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PREFACE

The First International Toki Conference on Plasma Physics
and Controlled Nuclear Fusion was held on 4-7 December 1989,
in Tokishi Bunka Plaza. This is in commemoration of the
National Institute for Fusion Science to be constructed in
the City of Toki, about 30 km north-east of the present site
in Nagoya.

The institute, NIFS in short, was established on 29 May
1989 under Ministry of Education, Science and Culture, former
Institute of Plasma Physics, Nagoya University being
reorganized. Staff at Plasma Physics Laboratory, Kyoto
University and Hiroshima Institute for Fusion Theory,
Hiroshima University also joined the new institute.

As one of activities to promote nuclear fusion research,
NIFS decided to inaugurate a series of international
conference with a name of "Toki Conference", annually on the
topics of current international interest in fusion research.

The Pirst Toki Conference laid its emphasis on the topics
related to "next generation experiments in helical systems",
in connection with the Large Helical Device Project which is
the major project of NIFS.

About 150 scientists from 10 counties participated in the
conference, presented their works and discussed the problems
on the topics categorized as follows :

Next Generation Experiments

Theories (MHD and Transport)

Special Topics

Edge Physics and Confinement Improvement
On-going Experiments

Engineering

The program of the conference is attached in the present
proceedings. The list of participants is also attached.

The Organizing Committee would like to acknowledge
cooperation of all participants and the staff concerned.
Special thanks are to Mr. Tsukamoto, Mayocr of Tok i City and
his staff, and to those who are involved in the organization
of the conference.

Juniji Fujita
Chairman, Organizing Committee
for the Toki Conference

.__1__



ORGANIZING COMMITTEE

Junji Fujita (Chairman)
Osamu Motojima
Kohnosuke Sato

Keisuke Matsuoka
Yasuhiko Takeiri

Chusei Namba

National Institute for Fusion Science
Furo-cho, Chikusa-ku, Nagoya

Japan T 464-01



PRESENT STATUS OF THE LARGE HELICAL DEVICE PROJECT

0. MOTOJIMA
LHD Design Group
NATIONAL INSTITUTE FOR FUSION SCIENCE
464-01 FUROCHO, NAGOYA, JAPAN

Abstract

National Institute for Fusion Science is a new large fusion research insti-
tute in Japan. It is responsible for joint university researches of plasma
physics and fusion technology. The major experimental facility of the institute
is Large Helical Device (LHD) which 1s now in the phase of practical design.
This report describes the design study of the Large Helical Device. Our goal is
the demonstration of high energy and high ® plasma production in the helical
device, which is a necessary step toward the realization of the helical reactor
system.

1. Introduction

Recently significant progress has been made in the research on helical de-
vices (Heliotron E, CHS, ATF, Wendelstein VII-AS, etc). Both experimental and
theoretical studies have revealed that this approach is a very promising fusion
reactor concept.

In helical devices, the confinlng magnetic field is generated by the exter-
nal coils and thus helical devices are free of tokamak problems, i.e. implemen-
tation of the efficient non-ohmic current drive and preventicn of the major
plasma current disruption, which must be resolved before designing a tokamak
reactor system. The inherent advantage of helical system makes helical concept
very attractive. It has been demonstrated by small scale helical device experi-
ments that the plasme performance in helical devices is cdmparable to that of
comparable tokamak device. In order to examine whether a helical device is a
viable candidate for fusion reactor system, a larger-scale experimental device
is needed. For this objective, we have proposed to build superconducting Large
Helical Device (Heliotron/torsatron type, ~# =2, mE=10, ¥ o»=1.2, R=dm, B =4T)
shown in Fig.l1. The budget for the first year of the eight years construction
proposal has been approved by the Japanese government April 1989.

Helical system is the representative of the static configuration and can
produce the currentless plasma. On the contrary Tokamak is recognized as the
dyvnamic configurations with current. There are many interesting physics issues.
We have been primarily concentrating our scientific efforts on the analyses of
MHD, transport and edge physics. These issues are listed on Table 1. The ana-
lyses on these issues are deeply dependent on the data base of the present
experiments and theoretical approaches. We wish new data base of Large Helical
Device makes clear the major part of physics origins of these issues.

We report here a summary of our design study of the Large Helical Device.
In Section 2, the objectives of the project are depicted. And in Section 3,
target plasma and design criteria for magnetic configuration are introduced.

2. OBJECTIVES OF THE PROJECT

The overall objective of this project is to clarify the physics and engi-
neering issues important in designing future helical reactor by studying the be-
havior of the currentless plasmas in the large-scale experimental helical de-



vice. This research project will be carried out as the major fusion research
activity of Japanese Universities.

The most important subjects to be pursued are; (a)To carry out a wide range
of research in the transport under high nt T plasma conditions extrapolatable to
reactor plasmas. (b)To achleve high-beta plasmas with the average beta value of
B »5%, as needed for reactor, and to understand the related physics. (c)To
obtain the basic data necessary to realize steady-state operaticn through exper-
iments on the quasi-steady plasma control using the divertor. (d)To study the
behavicr of high-energy particles in the helical magnetic field and to conduct
a particle simulation experiments. (e}To increase the comprehensive under-
standing of toroidal plasmas by carrying out studies complementary to those in
tokamaks. The target regime is behind of the present day largest Tokamak data
points which are now still improving. However according to our concept defini-
tion, this is thought the even and necessary position to extrapelate our data
bases of LHD to the reactor reglme. OQur project is stressed more on the physics
development concerned with currentless plasmas in the nonaxisymmetric system.
We are also responsible for the comprehensive system, i.e., Tokamak approach.

Characteristics of Large Helical Device is summarized in the followings.
1. Reactor extrapolatable currentless plasma production, 2. lLower aspect ratio
(A~ 7), 3. Installation of divertor for edge and particle control (and for
confinement improvement), 4. Steady state operation with superconducting coils
and divertor, wand 5. Utilization of continuous helical coil. Extensive
optimization studies have been done during these three years by the design group
which was organized as an inter-university active collaboration. Here we also
thank for the fruitful international collaborations with especially Oak Ridge,
Max-Planck, and Princeton plasma physics groups.
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Fig. 1 Bird Eye View of LHD



Table 1 PHYSICS ISSUES OF TOROIDAL CONFINEMENT
fby M. Fujiwaral

HED TRANSPORT EDGE PLASHA

| static BBLICAL PRESSURE DRIVEN NEOCLASSICAL BELICAL DIVERTOR
CONF |CURAT O IDEAL/RESISTIVE  +ANOMALODS RECYCLIRG CONTEOL
COREENTLESS MERCIER (E-MODE)
5‘ HEELI10TRON E PS CUBEENT LED-EMPIRICAL SCALIXNG
CHS BS COERENT ¢ EFFECT
ATP THERMAL DISEGPTION & EFFECT .
¥ENDELSTEIN VI14S HIGH BNEREY PARTICLE
SOATLBT-M ERCODICITY
SHBILA ote. MAGNETIC BRAIDING
DEIPT MODE ‘
COKYECTIVE CELL
W
DYRAMIC TOEAMAE PRESSURE DRIVEN EAYE-GOLDSTOKE POLOIDAL DIVERTOR
CONFIGURATIOR CUERENMT DRIYER L-MODR & H-MODE RECYCLIXG CONTROL
CORRRAT ANONALODS ‘ ‘PUMF LINITER
IT-60 B-K0DE
JBT CURRENT/TEREMAL MICRO-]1HSTABILIETY
TPIE DISRUFTION MHD BPPECT
TREIAM-1M
1IPPT-20 ete.

3. TARGET PLASMA AND DESIGN CRITERIA FOR MAGNETIC CONFIGURATION

The following target values for plasma and device parameters are adopted
for conducting the above-mentioned research.

Plasma Parameters:

CASE 1 : Ty =3 -4KeV, Nne = 102" n~=
{highntT) tg=0.1-0.3sec, B=4T

CASE 2 : T,(0) = 10 keV, B o= 2 x 10'° 12
{(high T;) Teg= ~0.15sec, B=4T

CASE 3 : T > 5% B=1-2T

(high §)

Device Parameters:

ar = (50-60} cm, R/ag =7~8
R=4nm
B = 4T, Pabs = 15"2on

The configuration for obtaining high beta 1is primarily studied with MHD
codes (H-APOLLC, H-ERATO) using the stellarator approximation method under the
net currentless plasma equilibrium condition. Various parameters reflecting the
geonetrical shape of coils, Ac=R/ac, m, 7 o = (m/ ¢ )(ac/R), are varied widely
to find the optimum magnetic configuration, where R, ac and m stand for major
radius, minor radius and the pitch number of the helical coil, respectively.



The results are; (a)In the case of m = 10, F ~5% is attainable if v o>
1.2. (b)In the case of m = 14, 7 , should be increased more to attain the high
g condition. The inward shift of the plasma improves the equilibrium beta
limit because of increase in ¢ and decrease in the axis shift (in vacuum), and
the stability beta limit also increases until the sudden loss of the stability
for interchange mode due to the loss of the magnetic well. For m=10/ 7 o
=1.20/R=4m configuration, the stability beta limit of 5% is achieved when the
plasma is shifted about 15cm inwards. If the plasma inward shift is less than
this value, the beta limit Is restricted by the equilibrium. For m=14/4 o=1.29
configuration, beta-limit ~ 3% is obtained; this value is less than the required
equilibrium limit. When the plasma is moved outwards, the beta 1limit is
restricted by the ballooning mode type instability. We have also studied the
improvement of the plasma stability caused by the quadrupole, and hexapole
magnetic fields.

Confinement studies for evaluating the target values for plasma and device
parameters are as follows; a) We used the following empirical scalings obtained
from the results of experiments on helical devices,

T EEMP1=O . 17Ppbs_o- =1=] n eI'.'l. GOp0. 842, ORO. 76 and
T EEMIF'E=0 . 21Pebsh‘00 53 ﬁ eﬂ. GGBD. EEaZ R.

(s) (MW)  (10%°m~3)(T) (m) (m)

b) At the same time we also pursued the confinement scaling based on nec-
classical theory and the additional anomalous transport {based on the analysis
of ECH and NBI plasmas in Heliotron E). Scaling (b) predicts the following typ-
ical properties of plasma energy confinement. (1) In the low-density region (n.
< 3 x 10'® m™®), it Is possible to realize the condition for the electron root
~(plasma radial electric field E. > ). As a result, T,{0}) > 10 keV will be
achieved with Peve > 15 MW and a, > 50 cm. (2) The high-density region { G
~ 1022 p~=2) produces the ion root (E. < 0), and T;(0) = 4 - 5§ keV is obtained
when Pavs > 15 MW and a > 50 cm. Plasmas with a high nt T value are
obtained as a result of expected t g = 0.1 - 0.3 sec.

Orbit loss of fast ions is a concern for a helical magnetic configuration.
Drift orbit calculations have been carried out by using both real coordinates
and magnetic coordinates. The drift surface of passing particles can be con-
trolled by the magnetic surface, while the position of drift surfaces for local-
ly-trapped particles are controlled by mod-B structure. The good confinement is
realized by adjusting these two structures. The magnetic surface can be moved
by vertical field, and mod-B structure. The particle loss fraction can be
reduced effectively by the inward shift of the magnetic axis.

In order to study long-pulse, currentless plasmas, various divertor actions
are necessary for controlling impurities, particle flux, and heat flux. It may
also provide improvement in the energy confinement (H-mode). For m = 10, slight
pitch modulation of . helical coil is desirable for providing a clear separatrix
configuration outside the outermost closed magnetic surface.

In 1989, we have developed the basic design phase 1 and extensively stud-
ied m = 10 system. We are now starting the detailed design phase I by taking
intc account the results of Research & Development on super-conducting coils and
recent experimental results from Heliotron E, ATF, CHS and Wendelstein VII-AS,
etc.
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Status of the Wendelstein VII-X Project
G. Grieger and WVII-X Team

Max-Planck-Institut fiir Plasmaphysik, Euratom Association
D-8046 Garching, FRG

The objectives of the WENDELSTEIN VII-X project are unchanged: to demonstrate
the® reactor potential of Advanced Stellarators, including the following items:

- to demonstrate plasma build-up by non-ohmic means;

- to prove that plasma confinement is adequate;

- to show that stability can be achieved at high enough beta (=5%);

- to demonstrate stationary operation, controlled by refuelling and
exhaust only;

- to prove that the magnet technology is feasible and “simple",

This demonstration may involve some plausible extrapolations to reactor
conditions. In particular, there is no need to foresee DT -operation because
experience with such plasmas can be transferred from Tokamaks. Needless to say
that also budget constraints have to be observed.

WENDELSTEIN VII-X Physics

The configuration selected for WENDELSTEIN VII-X was optimized accordmg to the
following criteria:

- to ensure good equilibrium propertics with limited influence of islands;

- to minimize the influence on the configuration by changing beta  which
includes the optimization for low bootstrap currents;

- to provide good MHD stability;

- to design the configuration such that the neo-classical losses are in the
requircd range and anomalous losses low enough not to spoil the confinement;

- not to exceed an aspect ratio of 10; and

- to aim at technical simplicity.

The configuration selected is shown in Fig. 1. It has the following parameters:

major radius . 55 m
average plasma radius............... 050 m
average coil radius ... 1.14 m
Number of field periods.............. 5
- Number of coils per period........ 10
Magnet. field . 30 T
Magnet. ERETEY .coccovveovnrromunnnnnns 0.6 G
Max. field at coils......ccecreveenninenn61 T
rotational transform

forr=0 0.84

forr=a 0.99
magnetic well  .iviiees 14 %
current density in coils............. 48 MA/m?2

Fig. 1: WENDELSTEIN VII-X (Helias 5 - 10), coil system



Superimposed toroidal field coils - four per ficld period - allow variation of the
rotational transform according to Fig. 2. The magnetic well is displayed in Fig. 3.
Fig. 4. shows the geometric helical ripple together with the effective helical
ripple which, applied to a configuration being axisymmetric otherwise, would
lead to the same transport.
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Fig. 4: Helias Configurations: geometric helical ripple (left); effective helical
ripple (right). (C. Beidler). WENDELSTEIN VII-X: HS 5-10.

The large ratic between these two quantities shows the large improvement factor
achievable by Advanced Stellarators. This can be seen even better in Fig. 5 where
the lines of the confinement currents are plotted together with the orthogonal
trajectories on B. If both were identical, confinement would be perfect. Fig. 5(a)
shows the case for Wendelstein VII-AS which is optimized only to a limited degree
and which therefore shows large components of the current flowing parallel to B.
Fig. 5(b) is for Wendelstein VII-X where in the critical corners, where the
curvature is largest, the parallel component of the confinement current nearly
vanishes. Representative magnetic surfaces are shown in Fig. 6. The islands in the
boundary region are wanted and can be exploited for exhaust purposes by
pumped limiters.
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Fig. 5(a): WENDELSTEIN VII-AS, magnetic
coordinates and plasma currents

Q@@@‘m\\\“\\\\ Fe & VENDRLSTER, YA (s 210

Fig. 5(b): WENDELSTEIN VII-X (Helias 5-10),
magnetic coordinates and plasma currents.

Expected plasma parameters are shown in Tables 1 and 2 for an ECRH scenario
with Ppax = 10 MW and an NBI scenario for Pyax = 20 MW, respectively. Three cases
are assumed for the heat conductivity: 1(2)e.an is in line with the gross
experimental  values found in the Wendelstein-VII-plasmas. x(3)é,an is a
theoretical forecast to result from turbulent diffusion and x(4)e.an follows from
ASDEX L-mode scaling. For present Wendelstein plasmas these three coefficients
lead to very similar results and are thus hardly to distinguish. For the "elevated

parameters expected for Wendelstein VII-X, however, it would be clearly visible if
the transport were not as expected and would rather follow one of the other laws.

(2} () It (7l (3 L)
Xe,an %e,an xet:gn Xe,an . Xe,an Xe,an

- 20 1.5 x 1020
(o) [m3] 1.0 x 1020 1.0 x 1020 1.0 x 1020 n(o} [m3) 1.5 x 1020 1.5 x 10
Tela) (keV] 7.0 4.5 2.8 Te(o} [keV] 19.0 5.5 3.0
Tifo) [keV] 5.0 3.7 2.2 Ti(o) [keV] 11.3 6.5 3.3
flo) (%) 7.7 5.3 3.2 Bloy (] 20.5 1.5 6.1
il (%} it 2.2 1.0 B (%] 8.5 4.8 1.8
E {MN 3.82 2,75 1.2 E (M1 9.9 5.38 2.2
T [ms] 400 283 124 1e [ms} 522 307 113 'o
ntg  [sm3] 2.2 x 1019 1.6 0.7 x 1019 ntg  [sm)] 4.5 x 1019 2.6 x 1017 0.97 x 10
nTTe 7.04 5 1019 3.8 x 1019 0.7 x 1019 nTtg 2.68 x 1020 9.6 x 1019 1.16 x 1019
Table 1: Table 2:
WENDELSTEIN VII-X (plasma parameters) WENDELSTEIN VII-X (plasma parameters)
R=55m,a=055mB=25T) " R=55m,a=055mB=25T



WENDELSTEIN VII-X Engincering

Poloidally closed, twisted coils are the mnatural solution for generating
Stellarator configurations because they avoid unnessary currents, lead to
minimum of stray-field energy and thus to a minimum of total field energy
for a given configuration, geometrical size and strength of the magnetic
field. The flexibility of such modular coils was demonstrated by the
technology used for the construction of Wendelstein VII-AS. This technology
lends itself directly to larger and even superconducting coils.

Studies on a water-cooled Cu-magnet have shown that the accessible
operating parameters are not compatible with the Wendelstein VII-X
objectives. On the other hand, study contracts in industry yielded feasible
superconducting solutions with NbTi conductors embedded in an aluminium
alloy for increasing the mechanical strength. The winding technique will
be the same as used for manufactoring the Wendelstein VII-AS coils, After
full approval of the project consiruction would take about six to seven years.

mm I lugion

A configuration for Wendelstein VII-X is now available which satisfies all
criteria listed above. It promises good confinement, a negligible loss cone,
stability at high enough beta, good prospects for stationary operation, low
bootstrap current, moderate shecar, a feasible magnet technology and scems
to be compatible with present budget constraints. Experiments in
Wendelstein  VII-AS have demonstrated again the importance of resonances
and island formation which yields a strong support for the Wendelstein VII-
X concept of avoiding major resonances in the profile.

References:

J. Sapper: Overview of Engineering Design of Wendelstein VII-X.
See also these Proceedings.

H. Wobig: Plasma Transport in Advanced Stellarators.
See also these Proceedings.
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Abstract: Design studies focusing on critical physics and engineering issues for a low-
aspect-ratio, large next-generation stellarator ATF-II are described.

1. Introduction

Design studies for a next-step, low-aspect-ratio stellarator (ATF-II) have been carried
out over the past few years. Although it is not an approved project, the time from initial
studies to start of operation for a device with the scope of ATF-II is sufficiently long (~10
years) that scoping studies need to be conducied as early as possible. ATF-II studies (Ref. 1}
have focused on critical physics and engineering issues.

The primary goal of a next-step device should be to study some of the key issues relating
to the feasibility of steady-state stellarator reactors: high- beta, steady-state operation;
confinement at low collisionality; loss of energetic helically trapped particles; particle and
impurity control; plasma heating and heat removal; testing of wall materials and in-
vessel components; and use of superconducting windings in an experimental facility. The
distinguishing features of ATF-II are an average plasma radius @ similar to those of LHD and
W VII-X and a low plasma aspect ratio A similar to those of most present tokamaks. The
major motivation for this approach is to minimize the cost of the stellarator D-T ignition
device that would follow a successful next-generation hydrogen plasma experiment.

To meet these needs, some reference parameters have been chosen for ATF-II based
on operational experience from the present ATF device.? To further reduce edge effects
and to give adequate energy confinement time g, @ =~ 0.5 m is chosen. The low 4 =
Ry/@ = 3-5 assumed for ATF-II gives a major radius Ky ~ 2 m, similar to that of ATF,
which lowers the cost and maximizes compatibility with the ATF site. An on-axis field
By = 4-5 T is chosen to increase g and allow use of electron cyclotron heating at densities
n > 102 m~3. A heating power P = 10-15 MW is chosen to obtain more relevant plasma
parameters. Superconducting NbTi/Cu windings are chosen to allow steady-state operation
at maximum field. Finally, hydrogen plasma operation is selected to avoid the problems and
cost associated with neutron shielding, activation, and remote maintenance. The device cost
a.ssumec21 is $50 million to $100 million, which is consistent with our component cost scaling
studies.

2. Compact Torsatron Approach

The most-developed concept is the Compact Torsatron® with a helical winding trajectory
é=do+2£[0 -3 a,sin (nf)}/M, where the set of o, values is chosen to maximize the
rotational transform +(a@) subject to the constraints +{0) ~ 0.3 (to provide shear) and V"(0)
< 0 (2 central magnetic well). The resulting helical windings are shown in Fig. 1 for M = 6,
9, and 12. The winding pitch modulation, access to the plasma, and plasma size increase as
M decreases. The magnetic configurations have £(@} ~ 1, high edge shear, a magnetic well
usually out to + ~ 5 A « M, a second stability regime (Buab > Bequil), and Bequi x 1/4
tha.t increases with decreasmg M.

“The M = 6 Compact Torsatron shown in Fig. 2 has been chosen as the ATF-II reference
case. It has half the aspect ratio of ATF, A = 3.9, approximately the same +(r), and better
access for heating and diagnostics. The choice of the device parameters (By = 4-5 T,



Ry = 2 m) is determined by constraints on the distance between the plasma edge and the
center of the helical winding, on the maximum field on the superconductor, and on cost.

Use of an optimized, forced-flow, cable-in-conduit NbTi/Cu superconductor allows
high-current-density (j) operation at high field on the conductor (Bnax) with a high
stability margin (100 mJ/cm?®) and moderate maximum quench pressures (<500 atm).*
With reasonable assumptions for the thickness of the coil case, cryostat, first wall, etc., a
transverse winding elongation K = 2 allows jmax = 7.4 kA/cm?, Brax = 8.7 T, a radial coil
depth of 21 ¢cm, and a minimum plasma-wall distance of 15 em. Reducing the liquid helium
coolant temperature from 4.2 K to 2.5 K allows operation at By = 5 T with j = 9.3 kA/cm?
and By, = 11 T for the same helical windings.

The M = 6 ATF-II would occupy roughly the same space as ATF. Its major radius
(Ro = 2 m) would be 5% smaller than that of ATF, and the outer diameter of the vacuum
vessel (6.1 m) would be only 13% larger. ATF-II would have 1.9 times the plasma radius
(@ = 0.52 m) and 3.5 times the plasma volume (10.6 m®) of ATF, and the large outer ports
(2.1 m x 1 m) would have 3.9 times the area of those on ATF. The maximum field would be
5 T steady state, compared with a 5-s limit at the maximum field of 2 T for the copper-coil
ATF. The maximum force on the helical winding is 25 MN/m at By = 5 T, and the length
of the helical winding (and the cooling path) is 16 m.

Studies of Compact Torsatrons show that they could be attractive steady-state reactors.
Figure 3 shows a side view of an M = 9 reactor. This reactor would have Ry = 10.54 m,
@ = 2.26 m, 72% of the surface area available for tritium breeding, a total weight of
11,040 tonnes, an average neutron wall loading I', = 2.7 MW/m?, a total thermal power
of 5.27 GW (including energy multiplication in the Be-rich blanket}, and a mass utilization
of 172 kW /tonne assuming a net electrical efficiency of 36%. WHIST 1-D transport code
calculations for stellarators give T3(0) = 10.4 keV, T.(0) = 11.1 keV, and {3} = 6.3%
at {n.) = 2 x 10*® m™? with ~30 MW required for ignition. An M = 6 reactor
would be smaller (Ry = 8.37 m and 9,386 tonnes total weight) and have higher mass
utilization (206 kW /tonne), but it would have higher plasma parameters [I‘n = 3.4 MW/m?,
T;(0) = 11.9 keV, T,(0) = 12.7 keV, (F) = 7.2%] and require more power (~33 MW) for

ignition.

5

3. Confinement Studies

Estimates of the plasma parameters expected in ATF-II are obtained from the LHD
scaling law® g = 0.17P~9-580:8% BO-8452.0 p0-T5 " coupled with a density limit scaling®
Fle,max = 0.25(PBO/&2R0)J=’, and from our new 1-D steady-state transport code.” Plasma
parameters from the-scaling laws are given in Table 1 for cases with P = 10 MW and
parabolic profiles for n and T'. The last row of Table 1 shows the effect of a factor of 2
improvement in 7g. For more peaked (parabolic-squared) profiles for n and T, these values
are multiplied by 1.25 for nymg, 1.33 for Ty, and 1.67 for Gy.

A fast and efficient 1-D steady-state transport code that uses a Chebyshev collocation
method and that includes alpha-particle losses and Vp-limiting terms in addition to ihe
usual transport terms has been developed. Code results for the base ATF-II case are shown
in Fig. 4. This figure shows contours of constant auxiliary heating power (solid lines)
and central ion temperature (dashed lines) in a volume-averaged density versus density-
averaged temperature ({n) vs {T')) plane. The results depend sensitively on the assumed
electrostatic potential profile (r). In general, the results are comparable to or better than
those obtained from the LHD scaling. For reactors, a negative potential, which could be
maintained until thermal runaway to ignition by energetic (~50-kV) perpendicular neutral
beam injection, looks more attractive than a positive potential. It allows lower temperature
operation at higher density and some degree of burn control, and it is less sensitive to the
density profile. Although higher heating power (~100 MW) and some modest power to



the sacrificial perpendicular neutral beam are required for ignition, the total power is still
smaller than that required (continuously) for tokamaks.

A possible limitation of Compact Torsatrons is larger loss of energetic helically trapped
ions at lower aspect ratio. Calculation of energetic ion orbits indicates that typically more
than half of the helically trapped alpha particles in a reactor are born in a loss region;
this is ~15-30% of the total alpha-particle population. More alpha-particle energy can
be lost by pitch-angle scattering into the loss region during slowing down and by outward
shifts of magnetic surfaces as beta increases. These effects have been evaluated using our
1-D transport code, as shown in Fig. 5. The reduced heating by alpha particles increases
the temperature (and auxiliary heating power) required for ignition, although only modest
startup power (50-100 MW) is needed if a low-density route to ignition is followed. After
thermal runaway to ignition, increased alpha-particle losses are beneficial: easier burn
control, an effective helium ash removal mechanism, less dilution of the fuel ions, reduced
impact on MHD stability, and less sputtering of vacuum vessel walls and divertor plates.

If the energetic particle losses are too severe, they can be reduced significantly through
modification of the magnetic field,>® but this must be done in such a way that the MHD
properties are not adversely affected. A seven-parameter specification of the plasma surface
is used in an optimization procedure that includes both MHD stability and orbit confinement
as well as weak constraints on the central and edge values of + (for adequate shear). The
Mercier criterion is used to evaluate MHD stability and the width of the last closed Byn
contour is used to evaluate energetic orbit confinement. Only preliminary, but encouraging,
results have been obtained thus far.? Configurations have been found at {8) = 2% that have
no loss of alpha particles, whereas Compact Torsatrons lose up to ~50% of the alpha-particle
energy at this value of beta. Configurations that are Mercier stable at (3) = 5% have also
been found, but improvement is still needed in their confinement properties. Studies of
the windings needed to create these magnetic configurations have started. Some interesting
(quasi-helical and modular) winding configurations look possible, but more study is needed
to see if they are practical for ATF-II.

In summary, our studies have focused on key physics and engineering issues for a low-
aspect-ratio ATF-II. The Compact Torsatron approach is the most developed, but there are
concerns about energetic orbit confinement. An integrated (MHD plus orbit) optimization
may lead to a better magnetic configuration.
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Fig. 1. Compact Torsatrons: (a} M = 6,
(b) M =9, (c) M = 12.
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Fig. 3. Cross section of an M = 9 reactor.
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Table 1. Plasma Parameters from LHD Scaling
nts Ty B B Bo

Tie TE
(10° (ms) (10" (keV) (%) (%) (T)
m™?) m™%s)
0.25 25 0.084 3.01 0.25 074 4
0.5 40 ¢.30 3.16 0.40 1.19 4
1.0 63 0.98 2.55 0.64 1.92 4
2.15¢% 110 3.55 2.01 1.08 3.25 4
1 L 1.08° 21 0.34 0.78 34 10.1 1
o} 6 12 180 € 12 1B 24
T3 theV) 2.4° 144 5.2 2.34 0.9 27 5
Fig. 5. Heating contours for reactor (a) without Peme 2200 T4 T8 T 210

and (b) with a-particle losses.

® fie=flemax; DAt Bo=4T; At By=1T



REVIEW OF THE TJ-XI FLEXIBLE HELIAC PROJECT
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ABSTRACT

TI-II i{s a device oriented to the study of the properties of helical magnetic axis
plasmas in a wide range of configurations, Design of the device, to bo built at CIEMAT
site, has been oriented to provide as much flexibility as possible in the magnetic structure.
Design paramstets are Ry = 1.5 m and By = 1 Tin a 4 periods symmetry, A central core
composed by two different coils enables to obtain, by adequate setting of the current in
each coil, different magnetic conflgurations with the following flexibility ranges i 1 /M =
0.24 to 0.62, plasma radius =~ 0.2~ 0.1 m, shear = -1% to +10% and magnetic well ~ 0 to
6% . Plasma startup and heating will be based on ECH, by using 2 gyrotrons 200 kw
each, cw at 53.2 GHz .

In this paper, we review the physics studies for such conf‘igurations in different
areas: Equilibrium, deducing the operational space for TIII ; Stability, with special
emphasis on f limits and access to second stability regime; Heating, discussing the
optimization of absorption ‘and the adopted BCH scheme; and Transport, deducing
confinement properties for the different heating scenarios. In addition, the experimental
programme to develop in this device and the engineering solutions found for the most
critical elements of the TJ-II heliac during its detailed design will be discussed,

. C. Alejaldre, 1. A]mogucra,.} Alonso, E. Anabitarte, B, Ascas:bar,M Blaumoser *,
J. Botija, B. G. Castafier, F. Castején, J. R, Ccpero, A, Cucchiaro?, T, Estrada, J.
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M. Liniers, R, Martn, J. Moreno, A. P. Navarro M.A. Ochando, C. Pardo, M. A.
Pedrosa, A. Peres, A Pizzuto® L. Rodriguez, A, Rodriguez-Yunta, A Salas , J
Sanchez, J, Sentfes , M, Sorolla, F. Tabarés, V, Tnbaldos, A. Varia$) J, Vega,
Zurro.
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Abstract

The history and current status of experimental and theoretical work on heliacs at the
Australian National University is reviewed.

Introduction _

The need for a plasma containment device which is suitable, in reproducibility
of conditions, ease of operation, and cost, for basic plasma physics experiments and
vet can come close to the confinement, density and temperature parameters of
medium sized fusion experiments has led to the adoption at the Australian National
University (ANU) of the flexible heliac concept [1,2]. A table-top sized apparatus,
SHEILA, was built in 1984 as a first prototype, with the limited aims of
demonstrating the existence of closed magnetic surfaces in a heliac configuration
and of comparing the magnetic field geometry actually produced with that predicted
by numerical calculation. Despite the small size of the apparatus, it has also been
possible to perform several experiments on the properties of the plasma produced in
and confined by its magnetic fields. The initial experimental results verifying the
existence of a low-pressure equilibrium in this apparatus were reported briefly in
1985 [3]. A helical control winding was added to SHEILA during 1986, and the
results of its effect on plasma formation and confinement reported to the IAEA
plasma physics conference later that year 4], and in more detail in [5]. Breakdown
has been achieved by low amplitude, low frequency oscillation of the current in the
central conductor and by electron cyclotron heating at the fundamental and second
harmonic [6]. A detailed description of the machine may be found in [7].

A much larger device, H-1, capable of operating under conditions relevant to
fusion is under construction [8]. Its design largely follows the successful experience
on SHEILA in adopting the same three-field period (N = 3) configuration, and thus
complements the N = 4 design adopted by CIEMAT for the TJ-II Heliac, roughly
comparable in size, optimized mainly for high-8 studies. The H-1 magnetic
configuration has been optimized for low aspect ratio (= 5), minimum |B/! ripple by
modulation of the toroidal field coils and by optimization of the vertical field
magnitude and index [2]. Heating is planned initially to rely on fast wave ion
cyclotron heating [10], with ion Bernstein, whistler wave and electron heating to be
investigated later.



TableI

Parameters of Canberra Heliacs

SHEILA H-1
No. of field periods 3 3
No. of toroidal coils 24 36
Mean radius of torcidal coils (m) 0.065 0.383
Swing radius of toroidal coils (m) 0.025 0.22
Major radius (m) 0.19 1.0
Typical mean minor plasma radius (m) 0.03 0.20
Plasma volume (m3) 0.004 0.91
Max. field (T) 0.4 0.25/1.0
Duration (s) 0.04 oof1
Max. ring current (kA) 28 500
Mean radius of control helix (mm) 14 9%
Dia. of vacuum enclosure (m) 0.6 39
RFE heating power (kW) 04 200

One of the main contributions of university scale research in plasma physics is
the development of novel diagnostic methods. Diagnostics being developed include a
novel multi-view scanning interferometer {11].

Magnetic surface studies on SHEHLA

Magnetic surfaces have been computed by field line tracing and show the
expected sensitivity to the changing rotational transform profile as the current in
the helical winding is varied. The electric field required for breakdown and the
central plasma density achieved for otherwise constant conditions have been
measured as the configuration was changed in the range 0.7 < 1 < 1.86 [5]. The
‘worst’ conditions for plasma formation, characterized by sharp dips or gaps in the
density or sharp peaks in the breakdown field, clearly corresponded to the presence
of the low order resonances ¢ =1 and 1 = 3/2. The case, : = 3/2 corresponds to the
breaking up of the confinement region into two main islands, while loss of
confinement when t ~ 1 is related to the complete absence of closed flux surfaces,
found when symmetry breaking errors are included in the computation. Results
from both RF and ECR produced plasmas are essentially the same. Plasma isobars
obtained from local measurements agree closely with computed magnetic flux
surfaces [7]. Measured pressure profiles [5] also showed distinctly a flattening in
regions which the computations showed to have chaotic field lines. Surfaces have
also been mapped using an electron beam [12], showing excellent agreement with
the computations.

Drift wave studies on SHEILA

By an appropriate choice of experimental conditions the fluctuation
spectrum in SHEILA can be reduced to a single, coherent mode whose eigen-
structure has been studied [13] using a set of Langmuir probes in the form of fixed
arrays which can be pre-set to sample around a given flux surface, or as a pair of
one fixed and one articulated probe which can sample throughout a given cross-
section.




Detailed studies have been made for three configurations characterised by quite
different ¢ profiles. Fluctuation data is Fourier analysed in the form

fle= 3 Fr) expi(md—ng¢)
m,n

where m and n are the poloidal and toroidal mode numbers, and the flux
coordinates are defined as follows: r is the mean radius of a flux-surface, ¢is the
usual toroidal coordinate and 9is a poloidal coordinate chosen to keep the field lines
straight.

A simplified two-fluid drift wave model, in periodic cylindrical geometry, has
been used to analyse the results by making the simple assumption that the magnetic
coordinates r and ¢ can be identified with their cylindrical counterparts. The
predicted real part of the frequency for the mode with m and n chosen for maximum
growth rate agrees remarkably well with the measurements when plotted against
collision frequency. The dependence of the saturated amplitude on field and
collision frequency correlates qualitatively with that of the predicted linear growth
rate, though the theory predicts a lower threshold, indicating a stabilization
mechanism not included in this simple theory.

Confinement degradation, as evidenced by a turnover in the curve of density vs.
magnetic field, shows a clear correlation with the onset of these fluctuations.

The fact that a reasonable understanding of this important plasma instability
can be obtained with a simple theory confirms the appropriateness of the heliac for
basic plasma physics studies, which are needed for an understanding of anomalous
transport mechanisms in fusion devices. A more detailed theoretical
understanding, requiring a fully three dimensional calculation, would be a major
computational challenge.

Computational Equilibrivm and Stability Studies

A free boundary equilibrium code FEQ2.5 to compute helically invariant
(‘straight’) models of heliac and other stellarator equilibria has been developed at
ANU [14,15]. More recently [16] a Green’s function method for calculating the
vacuum energy for straight helical equilibria has been implemented in the
Princeton/ANU PEST2.5 [17] stability code and validated by comparison studies with
the Lausanne/Garching HERA code.

The Oak Ridge DESCUR (plasma boundary fitting) and VMEC [18] (three
dimensional equilibrium) codes have been installed on the ANU Fujitsu VP-100.
Attempts to use them for Mercier and ballooning instability studies of optimized
pressure profiles have been so far frustrated by the inability of VMEC to converge on
a sufficiently accurate equilibrium when using the large numbers of Fourier modes
necessitated by H-1’s relatively low aspect ratio. A new version of VMEC using a
preconditioning method to accelerate convergence has recently been developed at
Oak Ridge and has been used successfully to compute fixed boundary equilibria
(Fig. 1) which should be adequate for stability studies. Using 113 Fourier modes and
31 radial mesh points, a zero pressure equilibrium with mean square force
residuals < 10-1%1, and a case with peak B of 7% and residuals < 10-9 have been
generated. Preliminary Oak Ridge work has indicated that the B limit for Mercier
instabilities in H-1 may be less than 1% in some configurations due to large
pressure driven currents, although further work with the new accurate equilibnia,
optimized pressure profiles and a sequence of equilibria resulting from systematic
changes in coil currents needs to be undertaken to determine the actual limit. Low



limits are necessary for the purposes of basic research with modest heating powers

to make the thresholds accessible for study.
g R
Fig. 1 VMEC plot of contours of ‘\/;f
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Abstract
The Compact Auburn Torsatron (CAT) 1s a low-aspect ratio, continuous coil, toroidal magnetic
fusion device. CAT has two main helical coils : an =2, m=5 coil, and an =1, m=5 coil. The
machine has a major radius of 56 cm, an average plasma radius of 11 cm, and a steady-state
magnetic field of 1 kG. CAT was designed using an optimization scheme which employs the coil
positions and coil winding laws as parameters. Once CAT is operational, the research program will
focus on the study of magnetic flux surfaces and ion cyclotron heating.

I. INTRODUCTION

The Compact Auburn Torsatron (CAT) is a low-aspect-ratio torsatron currently under
construction at Auburn University and scheduled for completion in spring 1990. The machine will
replace the Auburn Torsatron ! which has been operating since 1984. The design of CAT was
done using the Cary-Hanson Optimization technique2-4. This procedure minimizes the islands
which form at rational magnetic surfaces by varying the placement and winding law parameters of
the coils. The reduction of the island size effectively increases the plasma volume. In the
optimization process the helical field coils are modulated from a straight winding law by the

addition of ansin(ne) terms, (where B is the poloidal angle and n is an integer). As well as

verifying the Cary-Hanson Optimization technique, CAT will be used to study various magnetic
configurations, island sizing and reduction, island effects on the plasma, and the physics of ion
cyclotron heating.

The design of CAT is unique among stellarator devices in that it will have two helical field
(HF) coils. It will also have the standard set of outer vertical field (VF) coils, and a set of inner VF

coils, The main component of the HF is provided by the =2, m=5 coil which has an aspect
ratio Ay=1.9. Here % and m refer to the toroidal and poloidal periodicity of the magnetic field,

respectively. An additional component of the HF is provided by 2=1, m=5 coil with an aspect
ratio A.=2.6. This second coil is required to keep the magnetic axis circular. The outer VF coils

have a radius of 85 cm and are located at z=%19 cm. An inner set of VF coils will also be used in
the various configuration studies, the location is currently undecided. All of the coils will be water
cooled to provide steady state operation at 1 kG field strength.

The machine is compact with a vacuum vessel aspect ratio Av=3 and a plasma aspect ratio

Ap== 5. CAT will have rotational transform (¢ = 1/q), o= 03 onaxis, + = 0.6 at the edge,

moderate shear, and a magnetic well. Each coil (VF and HF) is designed to allow adjustments to
the current centers to optimize the magnetic surfaces. CAT also has the flexibility of adding
various helical and toroidal trim coils to further optimize the vacuum magnetic surfaces.

In stellarator construction a great deal of effort is taken in accurately positioning the coils.
This effort increases the cost of the device. The previously mentioned trim coils can be used to

make adjustments to the current centers and account for small winding errors®, Therefore the
precision requirements can be relaxed in the building phase of the device. The control of the
plasma boundary, which is crucial for impurity control and divertor action, can also be optimized
using these trim coils. The CAT vacuum vessel is simple in design and therefore economical. The
vessel has a circular cross section and is made of commercially available SS pipe. These design



features of CAT, coupled with its relatively low-aspect-ratio, make the machine interesting from a
torsatron reactor design perspective.
II. DESIGN & QPTIMIZATION PROCEDURE

Recently, considerable effort has been given to the detection of islands that occur at rational
surfaces 7-8 through investigating the vacuum magnetic flux surfaces. Recent work on the Auburn
Torsatron 3 has demonstrated the capability to optimize the magnetic surfaces using trim coils.
This procedure should lead to a corresponding increase in the plasma confinement time and
density. The process of minimizing the island size is uncertain. One purpose of CAT is to provide
a test-bed for the reduction of magnetic islands through modifications in the magnetic
configuration using trim coils. This investigation requires a significant amount of machine time
devoted to vacuum surface mapping. This would be impractical on larger machines, where plasma
operation is the main goal. However a small research device such as CAT is ideally suited to
thoroughly investigate an important reactor issue such as this.

The general design goal of CAT was to design a low-aspect-ratio torsatron. The Cary-
Hanson optimization technique was used to accomplish this goal. The pre-conditions of the design

were : (1) design a §=2 torsatron, (2) keep the m number as low as possible to maximize access,
(3) have moderate shear with t,= 0.3, (4) have a near circular magnetic axis, and (5) have an

plasma aspect ratio < 5. Since the CAT research program focuses on magnetic island studies, care
was taken to insure that the rotational transform profile had as many relevant rational surfaces as

possible. Another constraint on the machine design was to insure the presence of the t =1/2

surface in the rotational transform profile, The + =1/2 surface, being a low order rational surface,
will characteristically display a large island compared to most other rational surfaces, since island
size typically decreases as order number increases.

The Cary-Hanson optimization technique24 was used to design the machine. The technique
minimizes the stochasticity of the field line flow and thereby maximizes the enclosed plasma
volume. This process calculates the residuals associated with selected rational field lines. The
magnitude of the residuals of a rational are directly related to the size of the magnetic island formed
at that particular rational. The magnetic field modeling was done with the Integrable Field
Stellarator (IFS) code3. The coils are represented as a collection of connected straight line
filaments. The filament endpoints lie on a continuous curve called the winding law. A convenient
parameterization for the helical coil winding law is

L0

0= — = X ay,sin@e)

where ¢(0) is the toroidal (poloidal) angle, and the + refer to the two components of the main
helical coil.
Several configurations were investigated to yield the optimal machine. Ultimately the 2=2,

m=>5 torsatron with an inner =1, m=5 minor coil was chosen as the best candidate in view of
construction limitations and machine parameters. The parameters of the machine were
systematically modified to minimize chaotic field lines, yet keep the rotational transform on axis at
the required value. The list of parameters includes the currents in each coil, coil aspect ratios, coil
locations, the o term of the 2=1 coil, and the oy, &y, 0t3 terms of the =2 coil (all other o

values were set = 0). The procedure also kept the magnetic axis locked to the vacuum vessel axis
(within 2 mm) at every field period and also at every half field period.

CAT was designed using a multi-filament model for each coil. Due to the low-aspect-ratio
of CAT several filaments per helical coil (typically 16) were required to closely model the real coil

situation. The final winding law obtained for the =2 coil is:

6=22 - 0.21 sin(6) +0.04 5in(26) - 0.02 sin(30)

and for the 2=1 coil:



o= g - 0.1 sin(8)

III. MACHINE DESIGN

A. Vacuum Vessel

The vacuum vessel for CAT was designed to be approximately the same size as the existing
Auburn Torsatron. A simple design was chosen to minimize machining costs. As mentioned
earlier, the major part of the vacuum vessel is formed by welding four 90° bends together to form
the torus. The wall thickness of the bends are 0.48 cm and made of 306 stainless steel. The
tolerances on the machining of the torus are somewhat relaxed to further reduce costs, £ 0.48 cm
over the 53.3 cm major diameter. A layer of epoxy on the vacuum vessel is used to form the actual
winding surface for the coil pack. The width of the epoxy is ~1.0 em. This allows 0.5 cm
tolerance on both the major and minor radius of the torus and still preserve the capability of
forming the correct size toroidal surface with epoxy.

The horizontal ports were designed with a square cross section. This shape allows
adequate access while still maintaining a fairly simple machine design. The optimum size of the
port was 30x 30 cm. This specific port size permits a circular screen having the diameter of the
vacuum vessel cross section to be passed through the port. This proves convenient for the
extensive surface mapping to be performed on CAT. In summary, the low-aspect-ratio feature of
CAT allows for good access for plasma diagnostic and heating applications.

B. Winding Process

As previously mentioned, epoxy is placed on the vacuum vessel to define the toroidal
surface which the coils will rest on. The purpose of the epoxy is two fold. First, the epoxy
provides an extra insulation break between the coils and the vacuum vessel. Second, the epoxy
can be shaped and sanded to form a near perfect toroidal surface. This relaxes the machining
precision requirements on the torus. The epoxy was chosen for its pliability while curing,
machineability, strength and insulation properties. The epoxy is placed on the vacuum vessel
(~1cm thick) and sanded to obtain a near toroidal surface (within 1 mm).

Once the epoxy has been shaped and the location of a given coil has been identified on the
surface of the epoxy, the vacuum vessel is ready for coil winding. The wire that is wound on CAT
is made of soft tempered copper with a dimensions of 0.89 cm x 0.89 cm, and a 0.02 cm coating
of Dacron glass insulation. This copper wire has a 0.64 cm diameter hole running along its length.
This allows water cooling of the coil pack and steady state operation with a 1.0 kG field (500
Amperes of HF coil current). The cross sectional size of the conductor was determined by the
existing power supplies (two 180 Volt, 200 Ampere, DC supplies). Since the length of the CAT
coils is similar to the length for the existing Auburn Torsatron, the cross section of the copper was
kept approximately the same.

The %=1 helical coil is wound first and is supported by epoxy on the vacuum vessel. The

£ =2 coil is wound next, outside of the =1 coil. The £=2 coil is supported by the L=1 helical
coil and a bridge made of aluminum sheets. The bridge is held in place by standoffs from the
vacuum vessel or rests directly on the £=1 coil pack. The standoffs are again attached by studs
welded directly to the vacuum vessel. The aluminum sheets are mounted onto the standoffs and
form rigid surfaces on which to apply the epoxy. The epoxy is then shaped to provide a toroidal
winding surface for the £=2 coil. During this process a winding jig is again used to measure the

toroidicity of the epoxy as well as to mark the =2 coil location.
IV, SURFACE MAPPING SETUP .

The research emphasis of CAT will be magnetic island studies. Therefore, extensive work
will be done in the field of vacuum magnetic surface mapping. The experimental setup for the
surface mapping is modeled after previous experiments 1:6. The phosphor screen technique 6:9
will be the primary method of magnetic surface mapping. To a lesser extent the diode technique
1,10 of surface mapping will be used. With the phosphor screen method a high transparency screen
is coated with sodium salicylate. The sodium salicylate is applied by dissolving it in ethyl alcohol
then spraying on the screen with an atomizer. Typically, 5-10 coatings are applied. The screen is
then placed in a poloidal plane of the machine. A CCD camera is placed on a horizontal plane with



a view of the screen. An electron beam gun is placed on the opposite side of the machine. The

gun is mounted on a probe with two degrees of freedom. The probe allows the positioning of the

gun anywhere in the poloidal cross section. Our particular probe has been used for surface
mapping on the Aubum Torsatronl and has been adapted for use on CAT.

The resulting image formed by the electron beam interacting with the phosphor screen is
read from the CCD camera and recorded on a ED-Beta VCR. The VCR provides high resolution
(500 horizontal lines) and insures no degradation in the picture quality. Lower resolution VCRs
(such as standard VHS recorders) tend to diminish the contrast of the picture. The recorded image
from the VCR is displayed on an Apple Macintosh II using an image capture board (Scion Image
Capture 2). The image then can be analyzed to determine volume, island size, rotational transform,
etc. Software has been written to remove distortion and enhance the image. The sources of
distortion include : (1) non-normal viewing angle, (2) camera lens distortion, (3) image capture
distortion, and (4) computer monitor display distortion. The overall distortion was measured by
viewing a calibration grid with the CCD camera. The distortion of the calibration grid was
measured and recorded. The transformation used to remove the distortion from the calibration grid
is then used in subsequent surface mapping with the phosphor screen technique.

V. Conclusions

We have presented details of the design of a low-aspect-ratio torsatron, an attractive
candidate for a future fusion reactor. The attractive features of low-aspect-ratio torsatrons include:
plasma current free operation, good diagnostic and heating access, and flexible magnetic
configuration. The first use of the Cary-Hanson optimization technique to design a machine has
been demonstrated. CAT will have trim coils to allow detailed studies of the important question of
magnetic islands. :
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Abstract
The Compact Auburn Torsatron (CAT) is a low-aspect ratio, continuous coil, toroidal magnetic
fusion device. CAT has two main helical coils : an =2, m=5 coil, and an %=1, m=5 coil. The
machine has a major radius of 56 cm, an average plasma radius of 11 cm, and a steady-state
magnetic field of 1 kG. CAT was designed using an optimization scheme which employs the coil
positions and coil winding laws as parameters. Once CAT is operational, the research program will
focus on the study of magnetic flux surfaces and ion cyclotron heating.

I. INTRODUCTION

The Compact Auburn Torsatron (CAT) is a low-aspect-ratio torsatron currently under
construction at Auburn University and scheduled for completion in spring 1990. The machine will -
replace the Auburn Torsatron ! which has been operating since 1984. The design of CAT was
done using the Cary-Hanson Optimization technique24. This procedure minimizes the islands
which form at rational magnetic surfaces by varying the placement and winding law parameters of
the coils. The reduction of the island size effectively increases the plasma volume. In the
optimization process the helical field coils are modulated from a straight winding law by the

addition of & sin(n®) terms, (where O is the poloidal angle and n is an integer). As well as

verifying the Cary-Hanson Optimization technique, CAT will be used to study various magnetic
configurations, island sizing and reduction, island effects on the plasma, and the physics of ion
cyclotron heating. -
The design of CAT is unique among stellarator devices in that it will have two helical field
(HF) coils. It will also have the standard set of outer vertical field (VF) coils, and a set of inner VF

coils. The main component of the HF is provided by the =2, m=5 coil which has an aspect
ratio Ag=1.9. Here £ and m refer to the toroidal and poloidal periodicity of the magnetic field,

respectively. An additional component of the HF is provided by =1, m=5 coil with an aspect
ratio A,=2.6. This second coil is required to keep the magnetic axis circular. The outer VF coils

have a radius of 85 cm and are located at z=%19 cm. An inner set of VF coils will also be used in
the various configuration studies, the location is currently undecided. All of the coils will be water
cooled to provide steady state operation at 1 kG field strength.

The machine is compact with a vacuum vessel aspect ratio A =3 and a plasma aspect ratio

Ap=35. CAT will have rotational transform (¢ = 1/q), to= 0.3 on axis, + = 0.6 at the edge,

moderate shear, and a magnetic well. Each coil (VF and HF) is designed to allow adjustments to
the current centers to optimize the magnetic surfaces. CAT also has the flexibility of adding
various helical and toroidal trim coils to further optimize the vacuum magnetic surfaces.

In stellarator construction a great deal of effort is taken in accurately positioning the coils.
This effort increases the cost of the device. The previously mentioned trim coils can be used to

make adjustments to the current centers and account for small winding errors®. Therefore the
precision requirements can be relaxed in the building phase of the device. The control of the
plasma boundary, which is crucial for impurity control and divertor action, can also be optimized
using these trim coils. The CAT vacuum vessel is simple in design and therefore economical. The
vessel has a circular cross section and is made of commercially available SS pipe. These design



features of CAT, coupled with its relatively low-aspect-ratio, make the machine interesting from a
torsatron reactor design perspective.
II. DESIGN & OPTIMIZATION PROCEDURE

Recently, considerable effort has been given to the detection of islands that occur at rational
surfaces 78 through investigating the vacuum magnetic flux surfaces. Recent work on the Auburn
Torsatron 5 has demonstrated the capability to optimize the magnetic surfaces using trim coils.
This procedure should lead to a corresponding increase in the plasma confinement time and
density. The process of minimizing the island size is uncertain. One purpose of CAT is to provide
a test-bed for the reduction of magnetic islands through modifications in the magnetic
configuration using trim coils. This investigation requires a significant amount of machine time
devoted to vacuum surface mapping. This would be impractical on larger machines, where plasma
operation is the main goal. However a small research device such as CAT is ideally suited to
thoroughly investigate an important reactor issue such as this.

The general design goal of CAT was to design a low-aspect-ratio torsatron. The Cary-
Hanson optimization technique was used to accomplish this goal. The pre-conditions of the design

were : (1) design a =2 torsatron, (2) keep the m number as low as possible to maximize access,
(3) have moderate shear with t,= 0.3, (4) have a near circular magnetic axis, and (5) have an

plasma aspect ratio £ 5. Since the CAT research program focuses on magnetic island studies, care
was taken to insure that the rotational transform profile had as many relevant rational surfaces as

possible. Another constraint on the machine design was to insure the presence of the + =1/2

surface in the rotational transform profile. The % =1/2 surface, being a low order rational surface,
will characteristically display a large island compared to most other rational surfaces, since island
size typically decreases as order number increases.

The Cary-Hanson optimization technique2-4 was used to design the machine. The technique
minimizes the stochasticity of the field line flow and thereby maximizes the enclosed plasma
volume. This process calculates the residuals associated with selected rational field lines. The
magnitude of the residuals of a rational are directly related to the size of the magnetic island formed
at that particular rational. The magnetic field modeling was done with the Integrable Field
Stellarator (IFS) code3. The coils are represented as a collection of connected straight line
filaments. The filament endpoints lie on a continuous curve called the winding law. A convenient
parameterization for the helical coil winding law is

o= _9_,_9_ + > Oy, sin(nB)

m

where ¢(0} is the toroidal (poloidal) angle, and the * refer to the two components of the main
helical coil.
Several configurations were investigated to yield the optimal machine. Ultimately the 2=2,

m=>5 torsatron with an inner $£=1, m=5 minor coil was chosen as the best candidate in view of
construction limitations and machine parameters. The parameters of the machine were
systematically modified to minimize chaotic field lines, yet keep the rotational transform on axis at
the required value. The list of parameters includes the currents in each coil, coil aspect ratios, coil
locations, the oy term of the 2=1 coil, and the oy, 0y, o3 terms of the =2 coil (all other oy

values were set = 0). The procedure also kept the magnetic axis locked to the vacuum vessel axis
(within 2 mm) at every field period and also at every half field period.

CAT was designed using a multi-filament model for each coil. Due to the low-aspect-ratio
of CAT several filaments per helical coil (typically 16) were required to closely model the real coil

situation. The final winding law obtained for the 2=2 coil is:

o =2T9 - 0.21 sin(8) + 0.04 sin(26) - 0.02 sin(36)

and for the 2=1 coil:



d =52- 0.1 sin(B)

III. MACHINE DESIGN

A. Vacuum Vessel :

The vacuum vessel for CAT was designed to be approximately the same size as the existing
Auburn Torsatron. A simple design was chosen to minimize machining costs. As mentioned
earlier, the major part of the vacuum vessel is formed by welding four 90° bends together to form
the torus. The wall thickness of the bends are 0.48 cm and made of 306 stainless steel. The
tolerances on the machining of the torus are somewhat relaxed to further reduce costs, £ 0.48 cm
over the 53.3 cm major diameter. A layer of epoxy on the vacuum vessel is used to form the actual
winding surface for the coil pack. The width of the epoxy is ~1.0 cm. This allows 0.5 cm
tolerance on both the major and minor radius of the torus and still preserve the capability of
forming the correct size toroidal surface with epoxy.

The horizontal ports were designed with a square cross section. This shape allows
adequate access while still maintaining a fairly simple machine design. The optimum size of the
port was 30x 30 cm. This specific port size permits a circular screen having the diameter of the
vacuum vessel cross section to be passed through the port. This proves convenient for the
extensive surface mapping to be performed on CAT. In summary, the low-aspect-ratio feature of
CAT allows for good access for plasma diagnostic and heating applications.

B. Winding Process

As previously mentioned, epoxy is placed on the vacuum vessel to define the toroidal
surface which the coils will rest on. The purpose of the epoxy is two fold. First, the epoxy
provides an extra insulation break between the coils and the vacuum vessel. Second, the epoxy
can be shaped and sanded to form a near perfect toroidal surface. This relaxes the machining
precision requirements on the torus. The epoxy was chosen for its pliability while curing,
machineability, strength and insulation properties. The epoxy is placed on the vacuum vessel
{~1cm thick) and sanded to obtain a near toroidal surface (within 1 mm).

Once the epoxy has been shaped and the location of a given coil has been identified on the
surface of the epoxy, the vacuum vessel is ready for coil winding. The wire that is wound on CAT
is made of soft tempered copper with a dimensions of 0.89 cm x 0.89 cm, and a 0.02 cm coating
of Dacron glass insulation. This copper wire has a 0.64 cm diameter hole running along its length.
This allows water cooling of the coil pack and steady state operation with a 1.0 kG field (500
Amperes of HF coil current). The cross sectional size of the conductor was determined by the
existing power supplies (two 180 Volt, 200 Ampere, DC supplies). Since the length of the CAT
coils is similar to the length for the existing Auburn Torsatron, the cross section of the copper was
kept approximately the same.

The =1 helical coil is wound first and is supported by epoxy on the vacuum vessel. The

2 =2 coil is wound next, outside of the £=1 coil. The 2=2 coil is supported by the £=1 helical
coil and a bridge made of aluminum sheets. The bridge is held in place by standoffs from the
vacuum vessel or rests directly on the L=1 coil pack. The standoffs are again attached by studs
welded directly to the vacuum vessel. The aluminum sheets are mounted onto the standoffs and
form rigid surfaces on which to apply the epoxy. The epoxy is then shaped to provide a toroidal
winding surface for the 2=2 coil. During this process a winding jig is again used to measure the

toroidicity of the epoxy as well as to mark the =2 coil location.
IV. SURFACE MAPPING SETUP

The research emphasis of CAT will be magnetic island studies. Therefore, extensive work
will be done in the field of vacuum magnetic surface mapping. The experimental setup for the
surface mapping is modeled after previous experiments b6, The phosphor screen technique 6:9
will be the primary method of magnetic surface mapping. To a lesser extent the diode technique
1,10 of surface mapping will be used. With the phosphor screen method a high transparency screen
is coated with sodium salicylate. The sodium salicylate is applied by dissolving it in ethyl alcohol
then spraying on the screen with an atomizer. Typically, 5-10 coatings are applied. The screen is
then placed in a poloidal plane of the machine. A CCD camera is placed on a horizontal plane with



a view of the screen. An electron beam gun is placed on the opposite side of the machine. The

gun is mounted on a probe with two degrees of freedom. The probe allows the positioning of the

gun anywhere in the poloidal cross section. Our particular probe has been used for surface
mapping on the Auburn Torsatron! and has been adapted for use on CAT.

The resulting image formed by the electron beam interacting with the phosphor screen is
read from the CCD camera and recorded on a ED-Beta VCR. The VCR provides high resolution
(500 horizontal lines) and insures no degradation in the picture quality. Lower resolution VCRs
(such as standard VHS recorders) tend to diminish the contrast of the picture. The recorded image
from the VCR is displayed on an Apple Macintosh I using an image capture board (Scion Image
Capture 2). The image then can be analyzed to determine volume, island size, rotational transform,
etc. Software has been written to remove distortion and enhance the image. The sources of
distortion include : (1) non-normal viewing angle, (2) camera lens distortion, (3) image capture
distortion, and (4) computer monitor display distortion. The overall distortion was measured by
viewing a calibration grid with the CCD camera. The distortion of the calibration grid was
measured and recorded. The transformation used to remove the distortion from the calibration grid
is then used in subsequent surface mapping with the phosphor screen technique.

