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Magnetic flux mapping in LHD

Thefirst plasmain the Large Helical Device (LHD) was
produced on March 31, 1998; the initial plasma experi-
ments then continued until May 13. In thisfirst phase of
the experiment, LHD was operated with atoroidal mag-
netic field By of 1.5 T and plasmas were produced and
heated with second harmonic electron cyclotron heating
(ECH). The maximum total ECH power was about

350 kW at frequencies of 84.0 and 82.6 GHz. The plasma
quality improved with wall conditioning, and it was shown
in the last stage of theinitial plasma experiments that the
maximum electron temperature is about 1.5 keV and the
maximum flat-top density is about 1.0 x 101° m™3. A pre-
liminary analysis of the energy confinement timeindicates
that it appears to agree with the value estimated from the
empirical scaling law.

Fig. 1. Magnetic surfaces in LHD at By = 0.0875 T, mea-
sured using the fluorescent mesh method.
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After theinitial plasma experiments, magnetic flux map-
ping studies were performed during steady-state operation
at reduced By, up to 0.25 T. The mapping was carried out
by the fluorescent method, using an electron gun with a
LaBg cathode and afluorescent mesh that emitslight when
the electron beam collides with it. The diameter of the
electron beam was limited to < 3 mm by an aperture. The
1 x 2 m fluorescent mesh was situated at the toroidal plane
where the cross sections of magnetic surfaces are elon-
gated vertically. The magnetic surfaces were measured by
taking pictures of the fluorescent mesh while changing the
radial position of the electron gun. The picturesweretaken
with an intensified charge-coupled device (CCD) camera,
whose line of sight was along the centerline of atangential
port for the neutral beam injection, and the angle between
the line of sight and fluorescent mesh was 65°.

Clear pictures of the magnetic surfaces were obtained
(Fig. 1), revealing closed, nested magnetic surfaces in
good agreement with calculations, as can be seen in Fi

The ability to create this accurate magnetic configuration

D
is a prerequisite to the successful start-up of the LHD
experiment. The rotational transform and magnetic she
are still being analyzed through comparisons of experi-
ment and calculation.

Figure 1 shows also the existence of a agar= 1/1
island. This island is considered to be formed by the

earth’s magnetic field because the LHD magnetic field wa
y Akio Komori for the LHD Team

so low when the mapping was performed. Although on
them/n = 1/1 island is depicted in Fig. 1, very snralh =
2/1 islands could be also observed experimentally. The

0.2
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calculation depicted in Fig. 2 takes into account the earth’s
magnetic field and hence demonstrates thabthe= 1/1

and 2/1 islands could be formed by terrestrial magnetism
at this low magnetic field. The calculated poloidal phases
and maximum widths of the islands agree well with those
of the experimental results; furthermore, the maximum
width of them/n = 1/1 island was reduced by a factor of
about 1.3 when the mapping was performeshat 0.25 T,
from that obtained @, = 0.0875 T. Thus it is concluded
that the observed islands are formed mainly by the earth’s
magnetic field. This will be shown more clearly in the sec-
ond campaign of the LHD experiment, during which mag-
netic flux mapping studies will be performedsgt=1.5T.
Even at this stage of the magnetic flux mapping studies,
however, it is suggested that the accuracy of LHD, espe-
cially, with regard to the helical and poloidal coils, includ-
ing their alignment, exceeds the required value for LHD,
because the measured maximum island width of 8.9 cm at
= 0.25 T is larger than the predicted maximum island
‘width of 6 cm (which was calculated taking into account
error fields caused by the permissible inaccuracy of these
coils) by a factor of only about 1.5. Thus at the operating
field of 1.5 T or 3.0 T, the island width will be signifi-
cantly reduced.

The initial successful results of the magnetic flux mapping
studies provide new hope and encouragement to the LHD
gxperiment.

National Institute for Fusion Science
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Fig. 2. Calculated magnetic surfaces in LHD at
By =0.0875 T. The earth’s magnetic field is
taken into account. These should be compared
to the experimentally-measured surfaces in
Fig. 1.
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Dynamics of the high ion tem-

perature mode in CHS 10()
L (@

Characteristics of high-T, mode discharges 08L 50ms +r|1|gr;]:101(;iemode

The high ion temperature T; mode [1] is one of several
improved modes in stellarators [2]. Recently, similar high-
T; mode discharges have been observed for neutral beam
heated plasmas by turning off the gas puff at the onset of
neutral beam injection (NBI) in the Compact Helical Sys-
tem (CHS) heliotron/torsatron.

