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IAEA-CN-64/01-7
Overview of Helical Systems

Abstract

Recent experimental results, mainly from heliotron/torsatron devices and an
advanced stellarator, are reviewed. An international helical system data base on
the energy confinement time has been compiled; the confinement time scaling is
similar to the tokamak L-mode. Improved confinement regimes, i.e., high T,
mode, pellet mode, H-mode, and re-heat mode, have also been investigated. In
L-mode and improved confinement regimes the energy confinement scaling has
a favorable density dependence, and the operating density limit by radiation
collapse in helical devices has a much steeper magnetic field dependence than in
tokamaks. The maximum attainable 8 of about 2% is not limited by MHD
instabilities but by the absorbed heating power. Investigations of divertor
configurations, including local island divertors and natural island divertors,
showed that next generation devices will have a good prospect for steady state
operations. Based on these results next generation devices (LHD and WVH-X)
with a major radius in the range, 4 - 5.5m, have been either under construction
or approved for construction. A small Heliac has started its operation, and
another has been under construction. A small modular stellarator with a
quasi-helical symmetry has also been under construction.

1. Introduction

Experimental investigations have been made in a variety of helical devices.
Maximum machine parameters of heliotron/torsatron-type devices and an
advanced stellarator [1 ~ 4] fall into the following ranges: the machine major
radius, R,=2-2.2m, plasma minor radius, a,=0.2-0.3m, magnetic field,
B,=2.5T, and absorbed heating power, P, =3-4MW. The maximum plasma
parameters obtained to date are as follows: the central electron temperature,
T, (0)=3keV, central ion temperature, T(0)=1.6keV, line-averaged density,
n,=2-3x 10°°m’?, volume-averaged B, <B>=2.1%, and energy confinement time,
T=40ms (these parameters have not been obtained simultaneously). A main
thrust of these experimental investigations has been to exploit to advantage the
magnetic configurations characteristic to helical devices in improving transport,
raising B, utilizing various heating methods (especially wave heating), and
verifying divertor function.

A next generation device, LHD [5, 6], is approaching the final stage of its
construction, and another, WVII-X [7], has been approved for construction.
Small machines of a fully three dimensional axis type are expected to extend the
experimental knowledge to hitherto unexplored regimes.

Helical devices in operation and under construction are summarized in Table
I.

2. Transport Studies
2.1 Global confinement



A major progress in the area of transport studies is the establishment of an
empirical scaling law for the global confinement time in helical systems. A
database of 859 L-mode discharges from ATF, CHS, Heliotron-E (H-E),
WVII-AS, and WVII-A has been compiled, and a regression analysis has been
performed [8]. The confinement time data is shown in Fig. 1. The proposed
scaling law is given by,

T.= 0.079 ap2.21 ROO.GS Pabs-0.59 1_1‘:).51 BOO.SS 10-46. (1)

In performing the regression, an anmsatz was made that the rotational
transform evaluated at r =2a/3 is relevant. A few observations may be made
regarding the scaling law. The exponents of independent variables, Ry, a,, P,
n,, and B, are similar to those of the LHD-scaling [9]. The density exponent
here is somewhat smaller. Predicted t; is in a range similar to that for the
L-mode in tokamaks. This similarity may reflect the fact that the neoclassical
ripple transport is not 2 major loss mechanism in the discharges included in the
data base. (The reduction of ripple transport has been attempted, either by
using the radial electric field in heliotron/torsatron devices, or by optimizing
ripples in an advanced stellarator.) Confinement in WVII-AS in terms of scaling
is better than in ATF, H-E or CHS. But an explicit demonstration of relative
advantages of each device must await future experiments in higher temperature
and less collisional plasmas. The density dependence of energy confinement
time is favorable. However, 1; has been observed to saturate at high densities.
This saturation could be removed by using the re-heat mode (see next section).