V. Conclusions )

We have presented details of the design of a low-aspect-ratio torsatron, an attractive
candidate for a future fusion reactor. The attractive features of low-aspect-ratio torsatrons include:
plasma current free operation, good diagnostic and heating access, and flexible magnetic
configuration. The first use of the Cary-Hanson optimization technique to design a machine has
been demonstrated. CAT will have trim coils to allow detailed studies of the important question of
magnetic islands.
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Abstract

The Helias optimization procedure is outlined. Evidence for the convergence behaviour in stel-
larator configurational space is presented. The hierarchy of optimization is described. Details of
the optimization of Helias configurations for W VII-X, i.e. the attainability and compatibility
of seven stellarator-specific goodness criteria, are given in the subsequent IEA workshop.

1. Introduction

The plasma behaviour in the confinement region can be optimized by noting that the geometry
of the confinement boundary which may be described by the last closed flux surface completely
determines the properties of the confinement region. Thus, boundary value problems may be
solved during optimization, the parameters of the boundary being the optimization variables.
Here, examples of optimizations are used to study the convergence behaviour in this parameter
space.

2. Examples for Optimizations

The structure of the optimization space has been described earlier [1 ,2 ,3]. Details of the choice
of variables have been examined to address the question which variables have to be used to
obtain complete convergence of an optimization. Here, examples are presented.

A structurally simple and particularly convincing example is the construction of quasi-helically
symmetric configurations [2, 3]. For given aspect ratio A and nurmber of periods N, the sym-
metry of the strength of the magnetic field B = B(s,8 — ¢) in magnetic coordinates s, 8, ¢ is
established by optimization in a 22-dimensional space of variables. For the example A = 14, N
= 7, the space of variables and their resulting values are shown in Table I. The fact that the
computational proof of quasi-helical symmetry is essentially complete is demonstrated in Table
II, which shows the Fourier components of B at half radius and at the boundary. Across the en-
tire cross- section the Fourier coeficients with m # n are © (10~2). Flux surface cross-sections
of this example are shown in the middle row of Fig. 1.

A significant degree of freedom in the boundary parameter space is found for quasi-helically
symmetric equilibria [3]. Here, this freedom is used in the form, that Ry m, Zmm, m > 1
may be specified. Top and bottom of Fig. 1 show examples for B;; = —Z’1,1 = 0.3 and 0.1,
respectively.

Other examples of optimization of the structure of B in magnetic coordinates are suggested by
considering various other physics goals, see next section. The question whether the same space
of variables is essentially complete is being investigated.



0 1 2 3 4

-2 0.002
-1 0.001 -0.021
0 1 1.012 0.045 0.008

4.0
1 1.431 -0.225 0.229 -0.011
2 0.119 -0.049 0.000 0.032
3 0.003 -0.004 0.012 0.000 0.008
4 0.005 -0.007
Table I: Boundary coefficients Ry, 5 for the configuration shown in the middle row of Fig. 1;
R=) Rmapcos(mlU ~nV),m>0, -2<n<4.

0 1 2 3 4
-2 0.002
-1 0.001 -0.021

0 0.000 0.988 0.028 0.008
1 -1.335 0.225 0.264 0.011
2 -0.119 0.049 0.000 0.032 06.000
3 -0.003 0.004 -0.018 0.000 -0.006
4 -0.005 0.007

Same as above, but Zy 5y Z = 3 Zip nsin(ml —nV).
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-2 0. 0. 0. 0. 0 0
-1 0. 0. 0. 0. 0 0
0 1.214 0. 0001 0. 0. O
1 -0.001 -0.128 0. 0. 0. 0
2 0. 0. 0. 0. 0. 0
3 0. 0. 0. 0. 0. O
4 0. 0. 0. 0. 0. 0
3 0. 0. 0. 0. 0 O

Table II: Fourier coefficients Byn; B =3 Bmpncos2r(mf—nd),m >0, -2<n<5at s~ %

of the configuration shown in row 2 of Fig. 1. Coefficients whose absolute value is
smaller than 0.0005 are indicated by 0.
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Same as above, but at s &® 1 . Coefficients whose absolute value is smaller than
0.0005 are indicated by 0.



Fig. 1: Flux surface cross-sections of quasi-helically symmetric stellarators with V = 7, R0 =
14. The boundary of the middle row is given by Table I. The boundaries of the first row
and the last row are obtained by analogous optimizations with Ry = —Z; 1 = 0.3 and
0.1, respectively.



3. Structure of the Optimization

For the optimization of Helias configurations for W VII-X the following set of criteria has been
used:

. high quality of vacuum field magnetic surfaces (sufficiently small thickness A of islands),
. good finite-#3 equilibrium properties (sufficiently high feq),

. good MHD stability properties (sufficiently high Bgab ),

. small neoclassical transport in the %-regime (small equivalent ripple &),

. small bootstrap current in the lmfp-regime (JBg ste/ JBs 1ok sufficiently small),

. good collisionless a-particle containment (fraction of prompt loss f, sufficiently small),

. good modular coil feasibility (sufficiently large distances A and radii of curvature B of the
coils). :

Criteria 1 and 7 are taken into account by solving Helias boundary value problems with side
conditions on the shaping parameters. Criteria 2 and 3 are satisfied by maintaining resistive-
interchange and ballooning stability at {8) & 0.05 for configurations with 5 periods and aspect
ratio of approximately 10. While maintaining resistive-interchange stability is directly incor-
porated into the optimization, ballooning stability is taken into account through its driving
terms [4]. Criteria 4, 5, and 6 are taken into account by optimizing the structure of B(4, ¢) in
magnetic coordinates. This optimization procedure constitutes an inner optimization loop.

The evaluation of ballooning stability and of the three neoclassical properties 4, 5, and 6 leads
to an iteration of this inner loop until satisfactory properties are found. Goodness parameters
Ais; Beqs Bstab, Oe, JBS stell/JBS ok fo Which can simultaneously be achieved appear to be 0.1,
0.05, 0.05, 0.01, 0.1, 0.1 (Helias50B).

The construction of modular coils [5] leads to a further iteration of results until satisfactory
properties 1 - 7 are found. Goodness parameters A, B which can simultaneously with the

above numbers be achieved appear to be 0.27 m, 0.2 m at a torus radius of 6.5 m and a magnetic
field of 3 T [6].

=1 h Qo= W oY

4. Conclusion

Considering the above physics issues one may conclude that stellarators should be treated
threedimensionally in real space and fivedimensionally in phase space. Therefore, the theoretical
evaluation of stellarator physics properties will o a significant extent have to be based on large
codes. The above computable physics properties, as opposed to as of now not computable
physics properties Sfor example, anomalous beha,viourP, seriously limit stellarator performance.
The number of stellarator optimization variables is large, but, as the above examples show,

not discouragingly large. So, large scale computing will be continuing to be necessary for the
progress of stellarators.
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Abstract

The helical hard core in the four period TJ-II heliac permits to access a variety of

magnetic configurations with very different MHD properties. In this

paper a particular set

of shearless configurations is presented with similar rotational transform at the magnetic

axis, =120, and slightly different values of the magnetic

well, that exhibit

self-stabilization behavior to Mercier modes characteristic of a second stability regime.

1. Introduction

Heliacs [1] in the helically symmetric limit have been proven to have excellent stability

properties to low-n and high-n modes [2,3] , with B-limits reaching the 30%. Recently a

0.01

Mercier (A1)
=
Fay
=3
1

-0.01
B Shallow well
¢ Standard
¢ Deep well
B Deeper well
0.02 — N
0 2 4 6 8 8
Figure 1

The Mercier criterion in arbitrary units for four
configurations with the same rotational transform.

set of configurations
in the finite aspect
ratio realization of
the heliac TJ-II to be
built in Madrid,
Spain [4], have been
analyzed and found
to have B-limit in
excess of 6% to
Mercier modes [5].
Results from this
study are
summarized in
figure 1, where the
Mercier criterion in
arbitrary units is



shown versus <B> at a specific normalized radius, r=0.95, for four configurations

labeled, Shallow, Standard, Deep and Deeper for the magnitudes of their magnetic well
depths:= 1%, 2%, 3%, 4%, respectively. All of them have a rotational transform per

period at the magnetic axis of (.36 and a practically flat iota profile. For finite § TJ-II
equilibria, instabilities start appearing at the boundary, therefore if the configuration is

stable to Mercier modes at this radius, it is also stable at the inner flux surfaces.

Mercler (A.U.)

Figure 2

Flux surfaces at three toroidal locations for configuration B

0.02

0.01 1
.00 .
Unstable \'40
-0.01 —T T T T
0 i 2 3 4
<f>
Figure 3

Equilibrium

The three dimensional
code VMEC [6] in its fixed
boundary version has been
used to obtain a set of
equilibria with increasing
value of the pressure for
the configurations chosen.
VMEC finds the equilibria
by minimizing the MHD
energy over a toroidal
domain (3 using an
inverse representation for
the cylindrical coordinates
R,Z. The pressure profile
considered was:

P@) = Py (1-12).



We concentrated the study in two configurations labeled A and B close to each other in
the flexibility diagram that shows the accessible configurations as the currents in the
circular and helical conductors are varied[4]. These coﬁﬁgurations are characterized for
having a smaller average radius, (8 cm. for configuration B and 11 cm. for configuration
A), and therefore an effective aspect ratio higher than the configurations considered in
fig. 1. Figure 2 shows the flux surfaces at three toroidal positions for configuration B
having a rotational transform per period at the axis of 0.30. The depth of the magnetic

well in both configurations is similar, and equal to = 1.3%.
Stability

For planar axis, zero-current stellarators, the stability beta limits given by the Mercier
criterion agrees or is more pessimistic than the low-n stability limits [7]).Having a
negative shear, ballooning modes in stellarators should impose a higher limit in the
stability limit. We have then analyzed the stability properties of TJ-II with the 3-D
Mercier criterion. Nevertheless a study has already been started to see what limits, if any,
ballooning modes impose to results presented here.

The Mercier criterion can be written for closed magnetic flux surfaces as:

Dy =Ds +D1 +Dw +Dg > 0 (1)

where the contributions due to the shear, Dg, and the net currents, Dy are negligable since
the equilibria considered are essentially shearless, zero-current equilibria. The stability
properties of TJ-II are then given by the competitive effect between the positive

contribution of the magnetic well,

2

2
D= < ggB,, >P'V‘ ~ (P')2<§><§g-;§> ~aB + bB’ .

and the negative contribution of the geodesic curvature,

e e
DG__< g e/\e/ \ & cB (3)




_ Results
1 Figure 3 shows the result of

= @ 06325 | applying  the  Mercier

g : g:;g;; g criterion to configuration A.

£ o 08756 In the figure the result of

=11 @ o009 ' applying (1) is plotted at
) . " . .

by different radii for increasing

g o values of <B>. It is seen that

o - . O : as B increases, the Mercier

' : e | criterion  becomes more

3 positive for most of the

configuration and even

001 i S —— changes sign at the most

o 1t 2 3 4 5 6 7 ' external part of the radius.

) Figure 4 <b> “ This self-stabilization _be-

Mercier criterion vs. <f> for configuration B bavior characteristic of a

second stability regime is

more clearly seen in figure
4 where the same criterion is applied to conﬁgufation B, and continuously goes to more
positive values indicating that the configuration is in a second stability regime to Mercier
modes. ' '
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3-D Equilibria of Helical systems:
Magnetic Islands and Their Control

- Takaya Hayashi
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Abstract
Three dimensional equilibrium and breaking of magnetic surfaces due to the finite
beta effect in a 1=2 heliotron configuration are studied by using a newly developed
three-dimensional equilibrium code. Several methods to suppresé. the breaking are
discussed.

The equilibrium beta limit of a helical system is conventionally defined by the
amount of the Shafranov shift, such as A,(8) < 2 . However, we should also be careful
on the breaking of magnetic surfaces due to the finite pressure effect, since it is well
known that a non-axisymmetric torcidal finite beta equilibrium does not necessarily
regularly nest magnetic surfaces. The boundary region of a helical system is ergodic
even in a vacuum field. Therefore, the physical issue in this paper is to investigate how
large the boundary ergodic region expands in a finite beta equilibrium.

The mechanism of the appearance of magnetic islands in a finite beta equilibrium is
that when a finite pressure is given onto a vacuum field, the plasma current is induced
to satisfy the equilibrium force balance condition jx B = 7p. Then, the plasma current
could be a source of error poloidal fields which resonate with rational surfaces. The
resonant field causes the appearance of magnetic islands. When an island is induced,
"the pressure profile is significantly modified near the island. Thus, a consistent analysis
between the j x B = y7p condition and the island formation is required.

Several excellent 3-I) codes to solve helical equilibria have been developed so far,
and are actively used to study magnetohydrodynamic properties of helical systems.
One problem with these codes, however, is that they assume the existence of clearly
nested magnetic surfaces, explicitly or implicitly. Therefore, a new approach is required
to analyze consistently the island formation in a finite pressure equilibrium. Several
efforts have been addressed to solve this problem. In this paper we show results on
this matter which were obtained by newly developed 3-D equilibrium code (HINT).



HINT is a 3-D equilibrium code to obtain currentless helical equilibria by a re-
laxation method using free boundary conditions.[1] We adopt an Eulerian coordinate
system which rotates with the same pitch as the helical coil. The calculation scheme
has fourth order accuracy both in space and time. The amount of the Shafranov shift
vs. 3 for a 1=2/M=10 heliotron configuration which was obtained by the HINT code
is plotted in Fig. 1, and is compared with the result obtained by the VMEC code. The

agreement between these codes is fairly good as far as the occurrence of the breaking
is not significant.

Shafranov Shift A,(3)
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The state of the appearance of islands and ergodic region on the plasma boundary
is plotted in Fig. 2 for M=10 heliotron configuration, where Fig.2(a) is for the vacuum
field and (b) is for the # = 3.6% case. The boundary ergodic region is observed to
expand when £ is increased. Figure 3 shows the expanded plot of the island which
appeared in Fig.2(b). In order to confirm that the observed appearance of islands
is not due to numerical artifact but due to some physical mechanism, we executed a
mesh convergence check, where the same equilibrium 1s calculated using several different
mesh numbers. The result is shown in Fig.4 for two different mesh sizes. The agreement
for the island width as well as the overall width of the ergodic region between these
calculations is fairly good. When we extrapolate the width of the island shown in Fig.3
down to the null mesh-interval case, we conclude that there must be finite width island,
for which the width is very similar to the one shown in Fig.4.

Mesh Convergence Check
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In order to understand the general tendency of the "{ragility” of magnetic surfaces
in a finite beta equilibrium, we have executed parameter survey for several kinds of
parameters. The M (pitch period number) dependency of the breaking of magnetic
surfaces is shown in Fig.5 for the 1=2 heliotron configuration. This survey was made
under conditions that the pitch parameter +, is fixed to be 1.3, the vacuum magnetic
axis is at the helical coil center, external quadrupole component B, = 0, and the helical
coil has no modulation. The broken line in Fig.5 indicates a tentative beta limit at
which the outer region of about 30 % of the minor radius becomes ergodic.

In the plot of Fig.5, it looks as if the equilibrium beta limit defined by the amount

. of the breaking for M=10 heliotron configuration is at most 3 or 4 %. However, we

have several free parameters to control the situation.[2] Figure 6 shows the effect of the
external vertical field B,, which controls the radial position of the vacuum magnetic
axis. Asisshown in Fig.6, the inward shift of the magnetic axis is favorable to suppress
the breaking, and in fact, we can obtain the high beta equilibrium (such as 7 > 5%)
keeping clearly nested surfaces by a small inward shift for the M=10 configuration. As
for the effect of B,, as is shown in Fig.7, vertically elliptic shaping of the surfaces is
favorable to suppress the breaking.

Summary

1. We need to analyze the breaking of boundary magnetic surfaces due to the finite
beta effect in evaluating the equilibrium beta limit of a helical system, in addition to
the usual standard of the Shafranov shift.

2. We have found several methods to suppress the breaking of magnetic surfaces by a
control of M, %., B,, and B,.

3. High beta equilibrium (8 > 5%) keeping clearly nested surfaces can be obtained for
M=10 heliotron configuration, especially by a control of B,.
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Resistive MHD Stability Studies for ATF Plasmas During Operation in the Second
Stability Regime*
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Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8058, US.A.

Abstract: Self-stabilization effects were experimentally observed in the first period of operation
of the ATF device. These effects are reproduced by nonlinear calculations.

" 1. Introduction _

In the initial period of operation of the ATF device, the B self-stabilization effect on fluctuations
was observed. The measured magnetic fluctuations increased with B up to By ~ 1.5% and de-
creased for higher B values.! This indicated that ATF was operating in a regime where B self-
stabilization effects were dominant. ATF was designed to operate in the second stability regime
with respect to ideal MHD.2 It was shown that resistive instabilities remain in the second stability
regime, but they can be affected by [3 self-stabilization effects.3 We present the results of detailed
nonlinear studies of these instabilities for equilibrium parameters corresponding to those of ATF.
The results show a reduction in the {(m = 2, 3; n = 1) magnetic perturbations at high B, as observed
in the experiment. The § self-stabilization effect is also seen in the simulations from a sharp reduc-
tion in the turbulence inside the plasma core at high 5 and a decrease in the saturation level of the
kinetic energy.

2. Equilibria

The approach followed in generating the equilibria was the stellarator expansion,4 whereby a
two-dimensional equilibrium is generated by performing a toroidal angle average. This results in an
equilibrium equation very similar to the Grad-Shafranov equation that is solved by standard tech-
niques.5 Four equilibria, with B values of 0.26%, 0.80%, 1.5%, and 2.3% and with profiles
closely matching those seen experimentally, were used for the study. Two features of these profiles
affect the stability in ATF asf} is increased. The first is the formation of a magnetic well, as shown
in Fig. 1(a). At the lowest value of 8, there is a magnetic hill throughout the plasma, but a
magnetic well develops and becomes deeper and broader as P increases. The second feature is the
change in the 1 profile near the magnetic axis induced by the requirement of zero net current. As 3
increases, the shear decreases, resulting in fewer lower-order rational surfaces. This is illustrated
in Fig. 1(b), where the # profiles are shown in the plasma interior (the plasma edge is atr =29 cm)
for the four values of 3. The relevant low-m rational surfaces are indicated. At the lowest 3, both
the (m = 10; n = 3) and the (m = 7; n = 2) surfaces are present inside r = 10 cm. At the highest B,
there are no included rational surfaces to support the instability near the plasma magnetic axis. Both
of these effects are present in the nonlinear stability results presented in Sect. 3.

3. Results

The nonlinear evolution of the resistive instability (resistive ballooning in the plasma core and
resistive interchange near the plasma edge) is studied with the reduced MHD equations derived by



Strauss.® We use as input the ATF equilibria described in Sect. 2. The pressure profiles have a
gradient in the region 0.35 <+ < 0.40. The lowest-m rational surfaces in this region are (m=2; n =
5),(m=3;n=8),(m=4;,n=11), (m=35; n=13), ... The corresponding modes have the
largest linear growth rates in the cylindrical limit, while the n =1 modes (m=2,3; n = 1) have
growth rates close to zero. When the steady state in the nonlinear evolution is reached these two
components are the largest, and they dominate the magnetic energy spectrum, as expected from the
resistive pressure-gradient-driven turbulence theory.3 The saturated levels of the (m=23;n=1)
fluctuations as a function of B have the same features as the experimental data, as shown in Fig.
2. .

The P self-stabilization effect is also seen in the saturated pressure contours (Fig. 3). The radial
extent of the turbulence is from the edge to about one-fourth of the minor radius at the lowest 3
(0.26%) and increases at the next higher 3 (0.80%). Some healing of the contours is seen, how-
ever, at By = 1.5%, and at the highest B equilibrium flux surfaces are unaffected in the plasma
core. Two effects are responsible for the change of the radial-extent of the turbulence with [3: the
broadening of the magnetic well with increasing P and the flattening of the £ profile in the interior.
The flatness excludes lower-order rational surfaces that can support an instability.

Focusing on the results of the nonlinear evolutions, we observe three salient features: (1) the
development of fine-scale turbulence about halfway out in plasma radius, (2) an m = 1 bulk dis-
placement of the plasma, and (3) a central pressure flattening. The turbulence is driven by the large
pressure gradient. The outward displacement and pressure flattening are (m = 1; n =0) and (m = 0;
n =0) effects, respectively. Toroidal effects strongly couple modes that have the same toroidal
mode number (n) and poloidal mode numbers (m) that differ by 1. Since nonlinearly modes with n
=n; + Ny, N; — 0y and m =m; + my, m; —m, are driven by modes with toroidal mode numbers n;
and n, and poloidal mode numbers m; and m,, the toroidal effects drive the (m = 1; n = 0). This
gives rise to the displacement. At the magnetic axis, the pressure perturbation can be driven only
by an m = 1 mode. Since the only m =1 mode with appreciable strength near the axis is the (m =
1; n =0) mode, the (m = 0; n = 0) pressure flattening results from (m = 1; n = 0) self-coupling.
This could be the cause of the flatness of the core profiles measured in ATF.

For comparison, calculations in cylindrical geometry were also done. The mid-radius turbu-
lence was very similar to that seen with toroidal geometry. However, the displacement and the
central pressure flattening were not seen since, as described earlier, they are due to toroidal
coupling.
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DRIFT OPTIMIZATION OF HELICAL SYSTEMS

K. Hanatani
Plasma Physics Laboratory, Kvoto University
Gokasho, Uji, Kyoto JAPAN

ABSTRACT
The minimization of particle loss region of heliotron/torsatron configurations
is considered. Both Heliotron E (high aspect ratio) and Large Helical Device (low
aspect ratio) configurations are examined and compared. In the drift optimization of
Heliotron E, vertical field By is used to minimize the loss region. The optimum shift

of magnetic axis Ayopt and "operation window" with respect to By are predicted and
compared with Heliotron E experiments; correlations between the theoretical
prediction and experimental observations are discussed. As for LHD configuration,
modulations of HF (helical field) coil and multipole moments from PF (poloidal field)
coil set are used to minimize the loss region. It is shown that loss region of a LHD
configuration can be reduced as narrow as that of the standard Heliotron E
configuration by simultaneous control of vertical and quadrupole field.

: INTRODUCTION

In finite aspect ratio helical systems, toroidal perturbation distorts both mod-B
and flux surfaces. These distortions, which can be large in low aspect ratio devices,
enhance radial drift of helically trapped particles and create collisionless particle loss
region in the velocity space. Since large loss region is harmful to efficient heating and
confinement of plasmas, we wish to minimize the extent of loss region by optimizing
free parameters of external coils. The optimization can be achieved by appropriate
flux-surface positioning and shaping that effectively remove the unfavorable
distortions. We have used realistic magnetic field configurations produced by finite
size HF coils and PF coils. The use of realistic magnetic fields—rather than
simplified model fields—is necessary to make precise prediction about the existing
experiment and to give practical feedback to the design of the next generation device.

In order for the theoretical optimization about future experiments has
credibility, it must succeed to interpret existing experiments. Recent kinetic and
diamagnetic measurements [1, 2} carried out in Heliotron E showed that sustainable
plasma energy Wp depends sensitively on the position of magnetic axis Av: Wp
decreases rapidly with outward shift (4y > 0} although magnetic well exists, increases
slightly with small inward shift (4y = — 2 ~ 3 cm), and decreases again with large
inward shift (Av < —5 cm). One hypothesis to explain these observations is change in
shear which may affect anomalous transport of the bulk plasma. An alternative
hypothesis [3] is that observed variations of Wp may be correlated to the particle loss
region.



QUALITATIVE OPTIMIZATION .

In the drift optimization of helical systems—like in any other optimization—
one must distinguish free parameters from constraints. For existing devices such as
Heliotron E, the HF coil parameters are the constraints, whereas auxiliary VF coil
field (dipole moment) is the free parameter that can be used to improve confinement
properties. In the present drift optimization of LHD, basic HF coil parameters of the
reference design (M =10, y= 1.2, R = 4m, B = 4T) were fixed as constraints, which
were imposed to keep the advantages of original LHD design. Remaining free
parameters (modulations of the winding law of HF coils and multipole moments of PF

coils) can be used to reduce the loss region. (Hexa-pole and higher multipole
moments are not controlled in this study.)

1.2
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Figure 1 Dependence of area of B, surface on the position of magnetic axis.

SYMBOL A for LHD with Bo(PF)=0, 0 for LHD with Bq(HF) + Bq(PF) = 0,
@ for Heliotron E.

Because of large number of freedoms of HF and PF coils, it is often useful to
obtain rough trend of confinement quality before carrying out Monte Carlo
simulation. As a convenient measure of the confinement quality, one can use the area
enclosed by the largest Bpyin surface [4] within the last closed flux surface. . We define
normalize area, S, as follows

_ (area enclosed by largest Bmin contour)
~ (the area of last closed flux surface)

Figure 1 shows the output from HELIOS code, showing the effects of magnetic axis
shift in Heliotron E and LHD configurations; values of S are plotted against the shift
of magnetic axis.

Closed circles in Fig. 1 show the value of S for Heliotron E. With the outward
shift (Av > 0), outside-loss region grows and the confinement of helically trapped
particles strongly degrades. Minimum-loss-region configuration is realized in



Heliotron E by a slight inward shift (Avopt = — 2.6 cm). At this optimal shift, the
radial drift of deeply trapped (v) - 0) particles approximately vanishes. This can be
understood by the mod-B contour on the last closed surface, which becomes nearly
“helically symmetric” around the bottom of the ripple. However with large inward
shift (Av < ~ 5 cm), new inside-loss region appears on the inner side of the torus.
Drift orbits of barely trapped particles were, as expected, found to deviate from the
Bmin contour. When the confinement of v| = 0 particles are improved, confinement of
barely trapped particles are confirmed to be improved. As a criterion for
optimization, S = 80 ~ 90% may be required because this is the condition for good
plasma production in Heliotron E experiments. Configurations with § = 50% are
dominated by loss of helically trapped particles.

In the pre-optimized LHD configuration (i.e. BQFF = 0, 4y = 0), .S is so small
(about 30%) that even vy ~ 0 particles are lost from the core of the plasma. Two
optimization steps for LHD are noted. The first step (moderate improvement) is to
remove the vertical elongation of flux surface, which is caused by toroidal effect of
HF coil, by applying Bq field from PF coil set. The second step (more efficient than
the first) is to compensate the toroidal distortion of mod-B surface by shifting
magnetic axis inward by about 10 cm. With the simultaneous optimization of Bg and
By, S value of above 80%, which is comparable to the standard Heliotron E
configuration, is obtained. Favorable MHD properties are predicted for this
configuration [5]. Detail parameter survey including the dependence of various types
of modulations of HF coil was reported elsewhere [6].

MONTE CARLO SIMULATION
At first sight, the variation of Wp observed in Heliotron E looks very similar to
the normalized area of By contour shown in Fig. 1. This qualitative similarity is not
enough to conclude that the change in the extent of loss region is responsible for the
observed variation of Wp. This is because the estimate based on collisionless v ~ 0
particles (Fig.1) ignores important physics issues such as :

(1) effects of barely-trapped particles,

(2) effects of Coulomb collision,

(3) effects of charge exchange and re-ionization,
(4) effects of radial electric field.

Effect that influences the loss rate most is the position of loss boundary: Helically
trapped particles which go out of the last closed surface can re-enter the confining
region. To evaluate the orbit loss correctly one has to specify the vacuum vessel wall
as the loss boundary [7].

~ Monte Carlo calculations of perpendicular neutral injection was carried out by
using HELIOS code, which can include ali the above effects, to investigate the role of
trapped particle loss in the variation of Wp in Heliotron E. In Figure 2, calculated
heating power Py, multiplied by a? is plotted against Ay. The factor 42 is multiplied
to take account possible size scaling of bulk plasma confinement. The rapid decrease
of Wp with Ay > 0 can be explained by the outside loss region. It must be emphasized,
however, that largest fraction of loss is not orbit loss but the charge exchange loss
which occur peripheral and outside of the confining region. In the simulation, re-



ionization of fast ions was included to avoid overestimate of charge exchange 10ss.

The agreement between observed Wp and calculated a2Ppe,; is good except for large

inward shift; The former drops more steeply than the simulation curve in Fig. 2 This
difference suggeststhe deterioration of bulk particle confinement at large inward

shift. Candidates for this are enhance transport due to the presence of (1) inside loss

region and (2) fluctuation induced by magnetic hill. However (3) deterioration of
plasma caused by increased plasma-wall interaction can not be excluded.

a2Pheat

0 T I T T J T T ‘
-20 -10 0 10 20
) shift

Figure 2. Dependence of a2Ppe, 0n the position of magnetic axis [cm].
Monte Carlo simulation (HELIOS code) of confinement of perpendicularly

injected fast ions in Heliotron E. Line averaged ne = 5.6x1013cm -3
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Plasma Transport in Advanced Stellarators
H. Wobig
(Max-Planck-Institut fiir Plasmaphysik,D-8046 Garching, EURATOM-Association)

Abstract. The present paper reformulates the neoclassical theory of general toroidal
equilibria. The relevant geometrical parameters are indentified and it is shown how the
reduction of Pfirsch-Schliter currents affects neoclassical transport and bootstrap effects.
The influence of turbulent electromagnetic fluctuations is also discussed. Since a toroidal
loop voltage is included, the theory is valid for all toroidal systems.

Introduction: In the present paper a formulation of neoclassical transport theory valid
for general toroidal equlibria will be given. In advanced stellarators with reduced Pfirsch-
Schliter currents [1], the radial drift of trapped particles can also be reduced to a certain
extent leading to a small neoclassical transport level, although the number of trapped par-
ticles is not small. In particular, Helias-configurations [2] exhibit small Pfirsch-Schliiter
currents and small neoclassical losses, As introduced by Shaing and Callen [3] in their
pioneering paper on neoclassical transport in non-axisymmetric equilibria, the Hamada
coordinate system (V,4,¢) is the appropriate system to describe toroidal equilibria. It
exists if a solution of the ideal equilibrium condition j x B = Vp exists. With e, and e
being the poloidal and toroidal base vectors on the magnetic surface, the magnetic field is
B = ¢/(V)er + x'(V}ep and the plasma current ] = I'(V)ey + J'(V)ep. (V) and
x(V') are the toroidal and poloidal magnetic fluxes and I{V'), J(V) the corresponding cur-
rents, Using the equilibrium condition the plasma current can also be written in the form:
¥'(V)] = p'(V)ep + I'(V)B. The poloidal current p’(V) e consists of the diamagnetic
current perpendicular to B and the Pfirsch-Schliiter current p'(e, -B)B /B2, however there
is no need to separate these terms.

In deriving the flux-friction relationships on magnetic surfaces the latter representation
of the plasma currents turns out to be more convenient than the former one. A simple form
of the flux-friction relations can be derived from Ohm’s law V® + vxB = nj. The average
over the magnetic surface is defined by < g > = [ ¢df/|VV| and some useful relations of
the base vectors are :< ep - B >= I(V) ,< et B >= J(V) and e, x B = 3/(V)VV.
Application of the averaging procedure < ep ... > and < B-... > to Ohm’s law yields the
following system

—('(V))’T =n <ep-ep>p'(V) +nII'(V)
@'(V)? UL =nIp'(V)+n < B> I'(V)

I' =< v -VV > is the radial flux of v. The electric potential is single-valued in the
poloidal direction, however, with toroidal loop voltage we find < B-V® >= ¢/(V) Uz. The
transport matrix L in (1} is positive definite and symmetric. The non-diagonal terms in L
describe the classical bootstrap effect and its conjugate, the pinch effect. The coefficient
Dy, =:< ep rep > is the Pfirsch-Schliiter factor. The aim of the present paper is to extend
eq. {1) to neoclassical plasmas including turbulent effects.

(1)



The Fokker-Planck equation. We consider a fluctuating plasma with turbulent electro-
magnetic fields B = B, + 6B(t) , E = E, + §E(t), where similar to the procedure of K.C
Shaing [4] and R.Balescu [5], the electromagnetic fields are given. E,, B, are the time aver-
aged fields and B, is assumed to satisfy the equation of ideal equilibrium. In velocity space
we separate the space of all square integrable distribution functions f(v) in two orthogo-
nal subspaces H* and H® containing all symmetric distributions {f* : f*(—v) = fo(v)}
and antisymmetric distributions {f* : f¢(~v) = —~f%(v)}. The scalar product in v-
space is (f,g) = [ fgd3v. A further orthogonal partition of H* is H® = H? + HJ,
with H? containing all spherically symmetric distributions f2(v2?). P2, P2, P? and P®
are the projection operators onto these subspaces. After introducing the abbreviations
vV f=Vf, gu/fmE-Vyf=FEf, ga/ma(vxB) -V,f=Bf the Fokker-Planck
equation of each particle species is

L+ (V+E) [+ B = O, 1) + CU™ 1) + 5° @)
4 (V+E)f* + B f* = O, 1%) + Cf*, ) + 5° 3)

C is the collision operator C(f,f) = 3. C®” in the Landau form. S is the source
term (heating, refuelling, current drive etc.) and §9,5° its projection onto H® and
He, Cift =: C(f°, f*) + C(f*, f°) The generalised macroscopic flow vector is defined
by u(z) = [ f2g(v?)vd®v and the generalised demsity by n(z) = [ fég(v?)d3v. The
generalised viscous tensor 7 = [ g(v2)(v : v — v?/3I) f} d®v with f{ € H? is of par-
ticular importance in neoclassical effects. g{v?) € H? is an arbitrary weight function,
however in the application we follow the procedure of Hirshman and Sigmar [6] and use
the Laguerre-Sonine polynomials Lzl 2 (v?),k =0,1,2... for g(v?).

Following the same surface averaging procedure as in the introduction we obtain the
generalised flux ' =< u: VV > from taking the < (ep - vg(v?),...) >-average of eq. (3):
< (ep-vg(v?),Bo ) >= ¢'(V)ga/maT. Collecting all terms in eq.(3) and averaging over
time yields

%' (V)(ga/ma)T =< (ep - vg(v?),C1 F") > — < (ep - vg(v?),VT}) >
— < (ep - vg(v®), Eo.f ) > + < (ep - vg(v?),5°%) > (4)
— < (ep - vg(v?),6E6f%) > — < (ep - vg(v?),6B6f%) >

The first term on the right-hand side contains the classical losses, which have been analysed
in ref.[6] by expanding ?a in a series of Laguerre polynomials: 73 = 3 fmu(v®)gr(v?)v -
ug(z) (far = exp(—mv?/2T) is the Maxwellian). The lowest approximation to the flow vec-
tor uy is the dissipationless flow in the magnetic surface with Ux x B, = Ax{(V)¢'(V) VV
and V - Ui = 0, which can be written in the form ¥'(V)Uy = Ax(V)ep + Ax(V)B,. The
symmetric distribution T’ in this order is F* = Y fargr(v?)Px(V). The condition of
equilibrium links the generalised pressure Px(V) to the thermodynamic force Ay by

A (VI V) = PLUV) — (o/T)®,(V) P (V) + (¢/m)20’ (5)



with Py = Y (v2/3) fargrgh @*v Prr. 8,(V) is the potential of the lowest-order E-field.
Ax(V) describes the toroidal integral flux of Ug. k = 1 yields the toroidal particle flux
and the toroidal electric current I'(V) = 3 ¢aN1,a(V)A1,a(V). With J= — F* =
S Famgx(v?)v - Ug, the vector T =: {{ga/ma)T**} of classical radial fluxes can be written
in the form

P'(V)T = —1{<ep-ep>A + I(V)A} (6)

The matrix ! is the matrix of classical transport coefficients [6] and A =: {Ag o} the vector
of thermodynamic forces. A is the vector of toroidal differential fluxes. The same averaging
process can be made with B, - vg(v?) and eq.(3). We separate the inductive part ULV
from E, and find

(ga/ma)UL < ((Bo - vg(v2))Vgo Ve >="
< (Bo -vg(v?),Ci ") > — < (Bo - vg(v?),VFy) >
— < (Bo ' vg(t?), Eo.T) > + < (Bo - vg(v?),5%) >
— < (Bo - vg(v?),§E6f%) > — < (Bo - vg(v?),5B55%) >

Eqgs. (4) and (7) are the generalisation of eq. (1) to a multispecies plasma.

Neoclassical losses. Neoclassical effects are described by the second term in eq.(4) and (6)
which can also be written in the form < e,V -7 > and < B,V .7 >. In the guiding center
approach only the gyro-angle average of T; is retained leading to the Chew-Goldberger-
Low form of 7. The equation for f; is derived from the time averaged Fokker-Planck
equation (2) and (3).

LTy = (V+E,)F*—8f — P{(6E6f° +6B53) (8)

The operator Lis L = (V+E,)[Ci—B,}  (V+E,)—(Ci1—B,) and VF* = 3 gx(v?) faa(v :
v —1/3I)V : Ug. V : Uy is the rate of strain tensor of Ug. Eq. (8) holds in all regimes
of collisionality. The inhomogeneous term consists of 3 parts: The first one,(V + E,) F?,
is the relevant tetrm of neoclassical transport, the second one, §f, is the term of ECR-
current drive and the third one the influence of turbulence on the distribution function
Ti In a collision dominated plasma L is approximately equal to B, — Cj, which is a
differential operator in v-space. Its inverse, L™!, is an integral operator and therefore the
viscous stress tensor in x-space is locally proportional to the rate of strain tensor V : Uy.
However, in the long-mean-free-path regime L~! is an integral operator in v-space and
x-space and the linear relation between m and V : Uy is non-local.

Guiding center average. The standard guiding center approach is obtained by averaging
eq.(8) over the gyro-angle. The important term on the right hand side of eq.(8) is V F°
which after averaging over the gyro-angle is:

(VFG)CW = ng(vz)fM(vﬁ - vi/Z)U;‘ ' 'v‘.TB + (EoFa)au =0 (9)

Since Uy is linear in Ax(V) and Ag(V) the solution f; is also linear in Ax(V) and Ax(V)
and therefore the tensor 7 and the neoclassical terms < e - V.7 > and < B,V -7 >



are also linear in Ax and Ax. Summarising the results yields the neoclassical terms in the
form
<ep ' V-mr>=IL1A+ LA , <Bo-V-w>=LzA + L[4A (10)

The matrices L; are the neoclassical transport matrices; explicitly they are:

vB
B N>

hHE (oo ) > La =< ((Bo-22), HEh (Bo- V2)) > (12)

VEB
Ly =< ((ep- ‘B“L H:,'f' (ep-

VB, . vB
Ly =< ((ep- '_é_),Hk,fr(BO"g‘)

) > (11)
VB
B
with Hf"f, = (vif — v} /2) gk (v?)L ™" fargi (v?)(vf] — v3 /2). Ly describes the neoclassical
transport, L the pinch effect, Lz the neoclassical bootstrap effect and L, the neoclassi-
- cal resistivity. An immediate conclusion is that neoclassical losses and bootstrap effects
become small or zero if ep - VB/B — 0. Because of ep By — 0 > ep - VB -+ 0 the
minimisation of Pfirsch-Schliiter currents minimises neoclassical effects, By proper choice

of ep - VB/B and B, - VB/B the bootstrap and pinch effects can be made small even if
the L{-matrix is not small.

L3 =< ((Bo-

Source terms and turbulent effects. The antisymmetric part of § adds an extra term
to the plasma loss; this may for example occur via momentum input by neutral beam
injection. The symmetric part S7 occurs during ECRH-current drive which adds an extra
term to 7 and therefore to < ep - V-7 > and < B, -V -7 >. Turbulence also modifies the
viscous tensor 7 via the driving term Pf(§E6f% 4+ §B6 f7) which can compete with the
neoclassical effects. Besides these modifications of the tensor 7 the turbulence gives rise to
the last two fluxes in eq.(4), which are those conventionally discussed as anomalous losses.
Without computing the plasma response § f to the fluctuating fields a precise analysis of
turbulent losses is not possible. In the special case of electrostatic fluctuations, however,
the driving term for plasma instabilities (see linearised version of eq.{2)) is the term § EF*
which is linear in the lowest order flow Ui. The symmetric distribution F?(v?) which
occurs in the form 6 EF* drives instabilities if /¢ is non-monotonic in v2. In contrast to
neoclassical effects which are driven by the rate of strain tensor V : Uy, the electrostatic
instabilities depend on Uy directly. With fixed thermodynamic forces A; the flow vector
Uy can be minimised by minimisation of its parallel components AxB, and Ax(ep Bo)Bo.
In conclusion, reducing the integral toroidal fluxes and the Pfirsch-Schliiter currents in
toroidal equilibria reduces also the driving terms of electrostatic turbulence.
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RECENT EXPERIMENTS IN JT-60

JT-60 Team presented by H. Kishimoto
Naka Fusion Research Establishment, Japan Atomic Energy Research
Institute, WNaka-Machi, Naka-Gun, Ibaraki, Japan

. Recent experiments in JT-60 have been conducted mainly on
the plasma parameter improvement and the current drive
optimization. Energy confinement can be improved by pellet
injection. High By(% 3) discharges are obtained with high power
NB heating and then the bootstrap current becomes dominant in the
plasma current. ILH current drive efficiency is improved up to 3.4
x10'"m 2 MA/MW with a multijunction launcher. Sawtooth activity
is suppressed successfully by the LH wave.

1. Introduction
The advanced experiment of JT-60 has been made progress
since 1987 in the investigation of confinement improvement and
steady state operation. In the first phase of the advanced
experiment from April 1987 to October 1989, the major efforts have
been concentrated on the pellet injection experiment, the lower
single null divertor study with high heating power and the current
drive optimization with an improved lower hybrid (LH) launcher.
Experiments have been done in discharges with ohmic, neutral beam
(NB), LH and ion cyclotron (IC) heatings over a range of
parameters: toroidal field Brps£4.8T, plasma current Ins3.2MA, NB
power PnypS25MW, LH power PpusS7MW, and IC heating power PypS3MW.
In addition to the results described in this paper, LH electron
and ion heating, LH limiter H-mode, IC.harmonic heating, improved
divertor confinement, and helium
ash exhaust have been studied

experimentally. A4° s,
[ =4 S0 K

2. Pellet Injection Experiments X z e ]

Hydrogen ©pellets {two of =2 | - T
3.0mm and other two of 4.0mm in < DENSITY PEAKING FACTOR
both diameter and length) were _ (0f- ~ LINE-INTEGRATED DENSITY 20
injected into high current limiter & [ . =
discharges with the maximum B R =
velocity of 2.3km/s. The pellet- : o
fueled plasmas were heated by NB & ¢} NB POWER {1 =
and IC. Peaked density profiles T T —— L1

SOFT X-RAY SIGNAL

are formed by the pellet
injection. The peaking factor
ng (0) /<ng> becomes up to 5. The
sawtooth activity observed in the
SX signal 1is suppressed during
the formation of a highly peaked
density profile and +the plasma
stored energy 1increases 1in the
sawtooth-free phase/1/, as shown
in Fig. 1. According as the 55 50 s
peaking factor decreases, sawtooth ' TIME o
oscillations appear and the stored sec)

energy is saturated. It is found Fig. 1. Time evolution of pellet
from the peaked pressure profiles injected 2.1MA Timiter discharge.
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in pellet injection discharges

that the major increase of the 0.25
stored energy comes from the
plasma region inside the sawtooth
inversion radii. Improvement of 0.20 ‘ -

the energy confinement time 1y is PELLET
closely related to the density
profiles and Ty increases with

the density "“peaking factor as = 015
shown in Fig. 2. The increase

in the energy confinement time
amounts up to 40 percents as 0,10 L— L L
compared to the gas puffing Ty 2 3
discharges.

According to stability ne(0)/<ne>
analyses the maximum pressure [1g. 2. Energy confinement time versus
gradient in the pellet injection  density peaking factor for peilet
discharges is determined by the  Injection and gas puffing discharges.
ideal ballooning mode. Another
favorable aspect of pellet injection is the high fueling rate up
to 100 percents, while the fueling rate is significantly low as
10 percents (divertor) to 20 percents (limiter) in gas puffing

discharges.

-
GAS PUFF *
o]

3. High-B,/High-T; Discharges and Bootstrap Current :
High p discharges have been attempted by high power ©NB
injection into low Ip plasmas/2/. High Bp values exceeding 3 have
been achieved during a heating phase for 2-3 sec. Both ion and
electron temperatures have peaked profiles with the peaking
factors around 2.5. The central temperatures are Tj=5-12keV and
Te =3-6keV. The ion temperature 6
and the electron density have a
close correlation in the radial
profiles. MHD analyses imply that
the pressure. profiles of high Bp

discharges are determined by the
ideal ballooning limit. Ion
temperature gradient  turbulence
model is likely appropriate for
understanding the observed ion
temperature profiles of these high
Bp discharges.

It is found that the MHD
activities have correlations with
the energy confinement character-
istics as well as the ion
temperature. Figure 3 indicates
that . > the * improved energy
confinement -and an increase in o
ion temperature are associated 0 0.5 1.0 1.5
with" the disappearance of the
sawtooth activity at Ip$1MA. In PLASMA CURRENT (HA)
the plasma current range of Ip=0.5- Fig. 3. High—ﬁp/high-ﬂ- discharge
1MA, the stored energy is  characteristics at By=4.5T and Ppp
sustained at a nearly constant =21MW.
value and the ion temperature
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reaches its maximum. Continuous m=1(Ip=0.7-1MA) and m=2(Ip=0.5-
0.7MA) activities are observed in this high Ti mode. The stored
energy in the sawtooth-free discharges exceeds the Goldston L-
mode scaling by a factor of 1.7. When I, is less than 0.5MA, R
becomes larger than 3 and m=2 oscillations induce periodic Bp
cellapses which degrade the energy confinement.

NB injection in JT-60 is nearly perpendicular to the toroidal

plasma. Consedquently it can drive a merely small plasma current.
This situation reveals clearly the existence of a bootstrap
current at high Bp as illustrated in Fig. 4. The wvertical axis

of - this figure " is given by the .
resistive voltage ratio of measured 3 mwmwe////
values to calcurated ones based on 0.8k CURRENT
the necclassical theory without EXPERIMENT—
bootstrap current. The theoretical 0.6 NC THEQRY »
line from the neoclassical theory [
including bootstrap current fits well
the experimental Bp dependence. The
bootstrap current reaches 80 percents
of the net plasma current at BpVv3.

A new concept of a steady state
tokamak power reactor has been POLOIDAL BETA
derived from the high B, bootstrap Fig. 4. Bootstrap current contri-
current experiments ‘on JT-60/3/. bution in resistive loop voitate
"Design bases are the followings; the at various poloidal beta values.
beta 1limit by Troyon scaling,
bootstrap current constituting

BOOTSTRAP
CURRENT

1~ Vp/Vo(NC w/o BOOTATRAP)

70 percents of the plasma

current, negative ion NB (5STR]
current drive at the plasma a/R 2.2m/9.0m
center for the residual 30 1, 12 MA
percents of the plasma current, By 7.3 7
confinement time twice the L- ) 30
mode scaling, and the Pe 2.5 G
superconducting magnet

technology constraint about
127 in the maximum field AR 2.2n/6.0m
strength. Such a power reactor I 18-22 MA
concept which has a larger B 50637
aspect ratio and a smaller J e
plasma current, illustrated

in Fig. 5, provides a high @ ki 1 G
and small circulating power

system. Thus it is feasible

as a steady state power reactor Fig. 5. Steady state tokamak power
~with a high plant efficiency. reactor concept.

4. Lower Hybrid Current Drive and Sawtooth Suppression
A new type wave launcher consisting of multijunction modules
has been introduced in JT-60 to optimize the current drive

efficiency. This launcher has characteristics of sharp power
spectra and good wave directivity. These features have favorable
effects on the improvement of LH current drive efficiency. The

maximum current drive efficiency (averaged electron density x plasma
major radius x driven current / injected power) reaches 3.4x10°m™?
MA/MW, which corresponds to 70 percents of the ITER design base.
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sawtooth suppressicon “[ e $xsign o 3.at : Pues 12w
have been made suc- °[ |
cessfully by
changing the
refractive index N,
from 1 to 4. The 1 LHED 20w
LH wave Wl?h'Nﬁﬂa s T L 0~ ) . .
1.3 was utilized ! laeed ! 0 ] 0.8
for an effective rim
sawtooth suppresion Fig. 6. LH sawtooth suppression with improved
of beam heated . central plasma parameters.
plasmas as shown in
Fig. 6. In the sawtooth-free phase large increases were observed
in the soft X-ray signal and the ion temperature at the plasma
center.
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5. Future Programs
JT-60 was shut-down 4in the
end of October 1989 for the up-

grade modification. The cross-
sectional view of JT-60 is shown
in - Fig. 7. JT-60 after

modification has a noncircular
cross-section of divertor plasma
with the maximum plasma current
of 6MA. In the later phase of
the upgrade experiments
application o©of a high energy
(500keV) negative ion NB is
envisaged to demonstrate the
physical and technological
feasibility of steady state
tokamak operation at reactor-grade
plasma parameters. Fig. 7. Cross-sectional view of JT-60
before and after upgrade modification.

PRESENT JT-60 JT-80U

6. Summary .

(1) Improved confinement has been achieved in pellet injection
experiments by suppressing the sawtooth activity.

(2) High B, beyond 3 and high T; mode of operation has been

" obtained. Correlation between MHD activities and confinement
property has become evident at high g..

(3) Clear evidence of bootstrap current has been achieved in high
B, discharges, in which the major part of the plasma current
iB contributed by the bootstrap current.

(4) High efficiency current drive has been demonstrated with a
multijunction IH launcher. LH sawtcoth suppression has
improved the central plasma parameters,
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GRAPHITES AS PLASMA FACING MATERIAL OF A LARGE FUSION DEVICE

T.Hino and T.Yamashina
Department of Nuclear Engineering,
Hokkaido University, Sapporo 060, Japan

ABSTRACT

Several graphites, as the first wall materials of Large
Helical System, are evaluated in terms of erosion, thermal shock
resistance and the recycling. Adequate graphites are suggested,
and the required conditions such as baking, cooling and the
discharge cleaning are discussed.

1. INTRODUCTION

As the helical fusion device has been scaled to larger size
with substantially increased stored energy densities and longer
pulse operations, the engineering tasks of first wall materials
to handle high heat fluxes becomes increasingly important. 1In
large +tokamaks, the energy confinements time has been
considerably improved by use of graphite first walls. In the
Large Helical System, the heat load of the first wall has been
estimated to be considerably high, especially in a case of long
pulse operation. Graphite material, thus, has to be used at
least in the divertor region, in order to protect the metal
vacuum chamber and to suppress the metal impurity emission. For
the graphite, as the first wall, both high thermal shock
resistance and low recycling rate are required to avoid cracking
of graphite tile and to enhance the energy confinement time,
respectively.

The overall properties of the graphite, however, had not
been examined in detail so far for the fusion application.
Recently, the properties of several graphite materials have been
studied by the Graphite Project Team organized in 1986 [1,2]. We
here discuss the graphite material adequate for the first wall in
the divertor region of the Large Helical System, based upon the
results obtained in this project study. The regquired conditions
for the graphite first wall are also described.

2. PROPERTIES OF GRAPHITE AND REQUIRED CONDITIONS AS FIRST WALL
MATERIAL

Several graphite materlals such as isotropic graphite,
pyrolytic carbon and C/C composite have been characterized with
respect to

(1) vacuum engineering properties '

{gas desorption, micro surface area, hydrogen permeation),
(2) interactions with hydrogen ions/plasmas

(chemical sputtering, radiation enhanced sublimation,

retention of hydrogen ion, change of surface morphorgy),
(3) thermal-mechanical properties

(heat load test, fracture toughness).



From the point of the vacuum engineering properties, the
pre-baked graphite with relatively lower density would be
adequate since both the gas desorption and the micro surface area
are lower, The gas species desorbed from the graphite are H,,
H,0, CO, CO and hydrocarbons. The gas desorption amount has a
tendency tozkave peaks around the graphite temperature of ~ 300 le
and 500— 700 ©C. 1In order to eliminate these gas species up to
the first peak region, the baking with temperature of
approximately 350 OC is needed. As an example, Fig.l shows the
gas desorption amount from felt type C/C composite, CX-2002U. By
the bakings with temperatures of 350 9C and 600 °C during 30min,
the gas amount of ~ 40 % and ~ 70 % can be eliminated,
respectively. Since the graphite is extremely porous, the
effective surface area is at least several hundreds larger than
the geometrical area. The capacity of the absorbed gas is also
very large. Thusg, the suppression of the recycling becomes
difficult without the baking with adequate temperature.
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Fig.1 Thermal desorption spectra of
felt type C/C composite, CX2002U.



The graphite material is extremely eroded by chemical
sputtering and the radiation enhanced sublimation when the
temperature is about 500 °C and over 1000 °C, respectively. So
the graphite tiles have to be cooled for the temperature to be
kept less than ~500 °cC. This reguirement is important,
especially for the long pulse operation. In addition to above
sputterings, the graphite evaporates or sublimates when the
temperature exceeds ~ 2000 ©cC. The weight loss due to this
sublimation is roughly expressed by the product of heat load and
sguare of the pulse time [3]. For the case of isotropic
graphite, the region in which the sublimation beccomes dominant,
is shown Bn Fig.2. If the weight loss factor is less than (25-
32) [MW/m“./s], the sublimation may not occure. For the Large
Helical System, the weight loss factor does not exceed this
limit, when the pulse length is 10 sec and the heat load is
5 MW/m“. Thus, the erosion of this type is not serious.
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Fig.2 Limit of isotropic graphites for
erosion and cracking.



The serious problem may be cracking of the graphite tile due
to the thermal shock. Figure 2 also shows the region for the
isotropic graphite to be cracked. The experimental data are
referred from the heat lcad tests [4]. If we extrapolate the
experimental data to the pulse length of 10 sec, the limit wvalue
of the zeat flux is approximately 25 MW/m“. The heat flux of
5 MW/m“ in the Large Helical System, then, may not cause the
cracking of the graphite tile. This result is valid only in the
case that the heat leoad is uniform in the divertor region. If
the heat load is very localized, the tile made by the isotropic
graphite might be cracked.

It is known that felt type C/C composite material has
excellent thermal-mechanical properties, large fracture toughness
and large thermal shock resistivity. Thus, the C/C composite may
have to be used in the divertor region with wvery high heat load.
The isotropic graphite materials with high thermal shock
resistivity, on the other hand, has been recently developed. The
isotropic graphites also should be used for the region with
relatively lower heat load.

3.SUMMARY

The graphite materials such as isotropic graphite and C/C
composite, which can be used as the divertor tile, are evaluated
in terms of erosion, thermal shock resistance and recyclings. It .
is also suggested that the baking with temperature of ~ 350 ©C and
the cooling for the chemical sputtering to be suppressed are
required. For the first wall region not covered graphite tile,
i.e. side metal walls, the discharge cleaning has to be applied.
It is important to perform the discharge cleanings without the
sputterings, for the graphite surface not to be covered by
metals. - ‘
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The Main Fusion Aclivities in Institute of Plasma Physics,
Acadernia Sinics
wang Shao-hu
Institute of Plasma Physics, Academia Sinica
Hefei, P.R.China

Abstract

ASIPP was established in 1978 11 is one of important fusion research
center in China. Two tokamek devices have been pul into eperation.
Resonant Helical Field can significently suppress the MHD modes and
improve the confinement of plasma. A middle size tokamak device -HTU
will be put intp operation in 1991, Since 1987, ASIPP begen to carry out &
National High Technology Program---Fusion-Fission Hybrid Reactor
Program.

A. Basic Situation of ASIPP
1. ASIPP was established in 1978. It develeps very fast and has become &
medium size lgboratory and & very important fusion research cenler in
China. g
2. 997 staff include 83 senior researchers
127 graduate students ‘
3. Division, Centers and main Facilities:
* Power Supply Division:
@ 200Md inductor . ‘
design oand construct all of the power supply system for tokamak and ICRH
system.
*High Magnetic Field Divisian
6 20 Tesla hybrid steady-state magnet
Theory Divisien
MHD
Transpart
RF-plasme interaction
Numerical simulation
Tokamak Divisien
two tokemaks:
HT-6B: R=45¢cm; a=12.5cm ; By==1T, FD=50KA

HT-6M: R=65cm; 8=20cm ; By=1.3T; ID=ISOKA
more than 30 disgnostics




Yacuum Technology Divisicen

pump limiter and pellet injector are under constructian

plasma-wall interaction '

Computer/Dats Acquisition and Processing Division

two PDP 11/24 computers with 100-channe] CAMAC sysiem

RF Heating and Current Drive Division

1MW ICRH system available

100 KW LHECD system under construction

two 40K'W ECRH systems in cperstiaon

Alternative Approsach Division

8 simple mirror HER (hot electron ring)

MPT-X tokamsk/octopole configuration, another simple mirror TAT is
under canstruction.

Technical Center

4 sets of d.c. flywheel generaters, tolal GOMW

P et s.c flywheel generator 1Z20MYW

deicnized water station with ability of &0 tons/hour

cryogenic system with 30 lieters/hour LHe and LN

Engireering and Technelogy Center

& large workshap

the ability and the experience in design shd fabricetion of medium size
tokamaks, diagnestic equipments and some important components of
accelerators.

B. Scientific Research in ASIPP

1. Resonant Helical Field (RHF) experiments on HT-66:

% |t can suppress the MHD modes (1984)

* ANl of different resistive MHD modes, including m=1 mode, are coupled so
strangly thet it seems to be only one global made (1966)

* BHF can significantly improve the confinement of plasma  (1968)

2. Super-low density discharge experiment on HT-6M: '

get more peak profile of Te{r); get good confinement of plasma.

3. The slow compression along plasma minor radius experiment on HT-66:
The results showed that plasma canfinement was improved effeciently and
the plasma parameters were increased apparently.

4. Studies of fine structure of discharge regicn on HT-6B:

It is found thal in & operation diegram of N, vs gle) there exist @

transition region. In that reqion and its vicinity, the external helical field
(RHF) has many intense effects, such as suppression of MHD oscillation,
amplification of sawtooth fluctuation and improvement of discharges and
S0 0n.



5. Hot electron ring experiments on small stmple mirror: -

HER can stabilize instabilities

C. Internationg! cooperation and exchange:

1. we have received fusion journsls, preprints from a]mcm all the main
fusion centers over the world. Esch year we send our scientists and
engineers to attend the important internsticnsl conferences and meetings.
2. In ASIPP, there sre sbout 50 scientists and engineers whe have
experiences-waorking in main fusion lebs sbroad far at least 2 yesrs and
there are still about 40 persons working or learning sbroad. in average,
there are about 40 scientisis from Europe, USA and Japan visiting ASIPP
each year.

3. We have begun some collaboration program with other fusien labs such
as: 8 callsboeration program for the construction of TEXT UP-Grade between
ASIPP and Fusion Research Center in Texas has been carried out and will
be further developed into a scientific collgborstion program on TEXT
Up-Grade. Since this summer a Chinese scientist group have been working
at Julich fusion institute in West Germany. They will work there for twao
years.

4, '‘we have also emphasized to develop the relalion with the plasma
physics labs in developing countries. The collaboration agreement between
ASIPP and Plasma Physics Lab of San Paulo University hes slready been
carried out. We have contacted with Iranian Plasma Lab and the Fuomn
Center in India.

D. Further resesrch Programs:

1. We will continue the experimenis of helical field to study the
mechanism of improvement of the plasma confinement and will use mare
ways 10 change the plasms boundary condition, such as the local ECRH
heating and the slow compression in the minor-radial direction. Qur
theoretical group will work on this resesrch project.

The detailed study of the properties of super-low-densily discharge and
the effects of helical field on the collapse process of sawtaoth will also
be continued. We sttempt to find some simple wag to contral the sawtaath
osciltation.

2. We have already prepared 1My ICRH sgstem for HT-6M, so the hemng
power density will reach nearly 2MW/MS. Another 1.5Mw ICRH system is
under construclion now. One of our main aim of plasma research is to
study the plasms behaviour under very high ICRH power density We think
that such study will become more significant in the future. In addition we
will prepare 0.9MW tow-hybrid wave system (2.54GH,) for current drive.



