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Completion of the LHD poloidal
coils and cryostat vessel

Poloidal coils

The largest poloidal coilsfor the Large Helical Device
(LHD), the outer vertical coils, were completed in Septem-
ber 1996. At that time, installation of al poloidal coils
began. Important pointsin the installation are reliable sup-
port and high positional accuracy because LHD requires a
high-precision magnetic field.

For the poloidal coils, integration of all positional errors
was controlled to < 2 mm. Figure 1 shows top and cross-
sectiona views of the installation structure for the upper
inner vertical coil. The coil was partially covered with ten
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Fig. 1. Top and cross-sectional views of an installed
poloidal coil (the upper inner vertical coil).
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40-mm-thick, fan-shaped stainless steel planks. These

planks are called “poloidal coil (PC) sleeves” and contair

the supercritical helium. Their roles are to fix the coil tg
the supporting shell of the LHD and to maintain the coi
temperature once the coils are cooled. Positioning line
indicate the coil center were marked on the upper, inne
and outer surfaces of the PC sleeves.

After inserting the coil with the PC sleeves into the U-
shaped “PC supports,” which are fixed to the supportin

shell, the coil position was adjusted. The error between| tlj

positioning lines on the PC sleeves and PC supports w
limited to less than 0.5 mm. Figure 2 shows the upper
outer vertical coil being inserted into the PC supports.
Special bags made of thin stainless steel plates were
inserted between the PC sleeves and supports. After tk
cover of the PC support was welded in place, the bags
were filled with epoxy resin containing glass particles t
enhance its mechanical strength. The bags, which

expanded and hardened at room temperature, thus fixe
the coil position.

Finally, the coil position was checked again. The next s
is to install the feeders, piping, and sensors. A supercq
ducting joint is used to connect the feeders to the coll; i
similar to the joint between the double pancakes that m
up the coil. The error field due to the feeders is also mi
mized.

Cryostat vessel

The cryostat vessel was moved to its final position at t
end of October 1997, marking completion of the constr,

Fig. 2. Installation of the upper outer vertical coil.

evessel were set on the base. The remaining parts of the
Ueryostat vessel were assembled individually and then con-

tion of the large components of LHD. Work on peripheralfiected before they were moved into final position. Figure

around the LHD main device has been started; these

3 shows the installation of this assembly. The weight of the

include valve boxes for cooling control, a vacuum pum
ing system, an electron cyclotron heating system, etc.

An adiabatic condition for the LHD superconducting co

vessel which is 13 m in diameter and 6.7 m high. This

and the supporting structure is maintained by the cryog

sel is made of 50-mm and 100-mm-thick SUS304 platgs
The radiation shield, which is kept at 80 K, is attached to
the inside surface of the vessel. The cryostat vessel cg

D-upper part of the vessel is 180 tons; the total weight,
including the hooking jig and wires, is 240 tons. The ves-

ISsel was lifted by a crane with a capacity of 250 tons. The

t lflstallation was successfully completed. The upper and the

clower part were connected by mechanical joints, and the

inside surface of the joint area was welded to be airtight. It

t is important to ensure high accuracy around the ports on

nthe cryostat, which will be used for plasma heating or
diagnostics. The estimated final accuracy in these areas is

—

sists of four parts: the base, the outer cylinder, the inng
cylinder, and the upper cover. The vessel, a torus with

bell-shaped cross section, was designed to surround tf
inner LHD components and to minimize the deformatiq
generated by atmospheric pressure. The radiation shig
made of SUS316 in thin plates. A coolant pipe is attaché&a

amn

ne
n
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on its surface. Thermal insulation, called multilayer ins
lation (MLI), covers the outside surface of the radiation
inside surface of the cryostat vessel).

The base was assembled at the beginning of the LHD
struction, and major LHD components such as the sup

shield (i.e., between the radiation shielding plate and the

conducting coils, the supporting structure, and the vacy
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Fig. 3. Moving of the cryostat vessel to the final position.

Optimum confinement
discharges at W7-AS

Introduction

High temperatures are most important for the transport
(Imfp) regime. In the Imfp regime, neoclassical theory pre-
dicts an unfavorable dependence of the transport coeffi-
cients on temperature. Thus, transport analysisin low-
collisionality plasmasis best suited for the examination of
neoclassical predictions. Neoclassical theory seemsto bea
fairly reliable tool which may be used in predictive trans-
port codes to examine the performance of future large stel-
larators.

Closeto the plasma edge at low temperatures, neoclassical
theory fails. Confinement in this region is dominated by
anomal ous transport (i.e., the physicsis not yet under-
stood). Especialy in Wendelstein 7-AS (W7-AS), which
has fairly low vacuum shear, the confinement properties
depend sensitively both on the value of the rotational
transform + (low-order rational values of + can lead to con-
finement degradation) and on its shear. The shear inthe E
x B rotation may also play arole in confinement. Here we
concentrate on the confinement propertiesin the bulk
plasmafor optimum conditions.

Experimental Details and Interpretation

We examine three types of neutral beam injection (NBI)
heated discharges in W7-AS with optimum confinement
properties which exceed the 1SS95 scaling [1] by at least a
factor of 2.

