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Abstract

It is shown theoretically that LHD has potentiality toward the high beta plasma confinement. The

chaotic field line-layer, which surrounds the outside of the outermost magnetic surface, plays a key role

for an efficient plasma confinement in LHD.

The plasma in the chaotic field line region prevents an immediate cooling of the core plasma caused

by neutral atoms in the vacuum vessel. Furthermore, plasma pressure in the chaotic field line region can

increase the core plasma pressure, even in the magnetic hill condition. The equilibrium and stability of

LHD plasma are analyzed under the ideal MHD model, and a marginally stable pressure profile is derived

analytically and also numerically.
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1. Introduction

After the first discharge on March 31, 1998,
the Large Helical Device {(LHD) of National In-
stitute for Fusion Science has extended the pa-
rameter range of the plasma confinement, success-
fully. The electron temperature on the magnetic
axis exceeds 10keV along with the increase of the
heating input, and, meanwhile, the observation
such as ELM or plasma disruptions, which syn-
chronizes with an increase in the heating power
input, has not yet been observed.

Numerical studies of particle orbits show that
the loss cone does not exist in LHD, hence there
18 an excellent containment performance to the
high-energy particle in LHD [1].

The characteristics of LHD magnetic field are
the high magnetic shear configuration, and the
existence of the chaotic field line layer which sur-
rounds the outermost magnetic surface.

High shear magnetic field configuration has fol-
lowing merit for plasma confinement: (1) Unsta-
ble resonant modes are localized on the rational

surface so that these instabilities do not relate di-
rectly to the decay of the entire plasma column.
(2) The magnetic shear has a strong stabilizing ef-
fect for the convective instability of entire plasma
column. (3) The magnetic field line in the chaotic
region has extremely long connection length.

Characteristic of chaotic field line region and
its role for the plasma confinement in LHD can
be summarized as follows [2]: (1) The connection
length of the diverter field line which approaches
close to the outermost magnetic surface exceeds
10 km. The cold diverter piasma does not cool
down the core plasma directly therefore. {2) The
lines of force that are slipped out from the chaotic
field line region reach the vacuum vessel wall soon.
Then, it is expected in chaotic field line region
that the plasma pressure can be sustained stably
by the line-tying effect of the field lines, which are
slipped out from the chaotic feld region(Fig.1).
(3) The chaotic field line region can confine the
reflecting particles {particles whose velocity is al-



most perpendicular to the magnetic field). (4)
The plasma pressure of the chaotic field line re-
gion can increase the core plasma pressure, even
in the case of the magnetic hill configuration. (5)
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The plasma contained in the chaotic field line re-
gion prevents an immediate core plasma cooling
down caused by the neutral atom flitting in the
vacuum vessel (role of the plasma blanket).

CONNECTION LENGTH L C

( TOROIDAL TURNES )
RED: I<lps2
YELOW: 2< Lgs10
GREEN; 10< L 520

SKY : W< LC‘:}D

BLUE: 30<Llg

Figure 1: Magnetic field lines in chaotic field line layer surrounding the outside of the outermost magnetic
surface. Helical coils are also plotted. All field lines terminate at footprints in the diverter plates (the
diverter plates are not drawn). The lines of force are classified depending on the connection length with
different color. It is shown that the connection length of lines of force surrounding the outermost magnetic
surface exceed 30 toroidal turns (=~ 800m). The lines of force that are slipped out from the chaotic field

line region reach the diverter plates soon.

Furthermore, LHD are showing the excellent
experimental results as follows: 1) A smooth
high-energy proton spectrum of 300 keV or more
is observed in the ICRF experiment. 2) Excel-
lent plasma is sustained even when magnetic field
strength is decreased to the order of 1/6 (Bax =
0.5 T) of the normal values (Bax = 2.75 ~3 T).
3) Plasma exists in the chaotic field line region
surrounding the outermost magnetic surface.

According to the fact, that a large plasma cur-
rent is not needed for the plasma confinement,
and the above mentioned theoretical and exper-
imental results, we have guessed that LHD can
sustain high beta plasma stably.