We began to design and build & new tokamsk HTU. The main parameters are
R=125cm, 8=35cm, By=3T, Ip=500KA, with 3Mw ICRH and 1Mw LHCD. 1t will

be put into operation in 1991,

E. Fusion-Fission Hybrid Reactar

---A Chinese National High Technology Program

Since 1987, we began to carry out g Mationat Fusion-Fission Hubrid
Reactor program which has been directly under the Mational Commission of
Sciences and Technology. ASIPP ig in charge of this program.

1. The purpose i¢ to produce fission fuel
From U239 10 Pu?39 or From Th232 to 233 |
The neutrons from the fusion core would resct with Tissile material and
Hithiurn in & blanket surrounding the core. So it will creat fission fuel and
tritium also some heat.
2The necessity and feasibility of s Fusion-Fission Fuel Factory for
supporting PWR nuclear power station in China. '

China is developing PWR program for middie size nuciear power stations
haw. However, becsuse of only limited uranium resource, it is necessary Lo
consider developing breeder type reactors.

we can make a fusion core based on the technology jess challenging than
that required for s pure fusion reactor. The plasms physics knowlegies and
fusion technologies, needed for & hybrid reactor msinly producing fuel,
seems to be well developed.

3. The blanket could he s passive system,

The fission part of the hybrid reactor is blsnket. It could always be
sub~-criticel, snd thus, 8 passive system. The power density in the blanket
can be desighed as law a5 the existing hesl transfer technology. The
biasnket can easily be fizsion-suppressed or partisl fast-fissionsl.

4. In recent yeers the main sim is studying the feasibility of such kind of
hybrid systemn and developing some key technologies, including high power
density iICRH; high power LHCD; material, tritium technology and so on,

The main Chinese Fusion Institute and some nuclear institutes have been
invelved in the Hybrid national Program. ASIPP has not only organized this
program, but also proceeded the conceptual design, high power ICRH and
LHCD experiments.




Analysis of Scrape-off Layer in Toroidal Helical Systems

K. Nagasaki, K. ItohT, S.-LItoht and A. Fukuyamai
Plasma Physics Laboratory, Kyolo University, Usp, Kyoto, Japan
t National Institute for Fusion Science Chikusaku, Nagoya, Japan
i Faculty of Flectric Engineering Okayema University, Okayama, Japan

Abstract

Magnetic field structure of the scrape-off layer region in toroidal helical systems is an-
alyzed by using toroidal harmonic functions. The connection length of the field line to
the wall, L, is calculated for various configurations. It is found that L has a logarythmic
dependence on the distance from the outermost magnetic surface or from the residual mag-
netic islands, 6. The effect of the axisymmetric fields on the field strucutre is also discussed.

1. Introduction

In straight helical systems and in axisymmetric toroidal systems like tokamaks, the
magnetic surfaces are perfectly closed within the separatrix, provided that there are no
perturbations. In toroidal helical systems, the closed magnetic surfaces can be partly
destroyed so that a stochastic region appears in the scrape off layer {SOL) region. When
the field is stochastic, it is necessary to analyze its statistical properties.

Divertor function has an important role in controlling particles and heat in toroidal
plasmas. It also improves the confinement of the core plasma. The separatrix has a
divertor function in axisymmetric systems. The question of whether the stochastic region
plays the role of the divertor function or not merits further study, because the separatrix
disappears in toroidal helical systems. We study the magnetic field structure of the SOL
region in £ = 2 torcidal helical systems. The connection length of the magnetic field is
used to determine the field structure in toroidal helical systems. We use a simple toroidal
harmonic function to construct a model of vacuum magnetic fields. '

2. Model
The vacuum magnetic field of toroidal helical systems can be expressed by the magnetic
scalar potential as B = —V®. The potential, ®, is represented in terms of the toroidal

harmonic functions as
® =Y o fim(y)y/1 — y cos P cos(&h + m() (1)
4Lm

where £ and m are the poloidal and toroidal pitch numbers, respectively, &, is a numerical
coefficient, and (y, ¢, {) are the toroidal coordinates.

By taking a simple (¢, m)-Fourier component and superimposing the axisymmetric
toroidal and vertical fields, B, and B,, the total magnetic field is expressed as

B = ~V{aum fim(y)y1 — ycos cos(&p + m()} + B, + B,. (2)



For these reasons, the connection length near the OMS can be written as

La(6,6,0) ~ L6 + {5 % (6+ 2O} R (3

where L(6) is a logarithmic function of §,

¢ R b—a

(4)

where a is a plasma radius and b is an wall radius. The coefficients, 3, and A; are order of
unity.

The value of A, is a key parameter which determines the absolute value of the connection
lengih. It is confirmed that A; is weakly dependent on both m and the wall radius. The
toroidal field changes A;.From the numerical result, we find that A, is proportional to
(a/R)"? as shown in Fig. 4. The inverse aspect ratio a/R is proportional to (B, —~ BE)”"’,
where B/ is the critical toroidal field at which the confinement region disappears.Therefore,
the dependence of A, on the toroidal field is weak, The logarithmic property in straight
systems are also studied.The value of A; in straight systems is proportional to (a/R)!/?
and is close to the value in toroidal systems. That is, helical systems have a logarithmic
property regardless of the existence of the separatrix with similar value of the connection
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The dependence of the connection length on & is similar to that of divertor tokamaks. In
axisymmetric systems, the OMS coincides with the separatrix and there exists an X-point
where the relative poloidal field disappears. In toroidal helical systems, however, since the
separatrix disappears, the logarithmic dependence is caused by other characteristics. This
is related to the Kolmogorov-Sinai entropy ). When two field lines start from a small dis-
tance apart, the distance between them grows exponentially. By taking the initial distance
to be § and the final distance b — a, the connection length is found to have a logarithmic



The equation of field line is solved to analyze the structure of the field.

An example of closed magnetic surfaces (z = 0,( = 7/2m) is shown in Fig.1, simulating
Heliotron-E device (¢ = 2,m = 19). Values of characteristic quantities of the magnetic
surface are ¢(0) = 0.5, ¢(a) = 2.44,a/R = 0.07, where a is average minor radius.
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3. Connection Length in Stochastic Region

We follow the field line in the direction of increasing ¢ until it reaches the wall. The
connection length, L, is defined as the distance along the field line from the initial point
to the wall. L. is also given by following the field line in the opposite direction. L. is a
function of the initial point coordinate. _

Figure 2 shows the example of the radial profile of connection length L,. Parameters
are the same as in Fig.1l. Initial points of the field line are ( ,8,{ ) =( r,0,7/2m ).
Since magnetic surfaces are perfectly closed within the OMS, the connection length has an
infinite value within it. Away from it, the connection length decreases rapidly. Magnetic
islands exist on rational surfaces and still remain even in the SOL region. In the SOL
region, islands are isolated and self-enclosed and have their own inner structure ; they
have similarly small islands around them. The connection length has an infinite value on
the islands and decreases away from the islands’ surfaces. Figure 3 shows the asymptotic
behavior near the OMS and the surface of residual islands. It is found that Li has a
logarithmic dependence on 6, where § is the distance from the OMS or from the surfaces
of residual islands. This dependence holds up to a range, §/R ~ 1073,

It is also found that the connection length for different values of (#, () has the same
dependence except for a constant term. The distance that the field line travels to reach
the low field sides is approximated by #/m F (¢8/m + (), because the rotational transform
near the OMS is much smaller than the geometrical pitch, m/f. This means that the field
line moves in a laminar manner and obeys the stochastic law in radial directions near the
X-point.




dependence on 8. Though the logarithmic dependence on 6 is similar to that in divertor
tokamaks, the absolute values are quite different. The connection length in tokamaks is
given as ¥l L, ~ wRgrIna/§, where g, is effective g value. The ratio of L for helical systems
(Ly) and tokamaks (L;) can be obtained as

Ly £ 1
oh 22 5
L, my )

This ratio is less than 1/10 for typical value (£ = 2,m = 12,¢; = 3). Therefore particles
and heat would reach the wall faster in toroidal helical systems than in tokamaks with
similar major radius.

4. Conclusion

Field structure of the SOL region in toroidal helical systems was analyzed by calculating
the connection length of the field line to the wall. The value of A; increases according to the
formula, A; o (B, — B;)"/*. Increasing B; results in an incremental increase in the inverse
aspect ratio, but also brings about an undesirable reduction in the connection length. The
plasma volume is also affected by B,, but A; is nearly independent of B,. Adjustment in
the vertical field can increase the volume without a reduction in the connection length.
Therefore, optimization of the plasma volume by B, is better than optimization by B
from the viewpoint of the SOL plasma confinement.

The value of A; would be modified in real devices, because the single harmonic model
field is too simple to describe the fields generated by winding currents. The logarithmic
dependence has been verified in a real coil system, Heliotron-E.B and ), is nearly 1.1. This
value differs from that of the simple model field by less than a factor of two.

Since this dependence of L.on § is similar to that of tokamaks, analysis of the SOL
plasma in tokamaks using the fluid model is applicable. Edge temperature and width of
the heat channel have been estimated.l’! The edge temperature scales as P%*%* and the half
width of the temperature profile scales as P22, where P is the total heat flux out of the
plasma surface. These dependencies are the same as in tokamaks. It is noted, however, that
the edge temperature is lower than in tokamaks because the connection length is shorter

by one order of magnitude, resulting in a set of conditions that make a divertor operation
difficult.
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DETACHED PLASMA AND DENSITY LIMIT OF TOKAMAKS

_ Shoichi Yoshikawa
Princeton University, Plasma Physics Laboratory
P.0O. Box 451
Princeton, NJ 08543 USA .

An analytical solution of detached plasmas in a tokamak is presented.
The plasma radius is determined, if the impurity density of a tokamak plasma
is-assumed at the plasma edge. The additional condition that the safety factor,
q, of the plasma must be over 2, leads to the density limit. Thus a tokamak
plasma can be c_Ias_sified into (i) limiter or divertor limited, (ii} detached
plasmas, and (iii) disruptive plasmas, as the plasma density increases from (i)
to (iii).



Confinement Improvement by Edge Control

N. Ohyabu
National Institute for Fusion Science
Furo-cho, Chikusa-ku, Nagoya 464-01, Japan

Abstract: Three types of the divertor operation mode have been
considered to improve the plasma performance, particularly the
energy confinement in the LHD device.

i) High density, cold divertor plasma operation for reducing the
impurity sputtering, ii} H-mode type operation for minimizing the
deterioration of the energy confinement at high input power, iii)
High temperature divertor plasma operation for further enhance-
ment of the energy confinement.

Deterioration of the energy confinement with added input
power is the major concern in designing a large toroidal device
such as LHP. OQur approach to this problem is to incorporate the
T improvement schemes successfully demonstrated in the tokamak
discharges into our design as well as to develop our own
approaches. Depositing the input power in the central region and
reducing the impurity radiation loss are important to achieve
good energy confinement, but they are not ones which improve the
heat transport. ’tE improvement schemes successfully demonstrated
in the tokamak discharges involve particle fuelling and recycling
control. It is probably true that some kinds of particle
fuelling or recycling control are the only practical scheme to
improve the heat transport for a given magnetic configuration and
a given average density. For our plan, pellet and neutral beam
injections are utilized to make the core density profile steep
for improvement of‘Z@, seen in the pellet injection discharges
and the supershot discharges. Recycling control by the divertor
action is believed to be the most effective 'tE improvement
scheme. For this reason, one of the LHD design goals is to
install a closed helical divertor which is close to ASDEX tokamak
divertor in terms of particle control.

We consider three types of the divertor operation mode.
1) High Density, Cold Divertor Plasma Operation.

with such a operation mode, sputtering of the impurity from
the divertor plate is minimized and thus the radiative loss can
be kept low. Unfortunately, the energy confinement in the
tokamak discharge with such a cperation tends to be poor.



2) H-mode Type Operation:

From the various tokamak experiments, achieving H-mode
discharge requires localization of the particle recycling in the
divertor region. For this reason, the divertor is designed to be
a tight, closed one, similar to that of ASDEX. An example of the
divertor configuration is shown in Fig. 1. High shear seems to
be a key ingredient to achieve a good H-mode discharge because
the high temperature and density gradients exist in the high
shear regicn just inside the separtrix. Note that "H-mode" has
been observed in the circular tokamak discharges without high
shear, but the improvement in Q:E is very minimal.

For the LHD configuration{(when =, =0.1)., Shear in the edge region
within ~ 5cm from the outermost flux surface is -~ three times
higher than that in the edge region of the circular tokamak.
Thus effective recycling control by the divertor, combined with
high shear in the edge region may lead to an H-mode helical
discharge.

3) High Temperature Divertor Plasma Operation: If the
neutral particles recycled at the divertor plate are pumped by
the getter pump in the divertor chamber with pumping efficiency
(31%um ) of » 50%, then the edge plasma temperature will increase
up to a few keV. the diverter temperature ( Tgiy) is estimated
to be

Tcl:v = Iqumr(Qex/i:’,)
¥

where Q. and /Z are the external power and neutral particle
fluxes into the core plasma respectively. Here we assume Bohm
sheath theory and Y is the heat transfer coefficient (-8).

We neglect the radiative loss and C.X loss for. simplicity. For a
case in which neutral beam with Input power (Qex) and particle
flux ({7ex)are injected into the core plasma, Qex//’ex is the
beam energy. (100keV for LHD). Assuming that % ... - 0.5 and
~8, Tgiv becomes as high as 5keV. In such a operation, the
energy confinement is determined by the core particle transport
and the wall-plasma interaction.

Achieving high temperature divertor plasma requires
minimization of the particle source from.the divertor plate.
Selection of the divertor plate material .is important.
Sguttering rate of carbon becomes low at high incident energy cof
D¥ ion and the self sputtering rate is ~0.4 at the incident
energy above 1 keV. Therefore impurity sputtering will not be a
problem. If the massive particle source is created e.g. by
unipolar ark, the achievable temperature will be limited. The
heat transfer coefficient (¥ ) increases with the electron
secondary emission rate, but is limited to - 20 because the
electron emission then becomes space charge limited. In such a
case, Ty;, becomes - 2 keV for LHD parameters. However the edge
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temperature will still be raised significantly above the H-mode
threshold temperature seen in the tokamak and thus a good energy
and particle transports are expected in the core region.

In summary, three types of the divertor operation mode have
been considered to improve the energy confinement. They are 1)
High density, cold divertor plasma operation for reducing the
impurity sputtering, 1i) H-mode type operation for minimizing
the deterioration of the energy confinement at high input power
and iii) High temperature divertor plasma operation for further
enhancement of the energy confinement. The major design goal of
the LHD divertor system is that a wide range of divertor
operation modes or scenarios can be attempted to optimize overall
plasma performance.

Fig.1 A design of LHD helical divertor
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Effects of perturbing helical fields on confinement
of Heliotron DR plasma

**, M.Nakasuga**, N.Yanagi*, M.Sato**, T.Obiki**

S.Morimoto*'
*: National Institute for Fusion Science, Nagoye 464-01, Japan
Plasma Physics Laboratory, Kyoto University, Uji 611, Japan

Abstract: Two types of perturbing helical fields have been
applied to Heliotron DR plasma ; type A makes a large m=n=l
magnetic island at r/a_ ~ 0.5 whereas type B makes a set of many
islands with high mode” numbers (m=5,4,3 n=5,6,7,8,9,10) at 0.5
& r/a, £ 1. Deterioration of plasma confinement due to the type A
perturbation has been observed at By 1/Bt ~ 3x107%, where By 1
and B are the Fourier component of m=n=1 and the confining
toroidal field, respectively., The plasma performance is less
sensitive to the type B perturbation and the confinement
deterioration has not been found even at (> 1, where { is the
overlapping parameters of the magnetic islands.
1, Introduction

Many plasma confinement studies in Stellarator/Heliotron
devices have shown that anomalous energy transport is dominant
particularly in peripheral region of the plasmas. Magnetic field
errors and fluctuations have been considered as candidates for
this anomalous transport. We have externally applied perturbing
helical fields to Heliotron DR plasmas ( §=039m, a, ~ 0,07m,
By $ 0.6T, #(0)=0.8, t(a,)=2.2, h, < 3x10°n~%, Te(0¥ < 400ev,
< B> £ 0.5% ) and examined their responses to the plasma
coenfinement. .

2, The perturbing helical fields
Two perturbing helical windings are used in the present
experiments as shown in Fig.l. They have poloidal (M) and
toroidal (N) pitch numbers of M/N=1/1 (type A} and M/N=5/5 (type
B} and perturb the magnetic surfaces in different manners; the
type A produces a large magnetic island of m=n=1 at r/a_~ 0.5 { m
and n are poloidal and toroidal mode numbers of the 1iIslands )
whereas the type B produces a set of many islands of m=5,4,3 and
n=5,6,7,8,9%,10 at 0.5 ¢ r/ap & 1. Figure 2 shows the radial
distribution of the rotational
transform <{(r) and the
magnitudes of Fourier

Perturbing helical
¥inding (M/N=5/5)

Helical winding

Piasma
Vacuum chamber

Fig.1l Arrangement of the perturbing helical windings.
(a)poloidal cross section, (blplan view. .
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Fig. 2 Fourier components at each resonant magnetic surface.
components, Bm, , at the resonant surfaces with £(r)=n/m. Since
the windings 80 not cover the full torus, the components with
different toroidal mode numbers are excited besides the
fundamental one. In case of strong type B perturbations,
deterioration of confinement due to overlapping of the magnetic
islands is expected [1,2]. The overlapping parameter, { 4+ is
defined by {(d +d_» n’)/ 2D, . n-m’,n’* Where the numerator is sum
. 1) . 7 . 3 .
of the widths o? two adjacént idlands and Dy n-m’ y 1s the
distance between two rational magnetic surfaces{with'$‘=n/m and
n'/m'. It is reported that overlapping of magnetic islands starts

at { ~ 0.8 and full ergodization occurs at ~ 1.5 (2].
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Type A winding (Ihel=1kA)

Type B winding (Ihel=9kA)

m/n - m’/n’ dm,n/ap { m/n - n'/n’ dm,n/ap {

1/1 - 3/4 0.23 0.52 5/5 - 5/6 0.033 0.23

3/4 - 3/5 0.027 0.20 5/6 - 4/5 0.046 1.30

3/6 - 1/2 0.023 0.61 4/5 - 3/4 0.035 0.64

1/2 0.073 3/4 - 5/17 0.021 1.16
5/7 - 4/6 0.048 1.10
4/6 - £/8 0.035 1.25
5/8 - 3/5 0.046 1.64
3/5 - 4/1 0,018 1.14
4/7 - 5/9 0.033 2.85
5/9 - 5/10 0.044 1.00
5/10 0.040




perturbation whereas under the type B perturbation of I} e125kA
{B,=0.5T), the islands are small but they overlap toc each eother
an the magnetic field becomes stochastic except for the narrow
region between £=5/4 and 4/3 surfaces.

The influence of these perturbations have been studied by

numerical calculations. Examples of the perturbed magnetic
surfaces are shown in Fig.3 for the same coil currents as those
in Table 1I. In case of the type A perturbation, an m/n=1/1

island exists around the 4 =1 surface whose size agrees well with
analytically calculated one. Closed magnetic surfaces exist
outside the m/n=1/1 island, however, at the periphery, magnetic
field lines show radial excursions. This ergodization of magnetic
surfaces is enhanced with increase of Ite1+ Under the type B
perturbation, nested magnetic surfaces can be seen inside the
+=1 surface { even at the strong perturbation of Iye1=18kA ),
however, in the outer region of +> 1, the magnetic field lines
show large radial excursions which also increase with increase of

Ihel'

(a) M/N=1/1 (b) M/N=5/5
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Fig.3 Magnetic surfaces under type A (a) and B (b) perturbations

3. Experimental results

The perturbation fields are applied to the overdense ECH
plasmas heated by a 28GHz, 200kW gyrotron [3]. During the ECH
pulse, the electron ?Snséty is gradually increased above the cut-
off wvalue of 1x10 The stored plasma energy is also
increased along with the density. The collisionality of such
overdense plasmas is in plateau regime. An regression analysis of
the decay time of the stored energy after the turn-off of ECH
pulse shows that it agrees.well with the LHD scaling law
indicating dominant anomalous energy transport. Figure 4(a) shows
the effect of the type A perturbation on the averaged electron
density, ﬁe, the stored plasma energy (diamagnetic), W_, and
conductivity electron temperature, Ter 1 measured at the end of
the ECH pulse. The small plasma currents, £0.8kA, are induced
to suppress pressure driven MHD instability ? The experimental
conditions such as the gas flow rate and one- turn loop voltage
are fixed in this series of discharges. Although the density 1is
almost unchanged, Te and W start to drop at e ~ kA which
corresponds to /Bt~3x18 and also to dl 1vap / Callen et
al. discussed conf1nement deterioration dué to m 2 Mirnov
oscillation-induced magnetic island in tokamak glsc arges [57.
They derived the equation of zp/tp, = 1- (d/a)(4rg ap ), where d



ig 1island width and rg is radius of the singular surface.
According to this model, the deterioration occurs much more
gradually with increase of I,y as is shown in Fig. 4(a). The
ergodization of peripheral magnetic surfaces may bhe responsible
for the experimentally observed confinement deterioration but
detail is not clear now.

Plasma performance is 1less sensitive to the type B
perturbation compared with the type A perturbation. We have not
found an appreciable reduction of W_ up to Ihel“llkA at B;=0.5T
although the overlapping parameters mostly exceed 1 (Table 1).
The level of the perturbation can be raised by operating at lower
confining magnetic field. TFigure 4(b) shows W versus Ip. ., at

=0.25T and alsc the representative overlapping parameters. The
reductlon of W_ is seen at {~2. One possible reason that the
confinement de%erloratlon iz not found up to such a high
perturbation level might be existence of more strong magnetic
fluctuations in the plasma. Analyses of magnetic probe data
suggest that the fluctuation level attains to the order of 107
in the plasma which 1is higher than the externally applied
perturbations. We have observed the confinement is deteriorated
at lower { wvalues of ~ 1 for lower beta plasmas { lower
fluctuation level ). :

Summarizing, an m=n=1 perturbation with B /B ~ 3x1074 has
been observed to be dangerous for plasma conflnement. Confinement
deterioration due to high m, n perturbations { type B )} has not
been found even at high overlapping parameters of 2 1. There is
a possibility that magnetic fluctuations due to plasma
turbulence invalidate the effect of externally applied
perturbations.

(a) M/N=1/1 (b) M/N 5/5
' #15782 ~ £15788 41654016555
M/N=1/1 Bo=5kG,t=6.5ms| M/N25/5 By=0.25T
f50.6%
callen et al.

2 ng{x10 3 em ) i .1 p(ﬂOIl
~— - O-—_.___.__. .

Te.,(a-mgw g

By1/B0 [x107)
L] 1 ¥}
0 1 2 3

Thet( kA ) Thet (KA}
Fig.4 Effects of {a) type A and (b) type B perturbations.
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Overview of Recent Results from
The Advanced Toroidal Facility
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Abstract: An overview of recent experimental results from the Advanced Toroidal Facility
(ATF) is presented. Beam-heated plasmas with n, of 107 m~3 and 1g* of =20 ms have been
achieved. Thermal collapse of the plasmas is mitigated by wall conditioning and particle
fueling. Confinement time scales positively with density and magnetic field, offsetting
deterioration with power. Results fit the LHD scaling and the drift wave turbulence scaling.
Bootstrap currents observed during ECH agree with neoclassical theory in magnitude and
parameter dependences. Fast reciprocating Langmuir probe measurements show that edge _
fluctuations in ATF have many similarities to those in the TEXT tokamak. The location of B
instabilities has shifted outward in radius, consistent with the broader pressure profiles.

1. Introduction

In the past year significant progress has been made in extending the research
capabilities of ATF.] After verification of the successful repair of the error field, the
maximurm magnetic field was increased from 0.95 T 1o 1.9 T, a power supply was added for
the mid-VF coils, six getter sources and a second 53-GHz gyrotron were installed, and
profile diagnostics were improved (two-dimensional Thomson scattering, scanning neutral
particle analyzer, FIR interferometer, etc.). Recent experiments* have concentrated on (1)
plasma performance improvement and confinement scaling (2) bootstrap current and (3)
fluctuation studies.

2. Improvement of Plasma Performance and Confinement Scaling

Recent improvements in plasma performance are the result of improved impurity and
particle control. Previously, glow discharge cleaning with vacuum vessel baking (at 150°C)
was used for wall conditioning. Although quasi-stationary ECH discharges lasting for up to
1s were obtained at 0.95 T, NBI discharges suffered thermal collapse in spite of low impurity
density and low radiative power fractions (Zeg < 2 and P y/Pinp, < 40% until the time of the
collapse).3# The low radiation levels suggested that impurities might not be the sole culprit.
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The collapse has not been eliminated, but extensive gettering (=60% wall coverage) and better
gas programming have led to extended longevity (up to 0.27 s) for NBI discharges.

Figure 1 shows the time evolution of several plasma parameters for a typical recent
discharge with NBI (HO into D*, 1.4 MW total from co- and counter-injecting beams, 1.9 T,
Ti gettering). "Reheating” occurs after cessation of the strong gas puff at the beginning %f the
beagn pulse. At the peak of the soft x-ray signal, the line-average density n, = 6.1 x 101
m~~, the diamagnetically measured plasma stored energy Wp, = 19 kI, the global energy
confinement time tg* = WBIP- = 12 ms, and the "apparent” ion temperature obtained from
neutral particle analysis is 28 keV. Profile analysis based on Thomson scattering profiles
" taken at this time indicates that the "apparent” ion temperature is approximately consistent
with neoclassical ion conductivity. The analysis yields a stored energy of 17 kJ (with a 5%
contribution from the fast ion component), and a (thermal) gross energy confinement time,
(We + Wi)/(Pye + Ppp) = 12 ms = 15*. The optimal gas puffing (a strong, short fueling
which results in reheating) is reminiscent of successful pellet injection and of the Improved
Ohmic Confinement (JOC) mode in ASDEX 3

The maximum value obtained for W, (27 kJ at By = 1.9 T) is an increase by factor of
3.5 over the level achieved in 1988.3 Global confinernent times of 20 ms have been obtained
with injected power > 1 MW; confinement times as high as those in ISX-B even including the
operations with impurity-enhanced confinement (the Z-mode).5 The highest volume-average
B B)=0.84% at By = 0.95 T) was achieved with NBI and fueling with two 0.3-mm pellets
at 1.0 km/s.

Higher densities are possible with NBI, and the positive density dependence offsets the
degradation with power. Global confinement in ATF 15 consistent with the LHD scaling,’

TELHD — 0.17P_0'58n0‘69B0‘84a2'0R0'75 (s: MW, 10201.[1—3, T, m, m)
as shown in Fig. 2. ATF (and other stellarator) data also fit well the drift wave turbulence
(gyro-reduced Bohm) scaling,8:9 _

7AW = (1% 10'9)-P’0‘6n0‘6B0'8a2'4R0‘6KAi‘0'2 (SI units)
as shown in Fig. 3. ’Fhis suggests that drift waves, in particular trapped-electron instabilities,
may be important in stellarator (and tokamak) plasmas. ATF can make a significant contribution
here because the fraction of confined trapped-particles and the magnetic shear can be externally
controlled, thereby directly influencing the instabilities.

3. Bootstrap Current

The present ATF experiment is aimed at verifying neoclassical theory on bootstrap
current through direct measurements (in the absence of other current) and parametric scans (in
particular, with magnetic configuration). Neoclassical theory!0 predicts that, in the low-
collisionality limit, the bootstrap current is given by j, = —3(f/f.) G, By~ Vp, where Gpisa
magnetic geometry factor that depends on the IB! spectrum on a flux surface and changes with
the quadrupole (shaping) or dipole (vacuum axis) component of the vertical field. _

The toroidal current observed during ECH in ATF is predominantly bootstrap current.
There is negligible OH loop voltage (V £0.003 V). ECH current drive is negligible,
because: (1) the microwave power is launched perpendicular to the magnetic field, and (2)
the observed current responds to reversal of the helical coil current and to changes in n,, in
contradiction to the expectations for an ECH-driven current. More importantly, the
following results confirm the parametric dependences on vertical field that are predicted by
neoclassical theory.

Figure 4 shows the currents observed as a function of the mid-VF coil current ratio, the
parameter that changes the quadrupole component of the vertical field. Also shown are the
bootstrap currents calculated with neoclassical theory. The agreement is good in both
magnitude and dependence on the quadrupole field. The bootstrap current decreases as the
plasma is vertically elongated (as the coil current ratio increases). Figure 5 shows that the
bootstrap current observed in the dipole field scan is also consistent with the theory. The
current increases as the vacuum axis is shifted inward (A, < 0), until it eventually decreases
owing to reduction of plasma pressure by confinement deterioration. We also observe that
the current normalized to the stored energy (or total pressure) for operation at 1.9 T is lower
by about a factor of 2 than that at 0.95 T, supporting the assertion that I, is inversely
proportional to By, :



The results show that the neoclassical theory of the bootstrap current describes the
current flow in ATF even in the presence of anomalies in particle and heat flows. In addition,
the results demonstrate the ability to reduce the toroidal current down to zero, as is desirable
for stellarator operation. The directions of the vertical field components to minimize the
current are the same as those needed for high-f§ plasmas (which optimize with outside shift
and elongation).1

4, Fluctuation Studies

There are three general classifications of fluctuation studies in ATF: (1) plasma edge
turbulence; (2) high—Bgstability; and (3) the low-collisionality regime. We have initial results
in the first two areas, and are starting investigation of the third with the recent installation of a
second gyrotron.

In the edge fluctuation studies we use a fast reciprocating Langmuir probe (like that
used on the TEXT tokamak!2) to measure density (ii) and potential (§) fluctuations in the
plasma edge (0.95 < r/a < 1.13) of ATF and then compare the results with those from TEXT.
The general features of the fluctuations are the same on both devices. In particular, the data
show a departure from the Boltzmann relationship; experimentally, (e%/kT.) > {fi/n), as
shown in Fig, 6(a). These features are generally consistent with a model of radiative thermal
instability coupled with resistive instabilities.13 The calculated fluctuation-induced particle
flux [Fig. 6(b)] is comparable to the total particle flux estimated from Hg measurements,
assuming that particle flux is constant on a magnetic flux surface,

In recent work, instabilities seen by magnetic fluctuation (B ) probes have shifted
outward in radius. We interpret this shift as a consequence of pressure profile broadening
brought on by the field error repair and performance improvement. A clear change in the
edge density fluctuation spectrum measured by the microwave reflectometry occurs during
the "reheating" phase described in Section 2 and appears to have a {B) threshold. Part of its
spectrum is then correlated with B.
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The first experimental campaign aimed at plasma production and
confinement studies was succesfully finished on August 2. 1989.

All standard diagnostics, the data-aquisition and -handling system were
available from the start up phase. During Sept./Oct. 89 the support of the
modular field coils MF3 and MF4 has been completed, to reduce the
deformation of the coils, which has been observed during the 2.5 -T runs.
Most experiments have therefore been done at 1.25 T. After some
technical tests, the machine is expected to be ready for 2.5 T operation
in Dec. 89.



Plasma production and heating was routinely performed with up to 4
gyrotrons (< 800 kW) at 70 GHz and the 2nd harmonic with pulse
- durations up to 0.8 s.

Combined heating with NBI was difficult due to the low cut off
density. A fast densitsy rise by pellet injection improved the production
of NBI sustained discharges. Plasma parameters with
ne € 6 x 1019 m3, Te = Tj= 0.3 keV, were obtained with NBI heating.

In first tests of the ICRH antenna system, up to 700 kW HF power
were launched without significant density and impurity increase. The
application at higher field (2.5 T) envisaged for the coming campaign
seems to be very promising.

First experimental investigations were focused on:

- Plasma generation using ECF.

- Plasma processing by variation of power deposition and density
programming.

- Optimization of heating efficiency and current drive.

- Confinement studies depending on the magnetic configuration:
rotational transform, shear, remaining plasma current,
modifications by current control.

- First analysis of electron energy transport.

- Evaluation of the particle balance.

Radiation and impurity content.

leferent physical models were adapted to WVII-AS conditions. On the

basis of the corresponding numerical codes first comparisons of

theoretical predictions and experimental data were possible.

Preliminary results are available for the following topics:

- Transformation of spatial coordinates to magnetic coordinates,
including finite PB.

- Transport analysis using calculations from the DKES code:
heat transport, particle transport, bootstrap current.

- Ray tracing and ECF power deposition, current drive.

- Particle generation and profiles of neutral particles on the basis of
the Degas code.

- Impurity sources, radiation.

The first results are based on 6000 discharges, about 5000 at 1.25 T

and 300 at 2.5 T.
Details can be found in various publications [1,2,3,4].



Parameter _range

Plasma production and heating of a "currentless” plasma over a wide
range of parameters with B (o) £ 0.8 % by ECFE
(Pur £ 800 kW, 4 Gyrotrons).

X-mode at 1.25 T rotational transform 0.25 - 0.65
neo < 2 X 1019 m—3, TBO < 2.8 keV, Ti = 0.2 kCV

O-mode at 2.5 T (PgF £ 400 kW) rotational transform < 0.35
Neg <4x 1019 m-3, Teo <2 ch, T_[ = 0.4 keV.

Configurational effects
- Similar to WVII-A the global confinement in WVII-AS depends on

the rotational transform. A degradation of the confinement is found
with 1(a) = 1/4, 1/3, 2/2, 2/3,....., whereas optimal confinement can
be established close to these "resonances”.

- Small shear seems to be favourable as long as rational surfaces can
be avoided across the plasma. With resonant magnetic surfaces in
the confinement region a flattening of the T-profiles has been
documented around the position of these surfaces.

To avoid strong degradations of the confinement, the edge value of
the rotational transform has to be kept at a non rational number, the
plasma current has to be controlled.

- This can be done by application of small loop voltages
UL < 0.2 Volt from the OH-transformer.

- It has also very successfully been done by ECF current drive with
k11 components. For plasma parameters nep = 1.2 x 1019 m-3,

Teo = 1.5 keV, the maximum efficiency of 20 A/kW was achieved
with a launching angle of 10 ° off the perpendicular with respect
to the magnetic field.

- NBI current drive with balanced beams (co/counter).

Ohkawa currents up to 5 kA with Pnj £ 750 kW have been observed

with unbalanced injection.



Iransport
In almost all discharges that have been investigated the electron

heat conduction )e is between 0.5 and 2 m2s-! at half-radius.
Towards the plasma center a small increase is' observed wheras Ye
increases very strongly at the plasma edge. Significant deviations
from calculations with the DKES code are found there in particular.
Neutral gas transport simulations with the 3D-Degas Code were
applied. Hq-signals were used to scale the 3D-distributions of the
neutrals and the radial profile of the ion sources. The calculated total
particle fluxes from the integrated ion sources are consistent with
neoclassical predictions in the temperature gradient region, near the
plasma edge however, the fluxes are strongly anomalous.

The diffusion coefficient estimated from fluxes and the measured
gradients is about 1/10 - 1/20 of the heat conductivity.

Radiation losses from ECE discharges are less than 50kW. The main
impurities are C, Tj and O. Contributions from Fe and T; play only a
role at high temperatures.

Plasma currents up to 3 kA have been found in ECF-discharges. Their
contribution to the rotational transform adds to the external
transform. Parameter studies have shown a behaviour expected for

-the bootstrap current. Comparisons with results based on DKES Code

simulations lead to the same conclusion.

ECF - Heatin

The development of the 140 GHz system at KfK is on schedule. At the end
of the year power supplies and a quasioptical transmission line will be
supplied by IPP/IPF (Stuttgart). KfK is testing a prototype at 140 GHz
(TEg3 Mode, 200 kW, < 100 ms).

The complete system is expected to be operational summer 1990,
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Abstract .

Experimental research in the Torsatron/Stellarator Laboratory
has concentrated on two main areas: transport and divertor opera-
tion., Measurements were made in the Interchangeable Module Stel-
larator with Langmuir probes to ascertain the extent to which the
plasma pressure and potential wvaries on a magnetic surface. The
degree to which the divertor flow could be altered in IMS was in-
vestigated by means of electron injection into the divertor
region. Also, the flux of particles streaming into the continucus
coil Proto-Cleo Stellarator divertor was measured as a function of
poloidal angle along the helical divertor path.

1. Introduction

The Torsatron/Stellarator Laboratory operates two stellarators
for experimental research, the Proto-Cleo Stellarator and the In-
terchangeable Module Stellarator (IMS). Proto-Cleo is a conven-
tional continuous coil 1=3, seven field-period stellarator with a
major radius of 40 cm and a coil minor radius of 9 cm. The average
plasma radius is 4.5 cm. The rotational transform is zero on axis
and peaks at C©.6 on the edge.

IMS is also a seven field pericd, 1=3 stellarator with roughly
the same parameters as Proto-Cleo. The confining fields, however,
are produced by currents flowing-in a modular coil set based upon
the twisted coil {1] and ultimate stellarator concepts [2]. Each
field pericd in IMS 1is made up of three individual coil mecdules
calied, according to their shape, the 'S', '8' and 'Z' coils. Fig-
ure 1 shows the IMS coil set.
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Fig. 1 The IMS coil set
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A consequence of the modular nature of the IMS ccil set is the
existence of a set of discrete modular 'bundle' divertors [3].
Within each field period there are nine divertors for a total of
63 throughout the seven field period device. Electrically-isolated
strike-plates, mounted on the coil support rings, are located at
each of the divertors. The strike-~plates can be individually
biased by applying a potential to the connections at the vacuum
feed-throughs. At three of the divertors an array of Langmuir
probes is embedded into the shields, which allows detailed
measurements of the structure in the diverted plasma flow.

Plasmas are currently produced in both devices with a 7.28 GHz
microwave source which has a power output of up to 2 kW for 10
msec. Plans are now underway for the installation of an antenna
into IMS that would allow for low-freguency RF plasma production
at a greater density than the 1-3 x 101? e¢m~2 produced with the
ECRH. ‘

2. IMsS

ECRH plasmas in IMS have hollow density profiles, with the de-
gree of hollowness varying as the resonant layer moves from the
inboard side of the torus to the outboard side [4]. The ratio of
the edge peak density to the central density can vary from 1.2 to
about 10.0. Measurements were made with Langmuir probes of the
electron density and temperature throughout the cross-section of
the plasma at two separate toroidal locations. A comparison of the
plasma pressure with the wvacuum magnetic flux surfaces indicates
that the pressure peaks at the wvertices of the triangular-shaped
surfaces. The pressure profile itself is hollow during the ECRH,
however, when the heating source is shut o<off the plasma profile
£fills in on a time scale of about 100 psec. Figure 2 is a surface
plot of the pressure during the ECRH and the ion saturation cur-
rent about 125 nsec after the ECRH is turned off. The scale for
the two figures is not the same.’
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Fig. 2 Surface plot of the pressure during ECRH and ion saturation
current 12% psec after pulse turn-off



A new method is being developed to measure the space potential
variation along a magnetic field 1line. Two emissive probes are
aligned on a magnetic field line in wvacuum by wusing one of the
probes to collect the current emitted by the other. The probes are
aligned when the c¢ollecting probe records a maximum in the cur-
rent. Initial results have shown that the space potential is a
maximum on the outboard side of the torus and the variation of the
potential on a magnetic surface has the appearance of an m=1 mode.

Previously it was shown that the distribution of diverted par-
ticle flux between the 63 divertors in IMS could be altered by ap-
plying a bias to the divertor strike-plates [5]. At present,
preliminary measurements are being made to determine whether the
injection of electrons into the divertor region can alter the flow
to the strike-plates. The electron source is a thoria-coated
iridium filament enclosed by a transparent screen.

The source was located close to one of the divertors and about
5 mA of 100 eV electrons were injected in wvacuum. An initial set
of measurements were made to map the connections from the socurce
divertor to the other divertors. By monitoring the current to the
other strike-plates, approximately 92% of the injected electrons
could bhe accounted for. The results agreed gualitatively with
numerical calculations of magnetic field 1lines launched at the
location of the source divertor.

The net flow to each of the strike-plates was then monitored in
the presence of the ECRH plasma, but without the electron injec-
tion. It was observed that the ion or electron dominated flow was
consistent with the grad-B drift direction. However,  the net
divertor flows were not torcidally symmetric. A large electron
dominated flow was ohserved very close to the ECH antenna. Approx-
imately 180° toroidally and poloidally from the antenna, a large
ion dominated flux was observed.

The last sequence of measurements made was in the presence of
the plasma and with the electron injectlion. It was demonstrated
that electron injection could in fact alter the distribution of
flow to the divertors. Many of the strike-plates that were shown
to be simply connected to the source divertor from the wvacuum
measurements did have a change in the current in the presence of
the plasma. However, some strike-plates showed changes in the
plasma flow that were not expected.

3. Proto-Cleo

Previous eXperiments in IMS showed that the particle flux to
the strike-plates could be modified with a vertical magnetic field
that shifted the plasma to the inboard or outboard side of the
torus [6]. To determine whether a similar effect could be observed
in a continuous coil stellarator, two arrays with a total of 52
Langmuir probes were installed along a helical winding, in the
"fish-tail' region of the diverted flux.

As seen in Figure 3, the flux of particles to the probes shows
a strong dependence on location along the helix. The greatest flux
was seen on the inboard and outboard sides of the torus, with
‘somewhat greater flux on the inboard side., It was observed that a
small vertical magnetic field which shifted the magnetic axis ap-



proximately 1.5 cm inward and outward had only a marginal effect
on the divertor pattern. The observation of concentrated flux in
the continuous coil stellarator allows for the possibility of dif-~
ferential biasing to introduce electric fields into the scrape-off
layer.
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Fig. 3 Divertor flux versus poloidal angle in the Proto-Cleo
Stellarator
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§1. Introduction

The effects of the magnetic configuration on edge plasma parameters, plasma-wall -
interaction, transport improvement, MHD activities, and fast ion confinement are studied
by varying the vertical field B, and toroidal field B,. The role of B, is a change in
the magnetic well/hill formation and the helical ripple localization by the axis shift A,.
With B, the shape and size of the plasma cross section, the rotational transform and
as a consequence shear are changed. The parameter range in ECH/NBI plasmas is as
follows: 1 < 7, < 10x10P%em™2, 0.3 S 7. S 1keV, 0.2 S 77 S 0.9keV, (8) 5 1%, Pya; <
25MW, Pgoy < 0.6MW, 094 < B < 1.9T, 0.1 < o = B,/B, < 0.15 and —6 < A, (x
B,) 5 4cm

§2. Experimental results
2-1. Change in the magnetic configuration*-?

- The change in the magnetic limiter configuration was studied by measuring the edge
density profile and diverted particle/heat fluxes with movable Langmuir probes, neutral
L; beam probe, and calorimeter arrays. It was observed that the density profile decayed
exponentially with a scale length A; ~ 3 cm near the outermost surface, and then with
Az ~ 1 cm at about 3 cm from the outermost surface. It was found that the structure of
this density profile followed the change in the position of the outermost surface by varying
B:, as shown in Fig.1. The poloidal distribution of calorimeter showed the particle/heat
fluxes wexe flowed to the chamber wall in the narrow width of channel of < 3 cmll,
The change in the poloidal distribution by varying B, agreed with the result of field line
tracing. The vacuum magnetic limiter configuration was also studied at B,=4kG by
measuring the leakage current from an electron gun biased at ~ -15V with respect to the
chamber. The high current means that the magnetic surface is destroyed or that the filed
line starting from the gun position connects to the wall. The current was almost constant
for . < R £ Ry, and then decreased gradually for Ropy < R < R,, here R, Ryan, R
and Roar are the gun position, the wall position, the critical point where the connection
length becomes very short, and the outermost magnetic surface position, respectively.
This structure changed reasonably when the magnetic limiter configuration was Varled by
By(—0.1 £ " €0.1) as is shown in Fig.2.

The enhanced plasma-wall interaction was observed spectroscopically. When the plasma




size was large by B,, the F, XV intensity was drastically increased. OV line intensity and
bolometric power, however, were not so much changed.
2-2. Profile change and transport analysis!**]

It was observed that the density profile in NBI plasmas became peaked when o*(=
B./B;) was negative. The peaking factor n,, = n.(r ~ 0)/n.(r ~ 0.5a) increased from
2(a” = 0) to 3(a* = —0.1), but decreased to ~ 1.3(¢™ = 0.15), as is shown in Fig.3.

Under the same gas puffing, 7. ( H, emission) decreased (increased) little for o™ < 0,
but increased (decreased) for o* > 0. A relation between the global particle confinement
and the density profile peakedness is under study. On the other hand, the electron tem-
perature profile did not change, especially in the half radius, as B, was varied. In ECRH
plasmas, 1t was observed that the electron density profile was changed by varing the mag-
netic configuration. When " = +0.05 and A, = —2¢m, the density profile was changed
from hollow (a* = 0 and A, = —2¢m) to bell-shaped, and the line averaged density could
be increased up to ~ 4 x 10¥cm =2 by additional gas puffing.

The transport optimization was done by varying B, and B,. It has been found that 75
was improved by ~ 20% when the magnetic axis was shifted by -2 cml(”. By adding small
B, field the maximum stored energy of 26k] was obtained at Pyg; ~ 2.5 MW for A, = -2
cm. The minor radius a, dependence of 75 was studied by varying B,. 7z changed with
the af, dependence, as is shown in Fig.4. However, when a, was varied by B,, 7z did not
follow the a2 dependence. The discrepancy may be due to a drastic change in the shear
and particle orbit by B,.

2-3. MHD activities®

Although the transport was improved by the axis shift, MHD activities were enhanced
due to the magnetic hill much below the ideal interchange beta limit. The internal dis-
ruptions were driven by the m=2/n=1 mode for A, = -2 cm and & = 0, in which the
location of the + = 1/2 surface in vacuum is ~ 3 cm from the axis. This mode was found
to be stabilized by adding small B,, as shown in Fig.5. This condition corresponds to the
maximum stored energy condition. Since +(0) is decreased from 0.47 to 0.41, the Shafranov
shift (o +(0)~?) is increased by 30%. This finite beta effect on stabilization is now under
study. On the other hand, when o < 0, the plasma became more unstable because of the
magnetic hill formation and decrease in shear. Magnetic fluctuations were investigated in
the frequency range of 4-20kHz. It was cbserved that B, with the m=1/n=1 mode be-
came easily unstable even when the plasma seemed to be macroscopically stable. The FFT
analysis showed a good correlation between By(1/1) and nl measured by FIR. Although
the change in shear at + = 1 is little as o* becomes negative (-0.1) to positive (+0.15), a
clear stabilization effect of B, on By(1/1) was also found around at &* = 0.05.

2-4. Fast ion confinement

Confinement of fast ions with ¥ ~ 0 was studied by a vertically viewing neutral
particle energy analyzer (NPA). This analyzer can be moved {fan-like along the major
radius direction with a pivot point at Ry. Test particles with ¥ ~ 0 are injected into
a low density ECRH plasma for 20 ms. The angular distribution of neutral particles at
injected energy Ei,; ~ 22 keV was measured by varying the magnetic configuration. It was




observed that the angular distribution was shifted inwardly by ~3 degree, which agreed
well with the shift of the trapped particle orbit A ~ 2. - a. When the magnetic axis
was shifted outward by +7.5 cm, the angular distribution was also shifted inwardly. This
indicates that the trapped particle orbit is rather insensitive to the change in magnetic
surlaces by B,, which agrees with the orbit theory!'®. In this case, although the size of the
magnetic surface was small, the flux was clearly observed along the viewing chord which
did not cross the plasma. This results suggests that the fast ions travel outside the last
closed magnetic surlace.

£3 Conclusions
The conclusions are summarized as {ollows;
a) Results of edge diagnostics qualitatively agree with the change in the
magnetic limiler configuration by the toroidal field.
b)  The transport improvement is found in the inward shift case (A, ~ -2 cm)
with a small laroidal field (B,/B), ~ 0.05).
¢} The stabilization eflect of B; on the m=2/n=1 and m=1/n=1 modes is found.
d) Observed inward shifted CX flux distribution agrees well with the trapped
particle orbit theory.
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Abstract

Heating experiments with 28GHz/53GHz ECH and NBI have been done under the
following conditions: the field strength B: from 0.48T to 1.5T, heating powers
up to 150kW and 1.1MW for ECH and NBI respectively. The line averaged electron
density T is 0.1~10x10"%cm™3, electron and ion temperatures are up to about
1.1keV and 600eV respectively: the collisionality ranges from the plateau to
1/v regime. Magnetic field configuration study, where the magnetic axis
position is scanned from the viewpoint of loss cone, shows that the confinement
characteristics improve at an inward shifted axis position. Global energy
confinement time is found to follow the LHD scaling and to be improved compared
with the scaling in some discharges.

‘1. Introducticn

Following the previous fiscal year's experiment i.e., the preliminary
transport study in a low density ECR plasma!’ by the use of 28GHz gyrotron and
the NBI-target-plasma production experiment) using Nagova type-III1 antenna
with the frequency range of 7.b~13MHz, transport studies of ECH and NBI heated
plasmas have started since July 1989 in the Compact Helical System(CHS} where
the multipolarity 1=2, the field period number m=8, the major and minor radii
are Im and 0.2m respectively, the maximum field strength is 1.5Tesla.

Main parameters of heating equipments are as follows: 40kV, |.2MW, lsec
for NBI and 28GHz, 200kW, 7omsec and 53GHz, 200k¥W, 100msec for ECH, and
T.5~13MHz, 800kW, 100msec, 9~28MHz, B500kW., 10msec and 40MHz, 1.2MW, 30msec for
ICRF. Major efforts of heating experiments have been concentrated on NBI and
ECH; ion Bernstein wave heating experiments are now under way, besides RF
plasma production for NBI target. The maximum NBI power through the port is
1.1MW and the maximum pulse length so far is limited to be Z2b0ms. This is
because of no armor tile for the protection against shine-through bombardment
of the vacuum vessel on which the helical coil is wound directly. The maximum
ECH powers through the port are 120kW(28GHz) and 150kW(53GHz) and the pulse
lengthes in the usual experiment are about 4Cms.

Electron temperature and density profiles are obtained by scanning the
Thomson scattering system shot by shot. The ion temperature profile is
obtained with charge-exchangé recombination spectroscopy$ and VUV
spectroscopy, vwhich can also measure the poloidal and toroidal rotations, and
the toroidal rotation of the plasma, respectively. The plasma stored energy
Waia iS5 obtained with a diamagnetic loop. Comparison between Wyiq and the
kinetic energy from the profile measurements gives reasonable agreement.
Radiation loss profiles are measured with 10 channel bolometer array: 2z
pyroelectric detector monitors radiation loss level,

Titanium gettering is applied to suppress oxygen which is the dominant
impurity. Plasmas are limited by the stainless steel vacuum vessel or by a
movable graphite limiter in inward shifted configurations.



2. Parameters of heated plasmas

NBI heated plasmas have been realized in a wide range of B:; from 0.46T to
1.5T. Target plasmas are produced with various methods: Znd and fundamental
resonances of 28CHz ECH(B;~0.48T and ~0.95T, respectively), 7.5MHz and 13MHz
RF production(B;=0.6T and 1.05T, respectively), &nd and fundamental resonances
of 53GHz ECH(B:~0.9T and 1.5T, respectively). The 53GHz ECH at B; of 1.5T uses
off-axls resonance heating.

Parameters of heated plasmas are the follow1n%s qf = 0.1~2x105em3,
Te(0)<1.1keV, T;(0)<120eV for ECH and . = 2~10x10 Te (0)<800eV,

T; (0)<400eV for NBI plasmas. Central electron temperatures as a function of
the central electron density are shown in Fig.l under various experimental
conditions such as heating method, the field strength and the magnetic field
configuration. The collisionality of electrons enters into the 1/v regime in
the high temperature ECH plasma.

Radiation loss plays an important role in the power balance of NBI plasmas
as the electron density increases. The radiation loss level is typically
20~50% of the NBI input power®’, while the wall condition, i.e. freshness of
Ti gettering has substantial effect on the level. The maximum electron density
is limited by oxygen impurity radiation, above which density Wiiq beglns to
deteriorate as is shown in Fig.2. The critical density is about 10x10%ecm™ at
By of 1:5T. The absolute value of the c¢ritical density and its dependence on
B: are consistent with the analytic estimate based on the detached plasmaa
There may be scme ambiguities in the power balance of NBI plasma. The powver
deposited on the graphite limiter inserted inside the ocutermost magnetic
surface, which should measure conduction/convection loss power experimentally,
shows the small level of a few tens of kW; the estimate of charge exchange logs
and orbit loss in the course of thermalization remain as a future task.

The maximum volume averaged 3 value of NBI plasma is 1.4~1.58% at B; of
0.46~0.86T7. MHD activities appear on Wi, and Mirnov coil signals when the
magnetic axis is shifted inward. The electron and ion temperature profiles
show that their peak positions shift ocutward by a few centimeters from the
vacuum maghnetic axis.

Induced currents are observed in ECH and NBI plasmas®. Beam induced
current is >10kA in low density (fe~ 1x10%em™ 3 plasmas and the dependence of
induced current on T., h. and the absorbed power is similar to that in
tokamaks. When n. is hieh the bootstrap current increases its importance.

3. Energy confinement characteristics

Confinement characteristics have been studied under various conditions.
Besides the dependence of global energy confinement time 7% on B:, h. and the
absorbed power Pin, the magnetic configuration has been surveyed from the
vievpoint of loss cone”. The loss cone in a low-aspect-ratio helical system
can be reduced by shifting the magnetic axis inward. In CHS, the magnetic axis
position Ruis is scanned from 82.8cm to 101.6cm by controlling the dipole field
from the poloidal field coil system keeping the quadrupole field component
constant. The central electron temperature of NBI plasmas increases as Ruis 18
shifted inward.

The conflnement time TEIP is estimated from Wi4io and P;, which is estimated
analytically in EcH® and NBIY plasmas. In NBI plasmas, the absorbed power P;n
used here is the following: (the port-through power)-(shine-through
power)-(direct orbit loss). 1In ECH plasmas, the maximum absorption power is
est.imated to be about 80% of the port-through power. Dependence of Wais on T
is shown in Fig.3 for NBI plasmas as a parameter of B; under various maghetic
axis positions. The stored energy is nearly proportional to B: in the range
from 0.6T to 1.5T, which shows stronger dependence than LHD scaling. The



confinement time 7% improves as Rgis shifts inward; Wgio does not decrease in
spite of smaller plasma volume. Comparison of *% with the LHD scaling is
shown in Fig.4. Plasmas with low to medium density(ﬁ;<4xl(ﬂ3cm_3) and inward
axis position show improvement from the scaling, however, data with high
density(ﬁ}>5x10wcm*ﬁ are scattered below the scaling at present. Transport
analysis based on ORNL PROCTR-mod is under way by the use of the profile
measurement results® .

a) Qak Ridge National Laboratory, Oak Ridge, USA. b) Plasma Science Center,
Nagoya University, Nagova 464-01, Japan. c¢) General Atomics, San Diego, USA.
d) On sabbatical leave from University of Tabriz, Tabriz, Iran.
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Experimental Studies of a Helical
Axis Stellarator ( TU-Heliac )
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1. Introduction
We present here the recent experimental results on TU-Heliac

. TU-Heliac is a helical axis stellarator of heliac type to
have been built at Sendai in July 1988. The device description
has been already done in Ref.l. As explained there, TU-Heliac
has 4 periods,48 cm of major radius, maximum toroidal field of
3.5 kG and an average plasma radius of 6-8 cm., THe swing radius
of TF coil is 8 cm, The topics which we present here will be
dealt with measurements of the vacuum magnetic surfaces of TU-
Heliac by three different kinds of electron beam methods, and
measurements of 2D contour of the plasma pressure to ensure the
existence of the plasma equilibrium in a heliac and brief ana-
lytical calculation of the toroidal heliac eqguilibria.

2. Measurements of Magnetic Surfaces

It is an important and necessary step, in the stellarator-
tvpe magnetic confinement devices, to confirm actually existence
of the wvacuum magnetic surfaces which are expected in advance.

Three kinds of methods for mapping magnetic surfaces in TU-
Heliac were used and compared with the broad numerical predic-
tions., The first method is the usual electron beam mapping
one with an electron energy of 7.5 eV and a pulse length of 10
ps. The second is the resistance-capacitance method (R-C method)
with an electron energy of 15 eV, 2 ms pulse, The third is so-
called fluorescentmesh method with a 700 eV energy, 10 ms pulse
duration. We mention below the results of the R-C method and the
fluorescent mesh method.

a, _R=C Method

The principle for measurement and experimental procedure of
the R-C method are as follows. The injected electrons accumulate.
on some surface. There appears capacitance C between electron
cloud and the chamber wall and also there is a leakage resist-
ance R between them illustrated in Fig,l1,

By moving the electron gun two-dimensionally in the poloidal
cross section of the torus., one can get C and R corresponding
to the location of the gun, Plotting the contour lines of equi-
resistance or equi-capacitance, we can get the approximate shape
of the magnetic surfaces. An example of the surfaces measured
bv this method is shown in Fig.2.

Fluorescent Mesh Method 2,2 '

Fluorescent mesh is made of 0.1 mm stainless steel wire and the
space of the mesh of a net is 2.5 mm. The fluorescentpaint is

P 15(Zn02:2n). The mesh is coated by spraying the suspension of
P 15 in polyvinyl alcchel with an atomizer., Transmission coef-

ficient of the mesh was arranged in the range of more than 90 %.




Four LEDs as the marks were put on the frame of the mesh for

providing vertical and holizontal reference points,

As the

angle that the fluorescent screen makes with the £ilm is 15°,
it is necessary to transform the recorded position of the elec-
tron beams from the film to the actual .positions by computer

program.
method in Fig. 3.
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3. Plasma Producticon and Plasma Equilibrium
The vacuum system is evacuated to the base pressure < 2 x10
Pa by 3 turbo-molecular pumps. Plasma is produced using ECRH
of 2,45 GHz microwave source with 3-6 ms pulse of 3 kW peak
" power. Working gas is argon at a pressure of 5 x 1073 pa,
Plasmas produced by ECRH typically have electron densities n
and temperture To in the ranges of 1 x 10% < ng < 3 x 10!0 cm §
and Te ¢ 10 eV respectively. Local plasma density and tempera-
ture are measured by Langmuir probe, The probe tip consists
of 3 mm diameter disk of SUS 304. The probe can be placed any-
where in a poloidal cross section of the torus, The probe posi-
tion is known to within * 0.5 mm. The local electron density
neg can be derived from the ion saturation current if the elec-
tron temperature is known, and the local plasma pressure is
taken as can be estimated as the product ng Te by assuming the
ions to be cold,w, s
The magnetic surface ¥ can be, in general, defined as a
surface on which a line of magnetic field lies,so B.F¥ = 0 1is
to be satisfied. On the other hand, we have the relation of
B+¥p = 0 from one of the equations of MHD equilibrium. From
these relations, the plasmas confined in torus by the magnetic
field must have constant pressure on the magnecic surfaces.
Hence an experimental demonstration that p = F njTj ~ n,Te
is the same at all points on a predicted magnetic surface may
be taken as evidence that the plasma equilibria do exist as
calculated.
In Fig.4, the existence of the heliac plasma is shown at the
simplest level by photographs: the luminous region by plasma

6



on the flucrescent mesh which we used to map the magnetic sur-
faces is clearly restricted to inside the outermost magnetic
surface, ,

More precise information about the plasma equilibria can be
obtained by drawing the contour maps of the electron density
and temperature and relating their product p = neTg..

Figures 5 and 6 show examples of the contour maps of P = ngT
= const. in the afterglow plasma after 2 ms of microwave turneg
off for the cases of Ig/RHy =0.39 and 0.25 respectively.

It is very interesting to see that the plasma is limited to

inside the 1/3 island for the case of I./RHg =0.25 in Fig.6.
The observed contours clearly reflect the shapes of the numerical
predicted magnetic surfaces, -

w3 n ¥ 0.9 v -+

8.0 r;.nn v.10 . . (b) . ' CAT n:m Ty v.c0

Fig.4 The lumlnous reqglon by plasma an the

fluorescent mesh, Je/RHe=0.59,

for the case of Ic/RHo=0.39. (b}: The contour
maps of paneTeaconst.