In purely NBI-heated discharges with a power of Pyg, <

400 kW, a maximum value of tg = 50 ms has been deter-
mined. In the upper part of Fig. 1 the development of vari-

ous discharge parameters is shown. During the transition

to good confinement, the density profile becomes narrow,
whereas the temperature profile broadens. In both profiles,

the gradients steepen and the radial electric field E,

decreases in the gradient region to E, < -180 V/cm. Both
density and temperature show very low values at the edge

(Fig. 1, lower part), which is contrary to NBI dischargesin

the “early phase” of W7-AS operation. In high-power dis-
charges with NBI and electron cyclotron resonance heat-
ing (ECRH), shown in Figs. 2 and 3 for medium and high
density, a narrow density profile allows steep temperature
gradients (and lardgg, < 0) close to the plasma edge where
ne becomes very small. For these types of discharges, opti-
mum confinement properties are foudd $ T; = 1.5 keV

at medium density). The experimental particle fluxes as
well as the ion and electron energy fluxes are in good
agreement with the neoclassical predictions up to 70% of
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Fig. 1. Top part: Time sequences of various experimental
quantities during discharge 39181 with maximum tg= 50
ms. Bottom part: Density and electron temperature con-
tours of the same discharge. The line indicates the time of
energy analysis.

the plasmaradius; see Ref. [2]. Furthermore, the predicted
E, obtained from the ambipolarity condition of the neoclas-
sical fluxesis also consistent with the experimental find-
ings[3] at the outer radii, where the ambipolar neoclassical
fluxes become very small. These findings indicate that the
additional anomalous particle fluxes may be intrinsically
ambipolar.

Good wall conditioning and very low recycling are manda-
tory to obtain the required narrow density profiles and to
provide global density control even for high NBI power
levels (with a particle source strength of up to 2.5 x 10%°
s1). Moreover, the outer density profileis (within the
experimental errors) independent of both the central den-
sity and the heating power [4]. Here, the T, gradient at the
outer radii reflects the heating power. Furthermore, To= T;
isfound inthisregion [3]. The steep temperature gradients
flatten in the bulk region because of the strong temperature
dependence of the neoclassical transport coefficients, |ead-
ing to the optimum confinement in this type of discharges.

Neoclassical calculations [4] using the DKES code arein
good agreement with the experimental transport analyses
in low-collisionality W7-AS plasmas, i.e., in the bulk
plasmaat sufficiently high temperatures. This holdsfor the
ion and electron heat conduction as well as for the particle
transport. The predicted ambipolar electric field is aso
consistent with experimental findings, except for those
radial positions where very large values of E, are observed.
In neoclassical theory, electric fields are basically assumed
to be small.

The common feature of the three discharge types discussed
aboveisthat T exceedsthe | SS95 scaling by about afactor
of 2. A maximum value of Tg ~ 50 ms has been obtained so
far, see Fig. 4.

M. Kick and H. MaaRberg for the W7-AS, ECRH and NBI Teams
IPP Garching, Germany (EURATOM-Association)
E-Mail: kick@ipp-garching.mpg.de
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Fig. 2. Optimum confinement at medium density, discharge 34313, combined ECRH and NBI, Pgcgy = 750 kW,

P,\“3|"°‘bS =900 kW. In the upper-left part, T, (dark symbols) from Thomson scattering (red) and ECE (magenta) and T; (light
symbols) from active CX-NPA (green) and CXRS (cyan); n, from Thomson scattering (upper middle), radial electric field
(upper right, cyan) as deduced from active CXRS (dots) and passive spectroscopy (circles) compared to the neoclassi-
cally calculated ambipolar electric field (red crosses). In the lower part, the experimental particle F ; and energy fluxes
Q; ¢ for ions and electrons, respectively, are compared with neoclassical predictions by DKES code for ions (green) and
electrons (red) , taking the ambipolar electric field (upper right) into account.
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Fig. 3. Optimum confinement at high density, discharge 34609, combined ECRH and NBI, Pgcgy = 350 kW, Pyg S =
900 kW. The symbols are as in Fig. 2.
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Fig. 4. Energy confinement times in W7-AS compared to
ISS95-W7. Dashed line: ISS95 for all helical devices; solid
line: 1ISS95-W7 for W7-AS data up to 1995. Open squares:
pure ECRH; solid triangles: ECRH H-mode; solid circles:
low power NBI, leading to Tz =50 ms, open circles: NBI
with higher power; full (light) diamonds: combined NBI and
ECRH, leading to T; = 1.5 keV. Crosses for the same dis-
charges indicate the effects of taking the kinetic instead of
the diamagnetic energy. Both sets of data with NBI, circles
and diamonds, show the increase of 1 by about a factor of
2.

Compact stellarator configura-
tions with Helical Post

Stellarators are normally large-aspect-ratio devices (aspect
ratio, A, istheratio of the average major radius to the aver-
age minor radius for the last closed flux surface), with A

usually 7-10 (see, for example, Refs. [1-4]). The lowes
stellarators ever built have A ~ 5 [5-7].

Recently, the Spherical Stellarator (SS) concept [8-9],
called so in analogy with the Spherical Tokamak (ST) ¢
cept [10-11], was proposed. The main characteristics

SS are: (a) very low plasma aspect radig, 3.5, (b) high

[ limits, well above the 3-5% typical for traditional stel-
larators, and (c) positive, strong plasma current. Here,

itive means that the current flows in such a direction th
the total rotational transform increases in comparison W
its vacuum value, and strong means that its contributio
the total rotational transform is significant. In a large an
high8 SS, the required plasma current can be fully sup

ported by the bootstrap effect [9, 12] and thus does not
require any current drive technique. Goals of the SS
approach include improved particle transport and simplic-
ity of the coils. An SS with somewhat similar characteris-
tics was mentioned in Ref. [13]. For small SS devices
which cannot rely on significant bootstrap current, the
ohmic or auxiliary driven current can be used in the corre-
sponding experiments.