Operating at high densities is important for helical devices, because it
reduces ripple transport. For this reason, the density limit has been studied
intensively. Some resuits are shown in Fig.2. The density limit in present
devices is set by a radiation collapse at the plasma edge, and is given by the
following scaling law,

n, o< BOa Pabsb’ (2)
where the exponents, (a, b), are reported as (0.5, 0.5) in a high-heating limit in
H-E [9] and nearly (1.0, 0.4) in WVIL-AS [10]. The density limit is much
higher in a helical device than in a tokamak of a similar size. A possible reason
for this is that helical devices do not have current disruptions which are a serious
problem at the density limit in tokamaks. The size dependence of density limit is
now under investigation by comparing WVII-AS and CHS.

The configuration-dependence of 1, has been studied. An inward shift of
magnetic surfaces has been found favorable in heliotron/torsatron devices [11]
as well as in stellarators [12]. An improved heating efficiency [11] and a
reduction in the ion neoclassical loss [12] are considered as candidates to explain
the improved confinement. Increased shear has also been pointed out to be
effective in reducing the anomalous transport when the magnetic axis is shifted
in heliotron/torsatron devices [13]. The role of magnetic shear has also been
tested on an advanced stellarator. The magnetic shear was reduced or enhanced

2



in WVII-AS using rf-driven currents, but the impact of the change on
confinement was found to be small [14]. An explanation for this discrepancy
may be that the region of shear modification was smalil, and that the negative
shear simultaneously enhanced the neoclassical loss because of a substantial
reduction in iota. Changes in the magnetic stucture have been found to reduce
the threshold power for L-H wransitions in CHS [15].

Further efforts for confinement improvement are necessary in order to arrive
at an attractive reactor design based upon a helical system.

2.2 Improved confinement modes
Improved confinement modes have been studied in helical systems; those
observed in CHS, H-E, and WVII-AS are summarized in Table I1.

High Ti mode

The high ion temperature mode has been observed in neutral beam heated
plasmas in H-E (T, (0) = 1.1 keV) [16, 17] and WVII-AS (T, (0) = 1.6 keV)
[12] at relatively low densities. The energy confinement time in high T, mode in
these devices is 40% larger than that in L-mode in H-E. High T, mode plasmas
are characterized by peakedness in both ion temperature and electron density
profiles. Peaked density profiles in high T, mode are produced by neutral beam
fueling with low wall recycling in H-E, and off-axis electron cyclotron heating
(ECH) in WVII-AS [18]. From measurements of the profile of radial electric
field, its shear is believed to be responsible for the observed reduction in %, (=
0.5m’/s) near the plasma center in H-E.

Pellet mode

Injection of a frozen peliet of working gas was found to be effective in
achieving a high central ion temperature in helical devices, just as pellet injection
was found to be effective in achieving a high density in tokamaks. This was
demonstrated in the pellet injection mode in H-E (T, (0) = 0.7 keV, n(0)= 7.3
%10 9m'3) [19]: the ion temperature profile became peaked, and T, (0) increased
after pellet injection.

H- mode

Transition into the H-mode was clearly observed in WVII-AS [20, 21] and
CHS [15, 22]: the intensity of H, light dropped, and the edge density rose
rapidly. However, an increase in energy confinement time of up to 30% was
less than that usually observed in divertor tokamaks. At L-to-H transitions, a
jump in the poloidal rotation velocity in the electron diamagnetic direction (more
negative electric field) was observed also in helical systems. The critical
poloidal Mach number, M, = Vo/Vyru(B/Bg), at L-to-H or H-to-L transitions
was 0.5 - 1.

Re-heat mode

An increase in the stored energy was observed together with density
peaking when gas puffing was turned off in a high density regime. This was
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called re-heating in CHS [23]. The re-heat mode is characterized by a peaked
density profile triggered by the decrease in the neutral density at the plasma
edge.

