellets
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which the pellets were injected.

power escaping from the plasma. Figure 24 shows the calculated diverted flux pat-
tern in Heliotron E; the baffle plate indicated is part of a partial (one-fifth of the
torus) helical divertor test. The neutral densities in the baffled (divertor module)
and nonbaffled sections of the partial helical divertor were different and consistent
with theoretical predictions, but the incomplete and unoptimized system did not
affect the overall plasma parameters. Measurements on ATF (Mioduszewski et al.,
1989) indicate that the helical divertor stripes have a half-width of ~2 cm and
follow the calculated pattern. The divertor structure has also been measured on
the Proto-Cleo stellarator (Anderson, 1989) at the University of Wisconsin. The
plasma density along the helical divertor stripe is sharply peaked on the inboard
(small-R) side. The escaping particle flux was localized near one polarity of the
helical conductors.

11. CONCLUSIONS

The key optimization issues for stellarators with significant shear are being
addressed at relevant parameters on complementary experiments. The main results
from recent experiments indicate that:

(1) The quality of vacuum magnetic surfaces can be controlled.
(2) The bootstrap current is approximately neoclassical and can be controlled and
used in configuration optimization studies.
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surface in Heliotron E.

Both calculations and experiments show that the loss of helically trapped par-
ticles can be reduced.

The observation of second stability in ATF and other studies at moderate beta
confirm the MHD basis for configuration optimization.

Confinement optimization favors a small (up to a few percent) inward shift of
the magnetic axis; orbit confinement is improved and the finite-beta shift can
maintain a magnetic well.

Confinement scaling is similar to that in tokamaks, but the positive density and
field dependence offsets the degradation with increasing power.

Local transport studies indicate that the electron energy transport is anomalous.
Fluctuations are being studied as the source of the non-neoclassical losses, and
some correlation with confinement has been observed.

Particle and impurity control is not a major issue at present, but helical divertors
will be required for steady-state operation.

Stellarators with significant shear are maturing as a confinement concept. The

key optimization issues are being addressed, as summarized above, with encour-
aging results that validate the optimization approach. There is now a focus on a
common approach that leads to the next-generation LHD under design in Japan.
The research is also relevant to tokamaks; similar confinement and plasma behavior
are observed, and the external configuration control in stellarators is proving to be
a useful toroidal research tool.

However, higher power is needed for more relevant physics and optimization

studies. Heating powers of 1-2 MW are not sufficient for devices of the size of CHS
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and ATF. Because the confinement improves with density, the best performance is
obtained at high density where the ion temperature is low; more power is needed to
increase T} and T,. More power is also needed to study optimization of confinement
at higher (), to demonstrate second stability (and resulting improved confinement)
at higher (), and to attain lower collisionality for studies of the bootstrap current
and its control at larger currents.

Longer-pulse heating is also required to address optimization and control issues.
Additional short-pulse heating is planned (0.5-MW, 106-GHz ECH on Heliotron E
and ATF; 1-MW, 9- to 29-MHz ICRF on ATF; and an additional neutral beam line
on ATF and CHS), but ~0.3 s is too short to reach an equilibrium state in these
experiments and to explore the issues of density and impurity control and handling
high time-averaged power densities on the vacuum vessel walls and in the divertor
that will be necessary for steady-state operation.
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