A few SS configurations, differing principally in the types
of simple coils to be used, have been analyzed [8-9, 12—
16]. Coail configurations with a straight center post, planar
coils, and outboard stellarator windings have been consid-
ered. More complicated coils combining a few different
types are possible as well. Researchers at ORNL are inves
tigating a closely related concept, the SMARTH (SMall
Aspect Ratio Toroidal Hybrid) [12, 17—-20]. Some other
U.S. institutions including PPPL [21] have also become
involved in this kind of low-aspect-ratio stellarator
research.

We propose a novel class of stellarators with a few very
unigue and advantageous characteristics, not only in com-
parison with the traditional large-aspect-ratio stellarators
but also in comparison with the SS configurations consid-
ered so far. These Helical Post Stellarators (HPS) have:
(a) extremely low plasma aspect ratias 1.4, (b) a simple
coil system featuring a helical center post, (c) extremely
high 3 limits assisted by a strong positive bootstrap current,
and (d) improved patrticle transport characteristics. The
helical post can be a single helix or may consist of a few
helices.

Here we briefly introduce the HPS configurations and
demonstrate their advantages. We present a few results for
a single-helix stellarator (SHS), a double-helix stellarator
(DHS), and a triple-helix stellarator (THS). In the configu-
rations considered, the helical center post is the only heli-
cal element of the coil system responsible for the stellarator
characteristics. More complicated configurations combin-
ing the helical center post with the other helical elements of
the coil system are possible but are beyond the scope of
" this paper.
To our knowledge, the HPS configurations considered are
unique among all previously considered stellarators,
including the SS analyzed so far, in that the magnetic field
OrFipple is located practically entirely on the inboard of the
)fl%rus. This improves particle transport, according to theory
[22-23].

polhe coil systems of the HPS configurations considered are
atshown in Fig. 1. The outboard parts of the toroidal field
ithT' F) coils and the system of the poloidal field (PF) rings

h ®ye the same as in a typical ST. The difference, however, is
din the helical center post, and the three cases presented co
- respond to (a) SHS, (b) DHS, and (c) THS. The top views

of the last closed vacuum flux surface for these three con-
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Fig. 1. The coil systems and LCFS of (a) SHS, (b) DHS,
and (c) THS.

figurations are shown in Fig. 2. The PF rings are actually
used in these calculations only for an SHS to push the
plasma further inside to reduce the magnetic ripple. Gen-
erally, the vacuum flux surfaces with large enclosed vol-
umes and significant rotational transform can be obtained
without PF rings for all HPS configurations considered.
However, the PF rings are necessary for obtaining high-f3
MHD equilibria

The HPS configurations feature extremely low aspect
ratios: A~ 1for the SHS, A~ 1.1for the DHS,and A~ 1.2
for the THS. To our knowledge, the SHS is thefirst stellar-
ator configuration ever considered that has only asingle

L]
2 "§~Q
QOREKY
IR

TR
Enas %Y
A »Q'

9

Fig. 2. Top view on the last closed vacuum flux surface in
(a) SHS, (b) DHS, and (c) THS.

toroidal period.

To further demonstrate the general advantages of the HPS
concept, we present here a few results of calculations with
the three-dimensional (3-D) MHD equilibrium code
VMEC [24], running in free-boundary mode, the 3-D field
line tracing code UBFIELD [25], and the 3-D bootstrap
current code BOOTSJ[ 26, 9]. Much more detailed analysis
will be given in separate publications [27, 28].

A typical radial profile of the vacuum rotational transform
for an HPSis shown in Fig. 3.

To demonstrate the improved particle transport characteris-
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Fig. 3. Radial dependence of the rotational transform for
the SHS without PF rings (solid curve) and with PF rings
(dashed curve).

ticsin the HPS, Fig. 4 showstheratio 9, for the SHS
configurationsin Fig. 3. Here, the parameter S[23] is pro-
portional to the neoclassical flux, and &, corresponds to
the nonoptimized stellarator case when the helical rippleis
distributed evenly on each flux surface. Improvement by a

factor of 2to 3, depending on minor radius, is clearly seen.

A typical |B| distribution along flux surfaces of an HPSis
shown in Fig. 5, where the case of vacuum DHSfield is
presented and the last flux surfaceis considered. All HPS
configurations considered have a common featurein |B|
distribution: quasi-helical symmetry on theinboard side of
the torus and quasi-toroidal symmetry on the outboard
side.

To demonstrate the extremely high 3 characteristics of the
HPS, the left column of Fig. 6 shows the flux surfaces for
the MHD plasma equilibrium in a DHS at the central B =
86% and the volume average 3 = 20%. This equilibrium
corresponds to atoroidal flux ® ~ 0.2 Wb, self-consistent
bootstrap current 1,5 ~ 300 kA, and the total rotational
transform increasing from about + ~ 0.15 near the mag-
netic axisto + ~ 0.3 at the plasma boundary. Here, + = 1/q,
with q the safety factor. Such an increase of + with minor
radius at high 8 might be advantageous for suppression of
magnetic islands [29]. The contours of |B| for the same
three main cross sections are shown in the right column of
Fig. 6. The partial omnigeneity [30] (for theideal case, the
[B| contours coincide with the flux surfaces) is clear. This
is advantageous for further improvement of particle trans-
port in the HPS. Location of the minimum |B| near the
magnetic axisin all cross sections causes the radia 3 pro-
file to be much more peaked than the corresponding pres-
sure profile.

l:l I !
0.2 0.6
P

Fig. 4. Radial dependence of S/S; for the SHS without PF
rings (solid curve) and with PF rings (dashed curve).

