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LHD Construction Status

The construction of the Large Helical Device (LHD) is
entering itsfinal stage. The helical coils (HCs) were com-
pleted and installed on the supporting structure on Febru-
ary 4, 1997. The HCs are pool-cooled superconducting
coils which are packed into thick cases made of SUS316.
In order to maintain accuracy whilewinding, we adopted a
method to wind the conductors directly on the HC support
structure (can), which was manufactured to a high preci-
sion of 1.5 mm by being fixed onto a strong core.

In addition, we devel oped a specia winding machine with
13 numerically controlled driving axes. Actua winding
proceeded both day and night from January 1995 to May
1996. It took 16 months to wind the 36-km-long conduc-
tors. We have successfully controlled the errors of position
of the conductors relative to the HC can with a standard
deviation of £0.5 mm, and the average gaps between |
ers were kept within 6@m. At the 19th layer, we mea-

sured the elastic modulus of the coil and confirmed that

we had attained the required value.

After winding, the top covers of the HC cans with arms
were set on the coils and welded very carefully. After th
the outer parts of the plasma vacuum vessel were tent

tively fixed on the winding core. The entire assembly wiill

be set on a supporting shell, and the arms will be welde
the shell. We have had to come up with new ideas for €

welding to protect the coil and to suppress deformation.

Figure 1 shows the completed HCs and outer plasma

uum vessel in the winding room. The weights of the HCs

outer plasma vacuum vessel, the winding core, and the
ing jig with 10 arms are 275 ton, 48 ton, 68 ton, and 33

ton, respectively. The total weight including wires is ove

430 ton which constitutes the heaviest lift in the constr
tion of LHD.

Figure 2 shows the entire assembly being installed on
lower supporting shell. The clearance between the coll
supporting shell is designed to be 3.5 mm. Before the fi
placement, the clearances along the helical coil were n
sured, and fitting liners were attached. The deviation of
measured clearances at each poloidal angle is controllg

within 0.5 mm.

It will take two months, working both day and night, to
finish welding. Finally, the winding core will be cut and
removed.

Shinsaku Imagawa for the LHD team
National Institute for Fusion Science
Oroshicho, Toki 509-52, Japan

E-mail: imagawa@LHD.nifs.ac.jp
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After the upper supporting shell is installed on the HCs in
the same way, the two shells will be connected by welding.
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Properties of plasma edge
turbulence on the L-2M
stellarator

Fluctuation-induced transport is considered to be one of
the main processes that can influence global transport and
plasma confinement in fusion devices[1]. Thusitis
important to study the role of shear and the kinds of insta-
bilitiesinvolved in edge turbulence transport.

The L-2M stellarator is one of the working fusion devices
with high shear © = (r¥R)(dt/dr), whose value changes
rapidly in the edgeregion, varying from© =04 atr/rg=1
to©®=0.15atr/rg= 0.8 [2]. Here, Risthe mgjor radius, r
isthe minor radius, t istherotational transform angle, and
rsisthe separatrix radius. High-level drift turbulence has
been observed in the L-2M plasma using a 2-mm scatter-
ing diagnostic (scattering region at r/rg ~ 0.5-1.0) [3]. In
Ref. [3], the possibility of vortex creation was also show
These features of the L-2M stellarator stimulated the
experimental study of L-2M plasma edge turbulence pt
erties in the limits of a fluctuation-induced transport prg
lem. A special set of probes was used in the experimer
[4]. The corresponding statistical and spectral analysis
tools allowed us to obtain information with high time reg
lution, particularly concerning the radial correlation leng
of the fluctuations [5].

Experimental setup and analysis tools

The major radius of the L-2M stellaratorRs= 100 cm,
the average plasma radiugjs= 11.5 cm, and the toroida
magnetic field value on the axisBg = 1.35 T. The mea-
surements of fluctuations and turbulent flux properties
were carried out in currentless plasmas with electron
cyclotron resonance heating (ECRH). The microwave
heating power waBg = 120-200 kw, the duration of the
microwave heating pulse was 12 ms (in the figures, fro
48 to 60 ms), average plasma densify=1.5% 103cm™,
and the electron temperature at the centeriy@3 =
400-600 eV. The special set of probes consisted of tw
systems (each system contains three tips). The systen;
were separated by 7 mm in the radial direction (this dig
tance determined the fixed radial correlation leryth
The ion saturation current fluctuations  and the floati
potential fluctuations at two poloidal poinjs,andg,
were measured using this special set of probes. The
plasma density fluctuatiori® , the poloidal electric field
fluctuationskg , and the time-resolved radial turbulent
flux I = (REg)/B; were deduced using these data. Cro
correlation coefficients for the two radially separated
fluxes and forls  andy, ¢, were calculated. Time-
resolved frequency spectra of fluctuations (s @,
were calculated using the wavelet coherence analysis.
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Fig. 1. Time evolution of the turbulent particle flux. Shot
44480.