In the section 2, we have summarized briefly
an algorithm for the numerical treatment of high
beta equilibrium of LHD. In the section 3, we have
analyzed the stability of LHD plasma under the




ideal MHD model, and have obtained numerical
results for the marginally stable pressure profile

The section 415 devoted 1o summary and disons-

sions

2. Analysis of equilibrium of LHD

The first step to analyze characteristics of hagh
beta plasma will be analysis of equilibrinm. For
the tokamak which 8 an axisvmmetric torus,
equilibrium is described by the Grad-Shafranov
equation. This equation can analvze the config-
uration of complete 3 = 1 plasma that the mag-
netic field vanishes in plasma.

Let’s extend the Grad-Shafranov equation to
3D configuration in order to solve the high beta
equilibrium of a helical plasma. It 18 assumed
that nested magnetic flux function can exist and
that the plasma pressare 18 a function of the flux
func tion.

Several surface quantities, which are integral
constants of equilibrium cquations.
cquilibrium of plasma.

exist in an
It 18 necessarv to set up
appropriately surface quantities beforehand to de-
tormine the plasma equilibrium.

Plasma current is not driven actively for the
confinement, in LHD. Hence, we adopt a distri-
bution of rotational transform ((+') and a pressure
profile p{u), as surface quantities which provide
for equilibrium.

Let’s introduce a coordinate system {g. . @)
as shown in Fig.2.
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Figure 2: Coordinate system

The coordinates x and ¢ are the poloidal and
toroidal angles (§dy = $ddé = 2x). which are
introduced, appropriately and arbitrarily, to de-
seribe a toroidal system. Magnetic flux function

¢ 1» determined by the condition of the equilib-
rium, numerically.
Let's express the magnetic field B, which has

a Hux function o, as follows:

B=VoxVy (1)

The function ¢ can be written by the use of a
periodic function A of {x. ¢):

g = Pl +Q e+ Alyax.e)  (2)

where * denotes the derivative with respect to
and the suffix x (&) represents the partial deriva-
tive with respect to x (o). Function P{y)and
(M) are arbitrary functions of ¢+ and specify the
distribution of rotational transform /27 of the
line of force.
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(3)

The functions ¢ and A are determined by the fol-
lowing set of equations, which can be reduced to
the Grad-Shafranov equation in the case of axially
synmetric plasma.
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where ajp.ap.az; are given by the following

cquations.
J = (VyxVyx) Ve
a1y = ( L X VXJ
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3. MHD stability analysis of LHD

Let us study the MHD stability of LHD plasma
using the potential encrgy Wy within the plasma,
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rent and is surrounded by chaotic field line region
plasma, which is stabilized bv line-tying effect.
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For simplicity, we assume that the perturbation £
is localized on some rational surface (¢ ~= i3) and
has wave number ( m., n ) Into the (y. @) direction.
Furthermore, we neglect the coupling effects with
the inhomogeneity of the equilibrium state.

E=5Vx x Vi + £V x Vb + &3V x Uy

JE19y () sin{my + ne)
Jéagy, | = | n(¥)cos(rmx + ne)
JE30y ({w) cos(mx + no)

3.1 Stability condition for resonant modes

Stability against the helical type perturbation
with finite wave number {m. n) is analyzed, here.
The most dangerous mode is the one that reso-
nance condition m + n¢/2x ~ 0 is held. In this
case, the stability condition is given by the fol-
lowing form,

1 z(BgXBp)g
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where pg is permeability of vacuum. Toroidal
(poloidal} component of magnetic field is ex-
pressed by B, (B}, and, ¢ and U represent the
shear parameter and the specific volume, respec-
tively:

B, = g, Vi§xVy

Bp = g(;‘,V‘tj)XV(,f)
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The stabiliby condition (1) can be reduced to the
Suydam condition in the case of straight cylinder
plasma.

Strong stabilizing effecte i pregsent against off
resonant perturbations in high magnetic shear
configuration. Therefore, in LHD, the whole
plasma column will not be collapsed immediately,
by an excitation of resonant unstable mode at a
rational surface.