In conclusion, a new class of stellarators, the HPS, was
introduced and particular examples for the SHS, DHS, and
THS configurations were presented. Many unique charac-
teristics such as extremely low aspect ratio, extremely high
B MHD equilibria, and improved particle transport were
demonstrated. The HPS can be built relatively easily by
replacing the straight center post of an ST with ahelical
center post or possibly by winding a helix around the
straight center post of an ST. The main goal of such atrans-
formation isto obtain a device with advanced characteris-
tics which can operate in a steady-state regime for any
given plasma pressure below some high limit. Further
research and optimization are in progress.
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Review of 3-D equilibrium cal-
culations and reconstructions
for W7-AS, Part Il

Equilibrium recovery using function parametrization
Interpretive methods for determining plasma equilibria
from experimental data, such as magnetic measurements,
are widely used in tokamak analysis. For tokamaks, input
parameters to an equilibrium code are iteratively adjusted
such that simulated diagnostic signals from the resulting
equilibrium best match experimental data. Since afull
solution of the three-dimensional (3-D) equilibrium using
the NEMEC [1] code for standard W7-AS conditions
requires roughly one hour of CPU time on the Cray J-90,
this approach is generally unsuitable for stellarators
because each iteration involves at least one equilibrium
calculation.

Instead of solving the equilibrium exactly, we apply func-
tion parameterization (FP) methods [2] to equilibrium
reconstruction on W7-AS. FP seeks simple functional rela-
tionships between plasma parameters and diagnostic mea-
surements over a database of calculated equilibria. This
facilitates rapid equilibrium reconstruction, here in terms
of aprescribed pressure profile (as afunction of the nor-
malized toroidal flux) and/or given magnetic data. We have
developed a novel interpretive method for equilibrium
identification based on FP reconstructions that can be per-
formed in the order of afew tens of seconds on aworksta-
tion.

FP database

Our database consists of about 400 net toroidal current-
free equilibria cal culated with the NEMEC code. Magnetic
islands and separatrix structures are not considered since
NEMEC assumes nested toroidal flux surfaces. The data-
base equilibriaare randomly chosen by varying eight input
parameters over ranges appropriate to W7-AS, namely
three ratios of the four field-coil currents, the maximum
vertical extent of the boundary flux surface in the élliptical
(@ =36°) plane corresponding to the position of the up/
down limiters, and a 4-parameter pressure profile chosen
from the following family (sisthe normalized toroidal
flux):

p(s) = po(l —s)zexp(as +bs? + cs3)

Thisadmits awide variety of possible profile shapesin the
database, a selection of which isshownin Fig. 1. Some
summary statistics for the database, including both input
and output parameters are detailed in Table 1. Plasmas
with awide range in both physical size (volume) and beta
values are encompassed.

0.8 r

0.6

0.4 r

Normalised pressure

0.2

0 Il Il Il
0 0.2 0.4 0.6 0.8 1
Normalised toroidal flux
Fig.1. Some equilibrium pressure profile shapes vs normal-
ized toroidal flux peq (S) in the database.

FP models

Predictors for use in FP models are selected according to
twin criteria: they should be independent for good condi-
tioning of the regression problem and they should be asfew
as possible to keep the model size small. The parameters
chosen here fall into two groups: those describing the vac-
uum magnetic field and those describing the plasma contri-
bution. The former are the three external magnetic coil
current ratios and the limiter position (all of which are

Table 1. Database summary statistics

Variable Mean Std. Dev. | Minimum | Maximum
Imod (KA) 15.50 0 15.50 15.50
Ison (KA) 14.84 43 9.69 26.12
hor (KA) 2.16 5.2 -10.39 10.74
lert (A) 412.32 245.2 1024.46 7.25
Zjim (M) 0.271 0.033 0.221 0.339
po (kPa) 11.61 5.16 2.03 20.00
a -0.57 1.60 -4.80 1.97
b 2.88 4.68 -9.19 9.99
c -1.47 4.88 -9.97 9.61
Ieft (M) 15.3 1.7 11.2 19.5
V(m3) 0.94 0.21 0.49 1.54
Wb (kJ) 6.45 3.50 0.73 19.04
Faxis 0.38 0.06 0.25 0.54
tedge 0.32 0.07 0.16 0.46
Baxis (%) 1.89 0.93 0.42 4.50
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Fig. 2. Log base 10 of principal component eigenvalue
(variance) vs PC index for the first few PCs.

independent by design). The latter are constructed by car-
rying out a principal component (PC) analysis of the equi-
librium pressure evaluated at a number of fixed svalues.
The resulting PCs are linear combinations of the pressure
data which are uncorrelated over the database. The vari-
ance of the PCs decreases with increasing PC index. Figure
2 shows alog plot of variance versus PC index for the first
few PC’s. Retaining only those with significant variance
results in dimension reduction; here we retain the first 4

Investigation of parameter dependencies over the data
reveals that the optimum model for parameter recovery

are modeled by combining this model with a radially va
ing function, here a polynomial in the square root of the
normalized toroidal flux. The 3-D flux surface geometry|
recovered by separate modeling of its Fourier coefficie
which is convenient since NEMEC outputs equilibrium
flux surfaces and magnetic field in spectrally minimized
Fourier form.