Figure 1 shows profiles of T; measured with charge- 0.2
exchange spectroscopy (CXS) [3] for discharges without a
gas puff (high-T; mode) and with a gas puff (L-mode) in 0ol . | | . |
CHS. The target plasmais produced by a pulse of electron S e e e e
cyclotron resonance heating (ECRH) that produces a target 0.80 0.85 0.90 0.95 1.00 1.03.10
plasma, and then a neutral beam is injected for 40-140|ms R (m)

The helical magnetic field is 1.76 T. While the electron 1.0

densityn, increases with time because of gas puffiigs ! (b) ot —QLhIghTI moder
almost constant in L-mode discharges. However, when|the i 70ms o Lmode 1
gas puff is turned off at the onset of NBI, both the central 0.8
electron densityng(0), and the central ion temperature,
Ti(0), increase in time ang(0) reaches 0.7-0.8 keV. The
transition between the high-mode and the L-mode is
sensitive to the ratio of beam fueling to gas puff fueling = [
and a small gas puff or high wall recycling will preventthe 0.4 |
discharge from entering the highmode. [

The absolute value @(0) in the highT; mode is similar 0.2}
to that in the early phase of an L-mode discharge. For [
exampleng(0) att = 70 ms in the L-mode discharge is Y P
almost identical to theg(0) att = 90 ms in the higf; '

mode discharge in CHS. On the other hand, clear diffe 0.80 0.85 0.0 0.95 1.00 1.03.10

ences are observed betweenrjerofiles for highT; R (m)
mode discharges and those for L-mode discharges. In higt
T; mode discharges, the electron density profile is peaked 10 L (C) L _._'hl hT Inlwoldlel'
(~1.5), while it is flat (~1.0) in the L-mode during gas [ 90 ms gn I
puffing. 08k —e—L mode
Transition from L-mode to the high-T; mode —

>0.6

Figure 2(a) shows;(0) as a function of NBI power in (0]
. X
CHS. The central electron temperature increases gradyally ~ [
proportional toP%3, as the NBI power is increased. How Fo04Ft
ever, the central ion temperature increases sharply at the I
critical NBI power of 0.7 MW. This sharp increase in ior 0.2 I
temperature indicates the transition from L-mode to high- '
T; mode. Since the coinjected NBI power in CHS is 0.7

0.8 MW, which is slightly higher than the critical value, a . I I I I WU
slight increase in the electron density by gas puffing pre- 0.80 0.85 0.90 0.95 1.00 1.08.10
vents the discharge from making the transition from L- R (m)

mode to hight; mode. Therefore, there is an upper limit on
electron density for the highi-mode transition with a
fixed NBI power, as seen in Fig. 2(b). In the low density|
regime { = 70 and 90 ms)[;(0) drops sharply aiy(0) =

Fig.1 Radial profiles of ion temperature for L-mode and
high-T; mode discharges in CHS.
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1.4 x 10%m™3 (t = 70 ms) and ng(0) = 2.2 x 10°m 3 (t = 0.8 s E—
90 ms), indicating the upper limit for the high-T; mode. 0 75 [ ()3

The upper limit of the electron density for the high-T;

mode increases as the peaking factor of electron density is % 0.6F ]
increased (1.5att=70ms - 1.8 at =90 ms). No sharp X 055_ | ]
drop isobserved at t = 110 ms because the electron density S | ]
exceeds the upper limit for the high-T; mode and the - 0.4F I ]
plasmaisin the L-mode. When recycling is high due to = : ' ]
poor wall conditions, the central electron density increases 9® 0.3 3 : ]
without a gas puff and the density peaking factor is low = 0.2k Lo 3
(< 1), sothe plasmais awaysin the L-mode. To achieve a 0 1' L mode! | high Tj _
high T;,-mode discharge, the peaking factor should increase ' |1 mode j
as the central electron density increases. Therefore central oottt i b
fueling by neutral beamsisthe key to achieving the high-T, 00 02 0.4 0.6 0.8 1.0
modein CHS. P (MW)

K. Ida and the CHS Group
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Oroshi-cho, Toki-shi, Gifu, 509-5292, Japan 0.7F E
5 | L mode ]
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Fig. 2. (a) Central ion and electron temperatures as a func-
tion of NBI power. (b) Central ion temperature as a function
of central electron density. The parameter on these curves
is the density peaking factor.
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First plasmas in the TJ-Il
Flexible Heliac

Introduction

TJIl isalow magnetic shear stellarator of the Heliac type
with an average major radius of 1.5 m and an average
minor radius ~ 0.22 m. The magnetic field (Bp=1T) is
generated by a system of poloidal, toroidal, and vertical
field cails. The main characteristics of TJI are (a) strong
helical variation of its magnetic axis; (b) very favorable
MHD characteristics with potential for high-beta opera-
tion; (c) flexibility in operation (the rotational transform
can be varied over awide range); and (d) bean-shaped
plasma cross section [1].