Similarities exist in plasma characteristics between improved confinement
modes in helicat devices and tokamaks. Density and ion temperature profiles in
high T. mode are similar to those observed in the core enhanced confinement
modes in tokamaks (supershot [24], PEP-mode [25], VH-mode [26], high—BIJ
mode [27]). The existence of a critical M, suggests that a similar mechanism
for H-mode takes place both in helical systems and tokamaks (see [28] for
review). The plasma behaves very similarly in re-heat mode in helical devices
and in I0C mode in tokamaks [29]. Quantitative performance comparisons of
improved modes in helical devices and tokamaks must await studies in LHD
plasmas with improved particle confinement at larger size and reduced edge
neutral densities made possible by a helical divertor.

2.3 Local transport

The measured electron thermal diffusivity, %, , is on the order of 1 - 10 m’/s
in helical devices. The radial profile of diffusivity is relatively flat, or it even
increases toward the plasma center {30, 31]. This is in contrast to tokamaks in
which the diffusivity decreases sharply toward the plasma center. In L-mode
the ion thermal diffusivity, %, , is similar to ¥, in its magnitude and profile. In
improved modes, however, ), decreases toward the plasma center, and central
values are 0.5 - 1 m’/s. These values are close to those observed in improved
modes in tokamaks [24]. In general, measured thermal diffusivities are much
larger than neoclassical values except near the plasma center at low
collisionality, where neoclassical values are large. Theoretical efforts have been
made to model the anomalous transport. A nonlinear theory has been developed
for a current-diffusive ballooningfinterchange mode [32], which gives a
qualitative explanation for the transport anomaly.

2.4 Radial electric field

The radial electric field and associated space potential profile have been
investigated intensively as a possible means of reducing the ripple loss and
preventing confinement degradation in helical systems [33, 34]. These
investigations were motivated by the expectation that the ripple loss and other
neoclassical transport losses become more important in higher-temperature
lower-collisionality plasmas in future devices. The radial electric field depends
on both heating scheme and plasma density. Recently a 200kV HIBP
measurement started to obtain a radial profile of electric potentials in CHS [35].
A positive field was observed in ECH plasmas, while a negative field was seen
in NBI plasmas [33, 35, 36], as shown in Fig.3. In NBI plasmas, the field
became more negative as the electron density increased, but the field became less
negative as the density decreased. A bifurcation of radial electric ficld was seen
in transitions from the ion root to electron root [37], or in L-to-H transitions
[38]. Measurements in low-density plasmas in CHS heated by high-power
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ECH suggested the appearance of a potential structure that acts as an internal
transport barrier {36]. Some aspects of radial electric field behave in accordance
with neoclassical theories. But the magnitude and radial profile of the field do
not always agree with predictions of neoclassical theories [28,39].

3. High B Plasma

Design values of the volume-averaged P limit are typically 5 % for next
generation helical systems [5 ~ 7]. In present experiments, 3 values up to 2 %
have been achieved with neutral beam injection [40 ~ 43]. This observed
experimental limit is close to the theoretical stability himit in H-E, but is far
below the theoretical limit in other devices. In CHS experiments, the global
energy confinement was not degraded further than that given by eq. (1); the
density was increased along with the input power, and the measured magnetic
fluctuations did not increase as § increased. Maximum § values in the present
CHS experiments are determined by a density limit set by radiation loss and
degradation of beam heating efficiency in low magnetic field operations [44].

Development of three-dimensional MHD codes, thanks to recent advances
in super-computer technology, enabled greatly improved comparisons of
experimental and theoretical equilibria of high B plasmas. A measured
dependence of Shafranov shift on the plasma pressure was clearly describable
by model MHD calculations [3, 45]. Shafranov shift was observed to be
reduced in WVII-AS as expected from the reduction in Pfirsch-Schiuter current .
This experimental confirmation of a theoretical expectation was one of the most
important objectives of configuration optimization in WVII-AS,

Various saturated MHD modes have been studied in helical devices. A
burst-type mode in NBI plasmas in CHS was examined with local potential
measurements using HIBP [35]. The dynamic structure of pressure driven
instabilities was studied in H-E using a 2D tomographic analysis of soft x-ray
signals [46]. A similar technique was used for the analysis of a type of Alfven
eigenmode (GAE) in NBI plasmas in WVII-AS [47]; no significant fast ion loss
was observed to date.