Given these conditions, FP equilibrium reconstructions
(including global parameters such\&gp, volume, and
3-D flux surface geometry) can be performed in a few g
onds on a workstation, and agree well with those calcu
lated by NEMEC. FP’s large speed advantage over
conventional methods means that an interpretive proce

libria must be calculated per iteration.

Interpretive scheme for equilibrium identification
On W7-AS, equilibrium identification based solely on th

PC'’s which account for over 99.7% of the total variance:.

second-order one in the above predictors. Profile quantjti

based on FP reconstructions is feasible, even if many ¢

routinely available magnetic measurements is not possible
since these measurements provide only the energy content.
Therefore, we have chosen an alternative approach using
profile data for this purpose.

The Thomson scattering diagnostic on W7-AS currently
gives electron temperature and density (and thus the elec-
tron pressur@g) on up to 20 channels along a horizontal
line of sight through the magnetic axis in a symmetry plane
(p=0°) at a single time point during a discharge, pe=
pPe(R}), R being the major radii of the Thomson channels. A
smoothing polynomial iR is fitted to thep, data, allowing
evaluation between channels.

An iterative procedure attempts to reproduce the spatial to
flux transformation assuming, is constant on flux sur-
faces: Starting from an initial guess, the equilibrium pres-
sure profilepg(s) is varied to minimize the quantity

JEPR ()] ~PelRo ()1} “ds

subject to the constraint thag(s) is not hollow.R(s) and
Roui(9) are the high- and low-field radii on the same flux
surface taken from the FP recovered equilibrium. The
interpreted fit thus depends only on the topology of the
p«(R) profile and not on its magnitude. In fact, it can be
done separately for the Thomson temperature and density
profiles. An additional restriction—that the kinetic energy
content match the diamagnetic energy from the experi-
ment—can be optionally enforced; this lends stability to
the procedure when the input data are of poor quality.

However, mismatches between the theoretical and physical
magnetic configurations could falsify the present scheme
as well as the standard calculations. Consistency checks
with additional spatially resolved or global diagnostic data
ba¢euld reveal such discrepancies, if present. This has not
iygt been done.

4

t'%,gom,oarison with standard equilibrium calculations
MResults from the interpretive method and the standard
NEMEC simulation for two experimental shots, one at
'%edlum beta (#31119) and one at high beta (#31909) are
1t?§t)mpared in Figs. 3 and 4. The upper table and two plots in
each case show the experiment parameters, the Thomson
p«(R) with smoothing polynomial and the interpreted
Peq(9), and the standard NEMEC profile. The lower three
plots show the interpreted and standard NEMp&files,
the equilibrium flux surfaces in the Thomsgn=0°) plane
eand the final asymmetry errapg(s) (the difference
- betweem, evaluated at inner and outepoints of equal
flux). Solid lines refer to interpreted quantities, and dashed
dlirees indicate those for the standard NEMEC simulation.

%' both cases the standard calculation and interpreted fit are
comparable in quality, but the interpreted fit produces a
lower RMSApg(S). This is not unexpected since the stan-

edard calculation uses the same optimization criterion with a

less flexible pressure profile and with manual intervention
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Fig. 3. Comparison of interpreted fit (solid) and standard NEMEC calculation (dashed) for shot #31119 (for further explana-

tion see text).

required between iterations, rather than a least-squares cri-
terion. Ape can be further improved by varying additional
pressure parameters during iterations; three of apossible
four were varied here to prevent overfitting. The interpreta-
tion for this case took roughly 20 s on aworkstation, which
is three orders of magnitudes faster than the standard simu-
lation, which required several NEMEC cal culations.

Work in progress includes investigation of the effects of
signal noise on the recovery. Moreover, although global
equilibrium parameters and flux geometry are well recov-
ered, amodel that reproduces the + profile well has so far
proved elusive. Oncethisisachieved, the procedure will be
applied to equilibriawith finite net toroidal current.

H. Callaghan, J. Geiger,? P. McCarthy
Dept. of Physics, University College Cork
Association Euratom-DCU, Cork, Ireland
aMax Planck Institut fiir Plasmaphysik
D-85748 Garching, Germany

EURATOM Assoziation

E-mail: H.Callaghan@ucc.ie
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Plasma heating in the start-up Table 1.
phase Of LHD f N Ei PI f LHD E @
ear-Future Plan o xperiments

Construction of LHD is proceeding on schedule, and igni- XV 1 PXXW P XXX Q000
- . - 11oTalals 6Tz T8 Taliolssliol1ToTaTals Te Tz Ta o solsalsols I s
tion of the first plasmais scheduled at the end of March = T — ——
1998. The Plasma Heating Division of the National Insti- 15T 15Ty Al RI..
tute for FUSIOI'] &|ence (NI FS) has beer] undertakl ng tech- Lﬁle(:o\down — 2nd Cool down 3rd Cool down 4th Cool dpwn
nology development of heating devices for seven years. :m?ns; Pret wall Divertor i test
The heating schemes planned for LHD are electron cyclo- 54 ] ECH — -

9 P cy lstan] (™" ( ‘10 )( rmw

tron heating (ECH), neutral beam injection (NBI), and ion :
H . 168 G <3MW o W OMW
cyclotron resonant frequency (ICRF) heating. Certain hard- Ltol><_Gong Cﬁ%(ﬁf

NBI
ware advances have been made for each of these heating Cermtan_—><congiioning [ ‘ 10MW,|sj L: w>[ i
. nstal itioni 1s * 3MW, 10s s
schemes, but more work remains to be done to reach the e ~Conditioning.
. . . . - 180 keV Negative lon Source
final goal. Since LHD uses superconducting coils to facili- CRE™

tate steady-state operation of the device, emphasis was put _— AA:‘I‘B"W (i) e
on steady-state plasma heating. With the first experiment - |
scheduled in the very near term, start-up of plasma heating

in LHD in theinitial phase is planned as shown in Table 1.