\ =
p.oa j —_— Fig.5 (a}: The computed magnetie surfaces

Fig.6 {a); The computed magnetic surfaces
for the case of Ie/RHe~0.25. (B); The contour
maps of pe=naTe=conat.
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4, Currentless Equilibria ¢f Toroidal Heliacs
The purpose of this section is to try to calculate analyti-
cally toroidal heliac equilibria, Procedure of calculation is
as follows. At first, we get an equilibrium solution for the
straight heliac which has the helical symmetry. Next, we bend
it into torus. In our calculation, we employ the stellarator
expansion ordering:
By . BB BB a
By Bg By Bg By R
a. Straight Heliac FEguilibrium Solution
Flux function of the vacuum magnetic field for the straight
with the helical symmetry is given by

N

Esl<<l_ (1)



¥, ( r,6 ) =+ Bohr? - E%Ec.ln r - CihrIq (hr) cos ¢ + Cp (2)

"
In the presence of plasma, we have the flux function from Grad-
Shafranov equation with I{ ¥ ) = Ig + 6( ¥ = ¢a }, P = po(l-¥/Ya)

as
Y(r,p ) = - 202 9% | WEP, (4 L 220 opsg )

g
Ya 0'2
+ agf orJ} (crx) ——%’JO(Ur)} + bgl{ oxN} (or) —-%mNo(ar)]

+ aj{ ArI{ (Ar) —-%—Il(kr)} cos ¢ + byl ArK{ (Ar) —{%Kl{hr)} cos ¢

where A = (h2 - g2 ) 172, . (3)

We choose the integral constants ag, bg, a; and by so as to
make y( r,¢ ) equal to the vacuum flux function ¥, ( r,¢ ) in the

limit of o'+ 0 and pg > 0. This gives
"¢ _hB P o hy 3 voIc h
= = 1.1 — .._'.... — e - = -t 7
ao {fgf- +._ﬂg&_( =) (1 + ) o fa T, bo ya 1
a = - Cl'-and %i = 0. , (4)

Currentless condition gives a relation between o and pg, This
is 0 = uopo/Bo¥a . '
b. _Flux Function for Toreoidal Heliac

Here we use the quasi-toroidal coordinate ( p, @ ,z ) with
the metrix of hy = 1, hy = p and hgy = 1 + kp cos w .
In equlllbrlum, we "have the relation: B+VY = 0,
Magnetic field and the flux function of the toroidal heliacs
can be devided into two parts , the straight components and the
components due to the curvature effect like,

8 =85 + B , v =95 4 ye and v = v, 4 v, (5)
Substituting these in B-.vY = 0, we can get ¥ as
s "k 41 BS
K = i 2 R =T oL
¥ -5 { Bohp A)(1ln "-B ‘+ i+ 0T, Jkp cos{ ¢ + hr ),
where k = 1/R, ¢ = -{ w + hz ) and h = i/R, (6)

Thus we can get the flux function v = ySt 4+ ykK for torecidal heliacs
5. _Conclusions

Measurements of the magnetic surfaces have been done by three
different kinds of electron beam methods in a heliac magnetic
configurations. Results are in good agreement with the broad
numerical calculations of the magnetic surfaces within measurement
accuracy. We have also done the experimental evidence of low B
plasma equilibria in a heliac by comparing the contours of the
.~ plasma pressure with the predicted magnetic surfaces.
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Diverted Particle-Flux Studies in the IMS
and Proto-Cleo Stellarators
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Abstract

Diverted particle-fluxes have been measured under varying conditions in
electron cyclotron resonance produced and heated plagmas in both the
Interchangeable Module Stellarator (IMS) and the Proto-Cleo 1=3, seven field
period conventional stellarator. Flow patterns are observed to be dependent upon
magnetic field strength in IMS, with abrupt changes observed as the central
field strength passes through resonance with the microwaves. Electron
injection into the IMS diverted-flux areas, using a strongly emissive filament,
has been used to map connections between various diverted flux areas and to the
scrape-off layer. Electron injection can also significantly alter observed divertor
flows, in a fashion similar to previous results with divertor strike-plate biasingl.
Scoping studies of the diverted particle-flux pattern have been made in the
Proto-Cleo Stellarator. Asymmetries are cbserved in the strength of the diverted
flux along the path of the helical coil. These asymmeiries are not strongly
dependent upon moderate levels of applied external vertical magnetic fields.

1. Introduction

Divertors in stellarators are a natural comsequence of having all of the
confining magnetic geometry produced by various sets of external coils.
Free-streaming particles which escape from within the separatrix tend to follow
non-confined field lines until intersecting a material object. Control over the
locations of the plasma/material interactions and heat deposition is highly
desired. In a conventional stellarator, the diverted flux tends to emerge from the
confinement volume near one current-sense of helical coils as shown in Figure
1. In the IMS, the modular nature of the coil set results in a segmentation of
this continuous pattern into a set of 63 (nine/period x seven periods) ‘modular’
divertors?. These individual divertors are identified by the poloidal angle of
their centers. as illustrated in Figure 2, and their toroidal angle. Divertor Shuald

DIVERTED
% FLUX kesidsot

POLOIDAL PROJECTION
@ =3 HELICAL DIVERTOR

Figure 1. Diverted magneticfluxina Figure 2. IMS divertor identification.
conventional stellarator.

Divertor Polnidal
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The distribution of diverted particle flux between the 63 divertors in IMS can be
altered through the use of externally applied potentials to the divertor strike
platesl. During the course of these studies, it was noticed that the distribution
without biasing was sensitive to the magnetic field strength.

2. D i f Diverted Fl M ic Field St ]

By monitoring fluxes to all nine types of divertor sirike plates at once, a
poloidal distribution of flux can be obtained within a single discharge. This
distribution has been studied as a function of the electron-cyclotron resonance
location by small variations in magnet current. Data reproducibility as a
function of field strength is good, and independent of position within the
time-history of the discharge (not a discharge-dynamics phenomenon). Figure 3
shows the collected data for six of the divertor types. There is an abrupt change
in the distribution around a central field strength of 2.5 kG. Symmetry of
stellarators in poloidal angle with respect to toroidal angle of both magnetic
. surfaces and field strength result in equal numbers of magnetic flux lines
connecting to 'mirror’ pairs of divertors, i.e. (23,337), (72,288), and (112,248). It
can be seen from the figure that increasing (decreasing) fluxes to one divertor is
accompanied by decreasing (increasing) fluxes to its mirror comvanion.

23 Degree Divertor 337 Degree Divertor
1
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Figure 3. Distribution of diverted particle flux to six of the IMS divertors as a function of
central field strength

— 102 —



As seen in Figure 4, the overall line-density and total divertor current do not
change dramatically over this range of interest.

: 2 interferometer Density, Normal Field 0.12 _Tolal Divertor Current, Normal Field
—_ T T T T T : ¥ 1 T I ¥
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o 1 t ! ! 1
22 23 24 25 26 7 28 22 23 24 25 28 27 1B
Mognatic Fisld on Axis (1G) Mognetic Fisld on Axis (kG)

Figure 4. Line-average density and total divertor current for data presented in Figure 3.

To assess whether particle drifts play an important role in this redistribution of
flux, the same measurements were made with the magnetic field reversed. The
direction of change in flow for the individual divertors does not change with field
reversal, indicative that field-dependent directional drifts are not playing a
dominant role in the observed flow changes, and that the effects are more closely
tied to the resonance layer location.

With all of the 63 divertor strike plates acting as monitors, IMS offers the
capability of measuring electron flows through each and all of the diverted
field-line bundles and therefore diagnosing the whole divertor topology.
Experiments using electron injection through the divertors can provide
information on divertor connections, the possibility of influencing flows and edge
potentials without plasma contact with a divertor strike plate, and a method for
- altering central potentials and transaport.

As an initial study, electrons have been injected using a highly-emissive
filament at two symmetric divertor locations in IMS (the 23° and 337° divertor
bundles), Each of the divertor strike plates was used as an electron collector,
Data has been compared to a field-line model which launches field lines at the
injection site and follows them until reaching another divertor strike plate. The
majority of these field lines emerge within two field periods of the injection site
in agreement with the detection of strong electron signals. As the launch
distance is moved inward minor-radially, both the code and data show increased
toroidal connection distances.

Electron injection through the divertors in the presence of plasma has shown
the ability to redistribute diverted particle flows. Only seventeen of the divertor
locations are fitted with screens to permit measurement of individual electron
and ion flows without perturbing potentials in the plasma and divertor regions.
Within these consatraints, the changes in electron and ion flow have heen
meagured under the conditions of both positive and negative bias to an individual
strike plate and with electron injection at the same location, as shown in Table 1.
Significant changes to some flows have been measured under both scenarios,
but differences are seen in the redistribution between the two methods.
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Electron
Pos. Bias Neg. Bias Injection
Divertor |Field Periods
Monitored] Away from %8i0n| ®Aelec [#2ion| PAelec | ®4ion ®lelec
Launch i
» 1/3 +80 +70 -10 -10 0 +10
23 1 -35 -10 0 +10 +30 +10
288 11/3 0 40 0 0 -5 +180

Table I. Comparizsons of flow chanpes with strike-plate bissing and electron injectiorL

4. Diverted Flux Pattern in the Proto-Cleo Stellarator

. Experiments in IMSS have shown that diverted particle flows can be
concentrated to the inboard or outboard side of the torus with an external vertical
magnetic field. To examine if a similar-effect can occur in a continuous-coil
device, allowing the possibility of differential biasing of groups of field lines, a
_preliminary scoping atudy has been made of the distribution of diverted particle
flux along the helical 'stripe’ in the Proto-Cleo Stellarator divertor region. Two
arrays, with a total of 52 Langmuir probes, follow the helix for 2/3 of a wire
period at the minor radius of the coil. An additional array of 14 probes is located
perpendicular to the helical coils. The perpendicular array shows the flux
localized around one sense of helical coil as expected. The arrays which follow
the helical coils showed that there was a helical stripe, but that there was
significant peaking on the inboard and outboard sides of the torus, with the
strongest peak on the inboard side. Small external vertical magnetic fields were
applied (which shifted the magnetic axis approximately 1.5 ¢cm inward and
outward, respectively) to see the effects on the divertor pattern. Similar fields in
IMS had significant effects on the diverted flux pattern. On Proto-Cleo, however,
the flux patterns were observed to be relatively insensitive to these fields,
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Pressure and Potential Measurements in IMS
During Electron Cyclotron Heating

J.N. Talmadge, D.T. Anderson, F.S.B. Anderson,
B.J. Peterson and J.L. Shohet

Torsatron/Stellarator Laboratory
University of Wisconsin-Madiscn
Madison, Wisconsin 53706 U.S.A.

Abstract: Two-dimensional measurements of the plasma pressure have
been made in the Interchangeable Module Stellarator (IMS) at two
separate toroidal locations. The results indicate that the profile
is hollow during Electron Cyclotron Heating (ECH) and that there
is a significant varilation of the plasma pressure on the magnetic
surfaces towards the plasma edge. Alsc, two emissive probes are
~aligned along a magnetic field line in vacuum by using one probe
to detect the emitted electrons from the other. The locus of
detected peaks in the current agree well with the numerical cal-
culation of the magnetic surface. Measurements of the space poten-
tial on a flux surface indicate a maximum on the outboard side of
the torus and a possible m=1 structure.

1, Introduction

' Experiments in IMS during ECH have shown that the steady-state
density profiles are hollow and that the addition of a convective
term in the particle balance equation is necessary to explain the
profile [1]. The heollowness of the profile increased as the
resonant layer was moved from the inboard side of the torus to the
outboard side. Shot-to-shot measurements of the space potential
acreoss the plasma cross-sectlon indicated that the poloidal elec-
tric fields increased as the profiles became more hollow., Based on
indications that the potential wvaried on a magnetic surface,
measurements were made to explore whether the plasma pressure was
a constant on a magnetic surface., Similarly, experiments were con-
ducted to determine whether plasma parameters could be measured
directly from probes aligned along a magnetic fleld line, rather
than relying on interpolation onto a magnetic surface from shot-
to~-shot measurements made on a uniform grid.

2. ECH Plasmas and Probes

The plasma is produced by a 7.28 GHEz microwave source which is
resonant with 2.6 kG. The maximum power available is 2 kW for a
pulse length of 10 ms. Plasma densities are in the range of 0.5-
3.0 % 10** cm~3, and salectron temperatures are 4-10 eV. IMS, which
consists of 21 discrete twisted coils, has 7 field periods with 23
colls per field periocd. These are labeled the 'Z', 'S' and '8’
coll according to their shape when viewed from above. Horizontal
ports are located at only the 'Z' and 'S' coils. The vacuum mag-
netic surfaces at these locations are mirror images of each other
with respect to the midplane.

The pressure profiles are measured with Langmuir probes which
can be moved in two dimensions to access the plasma cross-section.
Measurements of the plasma density and temperature were made at §
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mm intervals at one 'Z' port and also at one 'S' port, separated
by 124° toroidally. About 250 shots were needed to obtain the
data. The space potential measurements were made with two emissive
probes that are also located at a 'Z' and an 'S' port. The emis-
sive probe at the 'S' port was fixed at » = 2 cm, while the emis-~
sive probe at the 'Z' port could access the entire plasma cross-
section. ‘

The probes could then be run cold tc obtain the ion saturation
current or the electron temperature between two positions on a
field line. To obtain the space potential, the probes were used as
standard emissive probes, utilizing the inflection point technigue
[2]. Data for the plasma parameters along a magnetic field line
were taken for each probe on alternate discharges, to minimize the
possibility that sweeping the voltage on one probe would affect
the cother.

3. Pressure Profiles

Figure 1 shows contours of constant plasma pressure for the two
toroidal locations. Alse shown in the figure are the numerical
calculations of the wvacuum magnetic surfaces. It can be seen that
the relationship between the pressure profiles and the nmagnetic
surfaces is fairly good. However, the pressure on a surface can
vary significantly, especially in the regions towards the plasma
edge where the density peaks. Up to a 40% variation on a surface
has been detected. Also it can be observed that at small minor
radii, the pressure profiles are slightly shifted inward with
respect to the magnetic surfaces.

Fig 1. Constant pressure contours and vacuum magnetic surfaces for
the '2' and 'S' ports

Figure 2 shows the pressure plotted as a surface plot. Fronm
this figure one can see that the pressure profile is hollow
throughout the plasma cross-section. At the 'Z' port, however it
can be seen that that the pressure peaks on the inboard and out-
board side of the torus and is a minimum at the top and bottom. At
the 'S' port the pressure peaks at the vertices of the triangular-
shaped magnetic surfaces.
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Fig 2. Surface plots of the pressure at the 'Z' and 'S' ports

4. Probe Measurements Along a Magnetic Pleld Line

To align the emissive probes aleng a magnetic field line, the
fixed probe located at the 'S' port was heated to emission and 100
V negative blas was applied between the filament and ground. The
movable probe at the 'Z' port was then used to detect the emitted
-a@lectrons in vacuum in the presence o¢f the magnetic field. As the
probe was moved in 1-2 mm increments, the current to the probe was
recorded and the peak in the detected signal was Interpreted as
alignment aleng a magnetic field line. In Figure 3 1s shown the
locus of detected peaks Iin the current to the probe, which com-
pares well to the numerical calculation of the flux surface.

The alignment of the probes
based on the peak in the detected
slgnal should still result in
alignment in the presence of
- | plasma. Numerical calculations of
-the drift of 100 eV electrons for

different pitch angles indicates
- - . that the drift of the electrons
: off the flux surfaces is approxi-
mately 1 mm, which is smaller
than the 2-3 mm size of the
probes. Also the shift of the
maghetic surfaces in the presence
of the plasma is s3still smaller
than the probe size since the
Fig. 3 Location of peaks plasma 8 is on the order of 10-%°.
_ Only in the region about the mag-
netic axis where the rotational transform approaches zero will
there be substantial error involved,

Figure 4 shows the ion saturation signal on a magnetic field
line as a function of poloidal angle for the movable probe. Also
shown is the data for the fixed probe which indicates the degree
of reproducibility of the data. It can be observed that the ion
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saturation for the 'Z' port peaks on the inboard and outhoard side
of the torus. An m=2 or possibly m=3 structure can be seen. Figure
5 shows the space potential for the movable and fixed probes as a
function of poloidal angle. From the figure it can be seen that
the space potential peaks on the outboard side of the torus and
that the variation of the potential as a function of poloidal
angle has the appearance of an m=1 mode.
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Fig. 4 Ion saturation current Fig. 5 Space potential

5. Ceonclusion '
Measuremsnts of the plasma pressure over the cross-section of
the plasma at two probe positions indicate that in general the
pressure surfaces agree with the vacuum flux surfaces, however
‘regions of greater pressure can be detected at the vertices of the
triangular surfaces. Measurements of the ion saturation current on
a magnetic field line, using two emissive probes to insure align-
ment, confirm the localized regions of greater pressure. Measure-
ments of space potential on a magnetic surface indicates that the
potential peaks on the outboard side of the torus, a result that
was first detected on a shot-to-shot basis by an emissive probe
that was moved in egual increments across the plasma area [1]. A
recent improvement in the method of measuring electron tempera-
ture, density and potential on a magnetic field line during the
same discharge has been made with the use of a timing circuit
which allows the alternate sweeping and floating of two enmissive
probes, thereby minimizing the interaction between the two probes.
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Numerical and Experimental Studies of Simulated Toroldicity

Effects in a Linear High-Beta Heliac

B.A. Nelson, G. Spanjers, F.L. Ribe, D.C. Barnes*, and R. Bishoptt

University of Washington, Seattle, WA 98195 USA

Abstract
Formation and equilibrium studies of a linear high-beta heliac have been performed,

showing an axial current is induced. Vacuum field numerical studies have shown that when
the hardcore center conductor is shifted, the magnetic field structure is similar to a large
aspect-ratio toroidal heliac. An experiment in a hardcore theta-pinch has shown that
programming of the hardcore current can significantly reduce the induced axial current.
Finite-beta effects have been incorporated into a code to study the evolution of plasma on a
“shifted hardcore heliac. These results will be used in an experimental study of simulated
toreidicity in a shifted hardcore linear heliac.
Previous Hellac Results _
Previous formation studies of a linear high-beta heliacl!l in the High-Beta Q Machine
(HBQM) show that a fast-rising current in the hardcore center conductor is necessary to avoid
forming plasma pressure around the hardcore. The equilibrium was formed with ne ~
1021p-3, Te + Ty ~ 100 €V, and <B> ~ 25-30% for plasma lifetimes of 10-20 ps. This fast-
rising hardcore current was found to induce an oppositely directed net parallel plasma
current in the heliac bean. Minlature three-dimensional internal magnetic field probes (6
mm OD quartz jacket protruding radially 4 - 6 cm into the plasma) were used to locally
measure B. Global plasma parameters were provided by axial heterodyne quadrature laser
{nterferometry, flux loops, and external magnetic field probes. '
Basls for Simulated Toroidicity
A vacuum magnetic fleld line solving program, HELIKI2l, found that both the field
line structure and Boozer harmonic structure are quite similar between a large aspect ratio
toroidal hellac, R=1.86 m, and a linear heliac with a “shifted” hardcore, (i.e., the hardcore
translated off center from but parallel to the {=1 cotl geomefrical axis). The similarity of

loss of helical éymmetry for the toroidal and shilfted hardcore cases was seen from the

+ Los Alamos National Laboratory, Los Alamos NM, USA

++ University of Texas, Austin TX, USA
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partial recovery of flux surfaces by an inward shift of a toroidal hardcore. The empirical
relationship between the major radius, R, of the toroidal heliac and the shift, 3, of the
hardcore in the linear heliac is R § = 0.371 m?, so that a § = 2 cm shift corresponds to a R =
1.86 m toroidal heliac.

It is proposed to study magnetic island formation and evolution in a toroidal heliac
by simulating the toroidicity in a shifted-hardcore experiment on the HBQM. A hardcore
shifting end box capable of up to 2 cm shifts under vacuum has been implemented and tested.
1t will be possible to perform a series of discharges without a shift, shift under vacuum, then
take another serles with the shifted hardcore for comparison,

Induced Current Studies

The characterization and elimination of the induced plasma currents are deemed
erucial for the simulated toroidicily experiments on the HBQM. It is desired to produce
islands In the heliac plasma by the helical symmetry breaking, but these islands are
predicted to be sensitive to small axial currents angd grow[31. thus we wish to study them in an
initially currentless heliac.

An induced current experiment was performed on the HBgM conﬁgﬁred as a hardcore
theta-pinch. A hardcore current programming circuit was developed using a slow-rising
(t1/4 ~ 15 us) ignitron-switched bank and a fast-rising (t/4 ~ 1.1 us) bank switched by spark
gaps through a 5:1 turn bitter plate transformer. The slow circuit is initiated, then the fill
gas is preionized with a ringing capacitor bank, Fig. 1. (A slow “positive bias” B field was
added for protection of the hardcore during the notch.) Immediately prior to the main bank
current firing, the fast hardcore current bank is initiated to either increase or decrease the
hardcore current. This induces a plasma current in elther the opposite or the same direction
(respectively) as the slow-rising hardcore current. Results show that the increasing fast
current (“notch up”) configuration significantly reduces the residual induced current after
the main bank implosion field. This is attributed to the direction of Jinduced X Bhardcore: IR
the notch down case, J X B is toward the hardcore and away in the notch up case. The notch
up case induces a current in the same direction as the induced current found in the heltac
formation, but this induced current is removed when the notched hardcore current returns to
the slow hardcore current value. We feel that the notch up configuration will allow the
formation of a current free heliac.

Numerical Results with Finite Beta

The ISLE code was developed to study the build-up of plasma pressure in the shifted

hardcore heliac experlmentl4]. To specifically study island formation, a helically symmetric

pressure distribution is loaded onto helically symmetric field lines near the hardcore which
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are interpolated onto a non-helically symmetric grid near the £=1 coils. ISLE evolves
plasma pressure using finite-pressure resistive MHD equations, with a pressure source term
{on a resistive time scale) inside the separatrix, and a pressure sink outside the separatrix.
The profiles are Fourier analyzed in 8 and z, and finite differenced in r. The vector potential
A is advanced using a semi-implicit time difference method.

Initial results show the evolution of constant pressure contours from the
symmetrically loaded pressure at time ¢ = 0, (Fig. 2-a), to quasi-equlibria 100 Alfven times
(ta) later, for no hardcore shift, (Fig 2-b), and a 2 ¢ hardeore shift, (Fig. 2-c). Note the
asymmetrf in Fig. 2-c, resulting from helical symmetry breaking.. Magnetic field line
puncture plots for the same conditions as Fig. 2 are given in Fig. 3. viz., (a) =0, no shift, (b) f=
100 {a, no shift, and (¢) t= 100 ts, 2 cm shift. These results will be used to guide magnetic

probed data taking strategies, as the previous method of using helical symmetry to map data

at several axial locations to one plane cannot be used.
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Figure 2. Plasma pressure profiles from the ISLE code for (a) t= 0, (b) t = 100 ¢a, no shift, and

{c) t=100 ta, 2 cm hardcore shift.

Figure 3. Magnetic fleld line puncture plots from the ISLE code for (a) t= 0, (b) t= 100 fs, no

shift, and (¢) t= 100 fa, 2 cm hardcore shift.
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Theory of Electron Cyclotron Heating in the Flexible Heliac

TJ-1I

C. Alejaldre, F. Castején, V. Krivenski and V. Tribaldos
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28040 Madrid, Spain

Abstract

A theoretical model has been developed to study microwave absortion in the presence of
‘non-Maxwellian electron distribution functions, that can easily be incorporated in existing
ray-tracing codes. A TJ-II and a CHS/ATF magnetic configuration are used to illustrate the
results obtained with the model. To fully understand ECH in TJ-II, quasilinear effects are
taken into account by means of a flux-averaged quasilinear Fokker-Planck code. The
modification of the electron distribution function will be presented for central and off-axis

heating in the second harmonic.
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Figure 1

Linear Theory

To examine the effect of the superthermal
electrons on the absorption we have developed
a weakly relativistic non-maxwellian model
valid for oblique propagation. We have
simulated the electron distribution function by a
drifting maxwellian added to a bulk
maxwellian. In this conditions it is possible to
simulate the experimentally measured
suprathermal populations and to calculate
analytically the dielectric tensor [1]. We have
found qualitative and quantitative differences in
the plasma absorption properties with respect to
the deposition profile and the power absorbed
when we take into account the presence of a
suprathermal tail. Figure 1 shows the
imaginary part of the wave vector and the
power absorbed for a wave propagating into a

CHS/ATF-like magnetic configuration, with its tipical saddle-point structure, from the low-
field side in the X-mode at 53.2 Ghz (second harmonic). In the figure it can be clearly seen
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that the absorption profile broadens considerably and depending on the amount of

suprathermals, the total power absorbed can go from 20% to 80%.

D.1
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The absorption model
has been introduced into the ray-
tracing code RAYS developed at
the Oak Ridge
Laboratory [2] to

National
study
microwave absorption in TJ-II in
the presence of a suprathermal
tail. Figure 3 shows the
importance that suprathermals
can have when the rays follow a
path for which the resonant

electrons are mainly the

"R (en)
Figure 2

superthermal ones. Since these
electrons resonate at higher

values of the magnetic field, it is

possible to have absorption in places of the plasma in which it would not happen for a

maxwellian distribution. In figure 3, two cases are compared, in a) the distribution function

is assumed Maxwellian, in figure 3 b) a tail is assumed in the electron distribution function.
The microwave characteristics are kept constant in both cases. The power absorption rises

considerably in the non-Maxwellian case.
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Quasilinear Theory

30 LI R i B B S Bt AL Electron cyclotron
heating results in the
increase of the
perpendicular energy of
the resonant electrons,
the collisional
thermalization of this
energy then causes bulk
heating. If the amount of
energy absorbed per

single resonant electron

O IIlIIII1.IIlilIIl

is large, collisions may

=100 —-50 Q 50 100 not be able to thermalize
L 2 Sgﬂ(u ) this energy and a non-

] I thermal distribution of

) energy can appear. This

The parallel disg‘liggggnj’unction for situation can appear even
Jour radial positions: <r>=6.5, 6.0, for modest levels of
5.0, and 5.5 cm. wave power if the

plasma density is low or the coupling between the wave and the electrons is strong, i.e.,
the wave damping is large.Both these conditions are met in TJ-II for X-mode, 2nd
harmonic heating.

In order to study this process we have solved the kinetic equation containing the two
relevant terms: the collision term, describing the collisions of the suprathermal population
with a thermal bath, and the quasilinear term, describing the heating process as a diffusion
process in momentum space. The complete integral linearized collision operator [3] has
been used to describe correctly the modification of the low energy part of the distribution
function, as it occurs during bulk heating. The relativistic diffusion coefficient [4] has been
bounce averaged taking into account the magnetic field geometry of TJ-II. The resulting
equation is 2D in momentum space, 2D in wave vector space and 1D in real space.

The kinetic equation has been solved numerically for typical TJ-II parameters, Te(0)
=1keV, n(0)=15%1013 cm3, Zer =2, f=53.2 GHz and Pgc =360 kW. The
resonance layer is located near <r > =5 cin for perpendicular injection.
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The parallel function and the perpendicular temperature,

Fy(ug)=2mn[duy uy flupur), To(a)=2mT, fduy ui fupuy)/Flw),
0 0

(u=p/pm ), are presented in Fig. 4 and 5, after 50 collision times { 1.2 ms ) evolution
of the distribution function, when a nearly steady-state is attained. We observe a large
deformation of the distribution function at high energies, however the deformation at low
energies, even if smaller, is much more important because it involves a much larger number
of electrons. The distribution is slightly asymmetric due to the non symmetric deformation
of the wave packet caused by the magnetic configuration of TJ-IL

T The wave damping,

3 ll]l!lllllllllﬁ
£

which is determined by the
perpendicular slope of the
distribution function,
greatly differs from the
Maxwellian one [5,6] and
the optical depth decreases
from 1= 6.1 to T=43.

The plasma remains

optically thick, but since the

wave absorption is in a

P ST AN T S TN N T M S N A N YO
0 regime of strong variation,
—10 —9 Q 2 10 the result is sensitive to the
ul | exact plasma parameters,
Figure 5
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STORM: A LOW ASPECT RATIO TORSATRON FOR PLASMA STABILITY
STUDIES

A.P. Navarro, J. Guasp, C. Alejaldre, J, Alonso, E. Ascasibar, J. Botija, F. Castején,
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A. Perea, A, Rodriguez-Yunta, M. Sorolla, F. Tabar€s and A, Varias.
Asociacién EURATOM / CIEMAT para Fusién

. 28040 Madrid, SPAIN

ABSTRACT

STORM is & low aspect ratio torsatron (Rp = 0.6 m, <a> = 0.1 m, By= .5
T, { =1 and M=6}, currently under construction at CIEMAT and to be in operation next
year. Main configuration parameters are 1(0) = (.3, shcarlcss. magnetic well depth = 7 %
und helical axis'elongation = 0.025 m, Plasma start-up and heating is based on ECH using
a 2nd harmonic heating squeme, with a 200 kw gyrotron at 28 GHz.-

In this paper we describe in detail this device and discuss the
configuration studies made for the selection of the configuration. Predictions from
stability und transport analysis for the plasma behaviour in the device will be also
presented together with microwave ubsorption studms made with ray tracmg codes to
optimize the heating squeme.

Changing currents in the vertical field coils, -some flexibility in the '
configuration parameters is obtained ( 1(0) : 0.14 to 0.4, shear : -5% to +37%, magnetic
well : 0 to 7%, average plasma radius is aimost constant in all this runge, magnetic axis
shifts from 6 cm inside to 3 cm outside). This device flexibility allows to study stability
properties with and without magnetic well, In the case of the configuration without
magnetic well, a high fraction of the energetic particles, generated by injection of ECH,
could be trapped in the plasma. So, the effect of these particles on stability could be also
experimentally  studied in STORM. Theoreticzl estimations made for all these
experiments will be presented in this paper.
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Dissipative Trapped Electron Modes
in £ = 2 Torsatrons*

B. A. Carreras, N. Dominguez, V. E. Lynch
Qak Ridge National Laboratory, Oak Ridge, Tennesses, U.5.A.

P. H. Diamond
University of California, San Diego, California, U.5.4.

Abstract: Trapped electron modes in stellarators can be more unstable than those in
tokamaks. They could be easier to detect in a stellarator and may be responsible for
anomalous losses in the low collisionality regime.

1. Introduction

Trapped electron modes® can play an important role in enhancing losses in a toroidal
confinement device. They could be one of the causes for the deterioration of confinement
with increasing beta in tokamaks and stellarators. For straight stellarators and for a model
field, it has been shown? that the helical ripple and short connection lengths allow for
strongly localized solutions to the drift wave equation. Therefore, it appears that trapped
electron modes can be more unstable in stellarators than in tokamaks. This is particularly
the case for low shear configurations.

In contrast to tokamaks, stellarators have the advantage that the magnetic field can
be changed substantially by modifying the currents in the vertical field (VF) coils. In-
ATF? for example, changing the quadrupolar moment of the VF coils changes the rota-
tional transform at the magnetic axis and, as a consequence, the shear. The change of the
quadrupole field also changes |B| along the field lines, allowing change of the trapping re-
gions independent of the average curvature. This presents the opportunity to substantially
change the parameters that control the trapped particle instabilities. Experiments can be
carried out in ATF to study trapped electron modes and evaluate their role in plasma
confinement.

2. Stellarator Drift Waves

Bhattacharjee et al.? derived the drift wave equation along a magnetic field line, as-
suming that the electrons are adiabatic and the ions are a fluid. Their result is

cf d?® _

2
w? ds? - = mz lvﬁ| Ps

__m(v* +{:d)'vﬂ+1 E ’ (1)

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-840R 21400 with Martin Marietta Energy Systems, Inc.
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where ¢, is the sound velocity, s is the length along a field line, v, is the diamagnetic drift
velocity, and v4 is the magnetic drift velocity. The perpendicular wave number &k is equal
to m|VB|. This equation is analogous to the tokamak drift wave equation in the ballooning
representation, but the eikonal phase 8 has an important oscillatory component along the
field line.

With regard to trapped electron modes, the main differences between tokamaks and
stellarators are the connection length Ly, the shear length L,, and the |B| structure along
the magnetic field lines.

The connection length in a stellarator is given by L = Ry/M, while in a tokamak it is
Ly =~ Ryq. Here R, is the major radius, M is the number of toroidal field periods, and g is
the safety factor. Therefore, L) can be smaller by an order of magnitude in a stellarator.
As v, = LHv/vT, it is easier to achieve v, < 1 in a stellarator than in a tokamak.

Another important difference between tokamaks and stellarators is the characteristic
shear length L,. For similar parameters and at the plasma core, L,/L, can be larger by
a factor of 2 to 10 in a stellarator than in a tokamak. Here L, is the density scale length.

The third main difference is in the o dependence of |B| along a magnetic field line. The
" helical ripple in a stellarator causes a multiplicity of magnetic wells where the eigenfunction

can be localized.
It is useful to examine the case of a straight stellarator. Its main difference from the

tokamak comes through the eikonal phase:

|'a$';_5r|2 - % {1+ 6 cos [(£s — M)g] — (pe'p) 6 sin (5 — M)y)

+ (pe'0)’ {1 — 8 cos (80 — M)pl}} (3)

where £ is the multipolarity, p is a radius-like flux surface label, and § is the ripple field
parameter. The oscillatory terms can cause the localization of the eigenfunction in a single
field ripple. Depending on the shear, radial position, and wave number, the solutions of
the straight stellarator drift wave equation are mainly of two types:
— Modes localized inside & helical ripple. The width of these modes in ballooning space,
A, is less than one field period, 27/M.
— Extended modes. Their width along the field lines is 27 or larger.
For the localized solutions with M A, <« 1, we can expand the oscillatory functions in
v and analytically solve the eigenvalue problem, Eq. (1}. The solutions are of the form

$ x B exp(—p?/2A2), with the mode width given by
i NV 1 [Lnw 2
DAy —==| = LR o Ao (4}
Mljz 6 kgp, Rn w

1+ (8/2)"* M(Ln/Ro) + 6M*(pL,,/R2)
- n/. . (5)
1 + kePs(l + 5)2
For a stellarator, the relation between A, and the radial width of the eigenfunction

A, is analogous to that for the tokamak case, A, = 1/(kgeSA,). Here § is the shear
parameter. Therefore, for modes localized in a single field ripple,

5\ '/* L w
Ar~Pa\/(‘2') MLnRo;:' (6)

and the frequency by
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The radla.l width can be significantly larger than the width of the tokamak-slab eigenfunc-

tion, A, = p,(L,/L.)*/2.
Equation (1) has been solved for 3D stellarator equilibria that were obtained with the

VMEC code.? Details of the numerical calculations are given in Ref. 5.

3. Dissipative Trapped Electron Modes in a Stellarator

Inciuding the non-adiabatic response and assuming that only helically trapped particles
contribute to the instability and that z.rs 3> w.. > vei, we obtain an integro-differential
equation for the dissipative trapped electron modes in a stellarator,

2 d2¢  w(®) ~ (WD)
rrr e

where the angle brackets { ) indicate bounce average over each helical ripple well. For
localized sclutions, the eigenvalue equation can be solved perturbatively, and the change

-1
!‘1’12) ; {8)
wp .
where wy is the frequency of the adiabatic electron mode.

When the eigenfunction of the drift wave equation is localized in the first ripple well of
|B| (Fig. 1a), the bounce average of &, (®}, has a value close to 1. Thus, for localized solu-
tions, the non-adiabatic contribution to the dispersion relation gives a strong destabilizing
contribution.

When the eigenfunction of the drift wave equation is extended along the field lines, its
periodicity is different from the periodicity of |B| (Fig. 1b). Therefore, its net contribu-
tion to (®) is small. Thus, for extended solutions, the non-adiabatic contribution to the

dispersion relation is small and can be of either sign.

in frequency is

b = — U da®” (wo(®) — (w*c@))] (f dsg‘g“

Veff
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Fig. 1. (a) Localized and (bgl extended eigenfunction along field lines of straight stellarator
drift wave compared with the variation of |B|.
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4. Dissipative Trapped Electron Modes in ATF

The VF coil system in ATF permits the independent control of (1) the flux swing,
(2) the dipole component, and (3) the quadrupole component of the poloidal field. These
external controls allow change of |B| on a flux surface. This implies changes in the magnetic
field line curvature, the |B| spectrum, and the trapped particle population.

For trapped electron mode studies, the important parameters to control are the shear
and the trapped particle population. Both parameters can be varied simultaneously by
changing the quadrupole moment of the VF coils. Using ATF equilibrium parameters, we
have solved Eq. (10) for several values of the VF quadrupole moment. We find that by
increasing the shear at the plasma core, the highly localized (in ballooning space) trapped
electron modes can be eliminated.

To carry out the experimental test in ATF, the most favorable experimental conditions
are obtained in ECH plasmas because the v, < 1 regime is relatively easy to reach. The
diagnostics required are (1) the ECE diagnostic for measuring the temperature fluctuations
(as a consequence of the enhancement of the radial width for the helically localized modes,
the resolution constraints are less severe than for a tokamak); (2) the heavy-ion beam

probe to measure i and & fluctuations; and (3) the VF coils to change shear and trapped
particle population.
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LOW-n STABILITY CALCULATIONS FOR THREE DIMENSIONAL

STELLARATOR CONFIGURATIONS

L.Garcia
Universidud Complutense and Asaclacion EURATOMICIEMAT. 28040 Madrid. SPAIN.

B.A. Carreras, N, Dominguez, J.N. Leboeuf, V.E. Lynch,
Oak Ridge Natlonal Laboratory. Oak Ridge, Tennessee 37831, USA.

The MHD equilibrium and stabllity stellarator calculations sre complex because of the intrisic
three-dimensional (3-D) character of these configurations, The stellarator expansion [Greene and
Johnson, Phys. Fluids 4 k1961) 875/ can be applied to low-n stability for modes which variation
glong field lines is slow compared with the variation of the stellarator terms. A reduced set of MHD
stellarator equations was derived by Strauss (Plasma Phys.22 (1980) 733], and has been
implemented in different stability codes. The accuracy of the method has been tested and
demonstrated by comparing with 3-D stability results.

Here, we apply the avemging method to an equilibrium represented in a straight field line
coordinate system, This will allow the extension of the low-n lnear stability calcualtions o helical
axis systems end hopefully improve the accuracy of the low-n stability. for any type of
configuration. We take the exact 3-D eqdilibn‘um as the lowest order of the expansion, and assume
that this equilibrium is given in Boozer coordinates. Numerical solutions are shown to agree well
with marginal stability boundaries given by the classical stellarator expansion in the planar

magnetic axis case.-
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Destruction of Magnetic Surfaces in Helical Torus
Jiro TODOROKI

National Imstitute for Fusion Science, Nagoya 484-01

Abstract. The toroidal magnetic field is decomposed into two parts, the
field consisting the magnetic surfaces, and the field part destroying the
magnetic surfaces. The structure of the surface destroying part is
determined only by the helical coils, and determines the bound of the
magnetic surface, as well as the structure of the divertor magnetic field
lines.

1.Introduction.

Although the position and shape of the wvacuum magnetic surfaces in
the helical torus can be controlled by external vertical and quadrupole
field, the range of existence of magnetic surfaces is bounded. This
boundary can be well understood with the concept of surface destroying
part of the magnetic field (SDF), introduced in connection with the
magnetic coordinates.! 1In this paper, we will see that SFD has the
spatial structure independent to the actual magnetic surfaces, and it
poses essential boundary to the existerice of magnetic surfaces as well as
the other kind of structure of the magnetic field lines observed in the
divertor layer. The position of the SDF is calculated for the various
coil configurations. and the dependence to the pitch parameter y., pitch
number M, and pitch modulation « is discussed.

We decompose the magnetic field in a helical torus into two part:

B = B(S) + B(D), (1)

where B®) is the part wvhich composes nested magnetic surfaces: BCQ-th=O,
and B®® is the part which can not be represented in the form of such
nested magnetic surfaces.

2.Coordinate Transformation.

The decomposition can be made by introducing the coordinate
transformation from the cylindrical coordinates (r,z,¢) to a curvilinear
coordinates (X,Y,$)

T = R(X,Y,C), Z = Z(X:Y’g)' @=§: (2:'
under the assumption that the quantities (induction densities) HXENQEBX,
H= gfﬁ, and _ENEEBf do not depend on the toroidal angle ¢, where
B',B' .B5 are contravariant component of the magnetic field, and

/5 - R{BE - VLI, ' @

axay oY aX

is the Jacobian of the transformation.
If such coordinate transformation is obtained, there is a function
Y(X,Y), such that .
X oLy Y ay )
The surface ¥{X,Y)=const. is the maghetic surfaces. The magnetic field
can be expressed as B=B, where
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B® = VU(X,Y)xV{+H (X, Y)VXXVY. (5)
The coordinate transformation is determined by the equations
oR, pXoR , LTOR _ 87 , (NOZ , 1OZ ,,
H<a§+HaX+HaYl ~GB:, H<a§+HaX+HaY JGB., HR = JGB,, (8)
with X=<B>,Y=<Z>, <...> being the average with respect to ¢{. Since
three equations in eqs. (68) are not independent because of the condition
div B=0, eliminating ./g, we can rewrite them in the following form

oR 1 X8R . v3R _ RB, 8Z ,xdZ ,vdZ _ RB:

s hexthey = B, ofMaxthar ~ B, 7
vith B¥ = H'/H,h" = H'/H®, which are determined as “eigen values’, in
order that R and Z are periodic with respect to ¢.

Since the magnetic surfaces can exist only in the limited region and
the magnetic islands may also exist in that region, such coordinate
transformation can be obtained only in a certain region and only in the
asymptotic sense. When the nonlinear eigenvalue equations (7) are solved
by using an iteration procedure, the procedure converges to give the
sought transformation in a certain region; but in the other region the
solution cannot be obtained because the procedure diverges or the Jacobian
becomes negative. In the region where the transformation can not be
obtained the smooth extension from the obtained region is adopted.

3.Surface Destrbying Field.

From such transformation we can introduce the residual field
B . B - B® (8)

with B® defined by eq.(5).

The residual field (8) is very small in the region where the good
magnetic surface exists and it grows rapidly near the boundary of the
existence of the solution of eq.(7) up to the order of By, the typical
maghetic field strength. The residual field can be regarded as the
component which destroys the magnetic surfaces (SDF).

An example of the structure of the poloidal component of SDF is shown
in Fig.i. The magnetic surfaces with the poloidal field such that the
magnetic axis is at the coil center are also superposed in the figure.
From this figure we can see the envelope as shown in Fig.2. The envelope
restrict the region where the magnetic surface can exist, and it also
determines the region of divertor magnetic lines of force. ‘

Calculations shows that SDF B is essentially determined by the
helical coils; it changes little by the vertical and quadrupole
component. This is because axisymmetric poloidal field can be essentially
included into the flux function ¥. In the low m heliotron/torsatron
configuration, the region is shifted inside of torus.

Since the growth of SDF is very fast, we can practically determine
the boundary of the global structure of the magnetic lines of force from
the envelope of the amplitude of BQW. Calculating SDF to various heilcal
coil configurations, we can see the global structure of the helical
magnetic field. The envelope of SDF moves outside (inside) of torus when
the positive {(negative) pitch medulation is applied (Fig.3). The envelope
shrinks as the pitch parameter y.=(mac/IR;) decreases. The position of
the envelope is plotted in Fig.4, for various pitch number M. The
influence of the current density in the helical coil to the position of
the envelope can be practically ignored, because its change is smaller
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than the change of coil thickness (in the LHS parameters).
4 Discussion

Even if SDF is small in the region where good surfaces are observed,
the magnetic island may be formed as the result of its resonant Fourier
components. The analysis of Fourier component of SDF can predict the
island formation.

The breaking of the magnetic surfaces is related to the island
formation due to the resonant component n=me:. The precise position of
the outermost magnetic surface can be determined by taking into account
such resonance; but since SDF grows very fast near the envelope discussed
above, its Fourier component also grows fast near the envelope, envelope
giving the upper bound for the existence of the magnetic surfaces.

The spatial structure of the surface destroying field (SDF) can
interpret the boundary of the magnetic surfaces as well as the local
structure of the divertor magnetic lines of force. Although the present
analysis is restricted to the vacuum magnetic field, the same structure
may be expected in the finite beta magnetic field.

In the plasma equilibrium calculations the determination of the
plasma surface is the unsolved problem. It is expected that the
construction of SDF may give the means to determine plasma surface as the
outermost magnetic surface.

This work is supported by Grant-in-Aid for Fusion Research of
Ministry of Education, Science and Culture.
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Fig.1 The poloidal component of the surface destroying magnetic field.
The magnetic surfaces for A=0 By=100% are also shown,
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Fig.4 Dependence to the pitch parameter vy, and pitch number M.
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Ripple Diffusion and Bootstrap Current in LHD

T.Amano, M.Okamoto, N.Nakajima, Y.Ogawa, K. Yamazaki
National Institute for Fusion Science
Chikusa-ku, Nagoya 464-01
and
S.P.Hirshman, W.[.vanRij
Fusion Energy Division, Oak Ridge National Laboratory
Qak Ridge, Tennessee, USA

Ripple diffusion and bootstrap current are calculated for the plasma of Large
Helical Device{(LHD) with L=2, M=10, R=4m, and B=4T. The ripple diffusion is
calculated by using GIOTA code and DKES code[1,2]. GIOTA code calculates the
diffusion coefficient in 1/v regime very quickly and DKES calculates the neoclassical
transport coefficients in all collisionality regime by solving drift kinetic equation.
Bootstrap current is evaluated by using the formulation in Ref. (3} and (4),

The DKES calculation shows that the energy convofuted ion thermal conductivity
X; at the minor radius of r/a=0.5 for T;=0keV is less than 1.0m24s for ediT;>1.0. We

have examined the effects of the magnetic axis shift A, pitch modulation of helical coils
«, and the plasma B(0) on the neoclassical transport. Comparison has been made only for
effective flux of mono-energy particles with wv=10-4m where v is collision
frequency and v is velocity of particles. In the case of weak electric field (Erfv=10"
Svsec/m?), the improvement of the diffusion coefficient by a factor of 2-3 has been
observed when the magnetic axis is shifted inward (A=-0.1m). While, the diffusion
coefficient datariorates by a factor of 2-3, whan the positive pitch modufation a=0.1 is
applied, or when the central beta value is raised to §(0)=5%. The YMEC[S] code is used
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to obtain equilibria. In the l/v regime, the neocclassical diffusion has been also
evaluated with GIOTA code. It is found that the results of DKES code in 1/v regime
agree well with those of GIOTA code.

When the radial electric field is increased (Erfv=3x10-3Vsec/m?), it is found that
the deterioration of the diffusion coefficients due 1o the positive pitch modulation and
the finite bela effect has been overcoms, keeping the improvement due to the inward
shift of the plasma column.

Various vacuum magnetic field configurations have been considered to reduce the
neoclassical bootstrap current in the LHD, In the banana regime, it is clarified that the
geometric factor of the bootstrap current depends strongly on the vertical field and still
more strongly on the quadrupole field, but the dependence on M value is weak. The
small outward shift of the magnetic axis and the vertically elongated poloidal cross
section of magnetic surfaces can reduce the bootstrap current significantly. By
controlling the applied vertical field to shift the magnetic axis outward the bootstrap
current can be reduced to 1/2-1/4, and to 1/10-1/40 by controlling the external
quadrupole field to elongate the cross section of magnetic surfaces vertically. On the
contrary, the bootstrap current in the plateau regime is sensitive to the M number and
insensitive to vertical and quadrupole fields. The magnitude and profile of helical
ripples in the radial direction are crucial in the plateau regime and we have observed
negative bootstrap current. Their absolute values increase as M increases. When
compared with tokamaks, the bootstrap current may be driven appreciably in the plateau
regime in helical systems and it seems difficult to suppress or reduce it by the control of
poloidal fields. It should be remarked that the bootstrap currents in both banana and
plateau regimes are inversely proportional to the magnetic field strength By, since
<JosB> is independent of By, hence Jyo becomes proportional to 1/By.

It is concluded that the poloidal field control may optimize the equilibrium to

reduce the bootstrap current in the banana regime small enough so as not to change the
vacuum rofational transform. However, It should be emphasized that the compatibility
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of the optimized configuration for the bootstrap current with MHD stabilities and ripple
transports is important for the LHD. In the above bootstrap current calculations, we
have considered vacuum magnetic field configurations. The finite beta effect causes the
shift of the magnetic axis, which will affect the bootstrap current significantly. If the
magnitude of the bootstrap current-is so large to alter the rotational transform
appreciably, the equilibrium, bootstrap geometric factor, and trahsport fluxes should
be solved simultaneousty to obtain the self-consistent bootstrap current. The anomalous
transport and island formation are also important for determining the bootstrap current.
These problems are under investigation.

Inorder to assess the effects of change of configurations due to finite beta, the
magnetic axis shift and helical coil ripple modulation on the neoclassical transport of the
LHD, a transport code EQ-TRANS is now being developed. In the EQ-TRANS, 1-D
transport code and 3-D equilibrium code VMEC are solved simultaneously as in 1-1/2D
tokamak transport codes. From the output of the VMEC code, Boozer coordinates are
constructed which are used to calculate 1/v regime neoclassical transport coefficiéms by
use of the GIOTA code and also to calculate bootstrap current. Neutral beam heating is
calculated by using HFREV A code which traces ionizations of injected neutral particles
inthe YMEC coordinates. Thermalization of the fast ion beams is treated with a Fokker-
Planck code. The anomalous transport can be taken into account by assuming the LHD
scaling. The current diffusion equation for the FCT current due to heating and
bootstrap current will be also implemented. '
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Numerical Analysis of Temporal Development
of RF-Heated Plasma

Tsuguhiro Watanabe
National Institute for Fusion Science

Chikusa~ku, Nagoya., 464-01, Japan

Abstract: Numerical calculation of an overall temporal development of
an rf-heated straight plasma cylinder is tried by new numerical method
HIDM ¢higher order implicit difference method). The plasma is
described by electron, ion, and neutral-atom fluids({3-fluid model)},
with ionization, recombination, and charge exchange processes being

taken into account.

The radial electric field piays an important role for plasma
confinement in helical systems. The structure of the radial electric
field is affected drastically by plasma production, transport, and
heating processes. Hence, a comprehensive analysis is required to
study the global structure of the electrostatic potential. Purpose of
the present study is constructicn of the computer code to analyze the
global temporal develop-
ment of rf-heated plasma.

We analyze the temporal Egﬂ

development of an rf-

heated plasma numerically,

contro

Fig. 1 Model of rf-heating plasma column

assuming a straight Egﬂ
cylindrical model (Flg. 1).
The plasma is described by
electron, ion, and neutral-
atom fluids{3-fluid model), with iconization, recombination, and charge

exchange processes being taken into account, as follows:

an a(rnur)

_ann-an 1
ot rar ¢ ' (1)

Bno DO 3 ( anc i

- I =-anyn+8n’ (2)
at r 4ar L ar
2
aur + aur ueB e E + UeeBZ-UEzBO 1 d (nTe) 3
u — — -an,u._ ,
at Tar r my-r e mn ar 0-r (3)
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where a, B, 7, and x represent ionization, recombination, charge

exchange, and temperature relaxation rates, being assumed as follows:

-

-5 T, W, cm’ 14
a=10 exp| —— , 6=5.2x10 .
Wli 6W1+Tei Te, sec
bt -~ -,
_ cma -3 n -3/2 1
y=0. 2x107° AT, , 1=3. 2x10" log,A ——T,
sec 10 | sec
I:Wi (eV : ionization potential), T, (eV), n (cm—s):l
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To solve the equations (1)~(14), we have applied a new numerical
method HIDM (higher order implicit difference method) (ref. 1), which
can solve time evolutien of boundary value problems described by sets

of partial differential equations and boundary conditions:

L [_Q'TEL'_:,7{‘,“_‘ t, x) 0, 7;‘=:¢1(t.x),"u'¢w(t,x)1
_ — ~8¢1(t,x) a¢N(t.x)_
LN(;‘, ;;, —;, e z:, ex)o, T e T e |
[xd < x g le -;:=_a¢1(t.x)’"” a¢N(t,g) |
| i34 dx ]

PEERGREEWOY

ax (1) 3dy(t)
at | at

Q [fﬂ*(t %), ¢ (1x), ¢ (LX), 6. (t %), %, ] 0,

| Q [__¢(t R s ¢ (t, x ) ¢ (t, x,), ¢ (t. %), 2 ,__‘ t]:gf
(K=N+M)

with a high degree of accuracy and numerical stability (¢ is unknown
variables and A is unknown eigenvalues). The performance of HIDM has
been proved in many applications, for example, the analysis of plasma
transport by an electric field, the analysis of the ion acoustic wave
instability driven‘by an ion beam, and the analysis of the penetration
of an rf field into a magnetized plasma

An example of an numerical analysis of temporal development of rf-
heated piasma is shown in Fig.2. Present results is still in a
preliminary stage, but overall calculation of rf-heating process of a
plasma is carried out by HIDM. Most important key issue for the
computation of the time evolution of heating process was the choice of
the appropriate boundary conditions. Next step of the study is the
refinement of the model of the transport coefficients and comparison
with the actual heating experiments.
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i. T.watanabe, K.Abe, A Ishida, Y.Kanada and K. Nishikawa: HKakuyugo

Kenkyu(in Japanese), 58 (1987) 265. '

—132—



Fig. 2 Example of the numerical computation of rf-heating process of
plasma., Time evolution of plasma density(n), neutral gas density
density(n,), electron and ion temperature (T  and T.), electrostatlc
potentlal ¢ are shown. Initially, plasma fdensmy 10" ,
electron and ion temperature: 5eV, neutral gas den51ty. 10 )
and magnetic field(l Tesla in z-direction) is assumed to be
uniform. No electric field is assumed, Energy input to electron P
turn on at time 0 with time constant ~0.5usec to the level of ~5 9
kW/cm and energy input for ion is assumed to be in the level of
1720 of P . Electron heat conduction coefficients is assumed to be
constant and corresponding energy confinement time is ~C. 1 msec.
Ion heat conduction coefficient is assumed to be in the range of
1710 of electrons one. Neutral gas density diffusion coefficient is
also assumed to be constant and corresponding diffusion time is ~10

msec.
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1. Abstract

In the framework of the NESCOIL code a method analogous to the procedure of Cary and
Hanson has been developed to eliminate islands and more generally to control the size and
phase of islands. The method has been applied to Helias stellarator vacuum fields in order to
determine configurations with a dense set of flux surfaces in the plasma region and an island
chain at the boundary which may serve as a basis for a divertor concept.

2. Introduction

In stellarator research it has proved to be useful to separate the discussion of the magnetic
properties of a configuration from its realization by coils. The properties of the plasma equilibria
are completely determined by the geometry of the boundary. Therefore, it is reasonable to
optimize stellarator configurations by considering the plasma region only. This approach has
led to the Helias class of optimized stellarators [1]. The NESCOIL [2, 3, 4} code was then
developed to compute external currents (coils) generating the appropriate vacuum field: On a
closed -surface surrounding the plasma boundary a surface current distribution

7 =7 x Grad ®(xu,v) ,

M\N

O(u,v) = Z Gy sin 27 (mu + nv) — %-'v - Liu
m=0,n=—N P .

is determined in such a way that the field B approximates the vacuum field by solving approx-
imately a Neun_}ann boundary value problem, which is achieved by requiring that the normal
component of B be minimized on the plasma boundary (7 = normal unit vector on the outer
surface, v = toroidal angle, u = poloidal-like angle, I, = net poloidal current, J; = net toroidal
current, np, = number of field periods). The surface current can be expressed in terms of a
potential ®{u,v). The net currents I, I; are prescribed and the minimization procedure deter-
mines the Fourier harmonics ®my. The coils are obtained by discretizing the surface currents
into a finite number of infinitely thin filaments. They are modular (poloidally closed) if the
longitudinal current is I; = 0.

The NESCOIL code was applied to the Helias50B configuration (n, = 5 field periods). The

Helias50B stellarator is an example of the Helias class of optimized equilibria [5]. The realization
of the Helias50B vacuum field with 10 filaments per period yields an iota profile in the range

of 0.76 < ¢ < 1.0 with islands of ¢ = £ and ¢ = %, shown in Fig. 1.
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Fig. 1 Poincaré plots of the Helias30B vacuum field generated by 10 current filaments per
period. Number of periods n, = 5. The filaments are obtained by discretizing the

surface current on the outer boundary. Iota profile 0.76 < ¢ < 1.0. Islands appear at

-5 =5
t=gand ¢ = 3.

Fig. 2 Poincaré plots of the Helias50B vacuum field generated by 10 current filaments per period

where the islands at ¢ = % are eliminated by adding a resonant correction field which is

generated by adding Fourier amplitudes @6 = 5- 10~% and ®11,-1=-1.6- 10~ to the
surface current potential. '
One concept of controlling the plasma edge is to utililize a “separatrix and islands™
region for a divertor.  Optimal vacuum fields should therefore consist of a dense
set of flux surfaces in the inner region bounded by a separatarix surrounded by a
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chain of islands. For this purpose it is necessary to describe a method which al-
lows one to eliminate and, more generally, to control the size and phase of islands.

I
p P
N/ N
A T4, \
G HEILEIK )
~ Y ” :
\\‘\\ R 2::9 :
‘&"‘--. ___....—',‘-':,7:(’ >
===
Fig.3a
Fig. 3b Fig. 3¢

Fig. 3a-c Poincaré plots of the Helias50B vacuum field where the rotational transform is shifted
by applying a longitudinal field produced by a current I, of an additional coil set (see
Fig. 4). 2) 0.76 <t <1, I, =0,b) 0.72 < ¢ < 0.95, I, = 0.05I;, c) 0.7 < ¢ < £, -
I. = 0.12I, (I, = total modular coil current).

In the present paper it is shown that this can be achieved by a procedure analogous to the
method of Cary and Hanson [6]: Small resonant correction fields are generated by modifying
the coil geometry. In the framework of the NESCOIL code it is reasonable to generate the
resonant fields by adding appropriately chosen Fourier harmonics @, to the surface current
potential.

To provide sufficient flexibility, it has been proposed that an additional set of planar coils (see
Fig. 4) be applied in order to vary the iota profile. With regard to the divertor island chain
it has also been investigated whether reasonably sized divertor islands at the boundary are
-~ compatible with a sufficiently small size of these islands in the plasma interior on variation of
L.

3. Results

In Fig. 1 Poincaré plots of the Helias50B stellarator configuration are shown. The surface
current is determined on the outer surface. The surface current is discretized into 10 filaments
per period. A chain of 5 islands (. = %) forms the boundary. However, the size of the

island at ¢ = % should be diminished. This is achieved by adding the potential harmonics
P60 and 11,1 (see Fig. 2). The term 13,1 is directly resonant to a chain of 11 islands
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understood as a nonlinear coupling of ®gp with the geometry of the current-carrying surface:

m=0,n=-1
P00 — 6,—1.

Figure 4 shows a period of the modular coils with an additional coil set which allows variation
of .. In Fig. 3a-c Poincaré plots for different values of additional current I, are shown: I = 0,

g ) _
I, = 0.051,, I, = 0.121, (I,= total modular coil current). The values of iota at the boundary

decrease from ¢ = 1 to ¢ = 0.95 and ¢ = -g-, respectively.

The main modular coil set slightly differs from the coils producing the field in Fig. 1. In order
to minimize the thickness of the island at ¢ = % for the case I, = 0.05],, a correction potential

®g0 = 1.1 - 1073 has been added. Comparison of Fig: 1 and Fig. 3a (I; = 0) shows that the
phase of the islands at ¢« = % is changed by this correction field. Figure 3b shows a configuration
with a dense set of flux surfaces, and in Fig. 3c the chain of 6 islands appears at the boundary.
This example demonstrates that the variation of iota and the concept of a suitable “separatrix

and islands” region bounding the plasma seem to be compatible.
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Fig. 4 One period of the modular coils for the case shown in Fig. 3 and the extra coil set
producing an additional longitudinal field. For purely computational convenience the

coils of this extra set have here not been taken as planar coils.
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ON STRONG RF PLASMA TURBULENCE

Milo¥ M. 3korié
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11001 Belgrade, Yugoslavia

There is a sound theoreticel and experimental evidence of strong non-
linear effects associated with RF heating of toroidal plasmas. In particular,
concerning high power lower-hybrid heating schemes it is expected that
nenlinesr, strongly turbulent effects can become important. We discuss basic
features of strong RF plasma turbulence of upper-hybrid and lewer~hybrid
wvaves, We present mecdel equations, having a Hamiltonian structure, and show
that in those nonlinear systems, the nonexistence of three-dimenaional
soliton wave solutions is superseded by wave collapae phenomena, governod
by scfong ponderomotive noniinearity. Collapse of RP waves az a unique self~-
foecusing type phenomena plays a role of an effeckive dissipation, determining
basic microfeatures of emerging strong plasma turbulence. Moreover, it is
shown that there exiets a hierarchy of wave-collapse regimes, starting from
a weak-collapse case which formally preserves zero energy into the final
collapse staga and concluding with strong-collsapse, where the trapped RF
energy remaina f£inite, In this way, collapss c¢lassification appeara signi-

ficant concerning the plasma heating efficiency.