3.2 Stability condition for a convective
mode

Since the mode of m = n = 0 is not related
to the resonance condition at any rational sur-
face, the displacement of this instability grows up
traversing the plasma column. Hence, we call this
type of instability as convective instability.

Stability condition for convective modes ( m =
n = 0) is reduced to the following form:

2 . 2
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where I,(¢) is the toroidal plasma current.

3.3 Numerical example of stable pressure
profile in LHD

We show the numerical result for the
marginally stable pressure profile given by
eqs.(4,5). For simplicity, we assume LHD vacuum
magnetic field with B,, = 3.6m and B, = 2.75T.
Toroidal plasma current is assumed to be [, = 0.
Numerical examples of marginally stable pressure
profile are shown in Fig.3, together with the dis-
tribution of the rotational transform and the mag-
retic hill profile. The plasma pressure of the
chaotic field line region is assumed to be 0 or to
be some finite valne.
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Figure 3: Numerical examples of marginally stable pressure profile of LHD in the oblong cross section.

Axis of abscissas is the major radius R. Marginal pressure profile for the helical (convective) mode
is shown by Pygrrcra (Pconv). The plasma pressure of the chaotic field line region (npcrsTLoFs)
is assumed to be 0 or to be 5 x 10*? x 5 ( m 2. keV ). LCFS specifies the positions of the last closed
flux surface. The distribution of the rotational transform ¢/27 and the profile of magnetic hill U are also
plotted. The chaotic field line region is also shown in the figure.

4 Summary and discussions

We have shown that the plasma pressure in
LHD can be sustained by the magnetic shear and
by the plasma pressure in the chaotic field line
region. Plasma pressure in the chaotic field line
region is sustained stably by the line-tying effect
of the lines of force which are slipped out from
the chaotic field line region.

From these results and the experimental results
we may conclude that LHD has a potentiality of
high-beta plasma confinement.

Stability analysis with finite beta equilibrium

magnetic field is the next step for high beta
plasma study of LHD. Global mode analysis is
also important for the high beta plasma stability.
References

[1] T.Watanabe et al., Kakuyuugou Kenkyuu,
68, 298 (1992).

[2] T.Watanabe et al., J. Advanced Science, 11,
211 (1999).

[3] B.R.Suydam, Proc. 2nd U.N. Interna-
tional Conf. on Peaceful Uses of Atomic Energy,
Geneva, 31, 157(1958).




NIFS-702

NIFS-703

NIFS-704

NIFS-705

NIFS-706

NIFS-707

NIFS-708

NIFS-70%

NIFS-710

NIFS-7i1

NiFs-712

NIFS-713

NIFS-714

NIFS-715

NIFS-716

NIFS-717

NIFS-718

NIFS-719

NIFS-720

NIFS$-721

NIFS-722

NIFS-723

NIFS-724

Recent Issues of NIFS Series

K hkubo

Hybnd Modes 1n a Square Cormugated Wavegunde

June 2001

S -1 bkoh and K Ttoh

Statistical Theory and Transition i Muluple-scale-lengths Turbulence in Plasmas

June 2001

S Toda and K [ioh

Theoretical Study of Structure of Electnic Field m Helical Torewdal Plasmas

Fune 2001

K ltoh and S-1 Itoh

Geometry Changes Transtent Transport i Plasmas

Tune 2001

M Tanaka and A Yu Grosberg

Electrophoresis of Charge Inverted Macroion Complex: Molecular Dynamics Study

July 2001

T-H Watanabe, H Sugama and T. Sate

A Nondissipative Simulation Methed for the Drift Kineuc Equation

July 2001

N Ishihara and § Kida

Dynamo Mechanism 1n a Rotating Sphenical Shell Competinion between Magnetic Field and Convection Vortices

July 2001

LHD Expernimental Group

Contnbutions to 28th European Physical Society Conference on Contrelled Fusion and Plasma Physics (Madetra Tecnopolo, Funchal.
Portugal, 18-22 June 2001) from LHD Expeniment