Thefollowing is abrief summary of the development work
conducted by the Plasma Heating Division to support the
program of Table 1.
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ECH

The ECH group at NIFS has devel oped gyrotrons at two
frequencies: 84 GHz and 168 GHz. The 84-GHz gyrotron,
developed in collaboration with CPI, has achieved the fol-
lowing operational parameters. 500 kW for2 s, 400 kW for
10 s, and 100 kW in steady-state operation. Development
of the 168-GHz gyrotronsis conducted in association with
JAERI and Toshiba. The 168-GHz gyrotron of NIFS can be
operated at a power level of 400 kW for 100 ms. It hasa
relatively low efficiency n ~ 20%, however, and further
investigation must be continued to improve this.

Windows devel opment was another important issue. NIFS
proposed a Si-N window, which has been installed in one
of the 168-GHz gyrotrons and tested at high power. In the
initial phase of the LHD experiment, two 84-GHz
gyrotrons will be used for second harmonic heating. Asa
backup, a Gycom gyrotron (82.7 GHz) was purchased. In
addition, two 168-GHz gyrotrons will be operated in the
fourth harmonic regime, though their development is not
fully complete. In order to transmit ECH power from these
gyrotrons, four transmission lines are under construction,
as are four quasi-optical wave launchers. They will be
installed by the end of December 1997.

ICRF

| CRF heating will start during the second experimental
campaign, which beginsin August 1998. In thisinitial
phase, two kinds of antennas will be used: awater-cooled
loop antenna which excites the fast wave from the high-
field side and a folded wave guide antenna designed for
slow wave excitation from the low-field side. Power at

1.6 MW for 1 h was achieved at 50 MHz from the high-
power rf generator. Currently, efforts are being made to
stretch the avail able frequency range of the generator in
steady-state operation. As noted, the loop antennais water
cooled, other rf components are also designed for steady
state. The most difficult components have been the feed-
through and liquid-stub tuner. They have been tested in
steady-state operation at 40 kV, which enables injection of
1to 3 Mw per antenna depending on the |oading resistance
of the plasma. The design of the | CRF system was based on
an acquired technology database and two actual antenna
have been fabricated by an industrial company.

NBI

Negative-ion-based NBI was adopted for LHD plasma
heating. LHD has a4-m major radius and the best injection
from the particle orbit point of view is parallel injection.
The injection energy that optimizes the power deposition
profile was determined to be 180 keV. Negative-ion-based
NBI was anew chalenge, and the devel opment of negative
ion sources was amost difficult issue, owing to the lack of
knowledge in this area. Beginning in 1992, the develop-
ment of a negative ion source proceeded in steps using 1/6-
scale, 1/3-scale, and full-size scale model ion sources. In

1995, 16.2 A of current was extracted by using the 1/3-

scale model ion source, encouraging the following devel op-
mental work. Subsequently, the beam was accel erated up to

125 keV, arc efficiency was improved up to 0.1 A/KW,

beam divergence was improved up to 5-9 mrad, accelera-
tion efficiency, |;./(14. + 1), reached 85%, and theoreti-
cally expected neutralization efficiency, ~60%, was
achieved. The remaining objective is further improvement
of acceleration efficiency to enable long-pulse operations.

Since early 1997, testing of a full-size model ion source,
i.e., the one to be used after the development is completed,
has been underway. The maximum current obtained so far
is 20 A, with a goal of 40. Since the size of the ion source
has increased, the main problem at present is nonunifor-
mity of the plasma in the ion source.

Two beam lines are under construction with two ion
sources for each beam line. Given the present status of neg
ative ion source development, injection of 5 MW during in
the second campaign should be achievable. Our final goal
of 40 A will be obtained through continued development.

T. Watari, for the Plasma Heating Division
National Institute for Fusion Science
Toki, Japan
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Summary of the 11th International
Stellarator Conference and the
8th International Toki Conference
on Plasma Physics and Controlled
Nuclear Fusion

The International Stellarator Conference (under the aegis
of the Stellarator Cooperation Agreement of the Interna-
tional Energy Agency is held every two years. The Interna-
tional Toki Conference on Plasma Physics and Controlled
Nuclear Fusion has been held annually at Toki-city, Japan,
featuring a selected topic in plasma physics and fusion
engineering. This year these two conferences were held as
ajoint conferencein Toki-city from September 29 to Octo-
ber 3, 1997, hosted by the National Institute for Fusion
Science (NIFS) and supported by the Ministry of Educa-
tion, Gifu-prefecture, Toki-city, and the Japan Society of
Plasma Science and Nuclear Fusion Research. The main
theme was helical system research.