Further, we have performed direct numerical simulations in two-dimensions
of nonlinear evolution of upper-hybrid waves, In the highly nonlinear stage
we have oba.er\rcd a collapan process. Hercover, for all considarad aasar,
close to collspse singularity results show a self-similar behaviour
consistent with a weak-collapse regime. Finally we note that lower-hybrid
wave Simulations appear to be a complex problem, dus to ics inhevent three-

dimensional nature, a task planned for neay future,
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ABSTRACT

A structural design of the Large Helical Device (LHD) has been performed with
proposals of: (1) application of forced flow superconductor to helical and poloidal
coils, (2) toroidal shell for support structure of the coils and (3) corrugated vacuum
vessel with high temperature difference between inner and outer skins[ll, Structural
analyses of these components have also been carried out to understand their mechanical
behaviers including load transmission and to assess the structural reliabilities of the
LHD.

INTRODUCTION

The LHD is now being developed and will be a next major experimental fusien device
for National Institute for Fusion Sciencel2}, The preliminary design of the LHD has
been performed with particular emphasis on feasibility of the LHD. Major parameters of
the LHD are given in Table 1. The key engineering issues of the LHD are: (I) reliable
large superconducting coils with a stored energy of over 2 GJ, (2} in-situ winding
technique of a pair of helical coils with a field aceuracy of 5x10=%, (3) effective
support for the coils against large electromagnetic forces of over 1000 tons/m, (4)
complex dumbbell-shaped vacuum vessel with g thickness smaller than 30 mm and (5)
reliable divertor strueture for long pulse operation (t 2 5 sec).

COIL DESIGN

Helical Field Coil (HFC)
The HFC uses a cable—in-conduit type

Forced flow supercounductor having a Toble 1 Major Parameters of LHD
rectangular cross section of 29.0x25.8 mm2

with subchannel for SHE., The conductor Major Radlus 4m

consists of 1.5 mm thieck 316L conduit, 1.0 Average Plasma Minor Rodius 0.6 m

mm insulation and 486 NbTi/Cu strands of 0.7 ftinor Radlus of Helical Coll 0.96 m

mm diameter stabilized with pure Al. Major Magnetlic Field Strenath ; L ?;:lg:n;c]: Center

parameters of HFC are given in Table 2. The Hellcal Fleld Perlod { i/m ) 2710

HFC conductor bundles are encased in a 316LN Magnetic Field Accuracy sx1o-4
coil case to suppress the conductor Mognetic Energy 2 6l
deformation. featlng Power 20 MW

Poloidal Field Coils (PFCs)

The poloidal field coils consist of 2
outer vertical coils (OV coils), 2 inner
shaping coils (IS coils) and 2 inner
vertical coils (IV coils). The PFCs also

use cable-in-conduit type conductors Tobie 2 MoJor Parameters of HF ond PF Colls
consisting of 243 to 486 WbTi/Cu/CuNi ' magnetic  Coll Rated hurber ?gggctor gg?guﬂor
strands, compacted i1n 1 mm thick 316L p%ié;: g%ﬂ%ﬁ?" CT::m Tas (E e{f’m#ft N
conduit (first conduit), further encased 2.0 3 si29 WE 230 2258 45,5
mm to 4.0 mm thick 316LN conduit (secong‘l ove  -5.0z  Jesesos 3.6 164 16436 2.4
conduit} and 1.0 mm thick insulation. Major  #fC ISC -3z 288312 224 154 2ux26 35,8
Ve &AL Wials 21,2 288 24226 34,0

parameters of PFCs are given in Table 2.
The PFC conductor bundles are not encased in
the coil case.
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Coil Support Structure .

A concept of the LHD support structure is
illustrated in Fig. 1. .

A 100 mm thick toroidal shell has been
employed to effectively support the HFCs
against large electromagnetic forces.
Toroidal and poloidal ribs of 100 mm
thickness are attached to the toroidal shell
to reinforce the shell without increase in
total weight of support structure. They are
made of 31BLN stainless steel. The toroidal
shell is divided into 5 sectors im toroidal
direction and each sector is also divided
into upper and lower segments in the
poloidal cross section for easy
maintenability, They are mechanically
connected by bolts and shearing keies, The
HFC coil case is fixed to the toroidal shell
by bolts and shearing keies. The & PFCs are
supported by support frames mounted on
poloidal reinfaorcing ribs, The toroidal
shell 15 sustained by 10 thermally insulated
support legs, which consist of FRP cylinders
and stainless steel thermal anchors.

Structural Analyvses

An overall analysis has been performed
with a FEM model for aowhole helical device
shown in Fig. 2. A 72° sector of full torus
was chosen as an analytical region because
of geometric symmetry. Two kinds of coil
operations are considered here: forces by
HFC operatien (L1) and forces by both HFC
and PFC operations (L2).

The HFCs and their support structure
expand in major radius direction in the
of Ll load, but in the case of L2 load,
shrink toward machine center. Table 3
summarizes analytical results on the
displacements and stresses of structure
components under L1 and L2 loads. PFC
vertical displacements are estimated to be
~0.5 to -0.8 mm including deformations of
toroidal shell and support legs of about
-0.3mm, with maximum conduit stresses of 20
to 40 MPa against their vertical forces.

A detailed stress analysis of PFC
conduits has been performed to investigate
the load transmission between conductors and
detailed stress distribution of lst and 2nd
conduits and insulation under hoop force and
assumed quench internal pressure of B0 atms.
Figure 3 shows hoop stress and radial
displacement distribution of OV coil
conducters in the radial direction. Maximum
hoop stress is induced in the 2Znd conduit
and estimated to be 360 MPa for OV coil and
430 MPa for IV cotl.

Optimum HFC conduit thickness is set to
be 1.5 mm from an elasto~plastic analysis of
the conductor conduit under assumed quench
pressure of 80 atms(3],
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VACUUM VESSEL DESIGN

The vacuum vessel has a complex ard
twisted configuration with a dumbbell-shaped
cross section and is an all-welded structure
made of Inconel 625, with 30 mm thick walls,
mostly of sandwich construction with
corrugated core. The high strength and high
resistivity of the Inconmel 625 material and
the low cross sectional area of the
corrugated wall allow the sCructure to be
econtinuous without electrical break or
bellows and achieve an acceptably high
toroidal resistance (0.5 mQ). To
accommodate its numerous large port openings
and still maintain structural strength, the
corner sections of the dumbbell-shaped
vessel are solid Inconel 625 with 30 mm
thickness, as shown in Fig. 4. The
corrugated walls consist of a inner skin
(3.2 mm), outer skin (3.2 mm) and a
corrugation {1.6 mm) and the passage of
corrugation is used for cooling and heated
gas path during operatien and baking,
respectively. The vessel 1s supported with
20 trarion supports at inboard and putboard
sides on the machine midplane.

The FEM model of the vessel and the
typical results are shown in Fig. 5 and Fig.
6, respectively.

Figure 6 shows the Von Mises stress
distribution along the vessel perimeter in
the poloidal ecross section in the case of
load combination of internal atmospheric
pressure of I atm and dead weight including
weight of first wall. WMaximum stress is
induced on inner surface at outboard coroer
and is estimated to be 70 MPa with maximum
vertical displacement of A 4 mm,

DIVERTOR AND FIRST WALL DESIGN

The divertor consists of a armor block
with 8 mm thick graphite armor
metallurgically joined to 8 mm thick OFCu
{or M) plate and a OFCu base plate with
cooling tube. The armor block is
mechanically attached to the cocling base
plate by bolts., The cooling base plate is
belted to vacuum vessel inner surface
through thermal insulation.

The first wall also has almost the same
structure as the divertor except the
thickness of graphite armor (6 wm). Coolant
for the first wall is considered to be N, or
CO0y gas because of low heat flux of 0.1
kW/cm2 - 10 sec. For the divertor, water
has been used as coolant because of its
relatively high heat flux of 0.5 kW/ cmZ - 10
sec.

Figure 7 shows temperature time variation
of typical component points on the divertor.
The temperatures on the divertor saturate
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within 2 or 3 operating cycles resulting in
a maximum surface temperature of 126000,
which is sufficiently below a sublimation
temperature of the graphite.

The analytical result indicates that when
the thermal conductance between the armor
block :and the base plate is greater than 0.1
W/em“ C, the divertor is well cooled down to
the initial temperature. However, since the
temperature between graphite and molybdenum
substrate exceeds 900 C, direct brazing
method by precipitation of MyCp will be
required,

CONCLUSION

The structural design and analyses of the
LHD has been performed, From the design
work, following proposals have been made:
(1) cable-in-conduit type forced flow
superconductor for both HF and PF coils, (2)
toroidal shell for support structure of the
coils and (3) corrugated vacuum vessel with
high temperature difference between inner
and outer skins.

Analytiecal results show that both
displacements and stresses on the structure
components are successfully below the
allowable values and our design concept is
confirmed to have enough structural
integrity.
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ABSTRACT

A forced flow superconducting coil has been proposed for
application to coils of the Large Helical Device (LHD). Main
objectives of R&Ds are to study characteristics of a forced
flow superconducting coil and to examine fabricability of large
helical coil for the LHD. A R&D facility consists of a cryostat
power lJeads and two types o¢f R&D coils.
Cable—in—conduit type superconductors using NbTi/Cu are adopted
A computer controlled winding machine has been
developed in order to fabricate the TOKI-TF (helical coil). The
design features of the R&D facility are presented.

with 30 kA

for the coils.

INTRODUCTION

The. Large Helical Divice (LHD)

torsatron—-type
superconducting

the LHD [2].

Main objectives of R&Ds are

to study ch
forced-cooled
coil and

fabricability of large helical
coil for the LHD using

forced—cooled
The R&D facili

cryostat with 30 kA power leads
and two types of R&D coils,

is a large scaled heliotron/

fusion experimental machine with all
coils, and  1is now planning as a main
experimental apparatus of National Institute for Fusion Science
[1]. Major parameters of the current design are given in Table
1. A forced flow superconductong cecil has been proposed for
application to helical field coils and poloidal field cecils of

atacteristics of
superconducting

N Major Raduis
to examine

Hinor Radius of Helical

Hagnetic¢ Field Strength
superconductors.

ty consists of a

Hagnetic Field Accuracy

TOKI-TF and TOKI-PF. The TOKI-TF Hasnetic Energy

is the 1/4 sca
the helical fie

led model coil of feating Power

1d

Table 1 Hajor paraseters of LKD

4

Average Plasma MinorRadius 0.6

Coil 0.96 n
4 T at Plasma Ceater
8.4 T at Coil

Helical Field Period [I/m] 2/10

L
2 GJ
20 MY

coil with a field period, 1l/m=1/4. The TOKI-PF is the model
poloidal field «coil. Cable-in—conduit type
superconductors using NbTi/Cu are adopted for the coils. This
facility is ‘now wunder construction and will be completed in
March next year. This  paper describes the design and

coil of the

fabrication features of the R&D facility,

TOKI-PF.

COIL DESIGN

the TOKI-TF and the

Elevation view of the R&D facility is shown in Fig. 1. The
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cryostat is composed of the
vacuum vessel, LN2 shield, 30 kA
power leads, SHE ({supercritical
helium) heat exchanger, etc. The
vacuum vessel has a diameter of
2.8 m, height of 6.0 m and
weight of 15 tons, and is
evacuated with the turbo
molecular pumping systen. The
vacuum vessel is devided into
two parts for easy exchange of
the R&D coil. The R&D coil is
set in the lower part of the
vacuum vessel. The power leads,
SHE heat exchanger, and wvalves
for SHE are set in the wupper
part of the vacuum vessel. A
gas-cooled current lead is
adopted, and its heat load at
the cold terminal is less than
40 W at 30 kA.

The TOKI-TF consists of the
coil winding and a 316 coil case
to suppress the conductor
deformation. The c<¢onductor has a
rectangu%ar cross section of
I11x11 mm~ and consists of 1.0 mm
thick 316L conduit, 1.0 mnm
insulation and NbTi/Cu strands
of 0.428 mm diameter. The void
fraction is designed to be 40 %.
The cables wounded in a 3 X2x6

configuration. Major parameters
of the TOKI-TF and its conductor
specifications are shown in
Table 2 and Table 3,

respectively. Operating current
is 8.0 kA, magnetomotive force
is 800 kAT, and central magnetic
field is 0.78 T at R=0.9 mn,
Electromagnetic forces are
supported with the coil case and
toroidal beams joining the coil

case in toroidal direction.
Support structures are examined
using 3D FEM.The maximum

deformation of the coil is
calculated to be less than 0.3
mm.

Number of cooling paths is
10, and design mass flow rate is
1 g/s for each path.
Electrically all conductors are
connected in series by means of
9 Jjoints. The average length of
a turn 1is 8.453 m. The coil
winding contains 837 m of
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Table 2 Major parameters of TOKI-TF and TOKI-PF

Parameter

Un

it

TOKE-TF

T0K1-PF

Hajor radius
Hinor radius
Lnner radius
Quter radius
Field periods:a
Hultipolarity:)

800
250

4
1

608
820

Operating current k& 8.0 25
Average current density| A/am? 1.1 41.3
Hax, field T 2.71 2.76
[nductance [ ] 41.1 3.35
Stored energy Ht 1.34 1.05
Table 3 Major parameters of superconductors
Parameter Unit | TOKI-TF [ TOKI-PF
Type of conducter Cable-in-conduit,
Forced-flow
Material NbTi NbTi
Critical current k4 16 at 47| 50 at 7T
Conduit dieension | maZ Mxn 17x22,5%
thickness | am 1.0 1.9
Yoid fraction 0.4 0.4
Strand diameter [1] 0.428 0.67
Number of strands 324 480
NbTi:Cu:Cu-Ni ratio 1:4.8 1:1.6:0.5
Stability margin nt/ce | 699 449




conductor. The exterior surface
of conductor is completely
insulated by a layer of
half-lapped Glass—Kapton-Glass
tapes, which allows a dunp
voltage of 1 kV.

The TOKI-PF also uses
cable—-in-conduit type conducors
consisting cf 486 NbTi/Cu/CulNi
strands and 1.0 mm +thick 316L
conduit, and having a
rectangular cross section of -
17x22.5 mm- . AC losses are NbTi composite
estimated in the condition that
field changing rate is assumed {a) TOKI-TF
to be 0.5 T/s in according to
-the current LHD coil design
parameters. The TOKI-PF coil
winding is not encased in the ML)
coil case. Therefore a detailed
stress analysis of conduits has y
been performed to 1investigate
the 1load - transmission bhetween
conductors and detailed stress
distribution of conduit and
insulation under hcoop force and
assumed gquench internal pressure - -
of 30 atms. A maximum stress is NbTI compasite
estimated to be 400 MPa, and
this value is nealy equal to

Conduit
(SUS3I6L)

22.5

that induced in the conduit of (b} TOKI-PF

the poloidal field coil of LHD

(3]. Major parameters of the

TOKI-PF and its conductor Fig.2 Cable layouts of the
specifications are shown in superconductor

Table 2 and Table

3,respectively.

Cable layouts of the TOKI-TF
and TOKI-PF are shown in fig.2
along with conductor dimensions.

COIL WINDING

The helical machine is also
developed with special attention
to the winding accuracy. Unlike
a ring coil, the dJeodesic line
and the twisting angle of the
conductor of the helical coil
depend " on spacial point along
the helical axis. Thus the
roller bending method with
twisting capability is employed
in the winding machine shown in
Fig.3. . : , . .

The winding machine consists Fig.3 Winding machine
of: (1) a conductor supply drum
with a supply capacity of one
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Fig.4 Winding procedure

layer conductor length, {2) forming head to draw out and form

the conductor, (3) toroidal rotation device to give winding

motion in toroidal direction, (4) poloidal rotation device to
make winding motion in poloidal direction and (5) a computer
system to control spacial and angular parameters reguired for
helical winding.

The winding procedure is shown in Fig.4.
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ABSTRACT

The Large Helical Device is a next generation helical equipment for nuclear fusion. The
large scale superconducting magnets are going to be applied for these coiles. The major and minor
radius of helical coil system are 4 m and 0,96 m respeciively and the magnetic field is 4T at
plasma center and 8T at the coil surface. The coil system stores about 2GJ of {otal energy.
Superconductor of helical ceil is pure aluminum stabilized Nb-Ti compacted strand cable with
copper housing. The coils have the helium can made of stainless-steel and this can is filled by
liquid helium. This pool-cooled superconducting hehcal coil system satisfies the fully stabilized
condition.

The superconducting poleidal coils are composed of six (three pairs) circular coils and use
foreed-cooled superconductor to reduce the eddy current losses by the field changing operation,

The helical and poloidal coil systems are built in the large bell-jar (Vacuum vessel for
thermal insulation) with outer diameter of 13m,

This paper descrives conductor design and stablhty of superconducting magnet for helical
and poloidal coil systems.

INTRODUCTION
The Large Helical Device (LHD) Project is the major project of the National Institute for

Fusion Science. LHD has large scale superconducting magnets such as the total stored energy of
about 2GJ. The magnets are consist of helicdl coil and poloidal coils.

The superconducting helical coil is excited in steady state operation. In this design, we
chose the pool-cooling concept for helical coil to keep the cryogenic stability. On the other hand,
the superconducting poloidal coils varies their current to keep the equilifrium of plasma during
plasma heating. We chose the forced-cooled magnet for poleidal coils to reduce the a.c. losses.

The major design parameters of LHD are shown in TABLE 1.

HELICAL COIL
The requirements of helical coil are (1) Long pulse operation, (2) High current density and
(3) Flexible magnetic configuration for plasma confinement. From these requirements, the design
concepts of helical coil are:
{1}  Superconductor is Nb-Ti (Bmax= 8T: given value)
(2) Fullystabilized magnet {Stored energy ~2G.J)
(3)  Atsite winding (Transportation limit)
(4)  Medium operating current (Id~30kA)
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TABLE 1

MAJOR DESIGN PARAMETERS OF LHD

Core components

Item Parameter

Major radius 4.0m
Plasma minor radius 0.6m
Helical coil system
Helical field 4.0T at plasma axis

4 2

m 10
Coil minor radius 0.96m
Magneto-motive foree BMAT %2
Poloidal coil system
Number of coils 6 blocks
Magneto-motive force ~6MAT/each block

Vacuum vessel with divertor space
Graphite first wall and divertor plate

(5)  Individual supports for coil and vacuum vessel. (Different temperature between coil and
vessel)
(6) Large vacuum tank (bell-jar) containing major components,

Cross section of helical winding is shown in FIGURE 1 and design parameters of helical coil is

shown in TABLE 2.

TABLE 2
40X12+3X11=513 . DESIGN PARAMETERS OF HELICAL COIL
! Itemn Parameter
I o -
: : Major radius 4dm
v P Minor radius 0.96 m
72turns il Winding rule €=2 m=10
e~ o Magnetomotive force 8 MAT/ coil X 2 coils
I 12turns X Operating current 30.3kA
+ Number of turns 264 turns
! !__, 728 tttrrrr:ss\J ch Self inductance 4H
! b Stored energy 1.84 GJ
ai \ _L'i_&__lf — Maximum field on winding 8T
b Size of winding 513 X 427 mm
‘ ! Total MAT Average current density 39.1 A/mm?
‘ 264t i i i
‘ 40X8+IXT=341] o0 \;r}gz) Number of units 4 units/ coil
| s0XT0F5X8=477 ‘
FIGURE 1 CROQSS SECTION OF

HELICAL WINDING

— 148 —



Superconductor for helical coil is a Aluminum stabilized Nb-Ti fine-multi strand cable with
Cupper housing. Cross section of the superconductor is shown in FIGURE 2 and design

parameters of the superconductor is shown in TABLE 3.
TABLE 3
DESIGN PARAMETERS OF HELICAL
COIL CONDUCTOR

. Item Parameter
Cu Housing Nb—Ti+0OFC ' Size of 40 dth
1Ze O min wi
(1/4~1/2H OF7 / Pb(g—” conductor 13 mm height
N o Area of conductor 520 mm?2
f— Area of Cu Housing 146 mm?2
?)Q)(W =| | | Areaof Pure Al 157.8 mm2
[ e=| | | Areaof Cusheath 39.4 mm?2
i Area of strands 148.8 mm?2
/ \ - Number of stands 26
3 34 3 ‘Strand diameter 2.7 mm
/ Number of filaments 1750/st.
40 Filament diameter 0.046 mm
Maximum Field 8T
Cu sheath/_ Pure aluminum \ Critical current 60480 A
Operation current 30300 A
2
FIGURE 2 CROSS SECTION OF oual area Heat flux 0.2 Vr/em
HELICAL COIL Spacer arearatio 0.5
CONDUCTOR Stability parameter 0.97

In the helical coil, the angle of the heat conduction plane varies torsionaly. The measured
average equal area heat flux (qe) of various plane angle is 0.3 W/em2. The rough surface was not
adopted because of the damage in winding procedure. This conductor satisfies fully stabilized
criteria at the current of 30.3 kA at the field of 8T and at the temperature of 4.2 K. The load line
of helical coil conductor is shown in FIGURE 3 and result of stability simulation is shown in

FIGURE 4.
Current i
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- R
o0 : HEue o
: e e
2 e e
\- ; Jire: Bo.o8 Ao
2] iEEE
$IEEE R
40 | e
.3 i= 30300, 04
I=30300A qﬁ_=02\ E Lz 100.0CH
E:
! 3
20 Bm—aT\
: \ g _
- \'. S e
0 V s s .'G B F. X 40, 3G 8. 0. B3 . 100. 130, B 130. 142, 150, 160, 970, 180, 190, XR.
; o e LNt
0 5 " Field (T)
FIGURE 3 LOAD LINE OF HELICAL FIGURE 4 RESULT OF STABILITY
COIL CONDUCTOR SIMULATION
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POLOIDAL COILS o

In the' LHD poloidal coils we introduced the forced-cooled superconducting magnet with
bundle type cable-in-conduit superconductor. Poloidal coils are consist of outer vertical (OV) coils,
inner shapin (IS) coils, and inner vertical (IV) coils. Each coils have two coil blocks coaxially
located upper and lower. The arrangement of poloidal coils is shown in FIGURE 5. FIGURE 6
shows the cross section of poloidal coil conductor,

R5650
R3100
R2130
f
518 22
R4000
FIGURE 5 ARRANGEMENT OF FIGURE 6 CROSS SECTION OF
POLOIDAL COILS POLOIDAL COIL
CONDUCTOR
CONCLUSIONS

Superconducting helical coil and poloidal coils are designed. The helical coil satisfied the
fully stabilized condition. the poloidal coils have enough limiting current to operation.
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Abstract: Eddy current has been analysed on Large Helical Device
to understand its flow pattern on the vacuum vessel with helical
structure in the existence of helical field or poloidal field
change. Magnetic field in plasma region and electromagnetic
force which are induced by eddy current have also Tbheen
evaluated.

1. Introduction : _

Eddy current has not been calculated in helical devices
because there exist no major eddy current sources such as plasma
disruption in tokamak. However, eddy current even under normal
operation condition may disturb plasma equilibrium by creating
undesired magnetic field. In devices with superconducting coils,
current quench of the coils may induce large eddy current and so
large electromagnetic force in structural materials. Eddy
current analysis, therefore, has become important 1in design
study of the next generation helical devices. In the present
paper eddy current on vacuum vessel of LHD is analysed using
shell approximation to show the characteristics of its
distribution. The results of magnetic field and electromagnetic
force evaluation are also shown.

2., Eddy _current calculation

Eddy current has been calculated by a computer code 'ECTAS'
which is based on finite element circuit method !’ and is able
to treat arbitrary shaped coils as eddy current sources. Two
different vacuum vessel models are used for comparison, One is
vacuum vessel with circular cross section and the other is that
with helical structure which 1is shown in Fig,1l. In both models
vacuum vessel 1is represented by a conducting shell of finite
elements. The effect of port structures on vacuum vessel is also
evaluated using the latter model. Structures other than vacuum
vesse! have not been considered for simplicity.

— 151 —



External field
conditions considered are
helical coil current guench
and poloidal coil current
change(quadrupole field
mode). In both cases
external field 1is assumed
to change linearly in time
because of long time
constant of superconducting

é

coils %‘F&Z&%ﬁ
N DN Y
AR S

NNy Ry

NN N

3. Behavior of eddv current §E§ﬁﬁ§§@$&
Eddy current becomes side viey SEE TN

to steady state after - Am,

several times of vacuunm (a) Vacuun vessel (b) Vacuum vesse
vessel time constant and helical coil model :
because of the -constant g1 LHD and its vacuum vessel model
field change. Shown 1in '

Fig.2 are eddy current

flow patterns for three cases in the steady state.

Eddy current by helical field <change exhibits different
flows depending on vessel shapes. On circular vacuum vessel eddy
current. has strong toroidal component which corresponds to - the
direction of electrical field generated by helical «coil. It
shows helical flow .with the same pitch as helical coil on vacuum
vessel with helical structure. This distribution is mainly
determined by geometrical effect. :

Eddy current by poloidal field change 1is dominated by
toroidal component which reflects the direction of external
electrical field. In the «case of Fig.2 it can be explained by
quadrupole toroidal flow with saddle-like flow in weak
electrical field regions.

circular vacuum vessel vacuum vessel with helical structure
. [

helical field change [ poloidal field change

- Fig.2 Eddy current distribution in steady state
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4. Evaluation of magnetic field and electromagnetic force

' Magnetic field by eddy current and the time constant of
field penetration are «calculated for gquadrupole poloidal field
change. Poloidal distribution of magnetic field for different
toroidal angles is shown in Fig.3. In this calculation port
structures are included in the vacuum vessel model. Magnetic
field in plasma region shows little toroidal angle dependence in
spite of the helical structure of the vacuum vessel. It has the
characteristics of quadrupole field and +the toroidal component
is almost negligible, This fact means that the effect of
poloidal eddy current due to helical structure is cancelled each
other. Disturbance of magnetic field due +to the existence of
port structures 1is also very small(<10%). Typical value of
magnetic field strength 1is about 4 gauss 1in the plasma
peripheral, Estimated time constant of field penetration is
about 50ms (S0830mm* ). _

Electromagnetic force by eddy current and helical field is
shown in Fig.4 for the case of helical c¢oil current quench.
Large force is generated along the helical structure. But the
maximum pressure is about 1.4 X 10% Pa which is well below the

atmospheric pressure.

5. Conclusion
Vacuum vessel eddy current on LHD has been calculated. The
results are summarized ad follows.

(1) Eddy current distribution due to helical <coil current
quench on circular vacuum vessel has large toroidal component
which agrees with the direction of external electrical field,
while that on vacuum vessel with helical structure is determined
by geometrical effect. UElectromagnetic force in this case 1is
about 1.4 X 10* Pa at maximun. ,

(2) EBddy current distribution due to poloidal coil current
change 1is dominated by toroidal component which reflects the
direction of external electrical field. The resulted magnetic
field in plasma region shows little toroidal angle dependence
and has very small toroidal component. Magnetic field strength
in the plasma peripheral is about 4 gauss.
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1. Introduction

The Large Helical Device (LHD) is a fusion experimental device of
heliotron type. It has been designed by the design team organized of the
members of National Institute for Fusion Science and the otherxs. LHD has
a major radius of 4m and a minor radius of 0.96m. The design
specifications of LHD are shown in Table 1.

Major components of LHD include the helical coils, the poloidal coils,
the vacuum vessel, and the structural suppert system. All the coils (two
helical coils and three pairs of pecloidal coils) are superconducting
coils. These components must be feasibly designed in consideration of the
requirements of plasma physics and manufucturing. The superconducting
coils and their supporting structure rmust be set up with high accuracy and
have high stiffness against the large electromagnetic load in order to
suppress the error field which disturbs the magnetic field configuration.
Then, it is important to estimate the deformation of the coils, especially
the helical coils, which is caused by the electromagnetic load. ©On the
other hand, the wvacuum vessel 1is constructed of shell and has a
complicated shape. Besides atmospheric pressure and electromagnetic load
caused by eddy current, the vacuum vessel receives a severe thermal load
during long pulse operations. Then, it is necessary to estimate the
mechanical strength of the vacuum vessel against these loads.

This paper mainly describes the results of the structural analyses
which have been made on the ceoil supporting structure and the vacuum
vessel as a preliminary design study of LHD. B

2. Electromagnetic Analysis

The typical operation scenarios of LHD are as follows ; (1) Mode #1
Long Pulse, (2) Mode #2 Displacement of Magnetic Axis and High f#, (3) Mode
#3 Displacement of Plasma Cross Section, (4) Mode #4 Current Drive. In
addition to these modes, the independent excitation of the helical coils
is included as Mode #5. Figure 1 shows the distributions of the
electromagnetic force aleong the winding of the helical coil for Mode #3
and Mode #5. The maximum electromagnetic force is ~1000 ton/m. The
maximum intensity of the magnetic field, which the helical coil winding
experiences, 1is about §.4 T. :

3. Helical Coil and Coil Supporting Structure
3.1 Conductor and Coil Configuration
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Figure 2 shows the configuration of the conductor and the cross
section of the helical coil.
3.2 Concept of the Coil Supporting Structure
Figure 3 shows the supporting structure of the c¢oil system, The
supporting structure is constructed of four supporting rings, poloidal
coil supporting structure and reinforcing rids. The helical c¢oils are
supported by these four rings through highly rigid supports. The
supporting rings and the poleoidal coil supporting structure form a closed
ring in the toroidal direction. The reinforcing ribks are set up at
18° intervals along the toroidal direction., The material of the supporting
structures is austenitic stainless steel.
3.3 Structural Analysis of the Coil Supporting Structure
The structural analysis has been made by using NASTRAN. The modeling
is made for the 72° sector. The model is shown in Fig. 4. The
calculations have been made for typical two electromagnetic loading (Mode
#3 and Mode #5).

Figure 5 shows the deformation and the stress distribution of the c¢eoil
supporting structure in Mode #3. The maximum values of the displacements
are & ¢ = 0.72mm, d § = 0.27mm, 8 7z = 1.72mm, In viwe of the
requirements from the magnetic field configuration, it must bhe Jjudged
whether these values of the displacements are acceptable or not. The
maximum stress value (von Mises stress) is 176éMPa. High stzesses are set
up in the inner supporting ring but they are lower than the allowable
stress. Then, it can be considered that there are no problems in regard
to the stresses set up in the members of the suppprting structure.

4., Vacuum Vessel

The wvacuum vessel has a dumbbell-shaped cross section as shown in
Fig.6, where each part has been named A {arc), B {(straight) and C (arc) on
the cross section,

We have supposed basic concepts for the vessel structure as follows ;

{1) the vessel is cdmposed of thick shell structures, (2) supporting
structures are arranged at the lower part every 72 degrees, (3) cooling
-channels are mounted only outside of the part-A and (4) for baking the
vessel up te 120°C, high temperature and pressurized water and/or electric
heater are used, and so on.

In this section, we have studied feasibility of the vessel structure
using a simple model against atmospheric and heat loads.

4.1 Atmospheric Loads

We have parametrically studied on thickness of the vessel using an
axisymmetric model as shown in Fig.7. Obtained Results are as follows
{1) CASE #1 (A,B,C :15mm thick) ; the maximum stress 244MPa (2) CASE #2
(A,C : 15mm thick B : 30mm thick) the maximum stress 200MPa (3) CASE #3 (A
r 15mm thick B,C : 30mm thik) the maximum stress 112MPa (deformation and
stress distribution are shown in Fig.7.)

4.2 Heat Loads

Thermal and stress analysis have been performed using a partial model
as shown in Fig.8 on the following assumptions ; (1) thickness of wall is
15mm. (2) heat load of 0.2MW/mZ2 during operation of 10 seconds (3) water
cooling (1m/sec, 0.1MPa, 30°C).

Typical results are shown in Figs.8 and 9. The maximum temperature
difference between inner and outer surface is about 90°C at time = 10sec,
and at that time, the maximum stress intersity is 195MPa.

We will proceed to the investigations on the vacuum vessel with the
detailed model including the various ports, and the analyses on buckling,
earthquake shocks and electromagnetic loads induced at the helical coil
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current quench and plasma current guench will be performed.

5. Conclusion

We have had some prospect of the engineering feasibility of LHD by

the design study of the.coil system and the vacuum vessel. However,

the same time, it has been clarified that there are some engineering

problems to be solved and investigated in the LHD design study. Then,

will proceed to the detailed design of the components and the total system

in the next stage of the LHD design.

Table 1 Device Parameters of the LHD

(Helical Colly (Vacuum Vessel)

Major Radius (R} 4 m Major Radius (Ry) 4 m
Major Radius {a ¢) 09 m Cutar Radius 16 m
Magnelic Field (plasma center} 4 T Inner Radius 0.625 m

(maximum} ~8 Shape of Cross Section  Dumbbe!l
Coil Current 8 MAT/coil One Tum Resistance >0.1 mn
Current Density ~40 A/mm2 Baking Temp.
Stored Energy ~2 GJ Vacuum Vessel 100 °C
Toroidal Figid Pericd 10 First Wall 300 °C.
Cooling Method Bath Cooling Heat Load 0.2 Mw/m2
Winding Seclion 429 mm x 514 mm

(B) Cress section of Helcal Coil

Fig.2 Configuration of Conductor and Helical Coil
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ABSTRACT

We constructed the first superconducting helical coil. The fabricated coil
has the major radius of 300 mm, the minor radius of 62.7 mm. In order to simulate
the construction technique of Large Helical Coil , the small-scale coil was
wound with the computer controlled winding machine which was developed for the
automatic helical winding. We gained useful technical data about the fabrication
of a superconducting helical coil and confirmed a feasibility of fabricating
Large Helical Coil .

INTRODUCTION

A necessity of continuous winding method of superconducting wires or cables
had been pointed out in feasibility study for Large Helical Coil , which is
planned to be constructed as a main experimental apparatus of National Institute
for Fusion Science . In order to demonstrate the superconducting helical coil to
be essentially feasible , in both of fabrication and stability of performance,
we developed a continuous helical winding method and constructed a compact
helical device (KYOTO-SC) , as the first step of following R&D programs of Large
Helical Coil .

DESIGN

SUPERCONDUCTING WIRE .

A Cu/NbTi rectangular monolithic wire was used . Its cross sectional
dimension was 1.6 X3.2 mm? , Cu ratio to NbTi was 4, critical current was
2710 A at 4.2 K@ 3T , and coated with PVF ( polyvinyl formal } as turn to turn
insulation .
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COIL CONFIGURATION

The superconducting helical coil is shown in Photo.l , and main parameters
of the coil are summarized in Table.l . The definition of the coordinate system
( ¢, 6, r) in this helical coil is shown in Fig.1 .

The coil was wound along a geodisic line , which is a shortest line on the
doughnut shape mandrel . This shape allows for tension winding ( the preferable
method of fabrication) and the winding is stable . The superconducting wire
locus of the geodisic method is approximated by the following modified winding
equation .

p=(1/k)- (8-« +sinB) (1)

¢, O : toroidal,and poloidal angle [radian]
a : coefficient of modification ( = 0.4795)
k£ : number of the pitch (=8)

Equation (1) express a line ,but real coil has a volume . Therefore we
calculate the coordinates of the coil surface by applying the equation (1) to a
center line of the coil, and shifting points by half coil width . The coordinates
are expressed by (Xa,Ya,Za), as the following equations.

Xa=(R+r-cos 8 )-cos¢-d-cosB -sinf -cos¢ +d-sinB *sin¢ (2)
Ya=(R+r-cos 0 )-sin¢-d-cos B *sinb -sin¢ +d-sin B -cos¢ (3)
Za= r-sinf-d-cos B8 -cos § (4)
where B=tan™'{r-x/(R+r-cos8)-(1-a-cos@)} ,

R= 300 mm , 2-d : the coil width

SECTIONAL STRUCTURE
The two identical colls are on the ground insulated mandrel, separated by
a half pitch along the torus center line . Support blocks were fixed on
the mandrel between the two coils.These prevent the winding from getting out of
shape , from winding process through the cool-down and excitation . The support
blocks had to have smooth curved surfaces,which were numerical control machined.
The cooling channel between layers consists of G10 spacers, which were (.45 mm
thick , 5mm wide ,and arranged with 10 mmpitch along the winding . Each turn,
layer,and cooling spacer are adhered to others with pre-preg epoxy. One layer of
¢ 1.6 mm stainless steel wire was wound over the spacers (G10, 3mm thickness) on
the outermest layers of the winding.

WINDING PROCESS

WINDING MACHINE
The continuous helical winding machine was developed for KY0TO-SC .

The configuration is shown in Fig.2 . The winding head consists of O a wire
supply drum , ® a tension brakedrum ,(® a twist and positioning head .
Especially, the tension brake drum is designed not to lose its winding tension,
in the case of temporary stop or reverse drive. One of the four posts falis
down automatically , when the poloidal rotation table passes ,while the other
three support the mandrel . '
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WINDING METHOD

In order to wind the rectangular superconducting wire helically , it is
required to twist the wire continuously. At first trial, the wire often induced
some under-twists especially at the inner region of torus , in where the largest
twist was required , and hence it is difficult to line up the wire . This is
explained by the position of the winding head which was always located forward
of the point of contact of the winding "'’ ; more over the rocking motion of the
winding head which was resisted by a spring but not controlled . This problem
will be solved by controlling of the winding head to change its twist angle
corresponding to its position , but this positive angular change has not been
adopted this time .

In the result we succeed to complete the continuous helical winding with a
teaching method. The epoxy-fiber glass mixture was beforehand molded on the side
surfaces of support blocks . Coii-shape gauges which had been machined by means
of numerical control, and the support blocks with the mixture were assembled on
the mandrel, and then cured together .

We practiced the teaching at the first turn of every layer with manual control.
This process was carried out by winding the wire along side surfaces of the
support blocks .Therefore the final shape of the winding was formed by the shape
of cured mixture on the side surfaces of support blocks.

CONCLUSION

We succeeded to construct the first superconducting helical coil , using
the continuous helical winding machine , which was specially designed and
developped for this time . Furthermore , excitation result '*! shows the coil
i1s mechanically stable despite its unusual winding structure , that means
possible with the similar technique to advance to the next step for the
construction of Large Helical coil .
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TABLE. 1
Main parameters of the coil

THE NUMBER OF COIL 2
THE POLOIDAL PITCH NUMBER 16
MAJOR RADIUS 300 mm
MINOR RADIUS 62, Tnm
NOMINAL CURRENT 775 A 7
/ UPPER CURRENT /1530 A . | oo
NOMINAL CENTRAL FIELD 2.1Tesla (v ‘{:Jé(_‘ ,
/ UPPER CENTRAL FIELD /4.1 Tesla - F g =
THE NUMBER OF TURNS (1 coil) '
¢ DIRECTION 8 PITCHES X 11 LINES Fig. 1 the coordinate system
r DIRECTION 22 LAYERS

B3

! L

Fig. 2 the configuration of the winding
machine

Base ., 2. Posts, 3. Winding head ,

Poloidal rotation table ,

Toreidal rotation table ,

Polpidal motor , 7. Poloidal motor

Photo. 2  the close-up of the winding

oo O 1o
Pu i R

HMandrel
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Optimization of Design Parameters
for

Large Helical Device

Kozo YAMAZAK]I, Makoto ASAO¥, Osamu MOTQJIMA and LED Design Group
National Institute for Fusion Science,
Chikusa-ku, Nagoya 464-01,JAPAN

Abstract

The convenient scaling formula for plasma configurations and engineering design
parameters of £=2 helical systems are derived from wide range of computations. Using
these formula, optimized designs of heliotron / torsatron experimental devices with NbTi
superconducting coils are surveyed for the next generation machines { with major radius
of ~ 4 m and magnetic field of ~ 4 Tesla ). An £=2 / m=10 / v ~1.2 system with
coil current density of ~40 A /mam? is found as a optimized higher-beta better-cofinement
configuration with respect to the clean divertor installation, the coil engineering require-

ment and the cost optimization.

1. Introduction

The design study has been carried out to optimize the design of NbTi superconduct-
ing large heliotron/torsatron systems as next-generation devices, focusing on confinement
characteristics, divertor clearance, SC coil engineering ( stress, stability and safety ) and
cost consideration. For this purpose, simple scaling formula are derived.

2. Optimization Model
The design consideration of LHD system is focused on three physics points:
(i} estimation of beta limit,
(1i) theoretical/empirical confinement scalings, and
(iii) clearance between the divertor layer and the wall,

and on three engineering items:
(i) the electromagnetic stress limit
(i} the maximum magnetic field and allowable SC current density, and,
(iii) cost scaling of the helical device.
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The following design criteria are adopted:

2

By = :sz 5% ()

Ap S8 (2)

AgeZ 12— 15¢m (3)

o« BRj= 4T - drm - (40 — 44)A/mm? (4)
Cost x Wy FC ~ const. (5)

Here, Eqs (1) and (2) are related to the 5 % equilibrium and stability beta limits respec~
tively. Within these constraints, the fusion products n7T or temperature T shounld be
maximized, where empirical or neoclassical transport scaling is utilized. As for magnetic
configuration praperties, simple formula are used, which are obtained by using mag-
netic field tracing code HSD with multi-filament coil models and by minimizing standard
derivatives based on various configurations for

£=12 8=m=12, 1154514,

R.=4m, —01m=A,S0m

The details of these scalings will be published somewhere.

3. Optimization Results

Figure 1 shows three physics configuration constraints, and Fig.2 shows three engi-
neering boundaries, where shaded area is allowable. Within these boundaries, maximum
n7T or maximum T(empirical) is obtained for m=10, y=1.2. On the other hand, maxi-
mum T(Neoclassical) is given for m=12, as shown in Fig.3.

Using more strict MHD computations, we obtained the schematic m-vy plot (Fig.4)

showing favorable regime for a next generation device. The present LHD design (m=10,
4=1.2) was chosen as a optimized configuration shown here.

4. Conclusions

These analyses clarified the following points:
(1} m - v optimization

Higher 7 ( helical pitch parameter > 1.3 } configurations with larger plasma minor
radius are prohibited from the clearance between divertor layer and the wall. Rather
compact lower-m ( m < 8 )system is bounded by the equilibrium beta limit and the coil
current stability limit related to higher maximum magnetic field strength on the SC coil.



Larger-aspect-ratio larger-m ( m > 12 ) system with good neoclassical confinement is not
acceptable because of lower stability beta and narrow divertor clearance.
(2) B - R optimization

A higher-field smaller-scale system does not have clean divertor configuration and
the sufficient SC coil instability. On the other hand, a lower-field larger-scale device is
not acceptable due to low plasma temperature, the stress limit and the cost constraint.
(3) Optimized configuration '

A £=2 [ m=10 / y ~1.2 system with coil current density of 40 A/mm? is found as
a optimized higher-beta better-cofinement configuration for the next generation device
having major radius of about 4 m and field strength of about 4 T, with respect to divertor
installation, coil engineering requirement and cost optimization.

+ on leave from Kobe Steel, LTD. Nada-ku, Kobe 657, Japan
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Effect of Multi-Layer Operation of Helical Coil
in Large Helical Device

Makoto ASAO*, Kozo YAMAZAKI, Osamu MOTOJIMA and LHD Design Group
National Institute for Fusion Science,

Chikusa-ku, Nagoya 464-01, Japan

Abstract

One of main objectives in Large Helical Device Project is to investigate the funda-
mental properties of helical torus system in wide plasma parameter range. Therefore it
is necessary to design the flexible coil system to obtain various magnetic field configu-
rations. For this purpose, helical coil is divided into multi-layers to change helical pitch
parameter ( 7 ). A variety of configurations with different rotational transform and minor
radius are obtained by this multi-layer operation of the helical coil.

1. INTRODUCTION
To keep experimental flexibility, two flexible coil systems are planned:
(1) 3-pair poloidal coil system '
(a) to move the magnetic axis
(b) to change the shape of plasma cross-section
(c) to minimize leakage field, and
(2) multi-layer helical coil system
(a) to obtain various magnetic characteristics
(ie. ¢, ap, well, etc.)
(b) to control divertor layer
After the installation of helical ccil, it is ordinally impossible to change magnetic field
structure of helical coil. However, multi-layer coil system of this design is available for
modifying magnetic field components of helical coil.

2.COIL CROSS-SECTION

The standard coil parameters are shown in Table 1. The size of helical coil is 514
mm X 429 mm with width-height ratio of 1.2, This coil is divided into three equal parts
(radially). Then the coil minor radius of outer layer (I-layer) is 1110 mm, that of center
layer (II-layer) is 981 mm, and that of inner layer (III-layer) is 844 mm. The helical pitch
parameters (7 ) of each layer coil are 1.38, 1.22, and 1.06, respectively ( Fig.1).

+: on leave from Kobe Steel LTD. Nada-Ku, Kobe 657, JAPAN
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3.MAGNETIC SURFACES

The change of magnetic surface properties are shown in Fig.2 and Fig.3 . At I-layer
operation (7 =1.38), the plasma contacts the vacuum vessel and the limiter configura-
tion is obtained with low central rotational transform and magnetic well. On the other
hand, at III-layer operation (7 =1.08), it takes divertor configuration with high rotaional
transform and magnetic hill.

In addition to single layer operation, by controlling the current of three layers, it is
possible to change 7 continuously from 1.06 to 1.38. The plasma minor radius (a,) and
rotational transform (¢) as function of 7 are shown in Fig.4 and Fig.5 .

4. DIVERTOR LAYFER CONTROL

The divertor layers in the operation of each layer are shown in Fig.6 . According
to change the current of each layer, the location of divertor layer can be moved. Then
plasma heat load can be controlled to adjust to divertor plate.

5. ATTAINABLE MAGNETIC FIELD

The operation to change 7 is not full-current operation of helical coil, and maximum
magnetic field is limited. The relation between 7 and the attainable magnetic field in
plasma center is shown in Fig.7. In more than 3 Tesla operation, 7 can be varied from
1.15 to 1.25. A wide range of operation (from 1.05 to 1.4) is possible for 1-Tesla high-beta
experiments.

6.CONCLUSION

According to make helical coil divided into 3 layers (radially), r can be varied from
1.06 to 1.38. Therefore, in addition to change vertical field by controlling 3-pair poloidal
coil currents, following experimental flexibility can be obtained.

(1) Various magnetic configurations can be formed with ¢ of 0.29 ~ 0.92 at center
and 0.71 ~ 1.49 at surface. plasma minor radius is changed from 0.36 m to 0.73 m in
case of magnetic axis inward shift of 10cm.

(2) Control of divertor layer position is feasible and particle and heat flux to the wall
can be controlled.

This approach is limited to rather low field operation { 1 T operation for wide
range 7 -control), however it is specially helpful to get flexible configurations in high 2
experiment. Moreover, fine adjustment of divertor layer is feasible by this multi-layer
system even in high-field operation.
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ECH System in the Large Helical Device

Kunizo OHKUBO, Minolu HOSOKAWA, Shin KUBO, Takashi MUTCH,
Motoyasu SATO*, Ryuhei KUMAZAWA, Tetsuo WATARI, Tutomu KURCDA

National Institute for Fusion Science, Nugoya, 484-01
*Plasma Physics Laboratory, Kyoto University, Uji, 811

Abstract

The electron cyclotron heating system will provide 10 MW of rf power
for the large helical device. The rf power will be generated by ten 1 MW
gyrotrons and transmitted via the mirror system and/or the corrugated
wvaveguide. High voltage dc power to the ECH equipment will be supplied
from -80 kV power supplies with CW and 10 sec pulse width. A control
system will interface to the supervisory control system for the large
helical device.

Introduction

The goal of this investigation is to define an electron cyclotron
heating (ECH) system for the large helical device (LHD) on the grounds of
the state of the art from the experimental and theoretical points of view.
The ECH system should have the performance of 10 MW/10 sec as well as 3
MW/CW in the frequency range of around 100 GHz, taking into account the
experimental objects for the LHD. The objects are as follows: target
plasma production, transport analysis, potential control, electron root
confinement and steady state heating in connection with the superconducting
[HD. Those result in necessities of R&D for (1) the €W gyrotron with high
power and (2) transmission line for high power including the component such
as the dummy load and window with low loss and high mode purity. For this
purpose, R8D for ECH system started from June 1888.

Operation Mode

The operation of the ECH system will have three operation modes: (1)
the normal operating mode, (2} the alignment adjusting mode and (3) the
gyrotron tune-up mode. The gyrotron tune-up mede for aging will be
operated by a slight increase in the beam voltage and pulse width, until
normal rate is achieved. The various parameter setting of this mode will
be carried out by the manual or software. The alignment adjusting mode
will be required for checking or readjusting the deviation from the optimal
position in the axis of transmission line to the LHD. The normal operating
mode will be necessary for the physics experiments such as the plasma
production and heating. The parameters (e.g. timing, waveform, power and
selection of the gyrotrons required for the operation) of this mode are set
by the programmed software.

Power Supply System
The power supply system with the high dc voltage (-BO kV) will be
connected to both the commercial power line (for RD phase and CW operation

with 3 MW for the LHD) and the flywheel generator (< 10 sec). The system
will consist of the down-transformer, the SCR, the up-transformer, the
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rectifier, the filter bank, the crowbar and the regulator tube., The output
of the beam power supply necessary for driving a gyrotron is around 50 amps
and -80 kV and TMVA of ac povwer input is consumed. At present, ve are
discussing how many gyvrotrons can a regurator tube drive and how many
gyrotrons can the crowbar system protect. The beam and anode voltages
should be regulated within 0.2% over the full operating range. The rise
and fall times for waveform of both voltages and the time for the operation
of the crowbar are being discussed from the viewpoint of the cost and
performance.

Gyrotrons

As described in Introduction, total output power of the ECH sytem is
planned to be 10 MW/10 sec. Because the present state of the art of
gyrotron may give the expection for developing the megawatt gyrotron with
high efficiency (around 30 %) during R8D phase, ten gyrotrons will be able
to serve as the rf.generator of ECH sytem. The magnetic field strength
leaked from the LHD is not small (< 50 gauss) near the gyrotron cabinets
positioned at the torus hall. Therefore, it is necessary to shield the
leakage field. Since the cavity and electron beam near the collector are
decoupled, it is possible for an electrically depressed collector to be
used to recover the beam unused energy. Because the advantage will serve
the decrease in the cost of the beam power supply., the possibility of R&D
is also being discussed in relation to the schedule of developing the
megawatt gyrotron and to the withstanding voltage of the body or the
collector,

Transmission Line

As the transmissicon mode of rf power, three candidates are considered:
(1) TEp; mode in the waveguide with the smeoth wall, (2) HE;; mede in the
corrugated or the dielectric lined waveguide and (8) TEMy gussian beam
mode in the relay of the mirrors. By considering that the output of the
gyrotron converted by the mode convertor is of linear polarization, main
transmission using the TEp mode is not suitable. The method of (3) is of
fascinating from following points of view: application to the second EC
harmonic heating experiment, simlification of the rf components and
installaticn with the rf shielding duct with rough accuracy. In the final
choice of the transmission line, the combination of the above-mentioned
candidates will be adopted. For instance, in the mirror relay system of 50
m transmission using 45 degrees-incidence and 7 m of distance between
aluminum mirrors, it is estimated that seven mirrors with the diameter of
32 cm are required and is calculated that total loss (including a
diffraction loss, an ohmic loss, a scattering loss by the surface roughness
in the machining of the mirror, an absorption loss by air and an alignment
loss) is around 5 %. In Fig. 1 (a) and (b), attenuation constant for
TE11, TEy and HE;: modes is shown. The corrugated waveguide with the
diameter of 83.5 mm (corrugation hlght and width of a quarter wavelength)
has an attenuation constant 3 x10™* db/m at 93 GHz. The electric field at
this corrugated guide, which is inversely propotional to the radius, is
estimated to be around 9 kV/cm at the transmission of 1 MW and the .
vaveguide may withstands for arcing. To estimate the coupling of the
gaussian beam reflected by the mirror to HEi,, TE;; and TMi, modes in the
vaveguide, the coupling constants for each m are calculated by the
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orthogonal mode expansion when the beam waist locates at the inlet of the
(corrugated) waveguide. The coupling to HE|; has a maximum value when the
ratio of waist radius (ro) to wavegide radius (a) is 0.4955. At this
condition, 98% of the injected power couples to the HE{i-mode and 1.2% of
injected power excites higher modes. The remain power of 0.8% does not
enter the waveguide (Fig. 2). For TE|; mode, the coupling power has a
maximum value of 86.6% when the ratio of rg/a is 0.543. Here, the coupling
power for TEi|, TEj2, TEj3 TMi1, TMiz and T™M;3 1is 86.6, 0.5, 2.4, 8.8, 0.9 and
0.2% respectively (Fig. 3). Therefore, the combination of candidates (2)
and {(3) is preferable. In connection with the incidence into the dummy
load, plasmas and the window, the radiation patterns for HE)1 mode from the
vaveguide (Fig. 4) and for the gaussian beam truncated by the circular
aperture are calculated (Fig. 5). At the same time, the power along an
axis _normalized by both the wavelength and the waveguide radius {(i.e.
Di/a®) is examined. In both cases, Fresnel diffraction is in DAi/a*< 1 ~ 3
{(Fig. 6} and the radation of HE;; mode can be approximated as' the gaussian
beam with the ratio ro/a of around 0.4 (Fig. 7 (a)). For the truncated
gaussian beam, if the size of aperture is more than 3 times as large as the
waist size, the effect on truncation by the aperture is negligible (Fig.7

(b)) |
Control System

In normal operation mode, the system will be controlled remotely by
the LHD central cotrol computer and the ECH subcomputer. The control and
instrumentation interface between the control system and ECH equipment will
be implemented with the CAMAC creates which can communicate with the ECH
subcomputer through the highways. The signals from the timing control
system driven by supervisory timing system will be sent to the ECH
equipment .

Figure Captiens

Fig.1: Attenuation censtant for (a) various smooth-wall waveguides and (b)
the different corrugated waveguides as a function the waveguide
radius R for the frequency of .93 GHz. Here, H-T and H are the
width and period of corrugation, and the depth of corrugation is
A4,

Fig.2: Coupled pover with HE); and higher modes (HE;2, HE|;3) as a function

‘ of ro/a.

Fig.3: Coupling constant of gaussian beam with the waveguide mode: (a)
HE|n, (b) TE«, and (¢) TMip. Here, a is the radius of the
waveguide.

Fig.4: Radiation patterns for the HEi; mode as a parameter of the distance
D.

Fig.5. Radiation patterns for truncated gaussian beam by the aperture of
radius a as a parameter of the distance D. (a) ro/a=0.3 and (b)
ro/a=0.5.

Fig.6: Radiation power along the axis for (a) HE;; and (b) truncated
gaussian beam with ro/a=0.3, 0.4 and 0.5.

Fig.7: Equivalent waist (ro/c)eq;r for gauusian beam approximation
calculated from the radiation patterns for (a) HE;; mode and {(h)
truncated gaussian beam,
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ICRF Heating Program of the Large Helical Device -

Takashi MUTOH, Atsusi FUKUYAMA?, Tetsuo WATARI, Ryuhei KUMAZAWA,
Hiroyuki OKADA?, Masashi OHNISHI?, Masao OKAMOTO,
Kiyohiko NISHIMURA, Tutomu KURODA

National Institute for Fusion Science, Furo-Cho, Nagoya, Japan
1} Okayama University, Okayama, Japan
2) Kyoto University, Uji, Kyoto, Japan

Abstract: ICRF heating programs of the Large Helical Device (LHD) have been discussed.
The ICRF heating is considered as the one of the additional heating methods to achieve the
objective plasma parameters and as the useful tool to study the various physics subjects. The-
oretical analysis methods have been developed and parameter surveys have been carried out to
find out optimum heating conditions. Wave propagation and Fokker-Planck analyses are used
to evaluate the heating deposition profiles and direct orbit loss effect. Monte-Carlo calculation
is also used to confirm above resnlts. Alpha particle simulation program using ICRF is studied
and it is possible to examine to a certain extent by forming a similar distribution function
in ion velocity space. From these analyses, it becomes clear that the JCRF heating has high
potentiality as useful heating tool, even if the loss cone exists at the radial range of r/a, > 0.4.

§1. Objectives and Basic Design Concepts

An ICRF heating method has been established as the one of the most reliable high power
heating methods in large tokamaks. Recent successful experiments in JET and other large
tokamaks confirmed the effectiveness of this method to obtain the high ion temperature and
high effective @ value. The ICRF heating method had become successfully done as improving
the confinement of the high energy ions. In this sense, the efficiency of ICRF heating in the
LHD is considered to become higher than that of the former experiments in helical devices.
In tokamaks, theoretical analysis and hardware construction techniques are well developed.
Some of these knowledge and experiences can be applied to our works. However, there are still
many problems to apply the ICRF heating of 10MW level in the LHD which is designed to
use superconducting magnets. The ICRF system has to be designed for continuous operation
which is longer than 10 minutes.

The main objectives of the ICRF heating are followings. 1) To achieve the objective
plasma parameters as a part of the additional heating system. Especially, at the low 7, and
high T; operation condition, the ICRF heating has advantages. 2) To control the power
deposition profile and the velocity space distribution function which offer the useful tools
to solve the plentiful physics subjects. 3} To study the high energy particle behavior in
the helical system.(a-particle simulation)  4) To supply the heating power for steady state
operation.  5) To enlarge the effective @ value by making the high energy ion tail.

To design the ICRF heating system, the data base of the former experiments in helical
systems is important. In Heliotron E, efficient ion heating was observed on the fast wave
heating mode.!) Ton temperature was.increased from 200 ¢V to 1000 eV on minority heating.
8 He minority mode had better efficiency than the H minority mode. And in the H minority
mode, high energy protons, which energy range reach up to 100 keV, were produced and ob-
served to be confined in the plasma. On the other hand, CHS experiments have shown that
the plasma production at the wide range of | B | strength is available by using the Nagoya
Type-III antenna. From the data base of these helical devices and many tokamaks, it is worth
to consider the high power ICRF heating in the LHD. Both fast-wave and ion-Bernstein wave
(IBW) heatings may be useful. In this report, we report the analytical results of only fast-
wave mode. The IBW heating mode is now intensively investigated in CHS, JIPP TII-U and
Heliotron E experimentally.
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At present stage, main specifications of ICRF system design are followings; frequency is
tunable at 30 ~ 90 MHz, total power is ~ 9MW and pulse length is 10sec (CW for 3M W),

§2. Theoretical Analysis of Fast-wave Heating in the LHD

Wave propagation and damping profiles are analyzed by analytical method by Fukuyama
and et al.?) on the straight heliotron model. From these calculations, we can optimize the
launched parallel wave number %;; and the position of antenna loops to heat the central region
of the plasma column. Figure 1 shows some examples of wave analysis in the low field launch
case. The spatial distribution of the fast-wave electric fields and the absorbed powers to
majority and minority ions and electrons are shown. To achieve the core heating, relatively
small k;; value is necessary. In the figure, two cases of minority ions of H and *He are analyzed.
In both cases, almost all power goes to the minority ions. These minority ions have high energy
tail components on the distribution functions, which are decided from the balance of heating
power, orbit loss and relaxation processes. '

Py

8,{0)=10""m"?

H.