nprobability distribution function (PDF) of the turbulent
OIgl_ux was also estimated.

bThe main experimental results
nt
Burst structure of fluctuation signals

oA strong burst structure is observed for the fluctuations of

irpensityn |, floating potentiap , and turbulent flax . For
example, the local turbulent flux is shown in Fig. 1. The
registrations of fluctuations during the small time interval
yield an opportunity to see the burst structure in detail. lon
current fluctuation signals from two probes, separated by
Ar =7 mm, are presented on Fig. 2. Two types of bursts
can be distinguished: short bursts with a duration of a few
microseconds, and long bursts lasting ten microseconds or
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T ijg. 2. Time evolution of the ion current fluctuation sig-
nals. Shot 44480.
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Fig. 3. Time-resolved wavelet coherence versus time.

(a) lon saturation current, r/rs = 0.88. (b) Floating fluctua-
tion, r/rg = 0.88. (c) Turbulent flux, rir; = 0.88. (d) lon cur-
rent fluctuation, r/ry = 0.84.

longer. The time of amplitude variation isless for short
bursts than for long ones.

Time resolved frequency spectra with radial coher-
ence of their components

Time-resolved frequency spectra and coherence (or corre-
lation) coefficients between burst frequency components
from two separated probes (Ar = 7 mm) were obtained
using wavelet coherence analysis. It is obvious that these
frequency spectraare the spectra of the shape of the bursts;
therefore, the frequency range depends on the duration of
the bursts. The time-resolved frequency spectrawith
darker shading indicating coherence are shown on Fig. 3.
The following peculiarities of these spectra are remark-
able:

00 The presence of relatively high frequencies

(>150 kHz) intheion current and floating fluctuations
spectra(Figs. 3aand 3b). Thisis connected with short
burst excitation.

The high coherence of frequency components on
radial length Ar = 7 mm, especially for ion current
and floating fluctuations.

The decrease of coherencefor turbulent flux (Fig. 3c),
especially at relatively high frequencies. One of the
reasons for the last result, aswe checked, istheloss of
the correlation between two floating measuring
probes (at both systems of the probes) due to the rela-
tively great poloidal distance between them.

The coherence at Ar = 7 mm grows as the probes are
moved into the plasma (see Fig. 3d).
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Fig. 4. Radial cross-correlation for saturation current and
floating potential signals. Shot 44480.

The cross-correlation coefficient

Typical cross-correlation coefficient values vs time delay
between two ion current signals and between two floating
potential signals (both in the radial directionAr=

7 mm) are shown in Fig .4. The cross-correlation coeffi-
cient decreases in comparison with coherence on the
wavelet spectra (see Fig. 3). We believe that this occurs
because the number of short bursts is small compared to
the total number of bursts. Figure 5 shows the typical
cross-correlation coefficient between two fluxes, pointed
in the radial direction4r = 7 mm).
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Fig. 5. Radial cross-correlation for turbulent fluxes at t =
58-60 ms. Shot 44480.
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Statistical properties

Figure 6 showsthe probability distribution function (PDF)
and the flux fraction function of thelocal particle fluxes.
The PDF of fluxes has non-Gaussian features, but with
remarkable asymmetry (skewness |[§ > 0) and with shift-
ing to the more organized structure ensemble (kurtosis =
6)

Space-time parameters of bursts

The dimensions and velocity of bursts can be calculated
from the raw data and from cross-correlation coefficient
dependencies. Using Figs. 2 and 5 it is easy to estimate
that the range of radial dimensions of bursts was Arp =

V= (0.5-2.0)x 10°cm/s.

Conclusions

The peculiarities and features of the plasma edge turb
lence and of the fluctuation-induced flux in the L-2M st
larator are the following:

O the strong burst structure;

O the presence of short bursts;

O high coherence d&r = 7 mm;

0 increase of the coherence at fixed radial distéwmce
7 mm as the special set of probes is moved into th
plasma;

O asymmetry of PDF and high value of kurtosis;

O dimension and velocity of bursts &f,= 1cm,v,=

10°cm/s.