There were 43 oral presentations and 101 poster presenta-
tions at the conference. The total number of participants
was 211 (see Fig. 1): 132 from Japan and 79 from 12 other
countries including the United States, Germany, Spain,
Russia, Ukraine, China, Australia, and India. Papers pre-
sented at the conference will be published in the Journal of
Plasma and Fusion Research. A feature of the conference
was atechnical tour of the superconducting Large Helical
Device (LHD) nearing completion at NIFS (Fig. 2).
Approximately 200 citizens attended two lectures rel ated
to fusion, an indication of the general interest in and sup-
port for fusion research in Japan. The next International
Stellarator Conference will be held in 1999 in the United
States.

This conference covered

O confinement-related experiments and rel evant theories

O L-mode, H-mode, high-T; mode, and the effects of
radial electric fields

O new devices, advanced helical concepts, reactor stud-
ies

0 steady-state operation

0 physics and technology related to particle and energy
balance

T. Stix gave a plenary lecture, “Highlights in Early Stellarcontrast to W7-AS.

ator Research,” which served as the Memorial Address for
the late Prof. L. Spitzer. Keynote lectures were given by A.
liyoshi on “Physics of Helical Confinement Systems” and
by R. J. Goldston on “Implications of Recent Tokamak
Research for Other Approaches to Toroidal Confinement.”

Experiments

The most encouraging result was reported by the W7-AS
group (Germany). In high-power NBI /ECH discharges,
they achieved a confinement improvement factor of at least
2 compared to the 1ISS95 scaling wiit> T, ~ 1.5 keV at

ne ~ 10° m™. A factor of 1.2—1.4 is usually obtained in
various confinement improvement modes in Heliotron-E
(Japan) and the Compact Helical Device (CHS, Japan). An
improvement factor of two or more is necessary for a prac-
tical reactor. Very low recycling was achieved using sub-
stantial wall conditioning in W7-AS. This resulted in a
peaked density profile, which caused a steep temperature
gradient and a large negative electric field close to the
plasma edge. The edge density remained surprisingly con-
stant even when both the central density and the heating
power were increased. The observed electric field is con-
sistent with that obtained from the ambipolarity condition
of the neoclassical fluxes. The transport of ions and elec-
trons is consistent with neoclassical predictions in the core
region, while that in the plasma periphery is anomalous.

The electric field and its influence on transport were stud-
ied intensively in low-density ECH discharges in W7-AS.
A strongly positive electric fiel&, was observed, where
the electron temperature profile was highly peaked with
Te (0) up to 4 keV. The value for, was much lower than
that obtained neoclassically assumifyg= 0. The electron
root feature £, > 0) was confirmed by experiments with
140-GHz ECH (second harmonic X-mode heating) where
Te>>T,;. It was concluded that the electric field was formed
by a loss of high-energy electrons BB drift instead by
thermal particles. An electron root was not observed with
70-GHz ECH (fundamental mode). It was also confirmed
that it is easy to enter the electron root with high ECH
power, and also with large toroidal ripple. On the other
hand, the electric field was determined by thermal particles
for an ion root E, < 0) whereT; ~ T,

In Heliotron E (Japan), profile effects on transport were
systematically studied. Values mf(0)/ = 1.2—4.5,
T;(0)/d;C= 1.4-2.7, and(0)/0 [ 1.3—4.1 were obtained
with ECH and NBI (here the angle bracket indicates the
volume averaged value). A peaked electron temperature
profile was obtained by ECH. In this case, the density pro-
file was always flat as universally seen in helical systems.
On the other hand, researchers found peaked ion tempera-
ture profiles accompanied by peaked density profiles and
improved confinement (“highi; mode”). However, the
degree of the confinement improvement was modest, in
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In CHS, plasma parameters were extended for both ECH
and NBI plasmas. For ECH with an additional 106-GHz
gyrotron, researchers achieved Ty(0) = 2 keV at [h (= 10%°
m™, and T(0) = 1 keV at M [ 3.5 x 102 m™3. For NBI at
1.6 MW, they achieved T; (0) = 0.8 keV at [h = 1.5 x 101°
m3. In this case, the density profile is peaked, and a
“high-T; mode” with confinement improvement was
observed. However, the degree of confinement improve
ment is modest, only up to 20%. Heavy ion beam probé¢
(HIBP) measurements of potential profiles and potentig
fluctuations have begun for a systematic study of the re
tion between electric field and transport; CHS has the n
complete set of diagnostics for this purpose at present,
Steady-state electric pulsation was discovered, which
shows a typical example of the nonlinear relation betwe
the radial current and the radial electric field.

from CHS previously, but the improvement of energy cq
finement by the LID (~20%) was analyzed in more detg
and the evaluation of the exhaust efficiency with a fast
gauge and a study of the behavior of the particles using
Langmuir probe array were reported.

In L-2M (Russia), the initial stage of the ECH discharge
was studied. The delay of breakdown time was studied
function of the central magnetic field strength and also
with magnetic axis shift. The minimum breakdown time
was about 1.5 ms when the resonance condition was s
fied at the vacuum magnetic ax€ 1.32 T and = 75
GHz,P = 0.4 MW).

In the Uragan-3M = 3 torsatron (Ukraine), rf plasma dis
charge cleaning was studied, and researchers claimed

Local island divertor (LID) experiments had been reporte

e i B ey ey

Fig. 1. Attendees of ISC-11 and ITC-8 at Ceratopia Hall, Toki-city, Japan, on September 30, 1997.

the method provided efficient removal of light impurities
and reduction of neutral hydrogen recycling.