6, (0) =10"m-*  (a)

{b)

Fig. 1 Spatial distribution of fast-wave electric field and absorbed power.
(Neo = 10%m™3, B = 47", minority ratio 5%)

To estimate the heat transfer to bulk particles, Fokker-Planck analysis code was combined
with .the wave analysis code. In the Fokker-Planck code, the effect of the loss cone in the
velocity space is included.® Figure 2 shows the radial profiles of orbit loss power and heating
powers to majority ions and electrons. In these calculations, loss cone angle @ in velocity space
“has dependence of sinf = ,/€; and loss time is decided by the torcidal drift motion. In this
calculation, finite loss-cone angle exists at all radial point. Power loss portion due to particle
loss is large when heating power density is high and the minority ion specie is proton. In
the case of > He minority heating, we can expect about 70% thermalized power {rom antenna
loops. These profiles are well peaked, but the real thermalized power deposition profiles are
broader than that of the figures due to the large shift of the helically trapped ions from the
magnetic surfaces. In the design work of the Large Helical Device, one of the main criteria is
to eliminate the loss-cone inside the one third of the plasma radius. The percentages of the
orbit loss power are shown in Fig.3 versus the minimum radius at which loss-cone exists. From

these calculations, it becomes clear that the thermalized heating power efficiency of over 70%
is available if the deposition profile is well peaked. ‘
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Fig. 2 Radial profiles of direct orbit loss power and thermalized powers. (Real
thermalized power profiles are different due to the inward shift of trapped particles.)
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Fig.3 Ratios of the direct loss to the RF input power versus minimum radius which has
a finite loss cone angle. (solid lines correspond to the 10M W input power, and

the dotted lines correspond to the SMW.)
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Fig4 An example of Monte-Carlo simulation analysis. (n., = 10°m™2, T,, = 2.5keV)

In these calculations, toroidal effects are considered as the existence of the loss cone in the
velocity space. Monte-Carlo simulation code, which includes more realistic 3-D configuration,
can examine the effect of the orbit shifts from the magnetic surfaces*’:. An example of the
Monte-Carlo calculation is shown in Fig.4. All heating power is given to the test particles (mi-
nority ions). Power ratios of the particle loss to the thermalization, which are time integrated,
are shown versus time from the start of the test particles (1000 ions). Minority test particles
get energy at the resonant regions (w = wey) and transfer the energy to the bulk deuterons
and electrons. The three lines in the figure correspond to the pitch modulations of the helical
windings of the LHD. This result shows clearly that the confinement ability of high energy
ions strongly relates to the efficiency of the minority heating mode. Further optimization of
LHD is desirable to minimize the particle loss power.

Ref. ** (A_Nocentini et al.)

§3. a-particle Simulation Experiment 160 \

One of the main objectives of the ICRF
heating in the LHD is an a-particle simulation i 4
experiment. For this subject, we are planning
two different scenarios. One is the *He minor-
ity heating mode and another one is the 3rd 16!
or 4th harmonic heatings® of injected ions by
NBI. By these methods, we can produce large
high energy tails in velocity space to examine
the confinement properties of both high energy
ions and bulk plasma. In Fig. 5, the velocity
distribution functions of minority ®He ions are
shown. The functions of a-particles in a D-T
reactor are also shown. The similar high energy
tails are obtained by high power ICRF heatings
of 10 MW level.
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MOTION OF CHARGED PARTICLE IN HELICAL SYSTEMS

M.P.SRIVASTAVA
Uspartment of Physics and Astrophysics,
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Abstract: We have studied the motion of a charged particle in an
axially symmetric magnetic field such as found in straight heli-
cal systems. We reduce the three dimensional motion of a char-
ged particle into a two dimensional one by introducing an effec-
tive potential. It has been possible to classify the motion in-
to an offaxis motion and an encircling motion in the r-z plane.

1. Introduction :

The motion of charged particle in various magnetic field
configurations such as mirror machine, cusp stellaraters,
heliotrons and toroldal devices have been investigated by many
authors, In a straight helical system, the helical configura-
tion is bounded by a separatrix magnetic surface which is ex-
pected to operate as divertor. However, in actual torocidal heli-
cal system such as torsatron or helical heliotron the separatrix
disappears because of the vieolaiion of pure helical symmetry.
The model vacuum magnetic field may be used as toroidal harmonic
function,

In the present paper we consider the motion of a charged
particle in the presence of straight helical system described
by cylindrical coordinates. In section 2 we have discussed
the motion in presence of a typical magnetic field in helical
systems. We have reduced a three dimensional mation into =z tuwo
dimensional one in the presence of a fictitious potential.

2. Motion_in Helical magnetic field :

We consider the metion of a charged particle moving in a
magnetic field typical of straight helical system. The Lagran-
gian of the system is given by

a2 2 2
L = (Pr + Pg + pz) + Py Ay (1)

where Pr, PG and P_ are components of momentum of the particls
in r,6,2 direction§ respectively. Ay is the 6 component of
vectaor_,potential determining the magnetic field. The magnetic
field B in cylindrical coordinate for a typical straiZght helical
systgm is given by
8 = (Br, O, 8,) (2)
B, =8 [kr=I,(kr) sin kz] and B, =8 [-2kz-Ij(kr)ecos kz] (3)

where B is the measure of the strength of thes field. K is a
dimensional constant occuring in helical system. I.(kr) and
I.,(kr) are modified Bessel's function of zeroth and first order
respectively. Ue nondimensionalize the parameters as

r! = kr, 9 =986, z' = kz, t' = wt, (4)
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where w = gB/m i1s the characteristic frequency of the system. Ue
replace the dashed guantities by undashed ones. The magnetic
lines of force arse given by

v =z + rIq(r) Tos z = constant (5)

The magnetic lines of force are symmetrical about z axis and
r=0 is the asymptote for the family of magnetic lines for force.
The yector potential * for the field (3) is given hy

= [0, - (rz + 11(r)cos z),0] (6)

From (5) and (6), we note that ¥ =-rAg which is the flux of
magnetic lines of force. We note that the Langrangian is inde-
pendent of & coordinate. Therefore the canonical angular mome-
ntum, say M, will be a constant of the motion i.s.,

%% = [cPg + Thg 1= M (7)
The Hamiltonian of the particle is given by
H=p2 vp2 e (B _ag )% 24024y (8)
r z T 6 r z
Where
M 2
¢=(F'A9) (9)

¢ is called the fictitious potential, Consequently equatian
(B) gives the Hamiltonian of the particle in two dimension i.e.
(r-z) plane and the particle is also subjected to potential .
As r > 0, ¢ > , If we are interested in confined particlss,
it is necessary that the potential function has at lsast one

minimum. The points of extremum of ¢(r) are given by 3¢/%r = O
i.e.

. 4

(3 - Ag) = 0 (10)
or 0, 4 388 _ g (11)

T ar
For ¢{r) to have s minimum, it is necessary to see the sign of
second order derivative of ¢(r) at thase points. We havs

2 2

39 ar(p - e, (L (2 - 2, (r2)
Fram (12) we note that 82%¢/9r? > 0 if (10)is satisfied which
shows that ¢(r) has a minimum. But if (11) is satisfied than
$(r) to have a minimum, it is necessary that

@ oae (A 2hs 5 g (13)

Therefore ¢ form a potential ‘trough about the minimum and the
particle oscillates bestween the turning points of the trough
when injected from a point close to the minimum.

The motion in the two cases are different. Since we knouw
that M-rAg = nr is the angular momentum of the particlsej;. equa-
tion (10) would imply that n=0. The particle in such a poten-
tial trough performs an offaxis motion. But if equatian (13)
satisfies the condition of minims for ¢(r) there is no paint
where n=0, This motion is called an encircling motieon.

We now determine the ranges of M and z in which the particle
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will perform off axis and encircling motion. We consider foll-

owing cases.

Case 1 0 Sz £7/2
2

(a) m > 0 : so that
flr) = % - Ag = % + TZ + 11(r) cos z (14)
M A 1
and g(r) = 72t gg% = 77 [M-rzz+(r11(r) - rZID(r))cqs z] (15)

we note that f(r) is nonzero for all values of r in this domain
of z and M. But g(r) will become zero for at least ons valus of
r. The particles injected with this value of r will make an
gncircIing motion. B

(b} M < 0 : In this case the equation f{r) = 0 will give at

least one real root whereas g{(r) = 0 will not give any real root.
Thus we can say that when the particle entering at the point

when f{(r) = 0, it will describe an off axis motion.

(e) M =0 1: In this case neither f(r)
any real root.

Case 2. - ®/2 < z < O

(d) m > 0. f(r) = 0 will have at least one real root and q(r)=0
will also give at least one real root. Hence we can conclude
that as soon as the particle qoes to second guadrant for a
particular value of z, the particle will have an off axis motian
for some value of r and an encircling motion for some other
value of r.

0 nor g(r) =0 will have

Ll

(e) M < 0 : Here again we note that f(r) = 0 is satisfied for
some value of r and g{r) = 0 is satisfied for some other vlaue
of r+ So we will have off axis type of motion at some r and
encireling motion for some other value of r,

(f) M = 0 : For this case also we note that for some value of r
f{r) = 0 and for some other value of r g{r) = 0 so that the
particle will have off axis motion for some value of r and
encircling motion for some other value of r.

Conclusion : We note that the particle motion is either an off
axis motion or an encircling motion depending on which region it
is located and the values of physical parameters. The motion
will be complicated when we investigate the motion of charged
particle in model vacuum magnetic field described by toroidal
harmonic function which are more appropriate to toroidal system.
This motion in toroidal coordinates will be invesiigated subse-
quently.
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Equilibrium, -Stability and Transport in L=1 Compact Helical Axis
Configuration )
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Abstract ‘

The L=1 torsatron is modified by two methods to improve the
plasma stability. First one is8 the negative piteh modulation of
coil winding. Second is the superposition ¢f a relatively weak
L=-1 torsatron field. These modifications give rise to a local
magnetic well keeping a positive magnetic shear. The equilibrium,
gtability and transport of plasma in these modified L=1 tor-
satrons are described and discussed.

l. Tntroduction

Helical magnetic axis configurations as Heliac are known to be
suitable for high B8 plasma confinement because of the high rota-
tional transform and the deep magnetic well. However there are
the problems of magnetic island formation and surface destruc-
tion, which result from the resonant and non-resonant wvacuum
field Fourier components. These islands make the equilibrium
limit unacceptably iow.E1] In this paper, the L=1 compact helical
magnetic axis torsatron having a excursion of magnetic axis smal-
ler than the plasma radius is studied. The axis twist in the L=1
torsatron provides a rotational transform sufficient for the
eguilibrium and a high positive magnetic shear. However it has a
large magnetic hill. The modified L=1 torsatron by both the
negative pitch modulation of c¢oil winding and the superpoesition
of a relatively weak L=-1 torsatron field have a local magnetic
well keeping moderate positive magnetic shear.[2,3] The finite
beta effects on the equilibrium and the stability of these
modified L=1 torsatrons are examined with the use of BETA
code, [ 4] The particle drift and transport have been c¢alculated
from the Fourier components of the field strength in magnetic
coordinates.

2. Vacuum_ Magnetic Configuration
The L=1 torsatron, which has the simplest coil structure among

many other toroidal devices, is composed of a single helical coil
and vertical field coil. The pitch-modulated L=1 torsatron has
the helical coil with a winding law 8 =N¢ +a *sin(N¢ ), where &
and ¢ are poleoidal and toroidal angles, respectively, N the num-
ber of field pericods and o * the modulation parameter. The coil
aspect ratio A, (RP/rc, Rp is the major radius and r, the minor
radius ), N and « are optimized into a good compromise of the
plasma size, the rotational transform, the magnetic shear and
well, and the transport. The magneti¢ surfaces, which are calcu-
lated by Biot-Savart's law using a filamentary representation of
the helical coil, are shown in Fig.l for the optimized coil
parameters indicated, where Bg is the toroidal field at the minor
axis produced by helical coil. The magnetic axis excurses heli-
cally with much smaller amplitude than the average radius of the
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outermost magnetic¢ surface (a). The plasma aspect ratio Rp/a is
9.5. Fig.2 shows the dependence of the rotational transform ¢
(r) and the specific volume V'(r) profiles on the pitch modula-
tion parameter o *. For « *<0, ¢ (r) profile does not straddle
the dangerous rational surface ¢ =1. The local magnetic well is
formed near a/2 for the negative o *, while the magnetic shear
decrease. Furthermore, the negative pitch modulation reduces the
field ripple at magnetic axis and makes ¢ (0) increase. The su-
rerposition of a weak L=-1 torsatron field on the L=1 torsatron (
o ¥=0) reduces the magnetic hill near a/2, keeping the high posi-
tive magnetic shear, as shown in Fig. 3, which means the improve-
ment of the plasma stability. The weak L=-1 field, in turn, makes
the increase of both the Pfirsh-Schluter current and the field
ripple and the decrease of ¢ . The plasma aspect ratio Rp/a is
6.9 when I_9/1,7=-0.3, where I,_ is each c¢oil current and minus
sign means opposite coil current direction each other.

3. Finite Beta Effect on Eguilibrium and Stability

The finite beta equilibrium is examined for the fixed boundary
rlasma and for the stellarator/torsatron equilibrium without net
toroidal current. There appears to be no difficulty with the ex-
istence of equilibrium in the beta range of 10% for both pitch-
modulated L=1 and L=+-1 torsatrons, because the shift of the mag-
netic axis to the outer flux surface is smaller than a/2 in this
beta range . The magnetic island widths near the magnetic¢ axis
evaluated by the low beta analyvtical theory [1] are much smaller
than those in Heliac because of the higher torcidal mode number
of magnetic axis periodicity. This result is contrast to that of
Heliac, where the equilibriuom beta limit is determined from the
magnetic island. The numerical calculation on island formation is
being carried using Hiroshima code. Fig. 4 shows the dependence
of ¢ {r) and V'{(r) profiles on beta wvalue for pitch-modulated L=1
torsatron, which is calculated using BETA code. As B wvalue in-
creases, the local magnetic well is formed in a wider region
while the distribution of ¢ flattens out with the value at the
edge of the plasma falling of significantly. The self-magnetic
well beta value, [ ye331. at which the magnetic well is formed in
whole plasma region, and the shearless beta value, f 5, at
which the magnetic shear becomes zero, are ~ 5%. These critical
beta wvalues are 10% for L=+-1 torsatron and 12% for L=1 tor-
satron. The stability beta 1limit for m=1,n=1 global mode is 2.7%
for L=1 torsatron. For L=+-1 torsatron, there is not the ten-
dency for the presence of the stability beta limit within the
calculated beta range of 3.5% as shown in Fig.5. This enhancement
of the stability beta limit is due to the improvement of magnetic
hill formed without changing the magnetic shear. However, the
growth rate of localized modes, which is assessed via the Mercier
criterion, has the tendency to increase with L=-1 field strength.
This increase comes mainly from the increase of Pfirsh-Schluter
current. The stability beta limit for pitch-modulated L=1 tor-
satron is being examined. The Mercier criterion does not change
compared with that for L=1 torsatron.

4. Partig¢le Drift Orbits
We have studied the particle transport properties of this sys-
tem. Recently, it has become well known that the magnetic coor-



dinates has made the partig¢le orbit physical and readily inter-
pretable. We have used the magnetic coordinates, so-called
Boozer coordinates (¥ ,8 g, x ). Boozer's coordinates system has
straight field lines and a Jacobian that depends only on the
strength of the magnetinc field. The curl-free field is repre-
sented by B=V ¢ XV 8 o=V x . Here 2n 3 is the toroidal mag-
netic flux, and & o is angle variable which labels the field
line, In these coordinates, one of the appropriately normalized
drift equations is, d#/dt =— [u+Bp2] d B/d 6 3 , where
B is the magnetic field strength, pn is the magnetic moment and
£ 1is the parallel Larmor radius. The relations among the usual
toroidal angle ¢ and polcidal angle € and the magnetic coor-
dinates are, 8§ = 0 o+ ¢ (»)$p, x =gd , where ¢ and g are the
rotational transform and polecidal current outside a flux surface
¥ , respectively. At first, the magnetic field strength is cal-
culated along the field line. The number of field period is 17.
Utilizing the periodicities in & and ¢ in a torus, the Fourier
decomposition technigue [5] tell us the following relation, B =
> nmB nm-expliltn-me ( ))g~lx —m8 g)]. The original method [5]
had difficulty in determining the harmonics when the rotational
transform is rational and when the transform is large near the
outermost magnetic surface. We have decided the correct har-
monics automatically, as shown in Fig. 6. Here, we used some
improved methods, one of them is the use of the anti~symmetry
character of magnetic field strength along the field line which
is started from the half-symmetry plane 6], and ancther is the
correction for Fourier amplitude and frequency by theoretically
expected values. Substituting above equation to the drift equa-
tions, then we c¢an obtain the trajectories of particles. The
equations for the drift orbits are integrated by the Adams-
Bashforth method with variable step and order. Fig. 7 shows the
typical transition particle drift orbit for L=1 torsatron. The
starting point is & g=n ,X =0, and ¥ =y /4, where ¥ 5 is the
outermost magnetic surface, and c¢osine pitch to the parallel
velocity is 2n /5.

5. Conclusion

The plasma stability in L=1 torsatron is improved by two types
of modification; the negative pitch modulation of ¢oil winding
and the superposition of a weak L=-1 torsatron field. The former
modification makes a local magnetic well keeping a positive mag-
netic shear. The latter enhances the stability 8 1limit but makes
localized{Mercier) made more unstable. The particle drift orbits
are also cobtained by utilizing the magnetic coordinate which is
automatically transformed from the Cartesian coordinates.
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MAGNETIC HWELL

Fig. §. Magnetic surfaces over one field period {at
Loroidal angles ¢=0.0, 0.25, 0.5, 0,75 x 2/ N} in the 7
case of major radius Ry=2.1 m, the minor radias of

the /=1 helical coil r,=20.3 m, field periodic number z T T T T 1 9 T T T 3 1
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Fig. 2, Dependence of #(r} and F'(r) profiles on the pitch modulation factor o in the case of Ry=2.1m,
: r.=0.3m, N=17 and 4X-0.
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ELECTRON TEMPERATURE MEASUREMENTS ON ATF
USING ELECTRON CYCLOTRON EMISSION

R.F. Gandy, G.L. Bell
Physics Department
Auburn University, Ala., USA 36830
J.B. Wilgen, T.S. Bigelow and D.A. Rasmussen
Oak Ridge National Laboratory
Fusion Energy Division, PO Box 2009
QOak Ridge, Tenn., USA 80309

Abstract : Second and third harmonic electron cyclotron emission measurements have been
carried out on the Advanced Toroidal Facility (ATFE) at Oak Ridge National Laboratory. ATF is a
1=2, m=12 torsatron with a major radius of 2.1m and an average plasma radius of 0.3m. At the
standard magnetic field values of 1T and 2T, we have used heterodyne receivers with fixed
frequency Gunn local oscillators. The optically thick second harmonic emission has been used to
monitor the electron temperature profile as a function of time. The optically thin third harmonic
emission has been used to measure the ceniral electron temperature during ECH and Neutral Beam
Injection. Results from both harmonics agree well with the Thomson Scattering data. Calculations
of the width of the resonance zones indicate values from 1 cm at the edge to 5 cm centrally. An in-
situ absolute calibration of the system using a liquid Nitrogen source has been performed. The
beam pattern of the system has also been measured in-situ and agrees well with theoretical
calculations. A beam viewing dump has been installed to reduce the wall reflection problem for the
optically thin emission.

I. Introduction.

The Advanced Toroidal Facility(ATF) is a 1=2, m=12 torsatron located at Qak Ridge
National Laboratory. ATF has a major radius of 2.1 m and an average plasma minor radius of
0.3 m. The magnitude of the magnetic field on axis lies in the range 1-2 Tesla. Electron cyclotron
emission (ECE) from ATF provides a means of measuring the time evolution of the electron
temperature. To obtain electron temperature profiles a 16 channel filter bank radiometer has been
designed and implemented. Using a waveguide mixer to attain an intermediate frequency (IF)
range of 2 - 18 GHz, the signal is passed through a divider network into a filterbank consisting
of 16 bandpass filters, each having a 3 dB bandwidth of 1 GHz. A Gaussian beam horn-lens
systern with a vertical view perpendicular to the major axis provides spatial resolution on the
order of 5 cm within the emitting plasma volume. The complete system has been absolutely
calibrated in-situ using a liquid Nitrogen cooled source. For the optically thick second harmonic
ECE at 2T operation, the calibrated ECE system gives direct temperature information up to the
cutoff density of neo=2x1013cm-3, We have used the approach of Talmadgel to obtain electron
temperature measurements from third harmonic ECE at 1 Tesla operation. For the optically thin
third harmonic ECE at 1T operation, the calibrated ECE system gives direct temperature
information up to the cutoff density of neo=5x1013cm 3. The results agree well with independent
electron temperature measurements made by Thomson scattering.

II. Calculated Emission
In order to predict and analyze the ECE from ATF, emission codes have been developed.

Using the expressions for the absorption coefficient, o, as developed by Bornatici?, and
assuming parabolic density and temperature profiles, and the vacuum B-field, we calculated the

optical depth (1= f o ds) for straight line propagation through the plasma. Using a slab model
and the equation of radiative transport the specific intensity emission profiles were calculated3.
Due to the density cutoff restriction of the second harmonic at low field operation, the third
harmonic was selected to provide electron temperature information. However, density cutoff stll
remains a concern. For the expected range of central electron temperatures (1-3 keV) and
densities (1-5x1013 cm-3), the second harmonic for high field operation (2 T) is optically thick
and emission will be in the 80 - 112 GHz range while the third harmonic for low field operation
(1 T) is optically thin with emission falling in the 67 - 83 GHz range At present a ray tracing
code is being developed to investigate the role of refraction.
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III. Diagnostic System

A. Viewing Beam

The selection of a horn to couple the free space radiation to the waveguide for transport to
the heterodyne receiver required a design which provides adequate spatial resolution inside the
emitting plasma volume. The radiation pattern of a horn usuaily subtends a large solid angle
making interpretation of the data more complicated for both optically thick and thin plasmas.
Utilizing Gaussian Optics? a homn-lens system is used to form a viewing beam with a waist at
the plasma center, defining the viewing geometry . Only radiation originating within the beam
contours enters the horn. A vertical view of the saddle point geometry of the ATF mod B spatial
contours provides a line of sight along which the mod B contours are symmetric about the
horizontal midplane. For the situation where the ATF plasma is optically thin, the beam waist
should be located on the horizontal midplane. For this waist location the plasma exhibits nearly
identical behavior at each of the two locations where the beam intersects the emitting flux
surfaces. Beam, mod B and flux surface symmetry about the midplane guarantees the
uniqueness of the ECE spectrum and preserves space-frequency mapping. The selection of the
beam parameters was governed by the desire to maintain Gaussian purity, maximize power flow
though the 5.78" vacuum port, and attain acceptable spot size at center of the plasma. A
corrugated conical horn (axial length 18.0cm and aperture diameter of 4.47 cm) and a 32 cm focal
length TPX lens were designed to couple efficiently to the viewing beam while providing
broadband 67-114 GHz performance by matching the frequency scaling of the hom with that of
the beam. The circumferential corrugations are designed to produce identical E and B field
boundary conditions in order to launch a linearly polarized axially symmetric beam with the
majority of power channelled into the fundamental Gaussian - mode#5:67. Beam measurements
indicate the symmetric sidelobes are typically 30 dB down at the location of the beam waist.

The horn views the plasma through a wedged (2 degree) quartz vacuum window located
on an upper vertical port. In order to compensate for beam deflection due to the quartz vacuum
window, an oppositely-oriented, 4.5 degree wedged Teflon piece was added. Initially a pyrex
window served as a beam dump on the bottom port by providing an exit for the beam. This was
improved by employing two pyrex pieces having an inverted V-shape above the bottom port.
In-situ measurements of the radiation pattern of the viewing beam revealed a spatial resolution
better than the initial design due to over illumination of the lens used to focus the beam.

B. Transmission Line

The ECE cabinet housing the receiver and digitizers is located outside the containment
wall. Delivery of the radiation to the receiver is accomplished by a 34 ft run of C-band
waveguide, Fundamental waveguide sections immediately after the horn provide polarization
selection prior to transmission by the oversized section. Two H-plane quasioptical 90 degree C-
band bends give necessary direction changes with minimal loss. A waveguide high pass filter is
provided to eliminate the lower mixer sideband. Total insertion loss from plasma to mixer is
approximately 10 dB.

C. Receiver

The configuration for 1 Tesla operation consists of a mixer with an intermediate frequency
(IF) output of 2-18 GHz (67-83 GHz). The configuration for 2 Tesla operation is very similar
except that two mixers are used in order to cover the required range of frequencies(83-114 GHz).
During the system design, swept frequency systems were considered but due to the required
large bandwidth and maximum sweep rates on the order of 1 GHz/ms, their temporal resolution
were deemed unacceptable. Systems using switched fast sources were rejected due to their
complexity. The filter bank system offers simultaneous information at all frequencies of interest,
thus a spectrum is available with each sampling. Temporally unfolding the ECE spectra with its
inherent Joss of time resolution is not a factor in the data analysis . Sampling rates up to 20 KHz
are possible, allowing fluctuation studies. Using fixed frequency Gunn LOs makes for a quieter
receiver easily calibrated with LN,. Simplicity, reliability and cost were also attractive features.

For 1T operation a Millitech balanced mixer with an integrated 65 GHz Gunn local
oscillator (LO) covers the radio frequency (RF) range from 67-83 GHz. The coaxial IF system
consists of two Avantek low noise amplifiers each with 30 dB gain, providing input to a 16 way
power division network (15 dB loss per channel). Frequency resolution is provided by a filter
bank consisting of 16 bandpass filters, each having a 3 dB width of 1 GHz. Krytar crystal
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detectors with a sensitivity of 0.5 mV/uW and video amplifiers provide signals to the data
acquisition. Additional frequency resolution can be achieved by using narrower band filters in
the regime of interest. The 2 T systems are identical to the 1T system except that LO frequencies
of 81 GHz and 96 Ghz are used. For 2 T operation a power divider is used to divide the signal
into the two mixers.

D. System Calibration

Calibration of the ECE radiometer on ATF was carried out using a chopped, liquid
Nitrogen cooled blackbody source. In order to get an instrument response calibration curve that
describes the output voltage of the radiometer in response to an emitting plasma (i.e. eV/volt) a
known temperature source with well known emission characteristics is required. A convenient
and often used method is known as the Dicke switching technique.® This involves switching the
source being viewed by the radiometer between two loads of different temperatures so as to
obtain the change in the radiometer output voltage resulting from a change in the input
temperature, This was done for the three Mixer/LO front ends covering the frequency range 67-
114 GHz, where 67-83 GHz represents the 3rd harmonic for 1 T operation , while 83-114 GHz
is the range for 2nd harmonic at 2T.

It is essential that the radiation from the calibration source pass through all the
components of the viewing system so that all system losses and frequency responses are
included in the calibration. In addition, one must take care to insure that the viewing beam is
completely filled by the calibration source. A 7 inch diameter glass vacuum dewar was mounted
on a fixture and placed inside the ATF vacuum vessel at R=2.10 m. A three inch thick, seven
inch diameter circular piece of Eccosorb CV was placed in the bottom of the dewar and
submerged in liquid Nitrogen. The large diameter of the dewar is required because the 3 dB
beamwidth of the viewing beam at the horizontal midplane can be as large as 8 ¢m in diameter.
To get a change in voltage corresponding to a change in temperature we chop the viewing beam
with a mechanical chopper wheel. So that the beam is effectively switched from a source at a
known temperature to a source at a hotter known temperature the top surface of the chopper
wheel was coated with the microwave absorber Eccosorb AN-72. By rotating the chopper
wheel the viewing system was exposed to alternating hot/cold loads.

A black body source at liquid nitrogen temperature radiates with a peak temperature of

about 7x10°3 eV, some three orders of magnitude below the design temperature resolution and
six orders of magnitude below typical plasma operation. Switching from liquid Nitrogen to

room temperature is a temperature change of 1.92x102 eV, Voltage changes resulting from
temperature changes on this order are well below the DC level resulting from the noise power of
the IF system. Therefore synchronous detection methods are required. We use a chopper wheel
equipped with a wheel position detector which feeds our standard data acquisition
system(Camac). This generated a square wave voltage waveform that served not only as a
record of the chopper wheel position but provided the modulation frequency used in the Fourier
analysis of the voltage-time records. The amount of time and effort required to perform a liquid
Nitrogen calibration of a radiometer makes it desirable to have a secondary calibration standard.
Toward this end we carried out the cross calibration of noise tubes with respect to liquid
Nitrogen. The chopper frequency was typically about 12 Hz, such that about 130 complete
hot/cold cycles were recorded during each shot. About 30 shots were recorded per session. The
frequency was varied to check for any chopper frequency dependence in the n=1 amplitudes but
no dependence was found.

Initially the n=1 amplitudes for cosine and sine components at the averaged chop
frequency were calculated using an integral number of periods. The calculated phase ( tan-!
(Asin/Acos) ) was used to help determine the IF gain necessary to observe adequate voltage output
response to the chopped loads. If the IF gain was not sufficiently high then the calculated phase
plotted as a function of channel number showed a random distribution. The gains were adjusted
until a flat phase response was observed. The gain could not be set arbitrarily high (upper
bound=70 dB) due to the need to keep the point contact diode microwave detectors in the square
law regime for both the liquid Nitrogen and noise tube signals. The n=1,2,3,4,5 sine and cosine
Fourier coefficients were extracted from the raw data and averaged to recreate the average
waveform. Twice the amplitude of the wave was taken to be the radiometer response to the
chopped liquid Nitrogen load.
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III. Results

For 2 T operation with ECH only (approximately 200 kW), the optically thick second
harmonic emission is quiescent, decreasing with increasing density. Typical central T, values of
500 eV are seen at neo=1013cm-3. Characteristics are similar for NBI discharges. For the NBI
discharges heavy gas puffing results in a rapid density rise. The central X-mode cutoff is
typically reached within 80 ms of beam turn-on. As the beam power couples to the plasma, the
measured emission falls, then rises again.

The ECE system viewing third harmonic emission at 1 Tesla on ATF now operates

routinely. Since the emission is optically thin, the approach successfully used by Talmadge:1 on
Heliotron E is used in the data analysis. Basically the approach consists of unfolding the third
harmoenic ECE, which depends on Te and D, 1O find Te' To accomplish this we use the electron

density as measured by the microwave interferometer. When this is done with the system
absolutely calibrated as described above, a measurement of T, results which can then be

compared with Thomson Scattering measurements To date the technique has primarily been
applied to emission from near the center of the plasma. For 1 T operation with ECH only
(approximately 200 kW), the optically thin third harmonic emission is quiescent, decreasing with
increasing density. Typical central Te values of 600 eV are seen at ngo=1013cm-3. For NBI
operation, the electron temperature again decreases as the electron density increases. As the
central electron density exceeds 1.5x1013¢m-3 refractive effects result in the coupling of the
viewing beam to the isotropic background and localization of temperature information becomes
suspect. For operation with two neutral beams, the density exceeds the X-mode cutoff of
Neo=5x1013cm-3 and the viewing beam is coupled to the mod-B averaged emission.
IV. Summary

Second and third harmonic electron cyclotron emission measurements have been carried
out on the Advanced Toroidal Facility (ATF) at Oak Ridge National Laboratory. The ECE from
both harmonics has been used to measure the central electron temperature during ECH and
Neutral Beam Injection. Partial electron temperature profiles have been obtained using the
optically thick second harmonic emission at 2 T. The results agree well with the Thomson
Scattering data. An in-situ absolute calibration of the system using a liquid Nitrogen source has
been performed. The beam pattern of the system has also been measured in-situ and agrees well
with theoretical calculations. A beam dump has been installed to reduce the effects of wall
reflections.

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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Confinement Studies of Heliotron-E Plasmas in Magnetic Surface Variation

Experiments

F. Sano and Heliotron E Group
Plasma Physics Laboratory, Kyoto University Gokasho, Uji, Kyoto, Japan

§1. Introduction

Confinement sutdies of Heliotron-E neutral beam heated plasmas were carried out
with reference to magnetic surface variation by using additional toroidal field, B,, as well
as additional vertical field, B,. The variation of a*(= B;/By; B, helical field on axis )
causes mainly a change in mea..n plasma redius a, and in rotational transform «(r), while
that of 8* (= B,/ Bp) causes a shift of magﬁetic axis (A,) and a variation of shear param-
eter (©). In the standard configuration (o, %} = (0, —0.185), the gross energy confine-
ment time 7§ is given empirically as 7$[ms] = 13-7253[10%cm 2] P, 37 [MW]- B3 [T
for NEI plasma.s‘)a.nd then the anomalous electron thermal diffusivity xi" associated with
the above power-degradatin scaling is now the curcial problem to be settled urgently.
From the viewpoint of confinement improvement in the helical system, therefore, the
investigation of confinement properties as functions of magnetic surface quantities such
as ay, A, or © is of special importance in order to find out the physical mechanism
of anomalous diffusivity. This paper describes mainly the experimental studies of the

effects of a, on transport with special regard to NBI plasmas.

§2. Experimental and Results

Measurements of r$ were made in the (o, $*) map by utilizing a 1 — D profile
analysis/ transport-code (Proctr-Mod) with laser Thomson scattering T{r), FIR 7, (x),
T:(0) (CXRS:OVIII), and other diagnostics. Figure 1 shows typical time evolutions of
Tie, Poot and Pi,; and the laser timing profiles 7i.(r), T.(r) at the magnetic configuration
of (a*, A*) = (0.05, —0.192).

When we assume the confinement scaling of the standard configuration as the general
reference, it was found from the a*-scan databases that when A, ~ 0(F* = —0.185)
or A, ~ —2[em](f* = —0.192), the size scaling of 7¢ is not contradictory with the a?
dependence within experimental error bars despite the very limited variation range of

ap.
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In addition, the values of 7§ generally increase By ~ 20% when A, moves from 0
to —2[cm]. See Fig.2-(a) and -(b). Here, it should be noted that at large values of
o*(,eg., 0" 2 0.1 at §* = —0.185 or o 2 0.05 at f* = —0.192) the increase in a, is
suppressed by the carbon protector rods of the vacuum vessel, leading to a decrease in
a, with increasing a* accompanied by a limiter discharge.

On the other hand, it was found from the §*-scan databases that the a, dependence
of 7§, accompanied by the magnetic-axis shift, deviates to a large extent from the af;
scaling (Fig.3). When 7 o a/x is assumed, the above findings reveal that the effective
x3" is insesitive to the o*-scan variations of magnetic-surface quantities while that is
sensitive to the §*-scan variations of magnetic-surface quantities. From drift-orbit the-
ory, the confinement of deeply-trapped particles in Heliotron E is expected to degrade
with the outside shift of the magnetic axis, leading to a possible interpretation as of the
B*-scan dependence. Concerning the loss-cone variation for the deéply—trapped parti-
cles, the dynamics of the fast ions injected perpendicularly has been measured using the
neutral particle energy analyzer. The observed time-dependent neutral particle flux was
compared with the calculated Laplace-transform solution of Fokken-Planck equation,
which shows a good agreement on the basis of classical nature of fast ions. The effective
confinement time of the injection-energy fast ions can be deduced experimentally both
from the steady-state energy spectrum shape and from the beam trun-off decay time of
the neutral flux, which suggests a direct indication of loss-cone variation. As shown in
‘Fig.4, the experiment confirms the theoretical e:::pecta,tion.2 )

In addition to the loss-cone variation, the variation of shear parameter can not be
ignored as another important factor affecting the bulk transport. The shear parameter
© at the plasma periphery (r ~ 2a/3) is sustained to be relatively high (0.15 ~ 0.2) for
the present o*-scan variation whereas © drastically decreases with decreasing | §* |. In

this connection, the fluctuation-induced transport (7., By, etc.} is now under study.

§3. Summary
In conclusion, the present experimental data are consistent with the af, scaling at

conditions where ”good heating” is sustained with regard to beam orbits.
[Reference]

1) F. Sano et at., to be published in Nuclear Fusion Vol.30(1990), No.1.
2) K. Hanatani, 44th Meeting of P. S. J., 28a TE10, March 1989, Japan.
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Profile measurements in magnetic surface variation experiments/ Multiple
pellet injection experiments

8.Sudo, T.Baba, F.Sano, M.Sato, K.Kondo, H.Zushi, T'.Mizuuchi,
H.Okada, S.Besshou, M.Wakatani, T.Obiki
Plasma Physics Laboratory
- Kyoto University

Abstract: Temperature and density profile measurements by Thomson scattering method
in magnetic surface variation experiments are shown in Part 1. The density profile becomes
peaked when o*(= Bro/Buo} decreases, while the central electron temperature changes
little. This property is common in NBI plasmas. Apart from «” value, there is optimum
when f*(= Byo/Byo) = —0.192[A, = —2(c¢m)}. When 8 = —0.192, there is optimum
when o* = 0.05 ~ 0.10. In the case, the edge plasma is observed to expand when o™ is
increased from 0 to ~ 0.10. Density clamping of ECH plasmas ( Pggz ~ 450kW) is stopped
under the condition of o* > 0. Optimum condition is a* ~ 0.05 with §* = —0.192. A
quasi-steady state plasma with density of . = 4 x 10m™?, which is higher than cut-off
density of n, ~ 3.5 x 10'®m ™2, can be produced under the condition of T,(0) ~ 350eV in
case of o* = 0.05 and 8* = —0.192.

Multiple pellet injection experiments on Heliotron E are described in Part 2. By mul-
tiple pellet injection, regime of n — T diagram is expanded in the high density region.
As a result of high nT plasma production, MHD instability has appeared first in case
of B = 1.9T under the standard configuration. Peaked density profile with high density
(fie ~ 1 x 10°m™3) is achieved by pellet injection, which cannot be obtained only by gas
puffing. The behavior of pellet-injected plasma is studied also under the magnetic surface
variation.

Part 1. Temperature and density profile measurements in magnetic surface variation
ex'periments.

The o"(= Bro/Bro) dependence of electron temperature and density in the inner
region measured by the Thomson scattering system®) is shown in Figs.1{a) and (b). The
electron temperature in the inner region changes little, while the density in that region
changes to some extent. The peaking factor n defined as the ratio of n.(B5) to n.(B8)
is shown as a function of &* in Fig.2, where B5 and B8 denotes the vertical positions of
Z =~ O0mm and ~ 150mm, respectively. From the figure, the density profile becomes
peaked when o* decreases. The candidates of the cause of the peaking are : (a) difference
of ¢ changes particle transport (¢ increases when o* decreases) due to the neoclassical
effect, (b) inward pinch effect depending on o~ (¢) change of particle deposition of NBI
depending on a*, (d) smaller plasma radius a, results in increase of relative area of the
outer bad confinement region (a, decreases when a* decreases), which may cause the
peaking of the relative density profile.
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little, although the relative position moves
inward when «* increases. This may be at-
tributed to the braiding of the outer magnetic
surface or to the existence of effective limiter -
(vacuum chamber wall or several obstacles such
as carbon protector, laser viewing dump).

Fig.3 (a)a™ dependence of 7, and n, and BI13RS
(r/a = 0.86 for standard configuration),
(b) a* dependence at B13E2
{(r/a = 0.95 {for standard configuration).
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: ECH B{Ol=19T
The 5* dependence of the electron temper- Peon~0.45MW a*=005, AV=-20%

ature, density, and pressure is-studied. The S & 37
optimum condition is obtained when the 1
magnetic axis is shifted 20mm inward. This

optimum condition as to §* is independent Eage o A
of o value. Thus, o is varied with keeping s (e -‘E
B* constant at §* = —0.192 (magnetic axis ] 1%

is shifted 20mm inward). The optimum K =
condition exists at a* = 0.05 — 0.1 with £* 12
= —0.192. The fact that the plasma parame-

ters become worse in case of o* larger than Eﬁfégm |
0.15, is probably due to stronger plasma- oL ; ; s sE o Jo
wall interaction. From the temperature and s (10%773)

density profile measurements, these profiles Fig.4 ECH plasma under the condition of
remain continuous even outside of ¢ = 1, and o = 0.05 and 4* = —0.192(20mm

. . i d shift of ic axis).
the temperature gradient at the edge is con- Pward shift of magnetic axis)

firmed to exist at a certain level for a* = 0.05 and f* = —0.192. Under the same
a*, B* condition, the ECH plasma is also optimum, and the density clamping is stopped.
The T, — n, diagram is shown in Fig.4. A quasi-steady state plasma with density of
ne(0) = 4 — 5 x 10®m ™2, which is higher than cut-off density of n, ~ 3.5 x 10®m™3, can
be produced under the condition of T,(0} ~ 350eV.

Part 2. Multiple pellet in-

. . 25 T
jection experiments on | > e )
Heliotron E.
. . . 20 TI T -
A six-pellet injector for < N =
Heliotron E(? is being con- £ e o= | e 1
. 5 15k , i
tinuously operated for one : . T | % NBISixPelet)
' S [as & * | ECH - ICRF
year. It is proved to be use- £ 1o Bea .
. = 10+ N
ful for refueling and for comn- = oan " ,
=) L Ck. N By S}x-Peller - J
. : - - njection{l2
trolling a d?nmty proﬁ%e osL i 8@% ]
By multiple pellet in- 3 a a%a o7 % & e 5
. . . Carben Coating + Single Pellet
jection, regime of n — T ol njection( 286)

Q Q.5 10 1.5 + 20

diagram is expanded in the
g P Fe (10%m?)

high density region as shc-)wn Fig.5 #i, — T diagram. Multiple pellet injection expanded
in Fig.5. As a result of high T product. :
nT plasma production, MHD

instability has appeared first in case of B = 1.9T under the standard configuration as
shown in Fig.6(a). The stable and unstable region in the flatness factor {defined as the
ratio of A (CHS5) to f.(CH3), where CHS and C'H3 denote FIR chord for the outer and
central chord, respectively) — 7. diagram is shown in Fig.6(b). Peaked density profile with
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Fig.6(a) As a result of high nT plasma productioen,
MHD instability (m /= = 1/1 in this case) has
appeared first in case of B = 1.9T under the
standard magnetic configuration.

high density (A, ~ 1 x 10%°m~2) is achieved by pellet injection, which cannot be obtained
only by gas puffing. The behavior of pellet-injected plasma is studied also under the mag-
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Fig.6(b) Stable and unstable regions in the flatness
factor (= A (CHS)/R.(CH3)) — . diagram.

netic surface variation. The particle transport is rather sensitive to o* and 8* values.
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Impurity Behavior in Heliotron E
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Abs tract

Impurity behavior in the Heliotron E plasma was studied by a VUV spectrometer in
the various magnetic configurations with or without carbon coating on the vacuum cham-

ber wall.

§l.Introduction

Impurities in the magnetically confined plasmas have been severe restrictions to obtain
high temperature plasma. It is an important task to study impurity species, sources, and
production mechanisms. In Heliotron E, it is possible to vary the magnetic surface in
size, and to shift its magnetic axis by superposing the toroidal and vertical fields on the
helical field [1]. Thus the distance between the outermost closed magnetic surface and the
vacuum chamber wall can be controlled by the ratio of the toroidal {B,) and the vertical
(B,) field to the helical field (B,). Impurity behavior was investigated by changing the
distance between the plasma and the wall, and the surface materials from the stainless
steel to carbon by carbonization. '

§2. Experimental Setup

Impurity line emissions were measured by a time-resolving grazing incidence spectrom-
eter with a 1024 channel multi-detector [2]. The available wavelength region was 50 Ato
400 A, where the significant resonance lines from metallic ions are distributed. The dis-
persion was 0.23 A/ch at 400 Aand 0.11 A/ch at 50 A. The minimum integration time
was 10 ms and the integrated charges were digitized in 10 bit full scale. The line of sight
of the spectrometer was in the plasma midplane.

§3. Experimental Results :

Figures 1(a} and 1(b) show the typical spectra observed in the neutral beam heated
plasma with 2.2 MW power at 1.9 T. The parameter a*(= B,/B,) was 0.1. The average
electron density was 6 x 10"*cm™ and the central electron temperature was 450 eV, re-
spectively. The vertical axes are intensities and they are expanded to enhance weak lines.
The horizontal axes are the cannel numbers corresponding to the wavelength. The promi-
nent lines are indicated their ionic species and wavelengths in the parentheses(A-unit).
The dominant metallic impurities were iron, nickel, and chromium, which were released
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from the stainless steel of the wall, and titanium which was evaporated for gettering. The
residual light impurities were oxygen, carbon and chlorine. The highest ionization states
were F'e XVIII, Ni XVIIH, Cr XVI, T XVI, Q VIII, C VI and C! XV, respectively.

The line intensities of metallic impurities increased as o" increased to 0.12. Figure 2
shows the dependence of the line intensity on a", where line intensities were normalized
by the average electron density, because the electron density increased with «”. The cen-
tral electron temperatures were 500 eV at a* = 0.0, and slightly low at " = 0.1, and
the temperature profiles were almost same. The central electron densities at " = 0.0
were 6 x 10%e¢m™3, and 9.2 x 1083¢m~3 at a® = 0.1. Thus the increase of the metallic
line intensity more than 10 times was attributed to the increase of the impurity density.
Oxygen did not increased as metallic impurities. The outermost closed magnetic surface
attached to the chamber wall in a* larger than 0.05. Applying the carbonization to change
wall surface to carbon (3], the metallic impurities except titanium disappeared and carbon
line emissions become prominent, as shown in Figure 3. This spectrum was observed in
the neutral beam heated plasma with 2.2 MW power at o = 0.07.- The central electron

3

temperature and density were 500 eV and 6 x 10 cm ™3, respectively. The metallic impu-

rity lines, however, appeared as o increased to 0.1, where the plasma attached to the wall.

§4. Summary S

Impurity behavior in the Heliotron E plasma was investigated by a vacuum ultraviolet
spectrometer. Line emissions of metallic impurities depended on ¢®. As the plasma at-
tached to the vacuum chamber wall, the enhancement of the line intensities. was observed,
which suggested that the impurity source rate increased due to the strong plasma-wall
interaction.

References

. [1) T.Obiki, et al., This conference, VI-4
[2] K.Kondo, et al., Ipn.J.Appl.Phys. 27 (1988) 1287
[3] K.Kondo, et al., Jpn.J.Appl.Phys. 27 (1988) 2368

Figure Captions

Figure 1(a) and 1(b). Impurity spectra in the neutral beam heated plasma with beam
-power of 2.2 MW. The o™ was 0.1.

Figure 2. The o" dependence of impurity line intensities normalized by the average
eleztron density. _

Figure 3. The spectrum in the neutral beam heated plasma with 2.2 MW power and the
wall was carbon coated. The o was 0.07.
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Edge Plasma Study in Heliotron-E

T. Mizuuchi, H. Matsuural, A. Komoril, M. Harada,
S. Nagai2, H. Zushi, F. Sano, K. Kondo, $. Sudo,
S. Sato, M. Nakasuga, Y. Kawai2, T. Dbiki

Plasma Physics Laboratory, Kyoto University,
Gokasho, liji, Kyoto, 611 Japan.

Icollege of Engineering, University of Osaka Prefecture.
2Interdisciplinary Graduate School of Engineering Sciences,
Kyushu University.

Abstract
Magnetic field configuration of Heliotron E can be controlled by ad-
ditional toroidal field and/or vertical field. The change of the con-
figuration, especially in the edge region, is experimentally confirmed
by measurement of edge plasma profile and by measurement of the vacuum
magnetic surface with the beam impedance method.

In the Heliotron E device, the magnetic surface can be produced by the
1=2 and m=19 helical c¢oil. This coil can also produce the build-in divertor
geonetry or "divertor trace”. The numerical trace of the field line shows that
these configuration is varied by maodifying the strength of the torcidal and
vertical field components. The distribution of edge plasma agreed well with
that expected from the calculated field structure in the standard configura-
tion.1) 1In this paper, we discuss the effects of the magnetic configurationm
on these edge property by changing the toroidal field(B{p) and the vertical
field(Bayp). - '

FEdge plasma parameters{density, temperature, etc.) are measured with movable
Languuir probes, a thermal Li ©beam probe, a laser Thomson scattering sys-
tem. Figure 1 shows typical profile of edge density, temperature, and float-
ing potential along major radius for standard magnetic configuration(a
*=B{g/Bho=0, B *=(Byg+Bayp)/Bho=-0.185), where Bhg is the toroidal field com-
ponent produced only by helical coil and Bzyg is the vertical field for the
standard case. In this case, the plasma is produced by ECRH only(about 450kW)
and line averaged density is about 1x1013(ecm-3). X=0(cm) is the center of the
vacuum chamber and X=28.4(cm) corresponds to the outer most surface by the
field line tracing calculations. Electron temperature is almost constant(about
20 eV) in the edge region. The density profile obtained from two independent
methods, the Langmuir probes and the thermal Li beam probe shows good agree-
gent except for the absolute value. As shown in the figure, the edge density
shows the exponential decay with twe e-holding lengths, about 3 cm for X <
33¢{cm) and 1 cm for X > 33(cm). The position of this inflection point is
about 3 cm outside the calculated outer most surface and moves outward with
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positive a* and inward with negative one as shown in Fig. 2. For a *>0.1,
clear inflection point isn’t found. This may be due to carbon protector of
bellows of vacuum vessel, which act as material limiter for a *>0.1.2) This
behavior agrees well with that of the point where the connection length be-
comes short rapidly.3),4) Near the calculated outer most surface, however,
no clear change in the density, temperature,.or floating potential profile
is observed.

The change in the "divertor trace” is examined by measuring the poloidal(é
) distribution of the heat road on the wall with calorimeter array and of
the ion saturation current near the wall with probe array. The change of
the vertical field(B*) shows little effect on the distribution but the change
of the toroidal field(a*) shows clear effect on it. Figure 3 shows the
poloidal distribution of heat flux and ion saturation current for the "fish-
tail” part (outside of the torus). It moves moves toward the wid plane
with positive a® and departs from it with negative one. This change is
consistent with the change of the "divertor trace” position estimated by
field line tracing calculations. "Fish-mouth” part(inside of the.torus) is
also affected by toroidal field.

The attempt to check the change of vacuum magnetic configuration is per-
formed by using beam impedance method.5).8) In principle, the detected
emission current of the electron gun under the constant bias voltage is a
measure of imperfection of magnetic surface. Figure 4 shows the detected
current as the function of the beam-source position along the major radius for
two «* cases. The pattern of the I-X curve shifts as a* is changed. The dis-
tance of this shift is consistent with the change of the calculated magnetic
surface and the saturation point of emission current agrees with the inflec-
tion point of density gradient. A low impedance region, however, is observed
inside of the calculated outer most surface. The position of this region seems
to be related with the position of higher rational surface. When we -apply
a error field and destroy the magnetic surface, however, emission current
increases only for X=10-20 (ce), where impedance is very high when no error
field is applied. Considering that we use isotropic electron source and that
the width of banana orbit for deeply trapped particles is a few cm, we think
that observed imperfection of magnetic surface may be due to loss cone effect
of beam electron rather than due to the nonlinear overlapping of magnetic
islands. In order to check this, 2-dimensional measurement and comparison with
drift orbit of electrons with various pitch angle against field line?) will be
needed.

ref. 1) T. Obiki et al., 12th IAEA conf. (1988)
2) k. Kondo et al., this conference
3) 0. Motojima et al., J. Nucl. Mater., 128&129(1984)524
4) k. Nagasaki et-al., this conference
5) A. V. Georgievskij et al., 12th European conf.(1985)
6) R. Takahasi. 6th Int. Steralleter workshop (1086)
7) k. Watanabe, this conference
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RECENT DIAMAGNETIC MEASUREMENTS OF TOROIDAL COIL
EXPERIMENTS ON HELIOTRON E

S. Besshou and Heliotron Group*®
Plasma Physics Laboratory, Kyoto University
Gokasho, Uji, Kyoto, Japan.

Abstract _

This paper describes recent results (Jul.-Nov. 1989) on diamagnetic measurements
.of Heliotron E toroidal coil experiments. The status of the system is described, includ-
ing calibration and electronic signal compensation. Recent results are presented showing
the behavior of the stored plasma energy or average beta with additional toroidal field
ABr{a"), additional vertical field AB,(3*), By, 7. and heating powers.
1. Introduction ‘

Diamagnetic measurement is one of the basic measurements to determine the stored

plasma energy and average beta in toroidal devices[1-3]. Diamagnetic measurements in
Heliotron E re-started since Jul. 1989 to study the effects. of toroidal field and vertical
field on stored energy or average beta. We have used electronic compensation method

th 1‘oughout this experiments. DIAMAGNETIC FLUX & MAGNETIC COIL CURRENTS

2. Diamagnetic System

DIAMAGNETIC
FLUX{COMPENSATED}
{0.21 mwb/DIV}

(3.0 kJ/DIV).

The diamagnetic system on Heliotron E
uses a single turn diamagnetic coil, which (a)
1s installed in a stainless steel tube in the = jiEEKNSSSssnsugng
vacuum chamber [3]. Compensation signal is
derived from Rogowski coils mounted on the
helical-vertical coil, the toroidal coil bus and

auxiliary vertical coil bus. The compensation

DIAMAGNETIC
FLUX (COMPENSATED)

signals pass through passive filters with time (r;)- | 12 mwbson)

constants 7y = 10ms for helical coil Rogowski,

77 = 5ms for toroidal coil Rogowski and HELICAL COIL
FIELD ’
{~0.45 T/0IV)

#48131

Tav = 90ms for auxiliary vertical coil Rogowski. ‘!

We add the filtered signals to diamagnetic coil
signal at the input of operational amplifier of a

gated integrator. Three time constants are L BPAL con

FIELD

(e} AW | 0015 T/0M)

decay times of eddy currents in a vacuum

chamber, which are determined experimentally. (1 o1 1 AUX VERTICAL

Figure 1 shows compensated diamagnetic 5 - > (oot T/

. . . [ SR R S P S S T ] % 48130
signals, HF coil currents, TF coil currents, _ TiME (sec) " Bre=—090(T
. : : B1 = ~0.048(T
and AV(aux.-vertical) coil current. In this case e TF COIL @ =1005

. 13
total toroidal magnetic field is 0.95 Tesla. : . P e g=0se
o ¢ & @ Fig. 1 Diamagnetic =avcoiL- 1 Nov, 1989,
Second harmonic ECRH (53GHz) produces N fAux FLAT ToP
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plasma and NBI heats further. Figure 1(a) indicates diamagnetic coil flux of 0.567 mWb
at flat top. The observed ripple in helical coil current is 0.28 % from Fig.1(b) and (d).
Figure 1(c) is also compensated diamagnetic signal in the whole field duration, showing
zeroth order compensation at flat top.

3. Calibration and Raw Diamagnetic Signals.

We calibrated the integrator by applying D.C. voltage, determining effective time con-
stant 4.12ms as shown in Fig.2(a).The compensated diamagnetic coil signal is connected
to POKITAC” ADC ch33 with sensitivity 4.12 [mWb/V]. Figure 2(b) is a typical on line
diamagnetic signal and cos§ coil signal at standard configuration with o™ = B/B, = 0
(without toroidal field) and f* = B,/B, = ~0.185 {without auxiliary vertical field).
The cosf coil is sensitive to the equillibrium dipole current and also sensitive to the

pressure profile [4]. Figure 2(¢) shows a raw diamagnetic signal with toroidal field (
o* = 40.05 ) and auxiliary vertical field. Figure 2(d) shows toroidal current (< 1.5k A)[5],
loop voltage and bolometer signals (< 500kW). Figure 3 shows calibrated diamagnetic
flux (< 0.55mWb), I,, W,(< 8.5kJ) and average beta < fr >P14 (< 0.7%). Small effect
of toroidal current is included by software compensation in Fig.3{c) and (d) {3].

FHOT HD. «<Ee63d noDEs ECRH TIAE 1813 DATE 9%.10.3%

CALIBRATION OF 'NTEGRATOR BH+ —0.94 T, BT- Q.24 T, AL+ Ol-::'. 'l'-..‘.l::.r HELJeMH-K BaTa PRACESSING
=5] 5[ V1 Luu SPEED DATA o33z e o3 wa

_ Vin=31.5m oupese DIAMAG (0.16mWb/DIV)
2 Vo= (Vaar &7
- 5 ouT T N :
3 il

§
% :CG-=242.?(sec")
S i
< ¢
& =412 (ms]
£ o 6 -
=

] .
0 100 200 300 400 | cosf COIL
= __ > __ 1
TIME (ms) MJULY 1989 omboso (o = 0., " = —0.185) -
2390 350 j” " I ! : ‘:90
) . ) _ E msEcy - )

(a) calibration of integrator (b) diamag coil signal and cos § coil signal

without toroidal field and auxiliary vertical

SHOT HQ, 48241 MODEY ECRH TIRE 13117 DATE ER.L). B - SHOT HB. 48241 BODEYN ECRH TIRE 13417 DATE BP.12. a'-‘
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4. Diamagnetic Stored Energy WS4 vs. ‘Toroidal Field

Figure 4(a) shows W;?/4 as a function
of additional toroidal ﬁeld o = B,/B,.
Stored energy W, increases with o” in
~0.15 € &* < 0. However WPI4 is
almost constant or decreases with * in
0.05 € o < 0.15. Considering that

average plasma radius a,

a®, the observed WP/4(4 ~ 10kJ) shows

< fr

>PIA < 1% for —0.15 < o < 40.05.
Plasma wall interaction is important for

o™ > 0.05 {6]. Figure 4(b)} shows the effect
of vertical field (horizontal shift of plasma *¥
column) on IVPD" 4. Inward shifted case

and Vertlcal Field in High § Experiments (B = —0.947").
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We have requested NBI power scan twice during this experimental term by changing
numbers of ion sources. Figure 5 shows Wf“ at B = 0.94T as a function of NB port
through power. Solid line (A) in Fig.5 is W”'# with standard configuration (o
—0.185} at the line average density 5 x 103em =3, indicating W’fm < 8kJ, < By >PIAL
Broken line (B) in Fig.5 is W24 with inward shifted case (a* =
—0.192, Ay = —2cm) at the line average density (3.5 — 9) x 103 ¢m™3
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Fig. 3 Diamag flux, WP'4, < fr >PIA and 1.

Pig. 4 Diamagnetic stored energy W24 at 0.94T
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Figure 6 shows VV]DDM as a function 8* with a* = 0,+0.05 at total magnetic fleld 1.97
or 1.767. The W24 has an optimum peak (14 ~ 18kJ) at f* = —0.192(Ay = —2cm).
Comparing Fig. 6 with Fig. 4(b), the optimum (or largest) W2/4 is obtained at inward
shifted case by -2cm, independent of By, and a”. Thus W'pDM is quite sensitive to the
horizontal position of a plasma column. The W24 optimum at inward shift case seems
to support the predicted increment of NB power deposition by inward shift [7].

6. Conclusion

We have studied the effects of torcidal field and vertical field on stored energy W2!4
by electronically compensated diamagnetic measurements in Heliotron E. The W74 in-
creases with toroidal field o* = B,/B, and @, in —0.15 < o* < 0.0. The I/VPDM is almost
constant in 0 < o < 0.15. Additional vertical field realizes optimum WIPM when a
plasma column is shifted inward by -2cm, indicating possible optimum power deposition
there. Diamagnetic data available are WP/4 < 12kJ, < fr >P'% < 1% at 0.94 Tesla and
T/Vf”‘ < 20kJ at 1.9 Tesla with NB port through power 2.8MW.
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Study of Resistive Interchange Mode in Heliotron E

H.Zushi and Heliotron Group
Heliotron Plasma Physics Laboratory, Kyoto University Gokasho, Uji 611, Japan

Abstract

The effects of the magnetic axis shift and the toroidal field on pressure driven instabil-
ities are studied. It is found that the internal disruption caused by the interchange modes
is sensitive to the magnetic well formation near the magnetic axis. It is also observed that
the additional toroidal field (B,/By ~ 5%) is effective to stabilize it. Dominant instabil-
ity modes are changed from the m=2/n=1 or m=3/n=2 modes (0 < r/a < 0.3} to the
m=1/n=1 mode (0.6 < r/a < 0.7) as beta increases.

1. Introduction

In order to achieve high beta plasmas in helical systems, the stability of the pressure
driven interchange mode should be ensured’. In Heliotron E, characterized by the high
rotational transform and high shear stabilized configuration, the effects of the pressure
profile on stabilities of poloidal and toroidal mode numbers of m=1/n=1, m=3/n=2 and
m=2/n=3 have been studied®~®. It was found that these modes caused internal disruptions
or sawtooth oscillations depending on the pressure (especially density) profile. The density
profile becomes peaked during the neutral beam injection pulse ( S 0.2 sec), and then the
m=1/n=1 mode is destabilized around the ¢+ = 1 surface at r/a ~ 0.67°*. When the
beam power is increased up to 4MW, the density profile becomes more peaked. Then the
m=3/n=2 mode is destabilized near the ¢ = 2/3 surface at r/a ~ 0.4*>. With carbonization
of the chamber wall these two modes are stabilized because of the resulted broad density
profile, but the m=2/n=3 mode is destabilized due to a steep gradient near the + ='3/2
surface at r/a ~ 0.85.

