Plasma

Physics and
Controlled
Nuclear Fusion
Research 1974 .

Volume 3

~ Fifth Conference Proceedings




PROCEEDINGS SERIES

PLASMA PHYSICS
AND CONTROLLED
NUCLEAR FUSION RESEARCH
1974

PROCEEDINGS OF THE
FIFTH INTERNATIONAL CONFERENCE ON PLASMA PHYSICS
AND CONTROLLED NUCLEAR FUSION RESEARCH
HELD BY THE
INTERNATIONAL ATOMIC ENERGY AGENCY
IN TOKYO, 11-15 NOVEMBER 1974

In three volumes

VOL.III

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 1975



The following States are Members of the International Atomic Energy Agency:

AFGHANIST AN HAITI PARAGUAY
ALBANIA HOLY SEE PERU
ALGERIA HUNGARY PHILIPPINES
ARGENTINA ICELAND POLAND
AUSTRALIA INDIA PORTUGAL
AUSTRIA INDONESIA ROMANIA
BANGLADESH IRAN SAUDI ARABIA
BELGIUM IRAQ SENEG AL
BOLIVIA IRELAND SIERRA LEONE .
BRAZIL ISRAEL SING APORE
BULGARIA ITALY SOUTH AFRICA
BURMA IVORY COAST SPAIN
BYELORUSSIAN SOVIET JAMAICA SRI LANKA

SOCIALIST REPUBLIC JAPAN SUDAN
CAMBODIA JORDAN SWEDEN
CANADA KENYA SWITZERLAND
CHILE KOREA, REPUBLIC OF SYRIAN ARAB REPUBLIC
COLOMBIA KUWAIT THAILAND
COSTA RICA LEBANON TUNISIA
CUBA LIBERIA TURKEY
CYPRUS LIBYAN ARAB REPUBLIC UGANDA
CZECHOSLOVAKIA LIECHTENSTEIN UKRAINIAN SOVIET SOCIALIST
DEMOCRATIC PEOPLE'S LUXEMBOURG REPUBLIC

REPUBLIC OF KOREA MADAGASCAR UNION OF SOVIET SOCIALIST
DENMARK MALAYSIA REPUBLICS
DOMINICAN REPUBLIC MALI UNITED KINGDOM OF GREAT
ECUADOR MAURITIUS BRITAIN AND NORTHERN
EGYPT MEXICO IRELAND
EL SALVADOR MONACO UNITED REPUBLIC OF
ETHIOPIA MONGOLIA CAMEROON
FINLAND MORDCCO UNITED STATES OF AMERICA
FRANCE NETHERLANDS URUGUAY
GABON NEW ZEALAND VENEZUELA
GERMAN DEMOCRATIC REPUBLIC NIGER VIET-NAM
GERMANY, FEDERAL REPUBLIC OF NIGERIA YUGOSLAVIA
GHANA NORWAY ZAIRE
GREECE PAKISTAN ZAMBLA
GUATEMALA PANA}\:LA ¢ .

The Agency's Statute was approved .on 23 Octuber 1956 by the Conference on the Statute of the IAEA
held at United Nations Headquarters, New York, it entered into fore# on 29 July 1957. The Headquarters of
the Agency are sftuated in Vienna, Its piincipal objessive is "to accelerate and enlarge the contribution of
atomic energy to peace, health and prosperity throughout the world”.

Printed by the IAEA in Austria
October 1875



FOREWORD

Substantial progress towards the demonstration of the scientific feasibility of controlled
fusion and towards the design and construction of the fifst controlled thermonuclear power
reactor is shown in the three volumes of these Proceedings of the Fifth IAEA (‘onference on
Plasma Physics and Controlled Nuclear Fusion Research.

The Conference, held in Tokyo from 11 to 15 November 1974, was organized by the
Agency with the assistance and cooperation of the Japanese Government and the Japan Atomic
Energy Research Institute. Nearly 500 participants from 24 countries and three international
organizations -attended. A total of 187 papers was presented on research ranging from plasma
physics to the design of fusion reactors. The papers are published here in the original language;
English translations of the Russian papers will be published in a Special Supplement of the
Nuciear Fusion Journal.

By regularly organizing conferences on controlled nuclear fusion and by holding seminars
and specialists’ meetings on selected topics the Agency promotes the close international col-
laboration among plasma physicists of all countries. These activities will, we hope, contribute to
the rapid use of this new source of energy by mankind.



EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader’s assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the'govemmems of the
nominating Member States or of the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency,
this has been done with the knowledge of the authors and their government authorities, and their
cooperation is gratefully acknowledged. The Proceedings have been printed by composition
typing and photo-offset lithography. Within the limitations imposed by this method, every effort
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable,
consistency of units and symbols and conformity to the standards recommended by competent
international bodies.

The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as to the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of specific. companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources
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IAEA-CN-38/E 1-1

MHD-STABILITY OF THE SCYLLAC
CONFIGURATION

G. BERGE*, ]. P, FREIDBERG
University of Califomia, .
Los Alamos Scientific Laboratory,
Los Alamos, N, Mpx..

United States of Ametrica

Abstract

MHD-STABIUTY OF THE SCYLLAC CONFIGURATION,

The results of a stability anaiysis for a diffuse high-8, # = 1 helical configuration are presented,
1t is shown that there exists a gross m = 1 mode whose properties are quite similar to those predicted by
the sharp-boundary model. In addition, two new classes of m = 1 modes are found, one localized on the
inside of the plasma, the other one ourside. For any monotonic pressure profile, these mades are
unstable although their growth rates are very smail. ‘A further study suggests that smali chianges in the
profile may stabilize these modes.

I. Introduction

The basic idea of the Scyllac configuration is to create a toroidal high
8 equilibrium possessing many of the desirable properties of 1imear o pinches
but eliminating the end loss. Toroidal equilibrium is achieved P.ZJ by super-
posing a small 2=1 helical field and an even smaller 2=0 bumpy field on the
basic @ pinch configuration.

With regard to stability the e pinch field is essentially neutral. The
220 field required for equilibrium is so small that in many cases it can be
neglected in the stability analysis. Conseguently it is the t=) field which
determines the stability of the system.

Most of the theory to date has been concerned with the m=1, k=0 mode of
a straight, 2=1, helical system, as this appears to be the mest important mode
observed experimentally.[3,4] .In addition, almost all of the calculations
have treated the sharp boundary, constant pressure model, The results of
these theories indicate that the m=1, k=0 ipnstability is very subtle. veral
different mathematical expansions have been devised and in each case insta-
bilities, when they exist, octur as higher order effects in some appropriate
expansion parameter.

The first of these theqries,[s,s? referred to as the "old ordering”
treats the case where the helical fieids are assumed small but4a1lowst=.;!»1te
helical period. In this case an instability arises basically due to bad
curvature associated with the g=1 field. A second theory,[7] referred to as
the “new ordering” assumes that the helical fields are finite but requires a
long helical period. Here, instabilities can occur if the harmonic content of
the £=1 field is not properly adjusted. Finally a hybrid calculation[8) which
includes the destabilizing effects of the r=1 curvature and a particular har-
monic content in the 2=1 field, ifdicates that the g=1 curvature effect domi-
nates in the range of current experimental parameters. This result is con-

~sistent with experfmentaT‘measurements.f3;4ﬁ

* Permanent address: University of Bergen, Beérgen, Norway,
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A1l of the sharp boundary models also predict a dipole wa11'stabiliza§ion
term. In current experiments with highly compressed plasmas, this effect is
negligible. It will become very important, however, in future experiments.[9]

Diffuse £=1 stability calculations[10,11] have been performed, but only
using a very primitive ordering scheme which excludes all the known destabil-
jzing terms. They do include the wall stabilization effect and the results
are qualitatively similar to those of sharp boundary theory.

In the present calculation we examine the stability of a diffuse 2=1 sys-
tem using the old ordering expansion, since this theory appears to give rise
to the most dangerous modes. Growth rates and eigenfunctions are calculated
for a wide range of parameters. We find that there exists a gross mode which
behaves qualitatively the same as the sharp boundary predictions, although the
growth rates are somewhat lower. This mode can also be wall stabilized. In
addition, for monotonic pressure profiles, two new classes of modes are found.
One is localized on the inside of the plasma and the other on the outside. In
general their growth rates are quite small. The exterior mode can be wall
stabilized but the interior mode is present for any monotonic profile. A
further study suggests that very slightly hollow profiles on the inside and
flat profiles (i.e., zero 6 pinch current) on the outside could eliminate the
new classes of unstable modes.

II. Equilibrium

We consider the equilibrium of a diffuse high g helically symmetric system
governed by the ideal MHD equations. Because of the helical symmetry, it is
possible to describe the equilibrium quantities in terms of a single flux func-
tion, y,[12] which satisfies a partial differential equation of the form

2 . 2y
1o _r oy Lo, 21 1 f ;1 () 1)
rar 1+h2r2 3r  r2 342 (1+h2r2)2  p2 [0 1+h2p2

where ¢ = 6 + hz is the helical angle and p(y), I(y) are two arbitrary func-
tions of vy.