The existence of closed, nested magnetic surfaces, in good
agreement with the calculated ones, has been demon-
strated in TJ11 by means of magnetic surface measure-
ments carried out at low magnetic field [2, 3]. A powerful
data acquisition system [4] isin operation to handle the
large amount of data (~125 Mbytes/discharge) generated
by the set of plasma diagnosticsinstalled in the device [5].
The physics program of the TJ11 stellarator isfocused on
transport studiesin low-collisionality plasmas, operational
limits in high-beta plasmas, and studies of confinement
optimization and its relationship with the radial electric
field.

First results

Thefirst TJ11 plasmas were obtained using one gyrotron
(f=53.2 GHz, Pecry ~ 250 kW) with a pulse length of At
~ 80-200 ms. Electron cyclotron resonance heating
(ECRH) power is launched into TJ-1l plasmas through 3
boron nitride window mounted on the bottom port at the
toroidal anglep = 25°, and perpendicular to the TJ-Il ma
netic field as an extraordinary wave [6, 7]. A set of rece
ing antennas has been installed along the TJ-1l vessel i
order to measure the multipass absorption. The measu
ments show that the residual microwave power, not
directly absorbed by the plasma bulk, is absorbed after
few passes through the plasma column. This is in agres

ment with the extensive linear ray tracing calculations car-
ried out to analyze the performance of the ECRH system
in TJ-11 [8, 9].

Prior to experiments, vacuum levels of x 10" mbar are
achieved using a set of turbomolecular pumps whose total
pumping speed is ~4000 L/s [10]. Room-temperature glow
discharge cleaning with helium has been used for the con-
ditioning of the stainless steel wall in the initial phase.

Five magnetic configurations were studied. Their parame-
ters are shown in Table I. Two mobile limiters in TJ-II [11]
make it possible to reduce the interaction between the
plasma and vessel when required. A set of Langmuir
probes and thermoresistors are embedded in the limiters to
enable characterization of the scrape-off layer (SOL)
region. Measurements with probes installed in the limiters
and with fast movable probes show a good agreement
(within £0.5 cm) with the location of the last closed flux
surface (LCFS) as computed from equilibrium codes and
the confinement plasma radius (defined as the point where
the electric field changes direction from positive (radially
outwards) to negative. When magnetic islands are present
in the plasma boundary region, a flattening in the edge
profiles (i.e., in the ion saturation current and floating
potential) has been observed. This is interpreted in terms
of the influence of magnetic islands (8/5) on plasma pro-
files [12].

The typical time evolution of ECRH discharges is shown
in Fig. 1 for the magnetic configurations having central
rotational transforma(0) ~ 1.51. Good conditions for
preionization and plasma start-up by ECRH were achieved
by injecting hydrogen several tens of milliseconds before
the gyrotron pulse. Typical pressures are in the mtbar
1 range, in agreement with particle balance; delays between
the density build-up and the gyrotron pulse are typically a
J- few milliseconds. Quasi-stationary discharges with ECRH
V-asting up to 200 ms were obtained. The plateau has an
n average electron density ~ ~ &3.0'° m™ and central
re{ECE) electron temperatures are in the rahge 0.4 —

0.8 keV. The edge temperature is in the rafja) ~ 10—
a20 eV. The H signal decreases at the beginning of the
2- plasma discharge whereas impurity monitors

TJ-1I configuration characteristics. Ry and Ry, are the mod-[aB?lr(ieplble at the magnetic axis and at the boundary, respectively.
Name o H, Well (%) || Volume (m®) R (%) Ry, (%)
38_38_37 1.50 1.62 2.6 0.337 3.0 18.4
46_46_43 1.60 1.73 4.0 0.560 2.3 24.2
100_32_60 |1.42 1.52 2.2 0.934 15 32.0
100_40_63 |[1.51 1.61 2.3 1.065 1.7 35.8
100_50_65 |[1.61 1.73 2.7 1.260 24 40.7
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Fig. 1. The time evolution of plasma parameters with +(0) ~
1.51.