A ballooning instability was recently investigated theoretically for plasmas
in helical devices. The instability had been considered less serious in the past
because of a favorable magnetic shear structure of helical systems [48].

4. Divertor Study

In a heliotron/torsatron type configuration a built-in separatrix configuration
at the free space between helical coils leads to a helical divertor structure.
Careful considerations were given in designing IL.LHD to realize a helical divertor
also in a relatively low aspect ratio device. Basic function of helical divertors
was studied in H-E which has a clearly defined divertor structure due to its high
aspect ratio. Profiles of particle and heat fluxes were measured at the plasma
boundary, which demonstrated the existence of localized structures at the
divertor traces [49].

The boundary field of a modular stellarator does not possess a simple
divertor because of overlapping of various mode structures. The island divertor
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concept has been developed instead to realize effective divertor function at the
boundary. The island divertor was studied in WVII-AS [50] by taking
advantage of natural islands in the vicinity of the outermost magnetic surface.
Figure 4 shows density profiles within an island near the surface, which
demonstrate the presence of a high density plasma within the island when the
main plasma density is high enough. This spontaneous increase in the density
within the island provides a basis to establish a cold dense plasma in island
divertors. Three-dimensional modeling of divertor plasmas is also in progress
[51]. The island divertor is considered to be a main candidate for modular
systems such as WVII-X.

A similar island divertor, called LID (local island divertor) [52], can be
constructed in LHD by introducing a perturbation field to create artificial islands
at the plasma boundary. The island structure is designed to enhance the
efficiency of a standard pumped divertor. LID is designed to be an alternative to
a standard helical divertor for LHD. Preliminary experiments to demonstrate the
LID concept were performed in CHS [53]. The main plasma density was
observed to decrease, and the plasma flow into, and the gas pressure within, the
pumped divertor both increased, when an artificial island structure was created.

5. Development in Heating

ECH is a main heating resource in almost all helical devices. For example,
an ECH power density of a few MW/m’ is expected in L-2M [54]. Long pulse
(4667sec) operation of ECH plasma was achieved in ATF by using a 28GHz
gyrotron with the injected power of 70kW [55]. The required gyrotron
frequency continues to rise as the confining field in present and future devices
increases. Recently over-dense plasmas without the electron cyclotron
resonance could be heated with ECH in WVII-AS [56]. Here, an O-X-B mode
conversion took place under the following parameters: B,=2.0T, 140GHz,
n=1.6x10""m>, while the 2nd harmonic mode cut-off of 140GHz occurs at
B,=2.5T and n=1.2x10"’m",

ICRF alone could sustain plasmas for a maximum RF pulse length of 70ms
in CHS. In these experiments electrons were primarily heated via a mode
conversion of ion cyclotron wave to ion Bemnstein wave in D (H minority of
30%) plasmas [57]. ICRF alone could also sustain deuterium plasmas (H
minority of 10%) in WVII-AS and ion tail distribution was observed [58].

6. Future Plan

LHD is in the final stage of its construction; super-conducting helical
windings have been completed [59 ~ 61]. The first plasma is scheduled in April
1998 with IMW ECH and diagnostics for basic plasma parameters. WVII-X,
which is fully optimized for a Helias-type reactor, is scheduled to be operational
in 2004. The large plasma volume and heating power, and super-conducting
magnets in these facilities will open a new era in studies of the plasma
confinement and steady-state operations of helical devices. Reactor-relevant
plasmas will be realized in these devices. U-2M torsatron with a low helical
ripple is waiting for resumption of operation [62]. A small Heliac has started its
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operation (H-1[63]), and another is in the final stage of construction (TJ-II
[64]). In these Heliac devices, plasma confinement in configurations with a
fully three dimensional magnetic axis will be studied; the 1=1 component is a key
element for stellarator optimization. A small modular stellarator, HSX [65],
based on the principle of quasi-helical symmetry [66] is under construction in
USA. This principle results in the absolute confinement of particle orbits.