We are planning to continue the experiments on L-2M in
the immediate future. The construction of a new set of
probes will allow us to measure in one shot the fluctuation
flux correlation coefficient for two radial distances €

7 mm andAr = 15 mm) and the local flux value at three
radial points.
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Erratum

In the article “Four-period quasihelically symmetric

0.5-2.0 cm and the velocity across the magnetic field wadeliac,” by M. Yu. Issaev et al., which appeared in the

January 1997 issue &fellarator News, the following cor-
rection should be noted:

i- The correct value dX, the ratio between the dominant

b1 quasihelical Boozer Fourier compon@ift,1] and the
maximum symmetry-breaking component is in the range
10-20 for HSX rather than the 4-7 quoted in the article.

1]
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ISLAND DIVERTOR STUDIES
AT W7-AS

In the optimized stellarator W7-X with itslow to moderate
positive shear, it is planned to use the flux diversion prop-
erties of inherent magnetic islands at the boundary for
plasma exhaust. In W7-AS, edge code development and
initial experiments have been performed in order to assess
crucia elements of this concept. They are part of an ongo-
ing program which will include further code completion
and experiments with improved configurational control
(by additional saddle coils) and more closed [1] divertor
geometry (1998).

The studies were performed at an edge rotationa trans-
form t, = 5/9, providing both a sufficient main plasma
cross section and relatively large “natural” magnetic
islands at the boundary (Fig. 1). Furthermore, this type
edge configuration has proven to be sufficiently stable
with respect to equilibrium plasma currents at finite
plasma pressure. The islands are intersected by ten pd
dal graphite targets (toroidal width 12 cm, tilted) at topg
logically equivalent positions (Fig. 1a). The aim was to
explore whether high recycling and related divertor sce
narios can be established even with this extremely ope
divertor geometry.

Modeling approaches

The edge plasma was modeled for the 5/9 island topol
by a two-dimensional (B2) and a three-dimensional(3-L
fluid approach (EMC3), each coupled with the EIRENE
neutral gas transport code. The B2/EIRENE approach
allows one to study basic divertor properties with sophi
cated physics (proof of principle), but necessarily includ
helical averaging of the 3-D island configuration and ca
not, in particular, treat the present target geometry and
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F1g. 1. Cross sections of the W7-AS vacuum magnetic
field configuration with 5/9 boundary islands at (a) a target
plane and (b) a plane with the FRLP probing line. The
downstream probe position is indicated in Fig. 1a.
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Fig. 2. Electron density profiles measured by the FRLP
across an island, Thomson scattering data measured close
to the inner separatrix, and EMC3/EIRENE simulations of
the probe data. Positions of the island vacuum field separa-
trix are indicated.
of
hence the interaction with neutrals in a fully realistic way.
The EMC3 code uses Monte Carlo techniques and consid-
ladrs the full nonaxisymmetric geometry, but is restricted, at
- present, to single-fluid plasm®; € Ty) only and embodies
some simplification of the momentum balance. For these
- reasons the following gives a kind of complementary pic-
Nture: the EMC3/EIRENE results are directly referred to
experimental data by adjusting free input parameters to
match measured densities at certain positions, and the ten-
dencies inferred are briefly compared with B2/EIRENE
;’)QM'edictions.
Experimental conditions
The analysis was made for net-current-free NBI dis-
sttharges aB = 2.5 T. Line-averaged densitieswere var-
eked between % 10'% and 1.5x 10°0 m™3. Heating powers
inwere 0.8 MW fom, below 8x 10'° m™ and 2 MW for
higher densities. Data were taken during flat-top phases of
about 300 ms (low to moderate densities) or 150—-200 ms
(highest densities). In the latter case, density control was
generally lost after that time and the discharges were radi-
atively terminated. Edge plasma parameters were mainly
obtained from two Langmuir probes (CFC tips): a fast
reciprocating probe (FRLP) at the position shown in
Fig. 1b, and a second probe close to one of the targets
(downstream probe, Fig. 1a). The measurements were
completed by Thomson scattering, UV/VIS spectroscopy,
bolometry, and target thermography.

Experimental findings and EMC3/EIRENE code
results.

Radial density profiles across the island (Fig. 2) are, up to
Ne = 8x 10" m™3 (separatrix densitgies ~ 2% 101° m™3),
rather flat inside the island but show steep gradients out-
side the outer island separatrix (private flux region)nAt

= 1.2x 10?9 m™3 (n about 3x 10" m™3), a pronounced

Stellarator News

March 1997




1071000
«» 1 0pensymbols: 3D code : 4
£ | solid symbols: downstream °
= ] probe 5
= Tow i <
' 1100
19 e, down i
1074
| Ne.up T 10
n
e, down
108 - 1
10" 1020