(i.e., carbon V) increase later. The fast decay of theH, sig-
nal is consistent with the low recycling expected for
helium-conditioned metallic walls. The constant electron
density at longer times implies the presence of impurities
as fueling species. Results for different configurations
indicate an impurity dilution effect as the ratio of plasma
volume to plasma-surface interaction increases [12]. In
configurations with the largest volumes (V ~ 1.2 m3),
plasma densities up to the cut-off density (ng(0) = 1.75 x
10%° m™3) have been obtained with appropriate gas puffing
during the plasma discharge. Plasma currents in the range
of I ~ 0.5 kA have been measured, and appear to depend
on the location of the plasma resonance (on/off-axis heat-
ing) consistent with electron cyclotron current drive
(ECCD) calculations.

Global confinement properties have been found to be
strongly dependent on plasma volume. Figure 2 shows
stored plasma energy vs plasma volume. The stored
energy increases from 200 Jin the smallest plasma config-
uration (V ~ 0.34 m®) to above 1 kJin the plasma configu-
ration with VV ~ 1.2 m®. In the largest plasma
configurations, which have aline-averaged density n, ~0.5
x 10%° m™3, the measured stored plasma energy Wis~1 kJ
and the global energy confinement time tgx = WIPgcry ~
4 ms.

Conclusions

The first plasmas of the TJ-1l stellarator have been suc-
cessfully achieved using a 53.2-GHz gyrotron with ECR
heating (Pecry ~ 250 kW). Quasi-stationary discharges
lasting up to 200 ms have been obtained with central elec-
tron temperatures from 400 to 800 eV, plasma densities n,

~ (0.5-1)x 10" m™3, stored energies in the range 0.2—1 kJ
and global energy confinement times of up to 4 ms. As

1f [
5 F. | S
< 06F 5 ¢ '
- g , 3 i
> <8 g ]

F 2 N <C’r| )
02F | 3 g ]

012 016 02 024
<a> (m)

Fig. 2. Stored energy vs plasma volume for the shots in
Table .
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[9]

expected in TJ1, the plasma-wall interaction shows very
distinctive features that play an important role in attaining
the nominal flexibility range of the machine. An intense
program in first wall conditioning is under development to
control the influence of neutral particles and radiation on
plasma properties.
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H-1 Heliac upgrade status

The H-1 flexible heliac project became an Australian
Major National Research Facility (MNRF) in May 1997
with the signing of a contract between the Australian
National University (ANU) and the Australian Department
of Industry, Science and Tourism. This contract provides
capital funding of $8.7 M (Australian) over five yearsto
support increasing the magnetic field, heating power, and
diagnostic capabilities.

The first stage of the upgrade processis now under way.

The largest part of this project isto increase the magnetic

field of the H-1 device (magjor radius of 1 m, plasma minor
radius of 0.15-0.20 m) from its present operating value of
0.2 T to its design value of 1 T. This requires the addition
of a power supply capable of providing 14 kA at 1 kV for a
flat-top of 0.5 s at full power.

In late 1997, power supply design specifications were pre-
pared by a team from ANU and Walsh & Associates Con-
sulting Engineers in Sydney. After a competitive tender,
contracts were awarded to ABB-Melbourne for the dc-dc
converter and regulator (the largest component) and sys-
tem integration, to TMC Ltd. of Melbourne for the trans-
former, to CEGELEC of Sydney for the ac-dc converter,
and to HOLEC Engineering of Sydney for the high-volt-
age switchboard. These subsystems are now in detailed
design, with component testing and installation scheduled
for October—December 1998 and first operation for early
1999.

In parallel, substantial modifications to the experimental
hall and adjoining service areas have been carried out.
Pearson & Sullivan Pty. Ltd. of Canberra are responsible
for the building modifications, and KONE, Ltd. of Sydney
have installed a new overhead crane.

The upgrade of the H-1 heating is also progressing. Com-
ponents for the waveguide line connecting the 200-kW,
28-GHz, Kyoto/NIFS gyrotron to H-1 have been fabri-
cated and delivered by General Atomics (San Diego), and
the gyrotron itself is having its output window upgraded
by CPI in California. A 250-kW, 4- to 26-MHz transmitter
for ion cyclotron resonant frequency heating (ICRF) was
acquired from Radio Australia. It was dismantled and
transported from Western Australia by Telstra and is being
adapted and installed in the H-1 area by British
Aerospace—Adelaide and Wilson Transformers of Mel-
bourne.