In order to study the effect of magnetic configuration quantities on the stability of these
modes, the effects of the vertical field B, and the toroidal field B, are studied. The vertical
field can make the average magnetic well (hill) through the outward (inward) magnetic
axis shift. Thus the rational surface near the magnetic axis is stabilized (destabilized) by
the well (hill). The toroidal field has two minor effects. One is the effect on the rotational
transform and shear. The rotational transform on axis can be changed by B; as ¢,/(1+4a~)?
where ¢, is the rotational transform on axis without B; and o* = B,/B,, is the ratio of
the toroidal field by the toroidal coils to that by the helical coils. When «” is positive (B,
is added to By,), , decreases and global shear (¢, — ¢,) /¢, increases. Thus we can adjust
the radial location of the most dangerous rational surface to avoid ihe region where the
pressure gradient VP is maximum. The other effect is the magnetic well/hill formation
by deformation of the magnetic surface near the axis. When o™ < 0, the shape of the
magnetic surface becomes more elliptic. Since the direction of the elongation is equal to
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the direction along which the magnetic field strength is decreased, the magnetic hill is
formed. When o~ > 0, the shallow well is formed by circular deformation.

In this paper, these effects are experimentally studied. The parameters are as follows;
2 < 7. < 8x10%cm™2, 200 < T.(0) < 600 eV, 200 <7T; < 900eV, 094 < B, < 19T,
B(0) £ 2% and Pyp; < 2.5 MW. '

2. Experimental Results
"2-1. Effects of the vertical field on stability 7

For the outward shift {well) case of 0 < A, < 4cm there were no visible oscillations on
the soft X-ray and line density signals at the range of 0.4 < £(0) < 1%. However, for the
inward shift (hill) case MHD activities were observed. The fluctuations appeared on both
signals at A, ~ —1lcm and then internal disruptions with AISX/ISX of ~ 60% occurred at
A, ~ —2cm. At A, ~ —4cm, the amplitude decreased to less than 10% but the sawtooth
repetition tine reduced to 2—3 ms from about 10 ms at A, ~ —2cm.

2-2. Effects of the toroidal filed on stability _

The effects of B, are studied under the fixed condition of B,. At A, ~ 0, a plasma
was stable for o > 0, but for ¢ < 0 a plasma became unstable. The fluctuations with
énd/nl of ~ 5% were observed on the line density, and finally a disruption occurred at
a" = =0.1. The phase inversion radius r;,, of this disruption was found around the ¢ = 2/3
surface near the magnetic axis. This was due to the magnetic hill formation by the elliptic
deformation effect of B, and the peaked density profile depending on «* 2.

At A, ~ —2cm, internal disruption occurred at o* = 0 as was described in §2-1. The
radius x1;,, was close to the «+ = 1/2 surface near the axis. The m=2/n=1 oscillations
were found during two disruptions, but these oscillations disappeared just before the sub-
sequent disruption. For o™ < 0 the amplitude of the internal disruption became large, and
enhanced MHD activities caused the density gradient and n.(0) to be lower than that for
o > 0. On the other hand, when a small B, is added {0.03 < o* < 0.08), these internal
disruptions were stabilized. The line averaged density increased up to 4 x 10%3cm™? from
2.5 x 108%cm~3(a" < 0) under the same gas puffing rate. The similar change was observed
on the soft X-ray chordal profile. For & > 0.1, however, sawtooth oscillations appeared
again. Although the line averaged density increased up to 5 x 10'3%cm™3, the soft X-ray
intensity decreased, which corresponded to the reduction of T, (Fig.1). At A, ~ —4cm,
the same stabilization effects of B; were observed in spite of the more unstable hill config-
uration. At o ~ 0.05 an unstable sawtoothing plasma.was stabilized.

2-3. Relation between the pressure gradient and the interchange instabilities

Thus it was found that the outward axis shift stabilized a plasma and the inward shift
destabilized it. It was also studied that small positive B; had a significant stabilization
effect; but negative B, and more positive B, destabilized a plasma. In order to investigate
how these instabilities affect the pressure profile a relation between a pressure gradient
and MHD activities was studied by varying B, and B,. Here we used the gradient of the
soft X-ray profile at the rational surfaces r = r¢(s+ = 1/2 or 2/3) as a measure of VP,
at r5. All data were taken just before the disruption for unstable discharges and at the
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maximum soft X-ray intensity for stable discharges. The profile was fitted by a gaussian
profile. As is shown in Fig.2, the maximum gradient near the magnetic axis was obtained
at o™ ~ 0.05. For unstable plasmas (¢ < 0 or &* > 0.1) it became difficult to obtain
the steep gradient. For more unstable case of A, ~ —4cm, it was also found that the
maximum gradient was obtained around a«® ~ 0.05. This result indicates that even in
the hill configuration the maximum attainable pressure (density) gradient is increased by
small B, through stabilization of interchange modes.

2-4. Finite beta effect on the interchange instabilities

In a heliotron/torsatron configuration, the interchange mode near the magnetic axis
can be stabilized by Shafranov shift. Since the rotational transform on axis increases as
beta increases, the radius of the rational surface moves towards the axis, and then the
mode associated with such rational surface tends to be stabilized by the magnetic well due
to the finite beta effect. On the other hand, the interchange mode from 0.5 x a to 0.7 x
a is hardly stabilized, because the finite beta well effect (Shafranov shift) is not sufficient
and finite beta shear effect is also small. These points were studied in the configuration
with & = -0.1 and A, = Ocm. In vacuum, there is no well near the axis. Figure 3(a)
and (b) show two unstable discharges with different beta values. At low beta of 0.6 % the
phase inversion radius for the internal disruption was around the ¢+ = 2/3 surface. The
ideal m=3/n=2 mode is Mercier stable, but the resistive mode is unstable. At the high
beta of 1.5 % the disruption by the m=3/n=2 mode did not occur, but the disruption
by the m=1/n=1 mode appeared. In general, these'cent.ral modes associated with the
rational surfaces near the axis tended to be stabilized as the beta increased, and the
modes associated with ¢+ = 3/4, 4/5, 1/1 and 3/2 became more unstable. This observation
agree well with the theoretical prediction®, as is seen in Fig.3(c) and (d).

3. Summary ‘

The role of the vertical and toroidal field on stabilization of the interchange modes is
studied. It is found that the magnetic axis shift by B, stabilizes (destabilizes) interchange
modes (m=2/n=1 or m=3/n=2) associated with rational surfaces near the magnetic axis
through the magnetic well (hill) formation. Even for a hill configuration (-4 < A, < Ocm)

additional small B; is effective to stabilize the m=2/n=1 mode near the magnetic axis.
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Measurement of Magnetic Fluctuations in Heliotron E

M.Harada,H.Zushi, F.Sano, T.Mizuuchi, M.Nakasuga, S.Sudo, K.Kendo, S.Besshou,
M.Sato, H.Kaneko*, O.Motojima*, M.Wakatani, T.Obiki

Plasma Physics Laboratory, Kyoto University
National Institute for Fusion Science®

1. INTRODUCTION
In Heliotron E | it has been found that pressure driven internal disruptions occur in
high 8 plasmas[1]. Then, the burst of magnetic fluctuations has been detected at the

internal disruption driven by the M=1/N=1 mode associated with the ¢=1 surface. In
the inward shift cases, internal disruptions are observed near the axis[2][3], where the

+=0.5 surface appears in the magnetic hill region. But in this case, there is no burst of
magnetic fluctuations at the internal disruption. This difference of the two cases has been

interpreted to depend on the position of the rational surface. However, further studies
to analyze these magnetic fluctuations, for instance, Fourie analysis or cross-correlation
analysis, have not been done yet.

Magnetic fluctuations are thought to have relation to pressure driven instabilities.
Thus, it is important to study the role of magnetic fluctuations on these instabilities, and in
order to understand the property of the fluctuations, it is also important to investigate the
cross-correlation between B and the other fluctuations. On the other hand, since pressure
driven interchange modes are thought to be associated with the resonant rational surface,
they are expected to be affected by well and shear profile. The relation between pressure
driven MHD activities and magnetic fluctuations is studied by changing the magnetic
configuration by the auxiliary vertical magnetic field B, or toroidal field B;.

In this paper, the first report on cross-correlation analysis of magnetic fluctuations in
Heliotron E is presented, and we discuss the properties of coherent magnetic oscillations
related with MHD activities affected by the magnetic configurations. Correlations between
Bs and the other fluctuations(fi.,S5X) are also presented.

2. EXPERIMENTAL EQUIPMENT

The data discussed here are obtained with six magnetic probes located at various
poloidal/toroidal positions, FIR interferometer ,and soft X-ray arrays. The position of the
magnetic probes is at 41cm from the geometrical center, on the chamber wall. Each probe
1s protected by a metal shield which produces an effective integration of the signal above
about 100kHz. The frequency range discussed here is then from a few kHz to 100kHz. The
signals are recorded with two different sampling rates, those are, a sampling frequency of
500kHz on a time window of 16ms(8192 samples each channel) and a sampling {requency
of 12.5kHz for 320ms. In a similar way, soft X-ray and FIR interferometer signals are
recorded and analyzed together. The property of the heliotron magnetic surfaces can be
described by following parameters; «® =B, /B, and §* =B,/B,, where By, and B, denote
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tion between two density chords cross the ¢ =1 surface, but no correlation is found with the
chord outside the ¢ =1 surface. This result suggests that the mode of 7, is the M=1/N=1

mode, which is consistent with the Bs(M=1/N=1). Generally, the M=1/N=1 mode seems
. to become unstable easily at many configurations.

There are also changes in MHD activities depending on the pressure profile. After
carbonization of the wall, the density profile changes from a peaked one to a broader one,
and then another coherent magnetic oscillations which is identified to be M=2/N=3 mode
are detected in the frequency range of 15k-20kHz. The mode is consistent with that of
internal disruptions in the previous report of the carbonization experiment[7].

Among 20k-100kHz, the other coherent magnetic oscillations whose modes are different
from the above are observed in various magnetic configurations and even in lowf plasmas
which are stable for the low M/N modes discussed here. These high frequency oscillations
grow at the early period of the duration of plasmas, and continue till the end. These M/N
" modes have not been identified though the oscillations are thought to have higher mode
numbers, and have no visible coherence with the other measurement systems. Because
By has r~¥~1 dependence, the detected high frequency(and maybe high-M) oscillations
are thought to be from the edge region, and may contribute to anomalous transport.
The relation between the modes destabilized in low/ and the pressure driven resistive
interchange mode is under study. To clarify the mode of these high frequency oscillations,
we are preparing to install several arrays of magnetic probes.

4. SUMMARY

The coherent magnetic oscillations(frequency < 20kHz) are studied in currentless NBI
heated plasmas by six magnetic probes. The toroidal/poloidal mode numbers(M/N) of
oscillations are found to be (2/1,1/1,2/3). Bs(M=2/N=1) is consistent with SX detected
just after the internal disruption near the ¢=0.5 surface. Bs(M=1/N=1) has a good
correlation with 7., whose mode is consistent with the M=1/N=1 mode. B’g(M:Q/Nz?:)
is observed in the case of a broad density profile by carbonization of the wall. Correlation
analysis is useful to identify the mode numbers of these oscillations even if these are not
clearly visible in raw signal. High frequency(20< f <100kHz) unknown mode oscillations
are detected even in low § plasmas, and are thought to be from the edge region.
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toroidal magnetic field strength made by helical coil and by toroidal coils, respectively. B,
is the vertical magnetic field by main and auxiliary vertical coils. The effects of o™ and 3~
on the transport will be discussed in ref.[4]. The parameter range is as follows; 2<n. <
8% 1013 /em?, 300<T, <600eV, 0.4< fBo €1.5%, 0.94<By €1.9T, Pyp; <2.5MW.

3. RESULTS

Pressure driven internal disruptions are found near the ¢=0.5 surface in the inward
shift case[2][3] as shown in Fig.1. Although no significant change is found in raw signal of

magnetic probes at the internal disruption, the coherent magnetic oscillations(~4kHz) are
observed just after the internal disruption(Fig.2b). The toroidal/poloidal mode is identified
as the M=2/N=1 mode by phase differences of each pair of all probes. There are also oscil-
lations of M=2/N=1 mode in soft X-ray signal near the ¢ =0.5 surface. The mode structure,
frequency, and time evolution of Bs(M=2/N=1) agree well with §X (M=2/N=1). The am-
plitude of By(M=2/N=1) at the ¢=0.5 surface, Bg‘rl, can be estimated from the relation

Bgll :Bg’a” x (awalf/a*(1=0.5))M+1

, where a,,,; and ag—os) are minor radii at the position of the magnetic probe and at the
+=0.5 surface, respectively. Substituting observed value of By*! ~1mGauss and M=2

into the above relation, B2/ is estimated about 3.7Gauss. The island width induced by
the mode, W, can be derived to be ~4em from the felation[3];

W = 4y B R/ BoMy'

, and agrees well with the width(3~4cm) from the observed soft Xray profile.

In this configuration, the coherent By (~11kHz) with the M=1/N=1 mode is also de-
tected(Fig.2a). This mode appears when the density profile starts to be peaked before the
internal distuption, and continues till the end. But there is no corresponding visible oscil-
lations in soft Xray emissions. The M=1/N=1 mode in the frequency range of 8k-20kHz
is detected in many configurations regardless of the appearance of internal disruptions.
But there are some cases in which this mode is stable. The stabilization effect of B, on
this mode is studied in the inward shift case of A, ~ —2cm, as shown in Fig.3a. It is
found that small B,(0.05 S o* < 0.10) can suppress the M=1/N=1 mode, and then the
highest 7p at the ¢=1 surface and the maximum stored energy are achieved. Here, we use
the gradient of the soft X-ray profile 7Isx as a measure of \yp. The magnitude in B, at

the ¢=1 surface increases from ~16mGauss(a*=0.03) to ~170mGauss(e*=-0.10), which
corresponds to enhancing MHD activities and results in the reduction of yyp at the ¢ =1

surface. It is also abserved that Bg grows again for a” 2 0.1. Since the shear ¢’ at ¢+=1in
vacuum Increases from ~9(/m) at a*=-0.1 to ~12(/m) at a*=+0.15 as shown in Fig.3b,
the stabilization phenomena may not be interpreted simply by means of the shear stabi-
lization effect[6]. The other experiment with pellet injection(a*=-0.1, and a configuration
of magnetic well near the axis), we find a strong coherence between the By(M=1/N=1)
and density fluctuation fi. measured by a FIR interferometer(in Fig.4) though no visible
oscillations are found in raw signals of density and soft X-ray. There is significant correla-
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Transport Study of ECH and NBI Plasmas in CHS

H.Yamada, H.Iguchi, H.C.Howe*, Y.Takeiri, S.Kubo, S.Okamura,
R.N.Morris*, D.K.Lee*, and CHS groupl)

National Institute for Fusion Science, Nagoya 464-01, Japan
*QOak Ridge National Laboratory, Oak Ridge, TN37831, U.S.A.

Abstract
Power balance of ECR and NBI heated plasmas in CHS has been
analysed using the time-independent transport code PROCTR-mod.
The power losses in the ECH plasma are dominated by electron heat
conduction which is typically larger than the prediction from the
neoclassical theory by a factor of 4, while that for the NBI plasmas is
several-tens times larger than the prediction from the neoclassical
theory. :

1. INTRODUCTION

Thermal transport in high-power heated plasmas is one of the key
issues to be clarified for the fusion research. While the thermal
transport in tokamaks is recognized anomalous in particular for
electrons, plasmas confined in a helical magnetic field have been
frequently discussed from the viewpoint of neoclassical transport
theory involving a helical ripple transport. In the CHS, plasmas with
the wide range of collisionality have been realized by the ECR and
NBI heating2). Comparison of the experiments and the neoclassical
transport theory is of much importance and also prerequisite for the
discussion about the anomalous transport.
2. MODEL

PROCTR-mod3) is a 1-D time-independent transport analysis
code which can describe 3-D geometry intrinsic to helical systems.
Electron temperature and density profiles measured by the
scannable Thomson scattering system and radiation profile
measured by the 11-ch-bolometer array which is normalized by the

total radiation measurement4have been involved in the analyses.
The ion heat conduction coefficient X ; is given by the neoclassical
heat transport model including the transport due to the helical
rippled) with an enhancement factor. Validity of the computed
results is checked with the comparison with experimentally

obtained stored energy and ion temperature6). Since finite B effects
on the magnetic configuration are significant for NBI heated plasmas
(see Fig.1 (a) and (b)), the 3-D equilibrium code VMEC7)is used to
get a consistent geometry with the pressure profile estimated from
PROCTR-mod. .=
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3. ECH PLASMAS

The power balance of ECR heated plasmas with Ti gettering is
calculated using the model described above. Heating power
deposition profile for 28 GHz ECR (fundamental) is estimated from

‘the area of resonance layer8) and that for 53 GHz (2nd harmonic) is
assumed to be proportional to neTe? assuming multi-path

absorption. In the code, convection loss is determined by the
balance of the global particle confinement time tp and neutral
particle penetration from the wall. Since a direct measurement of
7p has not been available yet, tpis set larger (10 ms) than the
reasonable value. Therefore, a conduction term includes convection
loss in part and obtained conduction loss is a pessimistic estimate.
Figure 2 shows the electron temperature and density profiles to be
analyzed when the plasma is heated by 28 GHz and 53 GHz ECR
simultaneously. Figure 3 shows the electron and ion power balances.
Power loss is dominated by the electron heat conduction (80%) and

Xe is estimated around 4.0 m2/s at p = 2/3, which is roughly 4

times larger than the prediction from the neoclassical transport
model.
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4. NBlI HEATED PLASMAS
Quasi-steady state plasmas have been obtained with the NBI for up

to 250 ms. Figure 4 shows the electron temperature and density
profiles at 1.05 T where the target plasma is produced by the 13
MHz ICRF. The initial analysis is done using the vacuum magnetic
field and then the finite § equilibrium is reconstructed from the
obtained pressure profile (see Fig. 1 (b)). The volume averaged B
including the beam pressure is around 0.5 % in this case which
agrees with the diamagnetic measurement. Profile analysis is done
again using the finite § equilibrium. The power deposition model of
NBI takes account of charge exchange loss but orbit loss, which
might not be negligible in such a low aspect ratio configuration as
CHS and requires further investigation using a Monte-Carlo code. In
high density discharges like one shown in Fig.4, more than 95 % of
the port through power is deposited in the plasma. Although 1p is
set 7 ms here, the computed results are not sensitive to tp unlike-
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ECH plasmas because the neutral density is much less than 10-9 of
the electron density. Figure 5 shows the power balance of the

discharge shown in Fig.4. Here X i is set as a neoclassical value. The
dominant loss channel of energy is conduction for both electron and
ion, and the reproduced ion temperature is almost same as
electron's, which agrees with the experimental observation. The
calculated X ¢ at p=2/3 is around 5 m2/s, which is several-tens

times larger than the neoclassical prediction.
C89092901¥02301

Figure 5 Power balances of =~ eLecTRON PuR BAL ¢KW) 120, JON_PWR_BAL (L)
electron and ion in the NBI
heated plasma.
600
80
300 40
9
-40
-300
-80
=600 !
0 0 RHO !
ACKNOWLEDGEMENT

This research was in part sponsored by the Office of Fusion Energy, U. S. Department
of Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems Inc.

REFERENCES

1)CHS group: M.Fujiwara, M.Hosokawa, K.Ida, H.Idei, H.Iguchi, O.Kaneko, S.Kubo,
K.Masai®), K. Matsuoka, S.Morita, K.Nishimura, N.Noda, S.Okamura, T.Ozald,

A.Sagra, H.Sanuki, T.Shoji?), S.Sobhanianb), C.Takahashi, Y.Takeiri, Y.Takita,
K. Tsuzuld, H.Yamada _
a)Plasma Science Center, Nagoya University, Nagoya 464-01, Japan.
b}On leave from the University of Tabriz, Tabriz, Iran,
2)K.Matsuoka and et al.,presented in this conference.
3)H.C.Howe, Technical Report ORNL/TM-9537, Martin Marietta Energy Systems, Oak
Ridge Natl, Lab., 1985.
4)S.Morita and et al., presented in this conference.
5)D.E.Hastings, W.A.Houlberg and K.C.Shaing, Nucl. Fusion, 25 (1985) 445,
6)K.Ida and et al., presented in this conference.
7)S.P.Hirshman,W.I.van Rij, P.Merkel, Comput. Phys. Comm. 43 (1986} 143.
8)S.Kubo and et al. , presented in this conference,

— 223 —



Effect of Magnetic Axis Shift on CHS Plasma Characteristics
S.0kamura, Hlguchi and CHS group

National Institute for Fusion Sciernce
Nagoyva 464-01, Japan

1. Introduction

When we try to understand phenomena occurring in the laboratory, it is
often very useful method to change variable parameters and to investigate
the dependence of the results on these parameters. For the study of plasma
transport in helical systems, the comparison of the confinement for differ—
ent magnetic configurations should give us lots of useful informations for
understanding the transport mechanism as well as the scaling studies for
variocus plasma parameters.

The poloidal coil system of CHS device consists of four pairs of hoop
coils. Three of them are energized by independent powver supplies which make
it possible to realize a wide variation of poloidal field configurations. It
iz possible to decompose the poloidal field structure into a sum of multi-
pole components. We chose the values of dipole (vertical) and quadrupole
components as two free parameters to determine the poloidal coil current
settings. To determine the third free parameter, we set the condition of
minimizing the stray field around the machine with which we can reduce the
perturbing field that is brought by the magnetic material around the
machine.

2. Variation of Magnetic Field Configurations

Dipole component of the poloidal field determines the horizontal posi-
tion of the magnetic axis, while the quadrupole component changes the
elongation of the plasma cross section. In this paper, we report the effects
of the magnetic axis shift on the plasma characteristics. The quadrupole
component was fixed during these experiments at the value that reduces by
half the quadrupole component produced by helical coils.

The range of magnetic axis shift for which we investigated the plasma
characteristics was from A = -11.2 cm(inward shift) to +1.6 cm{cutward shift)
relative to the major radius of helical coil winding center (R = 100 cm).
When we shift the magnetic axis out of this range, the plasma parameters
fell down. The dominant reason why the operational range of magnetic axis
position is shifted inward is the low aspect ratio of CHS device but it
should be also noted that the helical winding of CHS has o* = 0.3 pitch
modulation. Various characteristics of the vacuum magnetic field configura-
tion change according to the magnetic axis shift. Some quantities have
their best value at positions within the range of shift but generally they
do not coincide.

First of all, the volume of confinement region which is defined by the
last closed magnetic surface is maximum at A = -25 cm {0.85 m3}. It is
reduced by 44 % at A = -11.2 ¢m and by 28 % at A = +1.6 cm (Fig.l). If the
transport coefficient does not depend on any characteristics of magnetic
field configurations, the volume of the plasma should determine the confine—
ment dominantly. Secondly, when we consider the MHD activities for high 8
plasma, structures of magnetic well and magnetic shear are important. The
magnetic well exists in the central area of confinememt region for the
outward shifted case. It becomes smaller as the magnetic axis position
moves invard and finally disappears at A = -4 c¢m. The finite f3 effect gen-—
erally expands the magnetic well region but such effect is not significant
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for the plasma parameters in

the series of experiments explained
in this paper. The magnetic shear
is maximum at A = -3 cm and
decreases rapidly when the magnetic
axXls position moves outward.

The behavior of particles
which are trapped in the helical
ripples is very important in the
transport mechanism of helical sys-
tems. For the collisionless regime,
the drift orbits of such particles
deviate a lot from the magnetic
surfaces and enhance the transport.
Because such drift orbits scarcely
change when the poloidal field is
varied, the inward shift of magnetic
axis makes them coincide better.
The position of magnetic axis at A
= -11.2 ¢m 1s for such coincidence.
The concept of orbit optimization
can be described in another way
vhich discusses the structure of
the magnetic field ripple along the
field line. Depending con the posi-
tion of the magnetic axis, the vari-—
ation of helical ripple changes its
pattern. When the magnetic axis is
shifted inward the helical ripple
has a larger amplitude at the
inboard side of torus which is con-—
sidered favorable in the neoclassi-
cal transport model. The structure
of helical ripples along the field
line is also important when we are
faced to the problem of anomalous
transport in helical systenms.
Because the distribution of trapped
particles in the torus depends
largely on such ripple structure,
this aspect of the characteristics
of magnetic field configuration
must be important for the plasma in
the high collisionality regime.

The 1=2 torsatron type mag—
netic field generally has a natural
divertor. CHS magnetic field has
such a divertor structure only for
the outward shifted case. For the
maghetic axis position A < -2 cnm,
the plasma boundary is determined
by the vacuum chamber wall at the
inboard side of torus. The config-
uration with magnetic position A =
-5 cm is distinctive by the charac-
teristics that the field line along
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the magnetic axis has no magnetic¢ ripple. It makes the heat deposition pro-
file localized at the center when the ECR heating is applied with the reso-
nant condition adjusted at the magnetic axis.

3. Experimental Results
The confinement characteristics for different magnetic axis positions

are investigated first by comparing the maximum energies obtained for each
magnetic axis position with the same level of heating power. Figure 2 shows
the plasma total energy obtained from the diamagnetic signal for the neutral
beam heating of about ! MW port—-through power. The data(squares) for A >
-% cm (Rax > 95 cm) are all from the experiments with the magnetic field B:
= 1.05 T, but the data for Rax < 82 cm are with smaller magnetic field be-
cause the ECH production of target plasma needed it. The black dots are
normalized values for B = 1.05 T field where wve assumed that the total
energy scales in proportion to the magnetic field strength. The maximum
energy is obtained for A = -8 cm which is about 1.5 times larger than the
value for A = —-25 cm vhere the volume is largest. In order to get the
transport characteristics which do not depend on the plasma size, we calcu-
lated the volume normalized energy for these experiments shown in Fig.3.
Though the normalization for the magnetic field strength is not made for
these data, the value at A = -8 cm is about two times larger than that
at A = -25 cm.

It is usually observed
for NBI plasma in CHS that 150
the higher energy plasma is I
obtained with the higher
density. It is true for the
data in Fig.2. The factor of
two improvement of confine-
ment for A = -8 cm compared
with A = -2.5 em includes the
effects of increased density.
Figure 4 shows the comparison
of the discharges for diffe-
rent magnetic axis positions I
vith almost same densities 0 Lt iad
and same heating power, 90 95 100 105 110
Though the electron tempera- : :
tures are low because the Radius (cm)
magnetic field is low for _ 10
these experiments, it is clear
that the configurations with
different magnetic axis posi-
tions have the different
electron temperature profiles
for the same heating power
and the density. It is also
important that the difference
in temperature is mainly at
plasma center which means
that the transport in central
region is improved by the o= Lot i
shift of magnetic axis 90 95 100 105 110
position. - Radius (cm)

Figure 5 shows the the
dependence of central elec— Fig.4 Temperature and density profiles
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tron temperatures on the plasma density for different magnetic axis posi-
tions with By = 1.05 T. In this experiment. the port—through power of the
neutral beam was kept constant at about 1 MW. When we decrease the density
with the same heating power, we expect the increase of the temperature if
the confinement does not change so much. But it is not the case in the

experiments as shown in Fig. 5.
The increase of the temperature
is very slight compared with the
change in the density. One rea-—
son for that is the increase of
the beam shine through power.
But, because the beam is inject-—
ed tangentially to the torus in
CHS, the shine through power is
only 30-40 % even for the low
density plasma : Te = 2 x 108
em™. The decrease of net input
power can not explain the slight
increase of the temperature.
Another possible reason is the
degradation of the confinement
for the low density plasma. It
is usually observed for the NBI
heated plasma in helical systems
that the electron temperature
varies little when the plasma
density changes.

When the position of the
magnetic axis is shifted, the
electron temperature largely
changes. The difference of the
temperature for two different
axis positions is even larger
than the difference caused by
the change of the density. In
Fig.D, the open circles and
closed ones are for different
injection angles of beams which
correspond to the tangential
radii of 87 cm and 84 cm, re—
spectively. The difference for
these two cases is not signifi-
cant. It shows that the relation
between the magnetic axis posi-~
tion and the beam tangential
radius is not important.

Though it is difficult to
find out the real mechanism for
such effects of magnetic axis
shift on the confinement, we can
point out some candidates among
.the mangnetic field characteris—
tics explained above. These are
the confinement of fast ions and
the variations of magnetic field
ripple along the field line,
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A Study of Radiation Collapse in CHS Plasmas -
S.MORITA and CHS group
National Institute for Fusion Science, Nagoya 464-01, Japan

It is found that ECH plasmas without Ti gettering cause radiation
collapse at some magnetic configurations in which a plasma—wall distance
is extremely decreasing. In NBI plasmas the radiation collapse can be
observed even in the Ti—flashed discharges, when strong gas puffing is
carried out. Spectroscopic results and analysis indicate ‘that the
radiation cecllapse is caused by the oxygen buildup reaching 10-20% and
3-5% of electron density in ECH and NBI plasmas, respectively, These
critical values decrease because of a flat or hollow electron density
profile of the CHS plasmas. In addition hydrocarbon pellets are injected
into the NBI plasmas to make these phenomena clear. The spherical pellet
injection of 0.46mm dia. corresponding to 5% carbon fraction of electron
density causes the radiation collapse. However, the pellet injection of
0.832mm dia. corresponding to 2.3% of electron density does not cause
the collapse. These results show good agreement with the analysis.

I. Introduction

Radiation collapse is widely known as a phenomenon of a sudden
decrease of an electron temperature caused by an increase of radiation
loss following impurity buildup. Helical systems are suitable to studying
the radiation collapse because magnetic fields are supplied externally
and a magnetic structure for the plasma confinement is fundamentally
independent of the electron temperature. The radiation collapse has been
studied with ECH and NBI plasmas in Compact Helical System (CHS) using
spectroscopic and bolometric techniques. In addition, an impurity pellet
injection which mixes a known quantity of the impurity with the plasmas
is also applied for the study of the radiation collapse.

At present main impurities in CHS are oxygen in both plasmas of
ECH and NBI. In following analyses the oxygen is treated as a unique
impurity in the CHS plasmas.

II. Radiation collapse of ECH plasmas

Typical example of radiation collapse of ECH plasma in CHS is shown
in Fig.l. We can see the radiation collapse happens at t=22ms, After
the time emission lines from low-ionized ions such as CIII become
dominant. This means the decrease of an electron temperature. The
electron temperature is estimated to be less than 10eV at a time after
the radiation collapse. The time behaviour of the OV line becoiies a good
index to observe the radiation collapse., In CHS the phenomencn of the
radiation collapse strongly depends on a position of magnetic axes as
shown in Fig.2. A plasma-wall distance becomes smaller according to
invard shift of the magnetic axis. Most outer magnetic surface is in
contact with the inner wvacuum wall at a region less than Rs. The large
plasma-wall interactions make an oxygen influx rate increase. As a result
the radiation collapse is triggered by the buildup of the oxygen level.
This phenomenon can be understood also by electron density behaviours
(see Fig.3). The electron densities go up with the inward shift of Rg
and go down with the outward shift of Ra whereas the electron densities
at the first rise are the same in every position of Rar

The analysis is carried out with calculations of radiation loss from
the oxyvgen atoms as shown in Fig.4, in which the total oxygen level is
fixed to 1% of the electron density. The radiation loss from the oxygen
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is dominated by Li-like and Be-like stages localizing at r=(3/4)a,.
Therefore the total radiation loss becomes sensitive to the electron
density profiles. In CHS almcst all plasmas of ECH and NBI have a hollow
or flat electron density profile. That is a severe condition in the view
point of the radiation loss from light impurities. The radiation collapse
of the ECH plasmas is described with replacement of plasma particles by
the oxygen corresponding to 10-20% of the electron density.

In ECH plasmas the radiation collapse is completely dlsappeared by
the use of Ti gettering (see Figh5). The radiation level is suppressed
within DkW. In the figure both circles indicate discharges without the
Ti getiering and solid circles mean the radiation collapse discharges.
We can understand that the Ti gettering drastically makes 1mpur1ty levels
decrease in the case of ECH plasmas.

ITI. Radiation collapse of NBI plasmas

In NBI plasmas discharges can not be kept for relatlvely long time
without Ti gettering. Then the Ti gettering has been carried out
periodically before the first discharge of a day. Comparisons are done
. with an additional strong Ti gettering. Figure 7 shows the comparison
of the NBI plasmas between periodical (solid lines) and periodical plus
additional {dotted lines) Ti gettering. The strong gas puffing to raise
the electron density causes the radiation collapse even 1in the
periodically Ti-flashed discharge. In this situation the additional Ti
gettering is frequently carried out. This additional gettering is useful
for suppression of the radiation collapse. However, the effect of the
additional gettering is not so large compared with the ECH plasmas.
Because the oxygen level gradually increases in proportion to the
discharge summation.

The radiation problem of the NBI plasma is relatlvely severe because
the plasma has a high n. with flat profile. The analysis indicates that
the NBI plasmas cause the radiation collapse at oxygen level
corresponding to 3-5% of the electron density.

IV, Impurity pellet injection

Plastic HC (hydrocarbon) pellets have been injected to make above
mentioned phenomena clear. The impurity pellets injected are listed in
Table 1. The fraction of the carbon atoms to be injected is ranging over
2~5% of the electron density when the line—averaged n. of 5x10%m™ is
assumed.

The results are shown in Fig.10. The plasma behaviours are very
clear depending on the size of the injected pellets. In the case of
d=0.32mm HC pellet the radiation collapse does riot happen, although there
are an increase in the radiation loss of roughly 100kW and a small dip
in the stored energy. On the contrary the injection of d=0.39mm HC pellet
causes the small radiation collapse. However, the plasma revives after
30ms from the injection since the radiation loss decreases at the same
time. The stored energy at the revival after the injection exceeds that
of the NBI plasma without pellet injection shown in Fig.10(a). The revival
of the plasma is related to the change of n.(r) due to the cooling of
the plasma outer region. It is estimated that the realization of a peaked
electron profile brings the decrease of the radiation loss and the
increase of the electron temperature.

Complete radiation collapse is caused by the injection of d=4.Bmm
HC pellet. The radiation loss observed is roughly IMW, and it is equal
to the input power of the NBI. This radiation level can be interpreted
with carbon fraction of 5% of n. from the calculations shown in Fig.9.
This fraction is equal to the calculated percentage listed in Table L.
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Table I. Spherical HC (hydrocarbon) pellets.

Size Ne Ne (=Nc/Vp) Ang "c7"_e.

0.32mm¢ 0,9x1018 1.1x1012¢em=3  0.7x1013¢m-3 2.3%

0.39mm$ 1.6x1018 2.0x1012 ¢m-3 1.5x1013 cm-3 3.4%
0.46mmd 2.6x1018 3.3x1012¢m-3 2.1x1013 ¢p-3 5.0%

Ne:total number of carbon atoms. ng:50%C6* and SO%H* are assumed.
Vpiplasma volume (=0.8m3).  7Z:5x1013cm=3 is assumed.
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Fig.10 Experimental results of HC pellet injections in NBI plasmas.
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Ion Temperature and Poloidal Rotation Profiles
for NBI heated plasma Iin CHS

K. Ida, S.Hidekuma and CHS group
National Institute for Fusion Science
Nagoya 464-01 Japan

ABSTRACT

Ion temperature and poloidal rotation velocity profiles are measured with
68 channel space resolved spectrometer using beam emission spectroscopy
technique in CHS. The electric field near the plasma edge (r=0.7a, ais
averaged minor radius) derived from poloidal rotation velocity is 15V/cm for
low density 28 GHz ECH plasma, and -35V/cm for high density NBI plasma.
The peak of the ion temperature is shifted from the vacuum magnetic axis by
up to 4 cm. This shift-depends on the location of the magnetic axis and
becomes larger as the magnetic axis moves toward the tangential major
radius of the heating neutral beam. This shift is larger than that estimated
from finite 8 calculation by a factor of two or less. Presumably the shift is due
to a significant parallel beam pressure as well as thermal component.

1. Introduction

lon temperature and electric field proﬁles are the crucial plasma
parameter in helical device, since the electric field is expected to reduce
helical ripple loss and improve energy confinement by Neoclassical theory .
This theory also predicts centrally peaked ion thermal diffusivity which
results in a flat ion temperature profile, while an anomalous transport theory
predicts a more peaked ion temperature profile. Ion temperature profiles
have been measured with fast neutral analyzer or spectrometer using various
impurity line radiationl). However these measurements are not precise
enough to distinguish whether the ion thermal diffusivity is Neoclassical or
anomalous,

The electric field can be measured with heavy ion beam probe2) or
inferred from poloidal and toroidal rotation velocity using momentum
balance equation. The poloidal rotation has been measured with CV line
radiation in Heliotron-E device3). The measurements are limited only at the
plasma edge, since the electron temperature in the core plasma is high
enough to lonize C4+ to higher ionized stages. No measurement for poloidal
rotation velocity near the plasma center has been done in helical devices. In
most of tokamak plasmas beam emission spectroscopy techniques have been
used to measure ion temperature and toroidal rotation velocity even in the
region where carbon or oxygen impurities are fully stripped, however they
have not been well established in a helical device due to its complexity of
magnetic configuration. In these techniques, the ion temperature and
rotation velocity are measured respectively from the Doppler width and shift
of the radiation for the high n level transition ( visible region) of
hydrogen-like impurities excited by the charge transfer between fully
stripped impurities and the heating neutral beam.

In this paper we describe 1} multi space and wavelength spectrometer,

2) poloidal rotation velocity profile from intrinsic line radiation for ECH
plasma and 3) ion temperature and poloidal rotation profiles with beam
emission spectroscopy for NBI plasrna

2. Beam Emission Spectroscopy System in CHS

Compact Helical System {CHS) 4), which is an 1 = 2 heliotron /torsatron
type device with the major radius of 100 cm and the averaged minor radius
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of 20 em. A 28 GHz gyrotoron with the injection power of 100 kW produces
ECH plasma with low density below 1 x 1013 em-3 , while tangential NBI can
sustain the plasma with high density upto 1 x 1014 ¢m-3

A 68 channel space resolved 1 m visible spectrometer system using CCD
detector coupled with image intensifierd) has been developed to measure
spectrum in poloidal cross section as shown in Fig.1. Two set of 34 channel
optical fiber arrays, one viewing a fast neutral beam and the other viewing off
the neutral beamline to subtract background radiation, have been installed in
CHS. These optical fibers with 100 p mm diameter are led into the entrance
slit of 1 m Czerny-Turner spectrometer with 2400 grooves/mm grating. At
the exit plane the light from each fiber gives the spectrum from one spatial
position. The light from all of the fibers is focused onto an image intensifier
tube coupled with CCD TV camera. The resolution of the wavelength is 0.1
A/ch (100 spectral channels) , while its time resolution is only 16.7 ms.

The background radiation is mostly due to the reaction between fully
lonized impurity and background thermal neutral in the plasma periphery.
This background emitted from the cool plasma edge is proportional to the
neutral density at the plasma edge and depends on the clearance between
plasma edge and inner wall (the position of magnetic axis) and the amount of
gas puff. The background is too high to derive ion temperature profile for
the plasma with the magnetic axis of < 92 cm even without gas puff. The
most measurements have been done using CVI 52924 (n = 8-7) for low or
medium density plasma with a weak or medium gas puff.

CHS

Carbon Viewing Dump

Im Spectrometer

LI
cCh
{5m Optical Fiber |
ADC| [ PCI801

6810 | cAMAC

10022
63ch # VAXII

Another Port

Fig.1 Schematic of the dlagnostic set up on CHS for beam emission spectroscopy to measure ion
temperature and polotdal rotation profiles,

3. Poloidal Rotation Profile

For ECH plasma the beam emission spectroscopy techniques can not be
used due to the lack of neutral beam. The intrinsic line radiations emitted
from the plasma edge are measured to derive poloidal rotation velocity . Even
though the measurements of poloidal rotation cover whole plasma { 84 cm <
R < 107 cm) the measured velocities represent the component of poloidal
rotation velocity to the line of sight and the emission is localized at r=0.7a.
The radlal electric field averaged along the magnetic surface is 15V/cm
(positive) for the low density (i = 3 x 1012 ¢cm-3 ) plasma produced by 28
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Although the position of the magnetic axis is sensitive to the pressure
profiles, it seems obvious that the peak position of the ion temperature is
shifted more outward than that from the estimate of the code. The neutral
beam is injected tangentially at the tangential radius of 87 ¢cm , while the
vacuum magnetic axis Rgy is from 92 cm to 101 em. The neutral beam
deposits$ its power and momentum near center for Rg, = 92 cm, while the
power deposition is off center for Rgy = 101 cm. The shift is enhanced as
the neutral beam deposits the power near the plasma center as shown in Fig
4. This indicates that the parallel beam pressure which is not detected to
diamagnetic loop or Thomson scattering measurements has a significant role
to shift the magnetic axis. More precise analysis should be done with
measured bulk pressure profile and estimate of pressure of parallel fast ion
measured by fast neutral analyzer. However the significant shift of the peak of

the ion temperature imply that the beam pressure is comparable to the bulk
pressure near the plasma center.

IR='92.l1t=ll I IH=94. Bcm
60} . 600} . Jask
z H Rnei=87cm
R | S H 4 & 4001 -
L i e P
200 H 1 - e b . A
Lk B M)
I 1 4 0 1 L X, 5 I
% e = 0 83 89 %5 101 107 4
RADIUS (em) RACIUS {cm) o
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N — e
A=97.5¢cn R=99, Scm &
600+ 600} 1 B
3 3 400} ' ] &
Sl I T
v} . | 1 2 [\ L l o
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s0f
Fig.3 Ion temperature profile for the diflerent .
vacuum magnetic axes. The arrows stand —_— T T T T
for the magnetic axis estimated from
equilibrium code by the use of data of VAGULM MAGNETIC AXIS{cm)
diamagnetic measurement,

Fig.4 The peak position of the ion temperature
as a funotion of vacuum magnetic axds.
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GHz ECH with the toroidal magnetic field of 0.5 T as shown in Fig. 2(a). The
central electron temperature is 600 eV. This indicates that the plasma '
potential is positive in the collisionless regime.

On the other hand, the beam emission spectroscopy techniques can be
used for the NBI plasma. The emission is more localized at the cross section
of neutral beam line (midplane) and line of sight. The measured velocity is
more likely poloidal rotation velocity at each point, although the space
resolution becomes poor near the plasma center due to the Integration effect
along the neutral beam. As shown in Fig. 2(b) the poloidal rotation is
reversed and indicate negative electric field (-35 V/cm at r=0.7a) for NBI
plasma with the toroidal field of 1 T and the electron density of ip=2 x

1013 em-3 and electron temperature of T(0) = 250 eV (collisional regime).
The radial electric field is roughly proportional to minor radius.
8 T T T 8 T T ¥

ECH(28GHZ) ' NBI

af -
B LE (0.78)=15V 4 - o
4 Er {0.73)=15V/cm ‘ 4 g? 50(F/3)V/e

Vacosé (km/s)
|
|
1
v
|
Vp(km/s)
=
I
I
l

-3 I | 1 ] ]
82 B9 ] 103 110 82 89 86 103 110

RADIUS{cm) . RADIUS(cm)

Fig.2 Poloidal rotation velocity profiles for 28 Gﬁz ECH plasma (a) and NBI plasma (b).

4. Ion Temperature Profiles

The thermal diffusivity should be measured from ion temperature and
electron density and temperature, however, it is described in an :
accompanying paper. In this paper we emphasize the shift of the ion
temperature peak from the vacuum magnetic axis. The magnetic axis shifts
outward due to the effect of finite 8. It is usually estimated from pressure
proflle calculated with equilibrium code. It is possible to estimate the
magnetic axis from the peak of electron or ion temperature profile. The
electron temperature profiles are measured by Thomson scattering in CHS,
however the measurements is limited only within outer half of the plasma ( R
> 95 cem) and it is quite difficult to estimate the peak of electron
temperature profile. However the peak of the ion temperature profile is
measured accurately enough to compare with the position of the magnetic
axis estimated from equilibrium code.

Figure 3 shows the ion temperature profile for various vacuum magnetic
axis. The shift of the magnetic axis is estimated with finite 8 equilibrium
code by the use of stored energy from diamagnetic loop and the assumption
of reasonable pressure profile. The stored energy is 1 kJ for the inward
shifted plasma (Rgx=92.1 cm) and the volume averaged 8 is 0.27 %.
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DRIVEN CURRENTS IN NEUTRAI. BEAM HEATED FPLASMA

0.Kaneko, ¥.Takeiri,H.Yamada,H.Iguchi, S.0Okamura,K.Matsuoka,
NBI group and CHS group

National Institute for Fusion Science
Nagoya 464-01, JAPAN

Abstract: Plasma currents, which are observed in the tangential
neutral beam heated plasma, are studied under. the various
plasma conditions in CHS. The plasma current 1s mainly driven
by high energy beam when the plasma density is low, while the
bootstrap current seems to be dominant in the dense plasma.

l1.Introduction

Helical systems such as heliotron and stellarator are in
principle to be operated in net-current-free regime. In actual
situations, however, the plasma currents are induced by
external driven force accompanying with auxiliary heating, or
by diffusion (bootstrap. current). Especlally, the bootstrap
current can exist in helical systems even if the system is free
from externally driven currents. Therefore, experimental
investigations of these currents and thelr effects on the
confinement and stability is very important. :

In CHS, we have also observed a plasma current in both ECH
and NBH plasmas. Especially in NBH plasma, a large amount of
current is induced because the beam 1is injected tangentially
and is not balanced. In this paper, we will describe the
behavior of plasma currents that are induced in the neutral
beam heated plasma.

2 .Experimental Conditiocons

CHS has one neutral beam line which is capable of 40keV,
1.2MW hydrogen beam through the port for one second. A peculiar
feature of our NBI is that the injection angle can be changed
from tangential to normal direction by rotating the whole beam
line (Fig.1){l1]l. In this year, however, the injection angle is
limited to be tangential (Rt=94 or 87 cm, where Rt is the
radius of inscribed circle to the beam axis.) due to "the lack
of wall protecting armor plates, sc that the beam injection is
not balanced.

Toroidal plasma currents
are measured by a Rogowski
coll which is located on the
inner wall of vacuum chamber.
The direction of the beam is
usually in 'co'-direction which
corresponds to the direction of
effective plasma current that
enlarges a rotational transform,
In CHS, this direction is
opposite to the toroidal
magnetic filield (Fig.1). Other
diagnostics are: a FIR laser
interferometor for line density, Fig.l. Schematic view of the
Thomson scattering for Te(r) and movable beam line.
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n_{(r}, a dliamagnetic coll for stored energy, and a charge
eﬁchange recombination spectroscopy for T,(r) and rotation
measurement. VUV spectroscopy 1is wused for monitoring the
impurity behavior.

A target plasma is produced by ECH or RF for 15-30ms before
beam injection. NI overlaps with ECH or RF for 0-15ms, and
after that the plasma can be maintained by NI alone for 200ms
(so far, pulse 1length is 1limited by gas puffing system).
Neutral beam heating experiments have been carried out under
the conditions of B, =0.47-1.5T and the magnetic axis of
88—102cm.13 E%e plasﬁa parameters obtained by NI are:
n =1-8x10""cm -, T _(0)=550-200eV, and the maximum stored energy
of 5.4kJ is achiev€d at 1.5T.

3.Plasma Current

Figure 2 shows typical time evolutions of plasma current at
B,=1T. When +the plasma densgity is 1low, a large amount of
cliirrent is observed in the direction of neutral beam injection
(Fig.2(a)), while at high density the plasma current decreases
and in some cases it flows backward (Fig.2(b)). The dependence
of the plasma current on the electron density is shown in Fig.3
with the magnetic field strength and the magnetic axis as
parameters.

The backward current is more often found at low B,. When
B,=0.47T7, +the plasma current flows backward through &ut the
b&am pu}§e -§ven if the plasma density is not very high
(ﬁe<5x10 cm ", see Fig.2(c)).
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4.Discussions
(1)Beam Driven Current
By tangential injection, the fast ions produced by NI are
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passing particles and then they generate the current as in
tokamaks. In tokamak, the driven current may be expressed|(2]

de_Jcirc[l Zb/zeff(l_G)]'

where J 5 is the current due to circulating fast ions, Z,. the
electrif %ﬁarge of the ion, 2 the effective charge OP the
plasma, and G 1is a rate ofquiocked electrons. In helical
system, the trapped particles can also exist in both electrons
and ions, but the effect o©of these trapped particles may be
neglected because they are localised in the region of high
pitch angle. Therefore eq. (1) may still hold in helical system.

The Fokker-Planck analysis shows the parameter dependence of
J roughly as P, «<T »>/n_/R, where P is the injected
pS&E%, «<T » the volu%& é%eré%ed electron ieémperature, n_ the
line averaged plasma density, and R is the major radius. ﬁigure
4 shows the dependence of the plasma current on a trial
function P, T (0)/n/R. The figure shows that the experimental
data fit t&fsescaling as far as the plasma density is not high.
The line in the figure indicates the coefficient that
corresponds to the result of DITE tokamak({3]. As can be seen
from the figure the coefficient of our result is about a half
of that of tokamaks. One reason of this descrepancy is that at
low density the driven current does not reach its steady state
as shown in Fig.2, while at high density the bootstrap current

cancels the beam driven current. Another candidate is 2 . If
Z is close to 2,, the driven current decreases asegg.(l)
sﬁgas, but we have nRt evaluatedzeff yet.
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T
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A large plasma current modifies the magnetic configuration
of CHS. Figure 5 shows the radial profile of electron density
and temperature at 70 ms after beam injection. The electron
temperature has a parabolic profile while the density has a
broad one. The current may have a peaked profile in this case,
and changes the profile of rotational transform. The change of
rotational transform by the driven current is 0.05-0.1 at the
plasma surface. However, we have not observed any_deleterious
effect on confinement. Figure 6 shows the comparison of the
experimental diamagnetic energy with 'LHD'-scaling with the
plasma current as a parameter. We don't find apparant
degradation from the scaling even if the plasma current 1is
large. (note that the experimental data shown here are not
always taken at their maximum and therefore they are smaller
than the LHD scaling wvalues)
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{2)Bootstrap Current

The backward current which is observed experimentally can
not be explained by the beam driven current. The bootstrap
current may flow in ‘'counter' direction. The most part of NBH

plasma is in plateau regime. The theory predicts the expression
of the bootstrap current as{4]:

, Y, ] B} d T, dr,
B e T e — Ez — [Ez —_ d ____E_ ¢ [
¥/ v Revy B, (: 7 _”W"—GB? .\) X(l-lﬁ i + 1.54 ny - TO'SS. to—- )

In CHS €, is usually larger than €, at r/a»3/4. and in this case
the curgént flows backward. In fact, figure 5 shows that the
pressure gradient 1s large at the periphery of the plasma.
Therefore the experimental data is gualitatively consistent
with the theory.

We are still studying the bootstrap current in ECH plasma as
well as NBH plasma. We have observed that the amount of current
depends on the quadruple component of magnetic field.  The
comparison of the experimental data with the gimulation is now
in progress.
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Power Deposition during ECH in CHS

- 5. Kubo, M. Hosokawa, Y. Takita, H. Idei,
and CHS group

National Institute for Fusion Science
Nagoya 464-@1, Japan

Abstract: Power deposition profile and the total absorbed power
during electron cyclotron heating ( ECH ) in CHS are estimated from
the resonance structure at each flux surface. The dependence of the
central electron temperature on the magnetic field can be well ac-
counted for by this method. Total deposited power into the plasma is
estimated from the measurement of the leakage power around the
torus. Using this power deposition profile, preliminary confinement
analysis of the electron is done.

1. Introduction

Power deposition profile is one of the key issues for the con-
finement investigation. Conventionally the deposited power and its
radial profile had been estimated from the ray tracing analysis, and
these estimations are compared with the local electron temperature
decay measurement. In contrast, during 28GHz ECH in CHS, optical
depth 1s so thin that one can hardly. include all the wall reflection
"effect in the ray tracing code because of the complexity of the wall
structure and the input wave mode (TEpa, 0-X mixture). Under such
condition, the deposition profile is estimated from the resonance
structure at each flux surface. Moreover, total absorbed power
inside the confinement region is estimated from the measurement of
microwave leakage power distribution around the torus. Using these
results, electron energy confinement properties are analyzed.

2. Power Deposition Profile

In the ECHEH plasma of the CHS,
the electron temperature on axis,
Tee, ranges from 0.1 to 0.8 keV and
electron density, nee, 1.5 to 8.2 x
1022 cm~3. In such parameter range,
one path absorption rate 1s so
small ( at most nearly 3% ) for the
28GHz fundamental resonance of 0O-
mode. As is well known, at the
fundamental resonance, the absorp-
tion rate of X-mode is much smaller
than that of O-mode. Microwave
power is launched by the straight-
cut waveguide antenna with TEea

A

1% Yacuus vessel

257
mode, so that ‘both 0- and X-modes 7
will be excited and 3-dB lobe
extends to almost whole plasma
cross section as shown in Fig. 1. Flg. 1 Poloidal cross section
The opposite gide of the launcher at the injection port of ECH.
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is geometrically complex for the presence of the wvacuum vessel and
ports. In consequence, in order to estimate the power deposition
profile, ray tracing calculation including all wall reflection
effect is not realistic, or one cannot help including many assump-
tions. In contrast, if the assumption that the wave is completely
scattered at the wall, that is, the wave field is isotropic and
constant everywhere inside the vacuum vessel holds and if we consid-
er only the Doppler-broadened cyclotron damping as the absorption
mechanism, estimation of the deposition profile from averaged treat-
ment of the resonance structure 1is possible. In Fig. 2 are shown the
ratios of area of the resonance band to that of the total flux
surface as functions of magnetic field strength B+ at the center
of the vacuum vessel for three different configurations. For the
case of small field ripple on axis corresponding to Fig. 2 a), it is
shown that the electron which makes excursion on the magnetic surface
near the magnetic axis almost always remains within the resonance
layer if Br is set at ¢.94 Tesla. In contrast, for high ripple case
{ Fig. 2 ¢) ), efficiency that electrons gain energy from rf field
is suggested to be very low everywhere even though B. is scanned.
Therefore, it can be considered that these area ratios directly
reflect the power deposition rate. 10

Fig. 2 Ratlos of the reso-
nance area to the total flux
surface area as functions of
mean radlus and magnetlic
field strength By, for three
magnetic configurations, a)
0 0 ) . k Raxis® 24.9 cm, b) 97.4 cm and
: c? igl.s cm.

25
T T (em)

In order to check this scheme to derive the deposition profile,
electron kinetic energy on axils, Wae, measured by the Thomson scat-
tering during the Be scan for three different magnetic configura-
tions is compared with the calculated one. In Fig. 3 a) is shown the
measured We.e dependence on B:. These dependencies cannot obviously
be expected by the one path ray tracing calculation. As the radia-
tion loss and power flow from electron to ion are negligible in the
present parameter range, the following diffusion equation for only
the electron kinetic energy holds] ; 5

auk [o) _ 1

St For(ragre) = 2 )
can be numerically integrated with the power deposition profile to
obtain the kinetic energy of electron on axis in the steady
state, assuming the diffusion coefficient as a function of the mean

radius as £
Xlr)= X, 10T . (2)

In Fig. 3 b)are shown the results of the above mentioned numerical
calculations. The tendency of the B: dependence of Wee for each
magnetic configuration could well be reproduced by the calculation.
Therefore, power deposition profile estimation from the resonance
band structure is shown to be effective.
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Fig. 3 a) Experimental and b)
estimated dependence of the
central electron kinetie
energy W, on magnetic field
By for
Raxis“ 94.9 ¢cm {© 1,
97.4 cm ( Kew== ),
and 191.8 em ( 4......- ).

Wotnl/an?}
x
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3. Total Absorbed Power

In the course of the confinement analysis, total power absorbed
in the plasma is an important parameter as well as the deposition
profile. Total absorbed power is estimated by measuring the leakage
power from the vacuum vessel. Detectors for microwave leakage power
are set just outside of the quartz windows located 45 degree apart
from each other along the toroidal direction. In order to formulate
the power balance, vacuum vessel 1s divided into 2n toroidal sec-
tions. Input power for i- section 1s the summation of externally
injected power Pun.:, power flow from adjacent sectionsPi-..: and
Pi~1.1. On the other hand, loss power for i- section is wall 1loss
Pw~.:, leak loss P..: and power flow out to the adjacent secticn
P,.s1-2, Pi,1-2. Assuming all waves starting from the wall or the
boundary bhetween the sections are isotropic, the power balance
equation for the i- section can be expressed by

o +
Prjous = Pin ;s T +Piy; I+ Piyy; T

;
r‘s et 1l 2 ! — =g’ t-he- o opre e (1-8)e" (3)
l‘a(l'/;'/‘[.)e ] ]-a(l_/:,/'l'.)g'r 1 .

Here, multi-reflection effect is taken into account. The parameters
o and B represent the power flow rate to the wall from adjacent wall
and boundary, respectively. The constants /| and /, are the leak and
wall loss rate of the power reached at the wall. Effective one path
optical depth T is introduced to take plasma absorption into account
at each section. By solving the equation system for the power
balance of every section, leakage power distribution along the
toreoidal direction can be calculated with the effective optical
depth as a free parameter. In Fig. 4 a) are shown the leakage
power distributions for the various optical depthswith e, 8 and /j
calculated from real geometrical configuration and /, from empir-
ical ohmic loss rate of SUS plate. Here, the leakage power 1is nor-
malized by that at the power input section. Summing over all sec-
tions, total absorbed power, leakage power, and wall loss power can
be expressed by

T R TR o v P A

tai-f- €7 b-r-r Baall 1-a(1-f-)€F t-T™r° /e
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The dependence of these power on effective optical depth camn be
calculated as shown in Fig. 4 b). In Fig. 4c¢) 1is shown the experi-
mental leakage power dependence on the injected power. During the
injection power scan, main varlable parameter 1s the electron tem-
perature. These data can be interpreted as the dependence of the
leakage power on the effective optical depth. It is clear that
leakage power at the further- section from power input section
saturates faster than that at the nearer one. From these results, it
is concluded that at nearly 109 kW level input power, almost 88% of
the input power is absorbed in the plasma.

. (K] - 17
.E - G‘b‘t ..n .
= * "7 Flg. 4 a) Estimated leakage
% X power distribution aleng the
& - "Co,,, 2| toroidal direction for several
N . o &% optical depths. b) The de-
% < pendence of the absorbed,
z TH leakage, and wall loss power
o - . 3 on effective optlcal depth. c¢)
FR °%°.a .od Experimental leakage power
* i dependence on injected power
- for 1) 0.9, 2) 45.9 and 3)
Toreldal Angle T Q.0 1200 9¢.0 degree toroidally apart
P;, { kW) from injection port for low (©
31, mi:dium (X), and high (A )
4. Electron Energy Confinement Analysis ensity case.

In the previous sections, total absorbed power and the deposition
profile are” estimated. The energy flow to the ions or radiation
loss is negligible in the typical plasma parameter range in inter-
est. Taking only the electron energy balance, that is to say,

gsolving the diffusion equation for only electrons, measured and
calculated time evolution of the electron energy at (T = @ em and
T = 7.5 em ) are compared in Fig. 5. Here the diffusion coefficient
is set at 2.9 x 124 cm?/s on axlis and its functional form on the
radius is set the same as Eq.{2). This result indicates that the
deposition profile estimation and the diffusion coefficient assump-
tion is appropriate.

2.5 T

¢ 10" enm"? keV )

Fig. 5 Electron energy decay
15.0 ¢m estimation from diffusion

model( lines ) and experimen-
20.0 ca tal measurement ( o,X ).

time ¢ mns J

5. Conclusion

Power deposition profile during 28 GHz ECH experiment was esti-
mated by the resonance structure. This estimation scheme was checked
by the dependence of the central electron kinetic energy on the
magnetic field for three different magnetic configurations. Total
absorbed power into the plasma 'is estimated from the model which
takes account of the wall loss, leak loss, and multi-reflection
effects and leakage power distribution measurement. With these
estimations, simple electron transport analysis is done resulting in
the electron diffusion coefficient nearly 3x10* cm?/s.
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A POSSIBLE MODIFICATION OF THE FT TOKAMAK IN TO A COMPACT
HIGH FIELD STELLARATOR WITH SEPARATRICES.