In the H-1 heliac (Australia), confinement transitions at
low magnetic fieldB < 0.2 T), low temperaturd(< 100
eV), and low heating power (~50 kW) were observed.
Researchers observed features similar to L-H transitions,
such as steepening of the density gradient, increase of the
“radial electric field, suppression of turbulence, and increase
? of ion energies. Next year H-1 will move to higiiefields
lla(l T) and higher heating power (200 kW).

oResearchers from TJ-1l (Spain), completed in December,
1996 gave the results of magnetic surface measurements.
Measurements were performed by injection of an electron
seheam of 100-200 eV & = 500 G with a fluorescence
method. Observations in each magnetic field configuration
gree well with the calculated values, and high accuracy of
e coil and vacuum chamber installation was demon-
strated. The TJ-Il group is about to start 1-MW, 53.2-GHz
ECH experiments.

n
il
o]
y &lew devices under construction

A quasi-helically symmetric (QHS) stellarator, the Heli-
cally Symmetric Experiment (HSX), is under construction
at the University of Wisconsin (USA); it will be completed

asmalearly 1998.

LHD (NIFS, Japan) is the world’s largest helical system.
atishe superconducting helical and poloidal coils of LHD
have been completed and the vacuum containers are being
processed. It was clearly shown that LHD construction has
reached the final phase. After careful commissioning of the
’,;ﬁ/gtcuum and coil cooling systems, and production of a mag-
netic field by the superconducting coils, ECH experiments
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at B=1.5T will start at the end of March 1998. Many pre-
sentations were made on LHD experimental plans such as
confinement, stability, steady-state operation, divertor, and
so on.

Construction of the W7X helias (Germany) has started,
aiming at completion in 2005. Physicsissues such as diver-
tor operation, influence of the beta value on the magnetic
islands for each magnetic field configuration, and MHD
characteristics were examined.

As asuccessor to Heliotron E, a project to construct anf =
1 helical-axis configuration is underway at Kyoto Univer-
sity (Japan) with completion expected in 1999. The Kyoto
group expect reduced neoclassical transport and a higher
beta value with small bootstrap current.

New configurations

The small-aspect-ratio toroidal hybrid (SMARTH) study
(USA) was devel oped using the concept of bounce-aver-
aged omnigeneity. A small aspect ratio of ~3 can be
achieved, and cal culations show that it is stable to balloon-
ing modes for volume averaged beta of 6%.

Devices with magnetic fields that are nearly toroidally
symmetric in Boozer coordinates have been studies exten-
sively. The group at Princeton (USA) studied the design of
devices of the MHH2 type, originally proposed by P. Gara-
bedian. They were considering the possibility of utilizing
modular coils, a conducting shell, and saddle coils, along
with usage of some existing facilities. Also based on the
same MHH2 concept, the Quasi-toroidal Stellarator
(QUATOS) was designed by the group at Auburn Univer-
sity (USA).

A quasi-axisymmetric stellarator with aspect ratio of 4.2
was proposed by agroup a NIFS. It has atokamak-like
axisymmetric magnetic field structure and very small heli-
cal ripple. Thus, large velocity shear is expected to reduce
anomal ous transport.

Some reactor studies were also presented, and these indi-
cate the necessity of confinement improvement by about a
factor of two from the present levels.

Theory

Various configurations were proposed for configuration
optimization. These include quasiaxisymmetric systems,
quasihelical symmetric systems, and quasi omnigeneous or
quasi-isodynamic systems. Especially, quasiaxisymmetric
systems were extensively examined in relation to the pro-
posal of new devices. Typical properties of those systems
are low aspect ratio, a small number of toroidal field peri-
ods, and active use of the bootstrap current in order to
obtain a high equilibrium and stability betalimit. In the
sense that the net toroidal current is actively utilized, these
systems represent a new concept for helical systems, and
thus profile control of both the pressure and net toroidal

current is quite important. The HINT and PIES codes,
which alow magnetic islands, are being modified in order
to calculate such equilibriaincluding the net toroidal cur-
rent such as bootstrap current, Ohkawa current, and Ohmic
current. Ballooning modes are being intensively studied
and were discussed actively during the meeting. Using
high-mode-number analysis, their destabilizing mechanism
in the region with stellarator-like high magnetic shear was
clarified, and the existence of both tokamak-like modes
and modes inherent to 3-D equilibriawas shown in an
LHD-like heliotron/torsatron system.

The properties and the dangers of ballooning modes with
finite mode number were being examined by using a 3-D
stability code, CAS3D. The ballooning modes inherent to
3-D equilibriawere considered to have quite high poloidal
and toroidal mode numbers that they localize in the both
poloidal and toroidal directions; they may be stabilized by
finite Larmor radius effects.

A Monte Carlo simulation code in 5-D phase space was
developed based on atechnique similar to the adjoint equa-
tion for dynamic linearized problems. Such a Monte Carlo
code was applied to W7-AS experiments with ECRH to
estimate the kinetic effects of suprathermal electrons. The
important role of the radial diffusion of suprathermal elec-
tronsin the broadening of the ECRH deposition profile was
clarified. Clarification of anomalous transport mechanisms
remains unresolved as in tokamaks, although substantial
theoretical and experimental efforts have continued. How-
ever, the important role of the radial electric field in trans-
port phenomena and improved confinement has been
recognized. Many numerical tools for MHD equilibrium
and stability, and particle orbit and heating are becoming
mature, leading to a deeper understanding of experimental
results.

Masami Fujiwara, Shigeru Sudo, Keisuke Matsuoka, and
Noriyoshi Nakajima
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