H-1 will resume physics operation for a short period at low
field in August—September 1998 and then will be shut
down for final installation and testing of magnetic field
power supply and heating system components October
1998 through January 1999.
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U.S. stellarator “proof-of-
principle” proposal review

principle” (PoP) program to develop the knowledge bas
on compact, high-beta, good-confinement stellarators t
would allow a later decision on a compact stellarator th
allows extrapolation to burning plasma conditions. The
proposed program is based on development of hybrid n
netic configurations that combine the best features of s
larators (external control; immunity to disruptions; and

need for current drive, feedback stabilization, rotation

(compact, high beta, and good confinement). The stella
tor proposal was reviewed by the U.S. Department of
Energy (DOE) in June along with proposals for PoP prg
grams in the reversed-field pinch and magnetized targe
fusion areas. The report of the review committee is

expected shortly. Both this proposal and the “U.S. Stell
tor Program Plan” are on tt8ellarator News web site.

The proposed program is based on two promising trans
optimization strategies for compact stellarators (with
plasma aspect ratib = 2—4): quasiaxisymmetry (QA) anc

serve a component of the canonical momentum (as do
tokamaks) and have neoclassical transport properties t
are tokamak-like. The Helically Symmetric Stellarator
(HSX) at the University of Wisconsin will be the first

experimental test and exploration of quasisymmetry, sp
cifically, quasihelicity.

QA stellarators can have aspect ratios and bootstrap c
rents typical of tokamaks, so they resemble tokamak-s
larator hybrids. Like tokamaks, they can have a deep

low aspect ratio. Although the last closed flux surface

appears nonaxisymmetric in real space, the Fourier sp
trum of B| in magnetic coordinates (on which the partic
drift orbits and neoclassical transport depend) has a dg
nant axisymmetric component with nonaxisymmetric ca
ponents of only a few percent at the plasma edge.

The QO concept (1) reduces neoclassical losses by ap
imately aligning the collisionless trapped particle drift
orbits with the magnetic surfaces and (2) provides a laf

The U.S. stellarator community is proposing a “proof-of-

h

drive, or a close conducting wall) and advanced tokamaks

guasiomnigeneity (QO). Quasisymmetric stellarators con

ing the fraction of the rotational transform that is created

by the bootstrap current. This may ease startup, reduce the
sensitivity of the equilibrium to changes in the bootstrap
current, and reduce susceptibility to disruptions. The varia-
tion of the field strength within a magnetic surface can be
more complicated than in quasisymmetric configurations
since no particular symmetry is imposed. The large nonax-
isymmetric terms in thd®| spectrum and the lower fraction

of bootstrap current distinguish QO stellarators from QA
stellarators.

Both the QA and QO concepts make use of the bootstrap
current, but to different degrees, to create a configuration
with A = 2—4 and volume-average bet&% (the value
gbrojected for the advanced ARIES-RS tokamak reactor).
Both look attractive for compact stellarator reactors, and
afach has distinct complementary advantages. Bothiraust
developed experimentally to establish the needed scientific
se for the program’s ultimate success. A determination

tepl the optimum strategy to pursue is one of the U.S. stellar-
L@tor program’s goals. The proposed program consists of the
following elements:

=)

A new PoP facility, the National Compact Stellarator

ira-  Experiment (NCSX)

O A new concept exploration experiment, the Quasi-

- Omnigeneous Stellarator (QOS)

t0 The existing HSX and a modification of the Compact
Auburn Torsatron (CAT)

A@- Stellarator theory focusing on concept optimization
and key stellarator physics issues

pgrt Collaboration with the international stellarator pro-
gram in specific areas

y U System studies to guide concept optimization tradeoffs

The PoP program elements cross-link with one another to
provide a well-integrated program.

hathe NCSX facility would be the focus of the PoP program.
It would be reconfigurable to ensure that experimental tests
of the new developments arising from the total stellarator
€program can be conducted expeditiously. In order to mini-
mize cost, it is planned to construct the NCSX facility by
,rnodifying an existing device, the PBX-M tokamak, and
eHising its supporting infrastructure. The QA concept is
probably somewhat more compatible with the PBX-M con-
t Straints, so it has been chosen as the initial PoP configura-

magnetic well and high beta limits for ballooning, even at &

tion. The QOS experiment is proposed to test the basic
L rinciples of the complementary QO optimization strategy
eand to provide information needed for the design of the
nfiecond coil configuration to be tested in the NCSX facility.
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