() line-averaged density /m®

Fig. 3. (a) Upstream and downstream n, and T, values from

tors Frand H intensities from the target. The latter are norm

ops, and the downstream density (Fig. 3a) increases tq
about three times the upstream density. The downstreg
electron temperature drops to about 10 eV in this cage
intensities near the target (Fig. 3b) show a strong incre
similar to the downstream density. These features are g
well reproduced by the code and indicate high recycling
observed with tokamak divertors. Particle flux enhance
ment factors inferred range up to 35, and volumetric
energy losses due to neutral hydrogen correspond to 5
of Pgathg = 1.2% 109 m3 (Fig. 3b). However, the data
indicate significant drops in plasma total pressure alon
field lines within the power-carrying island layer; togeth
with the extremely open target geometry, these shift th
onset of high recycling to very high density. With the
exception of the highest densities, where momentum
losses due to CX neutrals become effective, these dro
are found to be predominantly balanced by cross-field
transport of parallel momentum towards the private seq
due to particle diffusion and viscosity.

At N = 1.5x 10%°° m™3, the peak of the cross-island den-
sity profile shifts inward (Fig. 2) and the downstream d
sity decreases (“rollover,” Fig. 3a) indicating (at least
partial) detachment. This latter interpretation is suppor
by data from time- and space-resolving spectroscopy,
bolometry and target thermography. This scenario coul
not yet, however, be stably maintained. In parallel with t
loss of density control, this means that on a relatively sl
time scale of about 100 ms, the hot plasma cross secti
shrinks and the discharges become terminated (often \
MARFE formation at the inboard side). Further experi-

peak close to the outer separatrix (“divertor fan”) develf
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the EMC3/EIRENE code, and downstream probe data. (b)

Power Pg crossing the inner separatrix, volumetric energy loss P, due to neutral hydrogen, particle flux enhancement fac-

alized to unity at the lowest density.

ments on this issue with improved density control are in
preparation.

Am
HB2/EIRENE code predictions.

adéme-dependent calculations with self-consistent treat-
uiteent of carbon as the main intrinsic impurity were per-
dormed until a stationary state was reached. The upstream
_ separatrix density was varied betweeh®dnd 5x 10'°
m3; the power crossing the separatrix was fixed at 600
od\V. As Fig. 4 shows, cold divertor conditions with high
recycling are predicted for upstream separatrix densities
g above 2¢ 10* m™3, which is roughly in line with the
erabove-mentioned experimental phenomenology. At the
e highest density considered, 85% of the input power is lost
from the scrape-off layer volume by radiation (470 kW)
and charge exchange (50 kW), but the plasma stays
hsattached. In order to study the transition to detachment and
MARFE formation, calculations with higher density are
tmn the way.

Progress in 3-D edge modeling

(EMCB3/EIRENE code) in 1996

P Implementation of the present targets and of energy
and momentum sources from EIRENE in EMC3. -
Vectorization of the EMC3 code (factor of 6reduction
in global cpu-time).

Splitting of EIRENE code into two parts to make it
available for large 3-D plasma and installation struc-
tures and to increase flexibility:

(a) atomic physics package (1-D, no geometry, user-
independent), and

(b) geometric package (2-D or 3-D geometry, particle
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upstream separatrix density / m™

density. The power flow across the separatrix is 600 kW.

tracing and interaction with plasma-facing compo-
nents, user-dependent).

O Pardlelization of EIRENE. In ajoint effort with KFA
Jilich, the “stratified sampling” structure of the cod
has been generalized for massive parallel process
and successfully tested, first on the CRAY-T3D at
Garching and then on the CRAY-T3E at Jilich. Per
formance studies are currently under way.
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New Director General of the National Science
Center of Ukraine Kharkov Institute of Physics

and Technology

Vladimir I. Lapshin has been nominated to be the Director
General of the National Science Center of Ukraine’s
Kharkov Institute of Physics and Technology (NSC
KhIPT). Born in 1948, V. Lapshin graduated from the
Department of Physics and Technology of Kharkov State
University in 1972. His scientific career has been con-
nected with this University, where he has been a postgrad-
uate, a senior research fellow (1976-1978), and finally an
assistant professor. He obtained his Candidate of Science
and Doctor of Science Degrees in Physics and Mathemat-
ics from Kharkov State University in 1976 and 1992,
respectively.

His scientific interests include the theory of rf plasma
heating in fusion devices, nonlinear wave processes in
plasmas, and plasma astrophysics. V. Lapshin succeeded
to this position after Academician V. F. Zelensky became
the Director of the Institute of Solid-State Physics, Mate-
rial Science and Technologies of the NSC KhIPT.

V. Lapshin can be reached by FAX: 38-57-235 3530 or
E-mail: lapshin@ipp.kharkov.ua
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