July 2001

V Yu Sergeev, R.K. Janev. M.J Rakowvic, 5. Zou, N. Tamura, K V. Khlopenhov and 8§ Sudo

Optimization of the Visible CXRS Measurements of TESPEL Dhagnostics in LHD

Aug 2001

M Bacal. M Nishiura, M. Sasao. M Wada, M Hamabe and H Yamaoka

Effect of Argon Additive in Negative Hydrogen Ion Sources

Aug 2001

K Saito, R Kumazawa, T. Muteh, T Seki, T Watan, T Yamamoto, Y. Torn, N Takeuchy C Zhang, Y Zhao. A Fukuyama, F
Shimpo. G. Nomura, M Yokota, A Kato, M Sasac, M Isobe, AV Krasilmkov. T. Ozaki, M Osakabe, K. Narthara, Y Nagayama.
S. Inagaki, K. Itoh, T. Ide, S. Morita, K Ohkubo, M. Sato, § Kubo, T Stumozuma. H. Ider, Y. Yoshimura, T Notake, O Kaneko, Y
Takewn, Y. Oka, K Tsumorn, K lkeda. A. Komon, H. Yamada, H Funaba, K.Y. Watanabe, § Sakakibara, R. Sakamoto, J.
Miyazawa, K. Tanaka, B.J. Peterson, N Ashikawa, § Murakam, T. Minami, M Shoj. § Ohdachi, S. Yamamoto, H. Suzuki, K
Kawahata, M Emoto, H. Nakanistil, N Inoue, N Ohyabu, Y. Nakamura, S. Masuzaki. S Muto, K Sato, T. Morisaki, M Yokoyama,
T Watanabe, M Goto, I Yamada, K Ida, T Tokuzawa, N Noda, K. To1, § Yamaguchi, K. Akashi, A Sagara, K Nishimura, K
Yamazaki, S. Sudo, Y Hamada. O Motopma, M Fujiwara

A Study of High-Energy [ons Produced by ICRF Heating in LHD

Sep 2001

Y Matsumoto, S.-1. Onkawa and T Watanabe

Field Line and Particle Orbit Analysis in the Peniphery of the Large Helical Device

Sep 2001

S. Toda, M. Kawasaki, N Kasuya, K Itch. Y. Takase, A Furuya, M Yagiand § -1 Itoh

Contributions to the 8§th IAEA Techmcal Commuttes Meeting on H-Mode Physics and Transport Barners (3-7 September 2001, Toki,
Japan)

Oct. 2001

A Maluckov, N Nakajima, M Okamoto. § Murakam and R Kanno

Statisuical Properties of the Parucle Radial Diffusion 1n 2 Radially Bounded Irregular Magneuc Field

Oct 2001

Bornis V. Kuteey

Kinenc Depletion Modei for Pellet Ablaucn

Nov 2001

Bons V. Kuteev and Lev D Tseadin

Analytical Model of Neutrat Gas Shielding for Hvdrogen Pellet Ablation

Nov, 2001

Bons V. Kuteev

Interaction of Cover and Target with Xenon Gas in the IFE-Reaction Chamber

Nov. 2001

A Yoshizawa, N Yok, S-1Ttoh and K Itch

Mean-iield Theory and Self-Consistent Dynamo Modeling

Dec. 2001

V' N Tsytovich and K Watanabe

Universal Instability of Dust lon-Sound Waves and Dust-Acoustic Waves

Jan. 2002

V' N Tsytovich

Collective Plasma Corrections to Thermonuclear Reactions Rates 1n Dense Plasmas

Jan. 2002

S Toda and K. Itch

Phase Diagram of Structure of Radial Electnic Field 1n Helical Plasmas

Jan. 20G2

V. Pustovitov

[deal and Conventional Feedback Svstems for RWM Suppression

Jan. 2002

T Watanabe and H. Hojo

The Marginally Stable Pressure Profile and a Possimhty toward High Beta Plasma Confinement in LHD

Feh. 2002

- Printed on 100% Recycled Paper for this Text :