7. Summary

Helical systems have a variety of magnetic configurations. Although the
systems have well-known inherent advantages, i.e., no major disruptions and
steady state operations, there remain key issues to be addressed: improving
confinement by a significant factor, achieving high P (>5%), and demonstrating
steady state operations with appropriate exhaust. These issues are expected to
be solved in the next generation devices, LHD and WVII-X, which are
optimized on the basis of results from presently operating heliotron/torsatron
devices and an advanced stellarator, respectively. A new trend based on
stellarator optimization is also emerging. Vigorous investigations of helical
systems are currently in progress from both physics and engineering
standpoints.
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Figure Captions
Fig.1. Global energy confinement time scaling based on the international helical
system data base. SI units are used; T(s), a,(m), Ry(m), P, (MW),

n,(10"°m-3), B,(T). (Based on [8])
Fig.2. (a) Density limit as a function of magnetic field strength. (b) Density limit
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as a function of NBI power. In comparing to thc Greenwald limit, the
plasma current is replaced by the rotational transform in W7-AS. (Based
on [10D

Fig.3. (a) Potential and (b) Electric field profiles of ECH and NBI plasmas for
R, =0.921m and B; =0.9T in CHS. The electric field profile of a
medium density plasma shows a strong shear (solid line). The expected
electric field from a neoclassical theory is shown by the dashed-dotted
line. (Quoted from [35])

Fig.4. Electron density profiles inside natural islands for various electron
densities of the main plasma in WVII-AS. When the main plasma density
is high the density inside the island becomes peaked. (Quoted from [50])
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Table 1. Machine parameters of helical devices in operation and under construction.

R, a, V, By Py, remarks on configuration
m @ @) O MW

H-E (Kyoto) 22 02 174 2.0 7 I=2, m=19, high 1, high shear
CHS (Nagoya) 1.0 02 079 2.0 3 1=2, m=8, medium 1, magnetic well
L.2-M (Moscow) 1.0 0.11 024 1.5 09 1=2, m=14, medium 1, medium shear
U-3M (Kharkov) 1.0 0.13 033 2.0 0.2 1=3, m=9, open helical divertor
CAT (Auburn) 0.53 0.1 0.10 0.1 ]=1+2, m=5
U-2M (Kharkov) 1.7 022 162 24 2.0 1=2. m=4, low helical ripple
LHD (Toki}) 39 06 28 3.0 28 1=2, m=10, SC, closed helical divertor
WVII-AS (Garching) | 2.0 02 1.58 2.5 5 m=35, low shear, fow P-S current
WVII-X (Greifswald) | 5.5 0.5 27 25 m=>5, SC, optimization
HSX (Madison) 1.2 0.15 0.53 1.25 0.2 m=4, quasi-helical symmetry
H-1 (Canberra) 1.0 02 079 1.0 0.2 m=3 heliac
TJ-IU (Madrid) - 06 0.1 012 0.7 0.6 1=1, m=6
TU-Heliac (Sendai) ~ 0.48 0.07 0.05 0.35 " m=4 heliac
FI-II (Madrid) 1.5 0.2 1.18 1.0 m=4 flexible heliac

(1 = multipolarity, m = toroidal period number)
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TABLE II. Improved confinement modes observed in CHS, H-E and WVII-AS

operating

. mode CHS H-E WVII-AS
electron density
T.CX5(0) = 0.85 keV
A‘CE < 400 A)
AT,(0) < 80%
low density | gh T mode 1;0.1) = 0.5m2/s TiNPA,CXS(O)
: ng =25 x 10°m3 =16 keV
6] [12]
T.NPA©0)=1.1 keV
[17]
T.C%5(0) = 0.7 kev
ATL0) < 60%
pellet mode %;(0.1) = 0.7m2/s
n.=4x 101%m3
medum density [19]
At < 309
A‘CE=15% TE_(fs/_ol
H-mode |n =3x 101%m3 . 51x_1 0'1 9.3
[15,22] € [20.21]
high density reheat n,=6 E{2 %ﬁ) m
IAEA-CN-64/01-7 TLiyoshi TableT¥
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