F. Alladio, P. Buratti, F., Crisanti, 5. Mancuso, P. Micozzi

Asscciazione EURATOM-ENEA sulla Fusione, C.R.E. Frascati,
C.P.65 - 00044 - Frascati,Rome, ltaly

ABSTRACT

A possible modification of the FT Tokamak could be to transform it into a
compact high field stellarator experiment.

The removal of the copper shell and of the secondary liner would leave
space (2 cm.) between the inside of the toroidal magnet (r=29c¢m.) and
possible vacuum vessel with r=20 cm.

This space could be used for the helical windings. As the toroidal magnet is
built by 12 sectors a rather attractive possibility could be an =2 m=6
stellarator.

Since the FT Tokamak is at the present out of operation a possible idea to
reuse of it is the transformation to an high field stellarator.

In order to use as much as possible the present facilities a few parameter
are straightforward. The major radius is given by the toroidal magnet
(R=83cm. in FT); however we propose to locate the magnetic axis at R=78
cm. in order to have a toroidal field of 5 T on it, this would allow the use of
the ECRH at 140 GHz (= 1 MW) available on FTU [1].

Actually the FT Tokamak has been designed to produce a toroidal field of 10
T and the use of it at a lower field could leave the possibility of using the
steel casing to substain the forces of the helical coils.

The I,m numbers can be derived considering that the toroidal magnet is
composed by 12 sectors, therefore an obvious choice is m=6 =2 with the
possibility of 12 full ports.

The choice to put the helical windings inside the toroidal magnet (to be as
close as possible to the plasma) gives a limit to the plasma cross section.
A preliminary analysis suggests a minor radius of 20 cm. for the vacuum
vessel, leaving 9cm. available for the helical windings.

The presence of the FT transformer, used at a really small current
level,could allow plasma current control, ohmic start-up and ohmic
stellarator operation; besides the present vertical field and bias coils can
be used to optimize the stellarator magnetic configuration.

In our proposal the four helical windings should be wound using the law of
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constant pitch in toroidal coordinates [2,3]. This fact causes the cross
section of the. helical winding to be variable from 100cm? (inside) to
250cm2 (outside) (Fig.1).

Each coil should carry about 1 MA; up to now the detailed procedure to
build them has not been yet analyzed. However a possible way could be to
make a separate construction for each of the 12 magnet modules (that
means two geometries of construction for 6 modules each) and to join them
when the modules are assembled. This could imply the construction of each
coil by 6-8 windings capable of carrying 120-160 KA each. A solution like
this could be wuseful also for the necessity to feed the coils from &
different symmetric point in order to minimize the field errors.

In Fig.1 a preliminary 1=2, m=6 vacuum field configuration is shown: it is
produced by a toroidal field of 5 T at 78 c¢cm, 4 helical field coils carrying
700 KA each and by a vertical field produced with 83 KA and 47.5 KA
flowing respectively in the external and the internal coil. Fig 2 shows a
more detailed view of the magnetic configuration with a circular vacuum
vessel of 20 cm radius and the inside of the toroidal magnet of 29 ¢m
radius, the average minor radius of the plasma being 15 ¢m, that means an
aspect ratio A=5.2. The main characteristic of such configuration are: the

strong separatrix-like features at the edge of the plasma where £ = 1, the
high shear in the last 2 ¢cm of the configuration (Fig.3), the relatively broad

and flat € = 0.22 profile near the magnetic axis and the presence of a small
(2 % deep) magnetic well. The equilibrium and stability study has to be done
but, from similar low aspect ratio steflarator/torsatron studies performed
in the past [3] one could guess a quite large equilibrium P limit (of order of
<B> =10% in the case the high shear region between ¢ =05and4 =1.0is
not destroyed by finite B induced islands and <p> =2.5% in the case it gets
lost). The Mercier stability should be guaranteed by the magnetic well in
the central region of the plasma and by the high shear at the edge. A
remarkable feature of the wvacuum configuration is that within -the

separatrix no islands are present even at the major resonances $ = 1/2,
1/3 , 1/4 , 2/3 ete...

The vacuum chamber could have a circular cross section, however the
possibility to produce diverted plasma (see the strong separatrix-like
feature in Fig.1} increasing the helical current or decreasing the toroidal
field suggests 1o protect by tiles the region of the divertor. Another
peculiar feature could be the possibility to build in the vacuum vessel an
ICRF helical antennas system that could fil the empty spaces present
inside along two of the coils.

Apart from the existing ohmic transtormer of FT the above quoted ECRH
system could be used for the plasma start-up and sustainment. At full
field both the possibility of first harmonic O-mode launch from the low
(divertor helical coil) field side as well as first-harmonic X-mode launch
from the high (other helical coil) field side by an optical or waveguide
launching system should be present. At half field the second harmonics X-
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mode launch is possible.
An ICRH system with 4-6 MW could be tunable from 30 to 90 MHz using the
helical antennas built in the vacuum vessel; their power feed could be
through the 6 ports where also the helical field coils are fed.

A simple confinement assessment can be made on the basis of the
(pessimistic) LHS scaling

T, = 017 P-058 n0.69 50.84 a2 RO.75

(s) (MW) (1074cm3)  (T) (m)

by assuming that the density could be pushed up to ng = 3 10%4cm-3 at
By = 5T.

Confinement times from ’EE =40ms at P = 0.5 MW down to

TE'-_- 10ms at P = 5 MW are deduced; they correspond to volume averaged
temperatures from <T> = 400eV up to <T> = 1100eV. The volume averaged [

value is at most 1% at P = 5 MW,
On the other hand a scenario with ne = 1510"%cm-3 at B;= 5 T gives TE

from 22 ms at P =0.5 MW down to 6 ms at 5 MW, volume averaged
temperatures from 260eV up to 700 eV but B values up to 2% with P = 5 MW.

‘A central feature of this experiment could be the study of the effects and
of the resilience of the narrow high shear region at the plasma edge and of
the confinement effects of the separatrices. A preliminary assessment of
the effect of the rippled toroidal field (with N=12 and 15% empty space
between the magnet modules) has been investigated with I5,;=900 KA, B¢=
5T, 1y,=68.1 KA, 1y,=61.4KA. Fig.3(a,b,c) show that the separatrix-like
feature at the plasma edge is barely affected by the ripple.
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Engineering Design of Large Helical Device

J. Yamamoto, Q. Motojima, and LHD Design Group
National Institute for Fusion Science
Chikusa, Nagoya 464-01

Abstract: Engineering design of Large Helical Device and
technical subject to realize the device are described.
Research and development works of superconducting coil are
also introduced here.

1. Introduction

Large Helical Device (LHD) is a one of the largest
fusion engineering device including the largest stored
energy superconducting magnet. LHD includes the number of
innovative .engineering items, therefore the construction of
the LHD must break through a lot of technological hardness,
then will contribute world wide society not only energy
engineering but also all aspects.

This paper mostly covers the superconducting coils and
its utility system. Force analysis and plasma vacuum vessel
are introduced in other papers. Major parameter of the
device is introduced in Table 1. The research and develop-
ment of the superconductor is handled by another.

2. Components of LHD

LHD is mainly made from the plasma vacuum vessel,
superconducting helical coills, superconducting poloidal
colls, supporting structure, outer vacuum shell for thermal
insulation (Bell Jar), heating and diagnostics ports.
Artist's view of the device is shown in Fig. 1. The device
is surrounded by liquid helium cocoling system, vacuum pump
system, coil current supply, plasma heating device, plasma
diagnostics system as shown in Fig. 2.

3. Engineering Items to be Solved

3.1. Helical cecil: winding technology, electrical
insulation, cooling channel, error field, mechanical
structure, force transfer from coil to coil can.

3.2, Poloidal coil: reduce AC loss, errcr field, mechanical
structure, electrical insulation. ‘

3.3. Among coils: Mechanical support (material selection,
structure design}, relative position.

3.4. Vacuum vessel: welding reliability, cooling, port.

3.5. Between helical coil and vacuum vessel: relative
position in wide temperature range, support rod, thermal
insulation.

3.6. Bell jar: vacuum {(outgas, leak), mechanical stiffness.

3.7. Power supply: current control, voltage ripple, current
breaker, bus line. .

3.8. Cryogenics: heat load{radiation, conduction), coolant
supply, power lead for sc coil, thermally insulated support
structure, refrigerator, gas handling.

3.9. Emergency: coil quench, power supply fallure
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cryogenics shut down, control system down, water supply
down, heavy vacuum leak.

4. Engineering Aspects of Superconducting Coil

Inmportant points for design of superconducting coil
system are as follows: 1. selection of conductor and its
cooling method. 2. mechanical and structural design of
helical coil. 3. winding technology of helical coil to
assure magnetic field accuracy. 4. test method of coils
before combined as LHD. 5. Assurance of relative position
among the vacuum vessel, coll, and Bell jar at operating
temperatures. 6. Reliability, safety, and economy.

Table 2 shows the specification of poloidal coils. The
coil is designed for ac operation. Due to the large
diameter of the coil, the conductor of the coil will be a
steel jacketed forced flow type.

The largest magnetic field in a helical coil will be
experience with mode#3, its field is 8.35T, the largest
electromagnetic force is over than 1000 ton/m. Figure 3
shows the empirical law of the coil current and coil energy.
Therefore we choose the operation current of 20 to 30 kA for
helical coil. Material of helical coil conductor is NbDTi,
Either pool cooling and forced cooling type are candidates
of the conductor

5. R&D Items

Table 3 shows the R&D coils which is undergone by the
Institute. Each coil shares the object of the LHD
engineering items. Operating current and stored energy is
shown in Fig. 4.

6. Conclusion

Basic design of LHD is established. Its engineering
problems can be solved after R&D of vacuum vessel and super-
conducting coil. '

The order of construction of the vacuum vessel and the
superconducting helical coll will strongly affect engine-
ering items.

Either coocling method of conductor will be possible to
realize helical coil. The choice of the method may be
decided by helical coil winding method and cryogenic
aspects.

Most of superconducting technology to realize helical
and poloidal coils will be established in these two years,
as results of the R&D project undergone.

Crvogenic techneclogy to assure the geometrical position
at liquid helium temperature, thermal insulation, and refri-
geration system have to be developed parallel to supercon-
ducting technology.
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Table 1. Specification of

Helical Device. POWER POYER
Large Hellc SUPPLY!  |SUPBLY
HAJOR RADITS 12 | |
COEL XINGR RADIUS 0.96n e POVER e z
AVERAGED PLASHA RADIUS 0.5~0.00 | | :
PASHA ASPECT RATIO 1~8 ‘{poLotpat! |mericar| | vacuux
| - 2 “Go1L oI | | vESSEL
2 19 [
B2 2R 1.2 e
POLOIDAL COTLS NUVBER 6(3 PAIRS) ] -
teuweine| [ire. wel [vie. me!Heuwping
FAGNEVIC FIELD (CENTER) 4T EYRTENC| B0Bebt| |G BE L [1RTHEEY
(COTL SURFACE) BT
EELICAL COLL CURRENT § 1T Heas FEED
(OLL CORRENT DEHSETY 0 Har® ‘ SYSTEM
COLL ERERGY EL CONTROL H co0LING
HINDING ACCURACY 5 x 10-* SYSTEM SYSTEM
ERROR. FIELD (GLOBAL) Less than 4 G -
| BARING
(L0CAL) Less then 10 G SYSTEM
REFRIGERATION POVER 5T I Figure 2. Composition of Large

Helical Device.

Bell Jar

Therma! Insulation

HFC Support
Structure

Figure 1. Schematic drawing of Large Helical Device.
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Table 3. Specification of R&D coils.
NAME WPE  COOLING SPECIFICATIONS
KYOTO-SC  HELICAL  POOL Re0.3n rz(.063
o185 152 B0
1 ¢ B o 'R=n.3m r=3.2
23 [ B=3.07 I=8.03ka
X i i T0RE-TF HELICAL  FORCED-FLOW  ReQ.9n_ r<(.?
Ta?ledz Specification of m4f | mgﬁTﬁ&ﬁh
poloidal coils. ; .
T0R1-PF ULOIDAL FORCED-FLOW  Ri=0,6n Bo=0.82n
) e Bt Bakd
P
OV COIL | 13 COIL } i COLL TORI-KC  S-GHAPS  POOL fistda G
CENTER POSITION  mm[+-1550 [+-2030 |+-1250 Eﬂﬁ HgDEL D CoOLING Cu4cgﬁdu5tgrgsm
NAGNETHOTIVE FORCE MAT| -5.02 | -3.22 | &.1I
{COIL CURRENT  kA| 306 | 2236 | 21.22 .
INUCTARCE B 144 | 057 | 1.2 L T T T T l
- TOKIPF 1oKi-mc LHD
NUNBER OF TURNS 1314 | 12812 | f8x16 510,, -0 °c
B L g TOR-HB TOKI-TE
KARTHUM FIELD I I I B T g
e . A
CONUCTOR S1ZE  mm| 3636 | 24126 | 2428 2T (Sosc
INSULATOR THICKNESS am{ 1.0 1,0 1.0 ,
. 102 1 [ 1 1 [
CURRENT DENSITY A/mm2| 25.2 | 35.8 | 3.0 10* 105 b 07 18 0’ 100
STORED ENERGY [J}
{01 812 ,
£ am | 3063504 | 208X312 | 4327415 Figure 4. Stored energy and
CONDUCTOR LENGTH o 5467 | 2805 | 3854 current of R&D coils.



Operation Scenario and Structural Design Analysis
o | of
LHD (Large Helical Device) Coils

Kozo YAMAZAKI, Osamu MOTOJIMA and LHD Design Group
National Institute for Fusion Science,
Chikusa-ku, Nagoya 464-01, Japan

Abstract

Flexible operation modes of coil system are presented for the Large Helical De-
vice (LHD) with m(field period)=10, 4-layer HFC (Helical Field Coil) and 3-pair PFC
( Poloidal Field Coil) superconducting systems. For these operation modes, eleciromag-
netic force and stress analyses are carried out, and it is clarified that coil supporting
system within the permissible stress level is possible with adequate stiffness to keep clean
magnetic surface without large magnetic islands.

1. Introduction

For the flexible currentless plasma operations of Large Helical Device, magnetic field
properties such as rotational transform, plasma position/shape, plasma-wall clearance
etc. should be controlled by the external coils. For one of these purposes the four-layer
structure of HFC are adopted, especially to adjust the helical pitch parameter and the
divertor-wall clearance. Moreover, three-pair poloidal coils are designed (Fig.1) to control
the plasma axis position(A), plasma cross-sectional shape(s, 8, - - - ), poloidal plasma
flux(1), the leakage magnetic field strength(Bi.ar), stored coil magnetic energy and so
on. In order to avoid induction of plasma current, the poloidal flux should be designed
to keep constant in time. Moreover, the leakage magnetic field should be minimized to
reduce the eddy current and unfavorable magnetization of structural materials.

2. Operation Modes

The applied vertical magnetic field from HF and PF (OV IS,1V) coils is decomposed
to each multipole components:

Bz(HF) = Bp(HF) +BQ(HF)-X+BH(HF).X2+ _

Bz(PF) = bp(d)L; + bg(i)f; - X + by(3); X* + — — -
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Bp(PF) = E bp(2)1;
i=OVIs, v

Bo(PF)= 3 bo(i)I;
i=OVIS,IV

Bg(PF)= > ba()L
‘ i=OV,IS 1V

R — Riai,

: Rezi,

Three pair PF coils have three degrees of freedom, required to adjust the axis po-
sition (A) by dipole component Bp(PF)/Bp(HF), the elongation (k) by quadrapole -
component Bo(PF)/Bq(HF) and the loop voltage by poloidal flux . By taking the
minimization of B at R = 10 m into account, four typical operation modes are de-
fined: (1) steady state operation, (2) axis shift mode, (3) shaping mode, and " (4)
current drive/suppression mode. The required PF coil currents for these modes are given
in Table 1. In addition to preprogrammed operations, the feedback scenarios for plasma. -
position, cross-section and plasma current are also considered. '

X =

3. Accuracy of Coil Winding and Setting

To keep magnetic island smaller than 10 percents of the plasma minor radius, per- -
missible global error field ( toroidal mode number n = 1~2 ) should be less than 4 Gauss,
and local mode ( n = 5~10 ) should be within 10 Gauss at 4.0 Tesla operations. The
required winding and installing accuracy of coils is within 5-107* ( 2 mm ) by the this
criterion. Therefore, the mechanical stiffness of the coil support structure is necessary to
hold these constraints. The displacement due to thermal shrink in the coil cooling-down
phase is about a few ten millimeters, and special attention should be paid to the unifor-
mity of this thermal shrink.

4. Electromagnetic force and Support structure Design

Figure 2(a) and (b) show the electromagnetic force on HFC without and with PF
maximum current, respectively. The maximum electromagnetic force exceeds 1000 ton/m
in the outward direction without PFC (Fig.2(a)) and in the inward direction with PFC
(Fig-2(b)). The force of the IV (Inner Vertical) coils also exceeds 1000 ton/m. On the
other hand, the electromagnetic force on the OV {Outer Vertical) and IS (Inner Shaping)
coils is less than 1000 ton/m.

5. Support structure lDesign and FEM Analysis
As for HFC, the winding conductor and coil-can have not enough mechanical stiffness
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to all three directions (Fg Fy and Fz)}. Therefore, the transportation of this electromag-
netic force to the 4.4°K external support is necessary. The toroidal shell or toroidal ring
with reinforcing mechanical ribs is adopted to keep acceptable displacement. On the
other hand, the mechanical stiffness of PFC is enough for hoop force Fr, however the
Fy force should be supported by the ribs on the structural toroidal shell. The total coil
system is supported by this torus supporting shell structure.

The structural analyses of HFC and PFC supporting structure under the above-
mentioned operation modes are done using several FEM (Finite Element Method) mod-
els by three engineer groups independently. The calculated maximum deformation are
horizontally < 1.2 mm, toroidally < 0.8 mm and vertically < 1.7 mm. The maximum
stress appears at the inboard-side support ring, and its value of 18.0 kg/mm? is tolerable.

6.Conclusion

Several operational scenarios of the Large Helical Device coils are defined and elec-
tromagnetic force and stress analyses are carried out using Finite Element Method. It
is clarified that the stress level of coil can and supporting structure is about 30 kg/mmj
which is allowable for the stainless steel at low temperature. The stiffness of this coil
system can be adequate (less than 2 mm) to keep clean magnetic surface without large
islands which are induced by the coil deformation.

Acknowledgment .
The FEM analyses are carried out by engineers of Hitachi, Mitsubishi and Toshiba
LTD.
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Fig. 1 Configuration and ampere-turns of LHD coil system
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Table 1 Operation modes and coil currents of PFC.

Operation Mode| time= 0s time=5s
=Bz (PF)/Bo (HF) 102% -
-Bo (PF)/Be (KF) 100%
#1 & (PF)+ ¢ (HF) 30wWhb
{Steady~ Lov -4. BIMA
State bis —1. 88MA
Gperation) | Ty 4. 7T7TMA
~Bp (PF) /B0 (HF) 88% 106%
-Ba (PF)/Ba (HF) 100% 100%
#a @ (PFI+ ¢ (HF) B0Wb BOWb
Aaxia ~'-0cm "’_20Cm
(Axis-
Shift 1ov ~-4. 34MA -4, 6TMA
Operation) I1s ~1. 95MA —-1. 82MA
Ly 4. 41 MA 5. 12MA
-Bo (PF}/Bp (RF) 102% 102%
-Ba (PF)/Be (HF) 50% 150%
#3 % (PF)+ ¢ (HF) 80Wb 80WhH
Asxia ~=10cm ~=10cm
(Shaping
Operaton) lov -4, T86MA | —4. 25MA
Iis -0. 56MA -3. 22MA
18T 3., 42MA 6. 11MA
#4 Within Constraints of
(Current Drive/Suppression) #1~H3 operation modes

FER

——F ¢
——FZ

IFR =
IF¢g=

19,41 3TOR/COIL
+9.07 2TON/COIL
EFZ=x11,67 9T0N/COIL

I

09
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N
A

ZFR =-—9,14 2 TOR/COIL

TF$p==%1,677TOR/COIL
TFZ=x+09,971ToN/C0lL

Fig. 2 Electromagnetic forces of HFC (a) without PFC and (b) with PFC.
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Engineering Design of LHD Vacuum Vessel

N. Ohyabu & N. Noda
National Inétitute for Fusion Science
presented at Toki Conference
Toki, Japan (Dec. 1989)

Abstract - There are two key issues in designing the LHD
vacuum vessel, 1) how to accommodate a closed helical divertor
system. The divertor is one of the major features of the LHD
program. 1ii) how to. assemble the vessel. The assembly procedure
is quite different, depending on whether it is done before or
after the coil winding. ‘

The conceptual desiegn of the LHD vacuum vessel is discussed.
The vacuum vessel 1s helically twisted and rather complex, shown
in Fig.l. The LHD vacuum vessel must be designed to satisfy
physics requiréments'in addition to maintaining the vacuum
Iintegrity. The principal physics requirement is to accommodate a
closed helical divertor system, shown in Fig.(2). Divertor is
one of the major features of the LHD program and 1s expected to
control the impurity contamination and to improve the energy
confinement. The mincor radius of the vessel is 1.60m, allowing
divertor chambers with reasonable size. A critical point for the
vessel and the helical coil designs is that gap between the coil
surface and the first wall inner surface must be less than 15cm
on the small major radius side of the torus in order to avoid
plasma-wall interaction there, as shown in Fig.3. This necessi-
tates an accurate fabrication and assembly of the vessel (I 5mm).

The LHD vacuum vessel must withstand various loads,
requiring a certain thickness of the vessel. The LHD vessel
tends to require thicker wall because of its complex shape
compared with those of tokamak devices. However, thicker vessel
allows higher vessel current when the axis or shape of the
plasma is changed By the poloidal coil. The induced vessel
current generates the error field, which may destroy the closed
flux surfaces. Recent study has indicated that the main
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component of the induced magnetic field is axisymmetric and thus
harmless. Therefore wall (stainless steel) thickness of 3cm is
found to be quite acceptable for the LHD operation. Even if the
vessel shape is similar to that shown in Fig.1l, the vessel with
wall thickness of 3cm can withstand the atmospheric leoading. The
most severe loading may occur when large plasma current. dacays
within the vessel time constant (- 10msec). Therefore discharge
must be operated carefully not to exceed a certain current level,

The vessel also must handle the heat flux from the pPlasma,
Z0MW for 10sec pulse operation and a few MW for steady state
operation. In the normal discharges, the majority of the heat
flux is guided to the divertor plates (carbon tiles) with water
cooling. Heat fluxes on the divertor plate for the pulse opera-
tion (20MW, 1l0sec ) and for the steady state operation (a few MW)
are -~ SOOW/cm2 and ~ SOW/cm2 reépecti?ely.
At the high density operation, the majority of the heat flux may
be converted into the radiative power and the heat flux on the
wall under the helical coil can be ZOW/cm2 for the pulse
operation. The thermal-stfess on the wall due to the heat flux
of 20W/cm2 i1s found to bhe tolerable. .The major engineering
issue of the vessel design is how to fabricate and assemble the
vessel. Fabrication and Assembly procedure will be quite
different, depending . on whethé: it is done before or after the
coil winding. In the case where the vessel assembly is done
before the coil winding, sectors (72 ) of the vessel are
fabricated at the factory and are shipped to the site. The
assembly of the vessel will be easier, but it may cause
difficulty in winding the coil. For the o¢ther case, many
segments of the vessel wall are patched to make a vessel with
complex shape, while maintaining vacuum inteérity as well as
accuracy of the assembly (% 5mm). This is not an easy task.
Finally specifications of the LHD vacuum vessel are summarized in
Table 1.
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LHD vacuum vesel

Fig.1
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1) Size, Shape
. Major radlus R=4mn

2) Baklng Temperature

' 3) Heat Flux.

Table 1

Va.clium Vessel
First wall {(divertor tile)

Divertor plate

First wall

20W/em?
2W/cm2

Specifications of
(not final)

500w/cm
50W/cm?

429
Coil Can ( 45 wm )
S W Vacoun Vessel ( 30 mm )
D \ Insulation !.ay'er’(somm)
T 2 Belical R /. Plasna
W= 1. Coil Center
5147
N
i; First Wall { 25 mm )
f=—" =
214.5 §95. 5
50 860
~978
R

. Toroidal Resistance > 0.05 m

100 C

w/h=1, 2

- Small gap between the coil surface

and the edge plasma region.

. gap between coll surface and the first wall {( A )
2 £ 150mm

350°C (550°C ?7)

for 20MW,100sec
for 2MW 3 o° sec

for 20MW, l0sec

for ZMW ,

the LHD Vacuum Vessel
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Development of Superconductor for Large Helical Device

T. Mito, J. Yamamoto, K. Takahata, 0. Motojima
National Institute for Fusion Science
Furo-cho, Chikusa-ku, Nagoya-shi, 464-01, Japan

‘ F. Sumiyoshi
Faculty of Engineering,_Kagoshima University
Kagoshima-shi, 890, Japan

Abstract: The present situation of the design and construction of
R&D superconducting conductors for Large Helical Device is reported.
At first, the required properties for the conductor of LHD and the
design criteria of the conductors are mentioned. Then the. designed
patterns of the cross sections of R&D conductors are shown. The
test and estimation items of conductors are listed. Lastly. the
R&D schedule are shown.

1. Required properties for the conductor of LHD
~ The required properties for the conductor of the
superconducting helical coil of LHD are shown as follows.
1) The superconducting characteristics, thermal properties and
- mechanical properties are not lowered by the large
electromagnetic force of the helical coil.
2) There are no damage of the conductor during the helical winding
process.
3) The conductor:-has high current density in order to satisfy the
coil average current density of 40 A/mm® at 8 T.
4) The conductor is enough stable against the quench because the
superconducting coils have large magnetic stored energy about
2 GJ.
5) The conductor must be easy to wind because the winding process
is done at the experimental site.
8) The AC loss due to the field change of the poloidal coils is
reduced in order not to affect. the stability of the helical
colils.

2. Design criteria of R&D conductors
The conductor for the large helical coil must satisfy the
criteria mentioned as follows. . '

1) NbTi superconductor is selected considering large
electromagnetic force and twisted helical winding.

2) The current density of the conductor is about 55 A/mm% at 8T in
order tec satisfy the coil average current density of 40 A/mm=Z.

3) The operational current of the conductor is about 30 kA in
order to satisfy both requirements of feasibility of the
winding and the coil safety after quench.

4) The conductors with both cooling types of the pool boiling and
the forced flow are considered as a candidate for LHD.

5) The pool boiling conductors are aimed to study how the
difference of the position of pure aluminium in the conductor
affects the stability and the mechanical properties.

6) The forced flow conductors are aimed to study the difference of
the position of helium cooling path and superconducting wire.

3. Designed patterns of R&D conductors
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Table 2. Forced flow conductors for LHD

CONDUCTOR NAME DESIGN-T KISO-1F KISO-2F
NOMINAL CURRENT (kA) 34.8 22.0 0.0
CRITICAL CURRENT (iA) at 8T,4.2K! 70.0 (& 8.4T) | 40.0 59, 4
OVERALL CURRENT DENSITY (A/mm?) 64,2 56. 7 52.1
NbTi CRITICAL CURRENT DENSITY 774 (@ 8.4T) 850 850

(A/mm2) at 8T, 4.2K

SIZE (mmXmm) 27.0x23.8 19.7x19.7 24.0x24.0
NUMBER OF STRANDS 486 30 137
DIAMETER OF NbTi/Cu STRAND (mm) 0.7 2.0 1.14
Cu/SC RATIO IN STRAND 1.0 1.0 1.0

INNER DIAMETER OF COCLING PIPE 7.0 11.0 10.5

(mm)

AREA OF CROSS SECTION (mm?) 642.6 388.1 576.0

COMPOSTION (VALUE FOR 10kA)

NbTi 90.4 (26.0) 47.0 (21.4) 69.9 (23.3)
Cu 90.4 (26.0) 230.0(104.7) £9.9 (23.3)
Al 55.4 {15.9) 0.0 { 0.0) 151.6 (50.5)
SS 143. 4 (41.2) 0.0 ( 0.0) 109.4 (34.5)
CuNi : 6.5 (1.9 0.0 ( 0.0) 0.0 € 0.0)
Pipe 11.8 ( 3.4) 0.0 ( 0.0) 39.5 (13.2)
He 244.7 (70.3) 95.0 (43.2) 103.8 (34.6)
PbSn 0.0 ( 0.0) 14.6 ( 6.6) 29.5 ( 9.8)
RESISTANCE OF CONDUCTOR (2/cm) 6.36x10"°° 2.08x10°8 2.49x107®
RESISTANCE OF 10kA CONDUCTOR 2.21x107% | 4.59x10°® T.47%10°®
MAMUFACTURER TOSHIBA SUMITOMO HITACHI CABLE
CROSS SECTION
(D NbTi/Cu
@ 1/2H Cu
3 PbSn ?
@ Al A
@ SS IIIIIIII ”/I”I//
® SHE

There are two types of R&D conductors. One is proposed from
the LHD coil design and the farther R&D coil design 1In 1989 by a
coil manufacturer (DESIGN-H, DESIGN-M, DESIGN-T). The other is
designed in the R&D program on superconductor for LHD in
collaboration with a cable manufacturer (TOKI-1B - 4B, TOKI-1F - 2F)

The parameters of the pool beoiling conductors are listed in
Table 1 and those of the forced flow conductors are listed in
Table 2.

4. Test and estimation items of conductors

We are planning to test the 1/3 scale R&D conductors about the
superconducting characteristics, the stability and the mechanical
properties from February 1990. The considered test and estimation
items are listed as follows. The preliminary selection of the
conductor will be done according to the result of part of the
following tests.

1) Mechanical properties at the room temperature
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<Short sample>
‘Young's modulus of the single conductor
-Boundary condition of each materials inside the conductor
with bending and twisting stress.
<Coll pack>
Young's modulus of the coll pack
-Boundary condition of each materials of the coil pack
with compressive stress corresponding to the electromagnetic
force
2) Superconducting properties at the LHe temperature
<Short sample>
‘Critical current
-Current distribution in the conductor after the normal
transition
-Stability and cooling properties
-AC loss
3) Mechanical properties at the LHe temperature
<Short sample>
‘Young's modulus of the single conductor
-Effects of the thermal cycle
<Coil pack>
‘Young's modulus of the coil pack
-Stress distribution and coil deformation
4) Superconducting properties under mechanical loads at the ILHe
temperature
<Short sample>
-Stress effect of superconducting properties
‘Degradation of the conductance of pure aluminum
+Stability against the mechanical disturbance

5. R&D schedule

1) We are now developing various R&D superconducting conductors
with the operational current of 7 - 10 kA which are 1/3 scale
of the conductor of LHD (20 - 30 kA}).

2) We are planning to test the R&D conductors about the
superconducting characteristics, the stability and the
mechanical properties from February of 1990.

3) At first the superconducting characteristics are tested at the
Plasma Physics Laboratory of Kyoto University using the
superconducting coll test facility.

4) Then the farther tests including the mechanical tests under the
liquid helium temperature will be done at new cryogenic
building of NIFS in Toki site from the autumn of 193%0.

Acknowledgement: The authors are indebted to Prof. A. Iiyoshi,
Director General of NIFS, and Prof. M. Takeo of Kyushu Univ. for
their continuous encouragements and helpful discussions. The
authors are also grateful to Prof. T. Obiki, Director of PPL Kyoto
Univ., and other members of PPL for helpful discussions and
collaboration. We deeply thank Sumitomo Electric Industries,
Furukawa Electric Co., LTD., and Hitachi Cable, Ltd. for their
cooperation with us to develop the conductors. We would like to
thank Hitachi, Ltd., Mitsubishi Electric Co., LTD., and Toshiba
Corporation for their cooperation with -us to design the
superconducting helical coils and conductors.
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Toki-Conference, December 1989

Overview of Engineering Design of Wendelstein VII-X
J. Sapper

Max-Planck-Institut fiir Plasmaphysik, Euratom Association
D-8046 Garching, FRG

1) Introduction

The Experiment Wendelstein VII-X is in the final stage of preparatory
studies at the Max-Planck-Institut fiir Plasmaphysik, Garching, (IPP). It is
a large machine in that the plasma to be studied should be representative
for future Stellarator reactors. The main parameters are: major radius
Ro = 5,5 m, magnetic induction Bg = 3T, stored magnetic energy

W = 600 MJ. The average plasma radius will be 0.53 m. Following the
Garching development line, the confinement field will' be generated by one
set of nonplanar coils, modularly arranged in toroidal periods.

Additional planar coils will allow expcrlmental flexibility (x-variation),
which will not be necessary later on in an optimized reactor design with
fixed operating conditions.

Under the constraint of a required pulse-length of more than 10 sec. for
the experiment, superconduction is the technical solution for the coil
design, In a first design step the technical features of the machine were
studied together with competent industrial companies.

2.} The coil set

The total arrangement of the nonplanar coils is shown in figure 1. Fifty
individual coils are assembled in 5 periods. There are 5 types of coils and
each period is built up with these 5 types using symmetry conditions to
the mid-plane of the period. In figure 2 one field period is shown together
with the 4 planar (but not circular) coils, allowing variation of the
rotational transform % of about + 20 % referred to the standard value of
0.84 on the plasma axis. In table I characteristic technical data of the coil
set are listed. .

3.) Structure and Cryostat
The winding pack of each coil will be surrounded by a housing of stainless
steel, 5 c¢m thick. A 8 cm thick toroidal shell, surrounding the coil set from

outside is comprehending the confinement coils in a stiff toroidal arrange-
ment. All of these machine components will be on LHe temperature
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of 4 K, so that a cold mass of approximately 400 tons has to be cooled. This
mass is in the same range as it was in the LCT project in Oak Ridge, USA,
and which was practically operated during the test-runs. The cold mass of
the experiment will sit in a toroidal double-walled cryostat of which the
inner vessel is the plasma chamber for the experiment and the outer
vessel is enveloping the whole confinement system. Ports and coil supplies

are penetrating the cryostat thermally insulated. The arrangement is
illustrated in figure 3.

Fig. 1: Modular coil set, total arrangement.
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TABLE

Avecrage major radius
Average coil radius
Radial coil height

Lateral coil width

Total coil volume

Min. radius of curvature
Min. distance plasma-coils
Total coil current

Overall
Stored magnetic energy
Induction on axis

Max. induction at coil
Rotat. transform on axis
Average plasma radius
Average force density
Max, net force {one coil)

Ro [m] 5.5 -
I [m] 1.14
t [m] 0.21
w [m] 0.18
Ve  [m3] 15.1
Pc [m] 0.23
Apc [m] 0.18
I. IMA]} 1.82
current density Jje [(MA/m2] 48.1
W [Gnn 0.60
B, [T} 3.0
Bm [T} 6.1
1o 0.84
Ip [m] 0.53
f [MN/m31  79.
Fres [MN} 3.6
Suflerer Vakuumbehilter
Ourchffhrungsstutzen
— M_

Characteristic data. of

the experiment WVII-X

Spulen

Flasmaseela

il

|

n

Fig. 3. Coil arrangement in the cryostat.

4.) Forces and FE-modelling

Versargungsanschlisse

Spulen

Bullere Begrenzung
Jnnerer Yakuumbehilter

The considerable magnetic forces of the coils (see table I) are acting on the
8 cm toroidal shell. This shell is free of residual outside forces

(excepted the weight) and is hanged with thermal insulators in the
cryostat. In a finite element analysis stresses in the shell material have
been calculated. Figure 4 demonstrates the V. Mises stress distribution on

the shell surface.
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Fig. 4: Stress distribution on the surface of the toroidal cold shell
5.) Superconductor

The coils for the experiment shall be wound in high precision moulds from
a cable-in-conduit conductor. Copper strands with embedded NbTi-fibres
are cabled and enclosed in a He-tight envelope. The volume between the
strands serves for forced flow He-cooling. It is ensured that cable lengths
of approx. 300 m can be manufactured, so the coils can be wound in
double-layer technique. The cooling medium pressure drop along one
double-layer is in the range of 10 bar. In figure 5 the cross-section of a
cable with a steel jacket is shown.

6.) Realization of the Project

The project will be realized in three
essential steps:

A prototyping phase of about 3
years will be followed by an
industrial manufacturing period for
the components of 4 years. The
assembly phase on site will take
another year, so that the
experiment would be operational in
1998 when started immediately.

Fig. 5: Cross-section through the
superconductor with steel jacket. Void
fraction for cooling approx. 35 %.
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100GH, Half Megawatt Microwave Transmission System Development
with Whispering gallery Mode '

M.Sato!, M.Iima!, S.Kobayashi!, S.Sudo!, F.sano', H.Zushi', T.Obild!, M.Nakajima?,
S.Kubo?®, M.Hosokawa?®, T.Mutoh?, K.Ohkubco®, T.Kuroda®, O.Motojima?, K.Sakamoto?,
T.Nagashimat, M.Thumm®, W.Kasparek®

Plasma Physics Laboratory, Kyoto University, Gokasho, Ujt 611, Japan
Department of Electronics, Kyoto University, Kyoto 601, Japan

National Institute for Fusion Science, Nagoya 464-01, Japan

Japan Atomic Bnergy Research Institute, Naka, Ibaragi, Japan

Institut fur Plasmaforschung der Universitit Stuttgart, 7. Stutigart 80, F.R.G.

SR A

Gyratron Tube
A 106 GH, half megawatt ECRH system has been developed at PPL Kyoto University
since 1986. The high density (~ 102°m~2) plasma production and heating can be expected
by the system. The engineering object toward the development is a breakthrough in the
two hundreds Kw system to one Mw system with the single tube at the frequency around
hundred GH,.
~ The deferent concepts would be available for the interaction cavity of the high power
gyratron . The cavity oscillating with whispering gallery mode is the most provable candi-
date. Because, the structure of the tube is almost as same as the conventional axsymetric
mode gyratron , and the mode separation and wall loading in the cavity can be reduced
lower than the conventional mode at the same power level. The design study had started
for the practical tube in 1986. PPL Kyoto University ordered development of first long
pulse half megawatt whispering gallery mode tube to Varian in 1987 and received it in
1988. The specifications of the tube satisfied the requirements. More over, the dynamic
operation ranges are two or three times wider than that we expected from the experience
of conventional 200 KW tubes.

Quasi-Optional Mode Converter Development

The whispering gallery is a rotating transverse electric (T'Ey, ) mode in a cylindrical
waveguide with a high azimuthal (m) and a low radial (n) mode numbers. The improved
efficiency quasi-optical {Vlasov) converter has been developed to get the simple Gaussian
like beam or a simple low loss waveguide mode from the whispering gallery mode. The
Vlasov converter is a kind of parabolic antenna which has radiator with the function to

radiate the linear polarized microwave. The conversion efficiency is less than 80 % on
the original Vlasov’s design, since the radiation field has a flat profile in the azimuthal
directions which shall be eased to a gaussian-like peaked profile with the generation of side
lobes during the propagation along the beam axis. The best way to reduce the side lobe
generation is to obtain a Gaussian like radiation field directly from the radiator. The new
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mirror, we call ?Visor”, is added to the output mouth of the radiator. The shapes of Visor
and mouth are designed by the methods of geometrical optics. The cold test has been done
using one inch radiator and TEi;,, 120G H, whispering mode generator. The measured
radiation patterns are shown in Fig.1 (2) and (b) for the comparison of the original Vlasov
converter and improved Q-0 converter. The side lobe level can be reduced to less than 5
%. The phase front of the output beam of improved converter is almost in a flat plane in
the near field of the focus reflector. It must be better to set the phase correcting mirror
just after the Q.O converter to obtain the pure Gaussian like T F My, mode. The mirror
can be designed according to the phase measurement results.

Transmission Line
The overall transmission system is shown in Fig.2. The T EMy, beam transmission

method is mainly employed. The beam waist radius are shown in the figure. The system
consists of three parts, which are the improved Q.O. mode converter, the long distance
beam transmission line and the launcher section including the polarization rotating twist
reflector and the beam to waveguide coupler at the vacuum tight window. The output
mode purity and the power of the desired T'E},2 mode are monitored by the wave num-
ber spectrometer. The elliptical mirrors(6)and(9)have small arrays of holes (#0.14mm)
with bolometers to monitor the beam alignment which can be adjusted by remote control
system@. The absolute power is measured by the water load @, if the mjrror@swings
up. The wavenumber spectrometer will be calibrated by the water load including almost
all the conversion and transmission losses, since the undesired mode cannot be radiate in
the main beam from the Q.O converter and absorbed SiC tiles in the cylindrical support
stricture, we can estimate the injection power to the plasma by the spectrometer for every
shot. The transmission loss from Mirror@to@is expected about 7 %, and the mode
converter loss will be 5 %. The overall efficiency will be 88 %.

Summary

1. The 106G H, half megawatt ECRH system is now under the final stage of the devel-
opment. o -

2. This system will be completed in 6 month.
3. The information from this system will serve for future one megawatt design.
Reference

M.lima, M.Sato, et al,; Measurement of radiation field from an improved efficiency
Q-0 converter for whispering Gallery mode, Proc. of 14th int. Cont. on Infrared
and millimeter waves, Wirgburg F.R.G. 1989.
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Fig.1(a) Power counter levels for conventional converter

Fig.1(b) Power counter levels for Improved efficiency converter.
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NBI System with Negative Ion Source
in Large Helical Device

Y.Takeiri, O.Kaneko, F.Sano*, A.Ando,
Y.Oka, K.Hanatani*, T.Obiki*, and T.Kuroda

National Institute for Fusion Science, Nagoya 464-01, Japan
* Plasma Physics Laboratory, Kyoto University, Uji 611, Japan

Abstract: Negative-ion-based NBI system is designed for Large Helical Device. Injection
energy is 125 keV for hydrogen beam and total injection power is 20 MW which is provided
by four tangential injectors with two ion sources. Design concept for the system performance
and hardware system design are described.

1. Introduction :
NBI heating is expected to be one of the most promising heating methods in the Large

Helical Device (LHD) project. Achievement of the objective plasma parameters in the LHD,
which are n.7zT; = 0.1 ~ 1x 10°°m™3sec keV (high nrT mode), T:(0) = 10keV (high 7; mode)-
and (£) > 5% (high B mode), requires the injection power of 20 MW . NBI heating method is
also attractive for investigation of the plasma physics issues such as current drive/suppression,
transport analysis, and MHD activity.

We have proposed 125 keV{H)/20M W negative-ion-based NBI system which satisfies the
experimental conditions of every mode in the LHD. In the following, basic system parameters

HELIOS
100 T — | l 0 g
HIGI DENSITY MODE
HELIOS H BEAM 100keV £ 80 - High Ti
g0 - d sg o gn 11 High n-tau-T
. THERMALIZED POWER (c<a/Z} < ]
= - -
W 60 4] g .
w £
& @ 40
« 1 i 4
a 40 Lo =
b
p
20k - 20 @ 20 High Ti
& shine through
0 0 0 T T
-15 -50 -265 0 25 50 15 ) 100 200 300
INJECTION ANGLE (DEG.? Beam Energy [keV ]
Fic.1 Ratio of the thermalized power within F1G. 2 Ratios of the absorption power within
a half radius to the port-through power as a-ft}nc- a half radius to the port-throngh power as a func-
tion of the injectior angle unc%e::.' the conditions tion of the H beam injection energy at the tan-
where the H beam of 100keV is injected to plasma gential injection. The shire-through power in the
in the high-density mode. low-density mode is also shown. '
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determined from physics aspect and the first-phase hardware design of NBI system are de-
scribed.

2. Determination of Basic System Parameters
Basic design concepts for the NBI system are as follows;

(1) core plasma heating,

(2) passing particle heating,

{3) constant input power for the wide range of the plasma density.
The LHD has loss-cone in velocity space at the peripheral region. To achieve the core plasma
heating without reduction of the heating power, the passing particle heating is essential. Figure
1 shows the ratio of the thermalized power within a half radius to the port-through power, which
Is a measure of the core plasma heating, as a function of the injection angle in the high-density
mode (high n7T mode). This result is obtained by the orbit-following Monte-Carlo code,
HELIOS. It is found that the tangential injection (injection angle of about 50°) is effective to
the core plasma heating. Although the loss-cone area is changed by adjusting the magnetic
surface configuration, the passing particle heating, which has almost no orbit loss within a half
radius, is the most reliable to every experimental mode.

Figure 2 shows the ratios of the absorption power within a half radius to the port-through
power as a function of the injection energy (H beam} at the tangential injection. The shine-
through power in the low-density mode (high 7; mode) is also shown in the figure. In the
high-density mode the shine-through power is negligibly small. At the injection energy of 100
to 200 keV the core plasma heating above 50 % is achieved in both the low- and the high-
density modes. Since the shine-through power in the low-density mode is more than 15 % of
the port-through power at the beam energy above 150 keV', the appropriate injection energy
is 100 to 130 keV for wide range of plasma density. Thus, we have decided that the 1nJect10n
energy is 125 keV for hydrogen injection.

On the other hand, 20 MW of the NBI power is injected through four ports. The ta.ngentla,l
view of the injection port is relatively narrow for 5 MW injection, ~ 400 mm in diameter, and
the injection port is long, ~ 3 m, due to the large cryostat of the LHD. Thus, the beam
divergence angle should be small. Figure 3 shows the beam transport efficiency as a function
of the beam divergence angle, under the conditions where two ion sources with the extraction
area of 25 x 150cm? are placed at a distance of 11.5 m from the entrance of the injection port.
The beam transport efficiency in the case of the 3 m-long injection port with the rectangular
entrance of 40 x 40cm? is restricted to 80 % even at the beam divergence angle of 0.4°, as shown
in Fig. 3(a). When the injection port is taper-shape with the entrance aperture of 80 x 80cm?
and the exit aperture of 40 x 40crn?, the transport efficiency is improved to more than 90 %
at the beam divergence angle of 0. 5" as shown in Fig. 3(b). However, all of the loss power is
deposited inside of the injection port. Even if the injection port sha.pe 1s optimized, the beam
divergence angle is required to be less than 0.5°.

Neutralization efficiency of negative ions are much higher than positive ions at the beam
energy above 100 keV and the negative ion beam has a potential to realize the small beam
divergence angle below 0.5°. Therefore, we have adopted the negative-ion-based NBI system,
which satisfies the both conditions of the injection energy and the beam divergence angle.

3. Hardware Design
The performance of 125 keV/20 MW negative-ion-based NBI system for the LHD is indi-
cated in Table I. In hydrogen injection, eight ion sources are installed at four injectors and
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provide the 20 MW - 10 sec neutral beam. The tangential injectors are arranged as balanced
injection is possible. In deuterium injection, since the injection energy is 250 keV, four ion
sources are used for 20 MW injection. Thus, two injectors are designed as 250 kel injection
system. The schematic diagram of the injector is shown in Fig. 4.

A negative ion source is large, the extraction area of which is 25 x 150cm?, and delivers 45
A with the current density of 36 mA/cm?. Development of this ion source is a key issue to
construct the NBI system.

The gas-load of the negative lon source is large and, thus, the injector has two chambers
with large cryo-panels connected by 5m-long neutralizers. The reflection-type (180° deflection)

deflection magnet is used for separating the residual ion beams in the first-phase design.

1.0

=

*40cm % *40cm x “300¢m

TF(."\NSPORT('3 EFFICIENCY
2

0.5 : e}
BEAMLET DIVERGENCE (deg.)

*80cm X *40cm X *300cm

TRANSPORT EFFICIENCY

o} L L
o 0.5 10

BEAMLET DIVERGENCE (deg.)

Fic. 3 Beam transport efficiency as a func-
tion of the beam divergence angle, under the con-
ditions where two lon sources with the extraction
area of 25X 150cm? are placed at adistance of 11.5
m from the entrance of the injection port. The
dotted area indicates the beam power lost before
entering the injection port and the hatched re-
gion indicates the beam power lost inside of the
injection port. The shape of the injection port is
(a) rectangular of 40 x 40em? and (b) taper-shape
with the entrance apertnre of 80 x 80cm? and the
exit aperture of 40 x 40cm?.

TasLel Performance of 125keV/20M W negative-
ion-based NBI system in the LHD.

verall
Injection power
Beam energy
Pulse length
Jon species
Number of injector
Number of ion source
Injection angle

lon source
Source type
Grid size
Transparency
Extracted current
Current density
Beam divergent angle

Neutralizer
Size
Line density

Pressure

Cryo-pump
Source Chamber
Beam dump chamber
Refregirator power

Injection port
Size
Length
Pressure
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20 MW (port through)

125 keV (H) / 250 keV (D)
10 sec

Hor D

4 (H) /2 (D)

2 per an injector
Tangential injection
{Balanced injection)

Volume production

25¢m x 150cm (3750cm?)
40 %

45 A

30 mA/em?

0.5°

25¢m % 150em % 500cm
16.7 Pa cm

(4.4 x 10" molecules/cm?)
6.5 x 1072 Pa (at entrance)
1.5 x 107%Pa (at exit)

505 m3/s
2040 m3/s
~1 kW (at 3.7K)

400 ~ 500 mm?
Iim
1.5 x 103 Pg



The injector is fairly large, which is 15 m-long, 5 m-wide and 10 m-high. Thus, in the
second-phase design we should make the injector as compact as possible. For example, the
deflection magnet become smaller by making the residual ion beams deflect with a smaller

angle. The smaller deflection magnet is required also for reduction of error magnetic field in
the LHD. |

4, Summary

Basic system parameters and the first-phase hardware design of the 125 keV/20 MW
negative-ion-based NBI system in the LHD are described. Intensive five year R&D program for
development of the negative ion source has been started in 1989.

There is an alternative design concept of 250 keV/20M W NBI system, where 250 keV hy-
drogen injection in the high-density mode and 250 k¢éV deuterium injection in the low-density
mode are utilized. This concept means that objective of the NBI heating is restricted mainly in
the high-density mode. Detailed design should be proceeded from physics aspect and hardware
construction.
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Appendix I

PROGRAM of FIRST INTERNATIONAL TOKI CONFERENCE on
' PLASMA PHYSICS and CONTROLLED NUCLEAR FUSION

NEXT GENERATION EXPERIMENTS

Pecember 4{Monday)-7(Thursday), 1989
Tokishi Bunka Plaza, Toki City, Japan

H.Wakabayashi
Y.Tsukamoto
J.F.Lyon
G.Grieger

0 13:30-18:10
Session I
Next Generation
Experiments
LHD
0.Motojima
WvIi-X
G.Grieger
ATF-11
J.F.Lyon
TJ-11
C.L.Alejaldre
ANU Heliac
R.L.Dewar
CA Torsatron
R.Gandy

15:15-16:55
Session V

Edge Physics and
Confinement Im-
provement

18:00-
Banquet

14:30-16:30
Open Lecture
on Fusion Re-
search
A.Tiyoshi
G.Grieger

4 5 6 T
Monday Tuesday Wednesday Thursday
9:00-10:40 9:00-12:40 9:00-12:00
Session II Session VI Session VIII
MHD On-going Experi- | Engineering
ments
10:00-12:00 10:55-12:10
Registration Session III
Transport 12:00-12:15
Closing
13:00-13:30 13:30-15:00 14:00-15:30
Opening Session IV Session VII
A.Iiyoshi Special Topics. | Poster Session
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PROGRAM of FIRST INTERNATIONAL TOKI CONFERENCE‘oh
PLASMA PHYSICS and CONTROLLED NUCLEAR FUSION

NEXT GENERATION EXPERINENTS

December 4{Monday)-7(Thursday), 1989
Tokishi Bunka Plaza, Toki City, Japan

Monday, December 4, 1989

Opening
13:00-13:30

Session I
13:30-14:30

14:30-15:30

15:30-15:40
i5:40-16:40
16:40-17:10
17:10-17:40

17:40-18:10

(Chairman; J. Fujitaj}
. Iiyoshi (NIFS)
Wakabayashi (MOE)
Tsukamoto {Toki City)
F. Lyon (ORNL)
Grieger (Max Planck Inst.)

[ I e i~ - =

Next Generation Experiments (Chairman; M. Fujiwara and H. Wobig)
Present Status of Large Helical Device Project

0. Motojima (NIFS) '
Status of the Wendelstein VII-X Project

G. Grieger (Max Planck Inst.)

Coffee Break

Overview of the ATF-II Studies
J. F. Lyon (ORNL)
Review of the TJ-II Flexible Heliac Project
C. L. Alejaldre (CIEMAT)
The ANU Heliac Program
R. L. Dewar (ANU)
Design of the Compact Auburn Torsatron
R. Gandy (Auburn Univ.)
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Tuesday, December 5, 1989

Session 1T
9:00- 9:25

9:25- 9:50

9:50-10:15

10:15-10:40

10:40-10:55
Session III
10:55-11:20

11:20-12:10

12:10-13:30
Session IV
13:30-14:00
14:00-14:30

14:30-15:00

15:00-15:15
Session V

15:15-15:40
15:40-16:05
16:05-16:30

16:30-16:55

MHD (Chairman; M. Okamoto)
Optimization of Helias
J. Nuhrenberg {Max Planck Inst.)
Second Stability Studies in a Helical Axls Device:TJ-1I
C. Alejaldre {CIEMAT)
3D Equilibrium of Helical System: Magnetic Islands and Their
Control
T. Hayashi (NIFS)
Resistive MHD Stability Studies for ATF Plasmas during Operation
in the Second Stability Regime
L. A. Charlton (ORNL)

Coffee Break

Transport (Chairman; J. W. Van Dam)
Drift Optimization of Helical Systems
K. Hanatani (PPL, Kyoto Univ.)
Plasma Transport in Advanced Stellarators
H. Wobig (Max Planck Inst.)

Lunch

Special Topics (Chairman; M. Murakami)
Recent Experiments in JT-60
H. Kishimoto (JAERI)
Graphites as Plasma Facing Material of a Large Fusion Device
T. Hino (Hokkaido Univ.)
The Main Fusion Activities in Institute of Plasma Physics,
Academia Sinica
¥Wang Shao-hu (ASIPP)

Coffee Break

Edge Physics and Confinement Improvement (Chairman; T. Obiki)
Analysis of Scrape off Layer in Toroidal Helical Systems

K. Nagasaki (PPL, Kyoto Univ.)
Detached Plasma and Density Limit of Tokamaks

S. Yoshikawa (PPPL)
Confinement Improvement by Edge Control

N. Ohyabu (NIFS)
Effects of Perturbing Helical Fields on Confinement of Heliotron
DR Plasma

S. Morimoto (NIFS)
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Wednesday, December 6, 1989

Session VI

Gg:

9:

10:

10:

11:

11:

12:

12:

00- 9:45

45-10:30

30-10:45

45-11:15

15-11:45

45-12:15

15-12:40

40-14:00

Session VII

14:

00-15:30
1

10

On-going Experiments (Chairman; J. L. Shohet and H. Rlngler)
Status of the ATF Experimental Program

M. Murakami (ORNL)
Status of the Wendelsteln VII-AS Program

H. Ringler (Max Planck Inst.)

Coffee Break

Present status of the Torsatron/Stellarator Program at the
University of Wisconsin
J. L. Shohet {Univ. of Wisconsin)
Review of Heliotron E Experiment
T. Obiki (PPL, Kyoto Univ.)
Review of CHS Experiment
K. Matsuoka (NIFS)
Experimental Studies of a Helical Axis Stellarator (TU-Heliac)
H. Watanabe (Tohoku Univ.)

Lunch

Poster Session

Diverted Particle-Flux Studies in the IMS and Proto-Cleo
Stellarators
J. L. Shohet (Univ. of Wisconsin) .
Pressure and Potential Measurements in IMS During Eilectron
Cyclotron Heating
J. N. Talmadge (Univ. of Wisconsin)
Numerical and Experimental Studies of Simulated Toroidicity
Effects in a Linear High-Beta Heliac
B. A. Nelson (Univ. of Washington)
Theory of Electron Cyclotron Heating in the Flexible Heliac TJ-I1IX
. Alejaldre (CIEMAT)
STORM : A Low Aspect Ratio Torsatron for Plasma Stability Studies
A. P, Navarro (CIEMAT, Presented by C. Alejaldre)
Dissipative Trapped Electron Modes in «# =2 Torsatrons
B. A. Carreras {ORNL, Presented by J. F. Lyon)
Low-n Stability Calculations for Three DlmenSLOnal Stellarator
Configurations
L. Garcia (Universidad Complutense, Presented by C.
Alejaldre)
Destruction of Magnetic Surfaces in Helical Torus
J. Todoroki (NIFS)
Ripple Diffusion and Bootstrap Current in Large Helical Device
T. Amano (NIFS)
Numerical Analysis of Temporal Development of RF-Heated Flasma
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13
14
15
16
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18
19

20

21

22

23

24

25

26

27
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30
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T. Watanabe (NIFS)
Island Studies for Helias Configurations
P. Merkel (Max Planck Inst.)
On Strong RF Plasma Turbulence
M. M. Skoric {(Boris Kidric Inst.)
Structural Deslgn of Large Helical Device
M. Shibui (Toshiba Corp.)
R&Ds of Forced Flow Superconducting Coil for Large Helical Device
S. Tsuruga (Toshiba Corp.)
Pool-Cooled Superconducting Magnet Design of Large Helical Device
S. Suzuki (Hitachi Ltd.)
Behavior of Vacuum Vessel Eddy Current in Large Helical Device
H. Fukumoto (Hitachi Ltd.}
Fundamental Design on Large Helical Device with Bath Cooling
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8. Tado (Mitsubishi Fusion Center)
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Y. Tsuda (Mitsubishi Electric Co.)
Optimization of Design Parameters for Large Helical Device
K. Yamazaki (NIFS)
Effect of Multi-Layer Operation of Helical Coil in Large Helical
Device
M. Asao (Kobe Steel Ltd.)
ECH System in the Large Helical Device
K. Ohkuboc (NIFS)
ICRF Heating Program in the Large Helical Device .
T. Mutoh (NIFS)
Motion of Charged Particle in Helical Systems
M. P. Srivastava (Delhi Univ.}
Equilibrium, Stability and Transport in £ =1 Compact Helical Axis
Configuration
H. Kikuchi (NIHON Univ.)
Electron Cyclotron Emission Measurements on ATF
R. F. Gandy (Auburn Univ.)
Confinement Studies of Heliotron E Plasmas in Magnetic Surface
Variation Experiments
F. Sano (PPL, Kyoto.Univ.)
Profile Measurements in Magnetic Surface Variation Experiments/
Multi Pellet Injection Experiments
S. Sudo (PPL, Kyoto Univ.)
Impurity Behavior in Heliotron E
K. Kondo (PPL, Kyoto Univ.)
Edge Plasma Study in Heliotron E
H. Matsuura (Univ. of Osaka Pref.)
Recent Diamagnetic Measurement of Heliotron E Toroidal Coil
Experiments
S. Besshou (PPL, Kyoto Uan }
Study of Resistive Interchange Modes in Heliotron E
H. Zushi (PPL, Kyoto Univ.)
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32 Measurement of Magnetic Fluctuations in Heliotron E
M. Harada (PPL, Kyoto Univ.)
33 Transport Analysis of ECH and NBI Plasmas in CHS
H. Yamada (NIFS)
34 Effect of Magnetic Axis Shift on CHS Plasma Characteristics
. 5, Okamura (NIFS)
35 A Study of Radiation Collapse in CHS Plasmas
§. Morita (NIFS)
48 Ion Temperature and Poloidal Rotation Profile Measurements in
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K. Ida (NIFS) A
37 Driven Currents in Neutral Beam Heated CHS Plasma
0. Kaneko (NIFS)
38 Power Deposition during ECH in CHS
5. Kubo (NIFS)
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9:00- 9:25 Engineering Design of Large Helical Device
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9:50-10:15 Engineering Design of Vacuum Vessel
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10:15-10:40 Development of Superconductor for Large Helical Device
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11:35-12:00 NBI System with Negative Ion Source in Large Helical Device
Y. Takeiri (NIFS)

Closing
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A. Iivoshi
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