This e?uation is solved using the old Scyllac expansion: that is we write

p(r,e) = vo(r) + wl(r) COS¢ ..... . It then follows that wl(r) must satisfy
the following equation
’ ’
e\ 11 rg’
‘ RED =0 2
<1+h2r2>- r T8 \shzez) (W1 @)

where B(r) = y  (r)/r, the leading order o pinch field, is an arbitrary function
of r. The bouRdary conditions on ¢, (r) are

v(0) =0

21’ (hb) B,
() = —p— g5

where 1, is the modified Bessel function, h is the helical pitch number, Bg is
the amplitude of the applied & pinch field far away from the plasma, b is the
mean radius of the outer conducting shell and B, is the amplitude of the heli-
cal field[3] on axis without any plasma. x

(3)
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The magnetic fields are given in terms of'v1 as fo]{pws

' . - hwl
B.(r,¢) = B (r) sing ,  B.(r) =+
, . (4)
Bo(r.¢) = B (r) cose » B (r) = ——— [y - £y ]
8’ ] ’ (] 1+h2r2 1 B T
The results presented here were obtained by solving Eq. (2) numerically
for the rigid rotor profile

B(r) = Botanh (r2/v+a) (5)

o(r) = posechz(rZ/Y+a)/sech2a

where p(r) is the density, « = tanh~}/T-g (here g is measured on axis), py is
the density on axis, and Y = a2[1 + /T-8 ] with a_the equivalent line density
radius (i.e., line density N = wpoaz).

ITI. Stability

The equilibrium just described was tested for stability in the ideal MHD
model. By using a proper normalization, we are able to compute actual growth
rates. This is important, because the simpler question of determining thresh-
olds (i.e., marginal stability) is essentially impossible as a result of the
complicated nature of the frequency spectrum.

Since the equilibrium is two dimensional, it is possible to Fourier ana-
lyze with respect to any independent (but not necessarily orthogonal) third
coordinate. Thus all perturbed quantities can be assumed to vary as
exp[i(mo+kz)], m and k arbitrary but k/m not commensurate with h. In this
work we treat only m=1, because (1) m=1 appears to be the most dangerous mode
experimentally (2) theory predicts that m>2 modes, which are MHD unstable may
well likely be stabilized by finite gyro radii effects.ETS% In addition we
treat the k=0 mode, since it can be shown theoretically[14] that this is the
worst k. Under these conditions the m=1 eigenfunction has the form

i

v £ sing + n, sine cos¢ + n, €os® sing
(6)
(rg)' cose + n, sine sing + n, cose cos¢

£

f

%

Here ¢ represents the basic_m=1, k=0 displacement and Nys Ngs Nps N, are small
sideband distortions, consistent with the old ordering, and which are required
to produce instability. Note that there are two additional sidebands possible
(with conjugate phase) for both Ep and £_. These terms are not inciuded because
they are always stabilizing.[14] 6

Equation (6) is substituted into the MHD energy principle with proper
normalization and a minimization is performed with respect to n, and n,. After

a lengthy calculation, we arrive at the linearized equations of motion which
can be written in the following convenient form

hekh - o
(av)z] = @wpz vz,
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where Z, and Z, are the vectors

™y
P
oy

$

with x énd ¢ related to ¢, n, and n, by

x = - hr(n;+n,)/2 + (B,/B)re’

¢ = hr(n,-n,)/2
The matrices A, B, C, D, and E are given by
a, a, as 0 -a, -af
_A; =| az ag 0 N B={ 0 ag 0
as 0 az 0 0 ag
0 -a,  -ag a, 0 a 0
L=poa, 0}, D=f0 » E={ 0 0
a, 0 0 0 0
where
B -h2p2 2 2,.3R2
) 2r[Br Be h4r Be/2] h4r Be . -
a = + . a_ = - 2wlrdp
1 4 + h2p2 2 6
2rB[B_-B_-h2r2B /2]
a = LA 6 , a_ = 2B%/h?r
2 4 + h2p2 7
= = 2
a, )"BB6 s a 2BZ/r
2rg?
= _B . = ———
a, = B(B_-B,) 3 " wenen
= - = 213
ag B(Br+Be) . a, 2uw2r3p

The boundary conditions are Z,(0) = 0 and Z,(b) = 0 which corresponds to
a perfectly conducting wall at a mean radius b. Note, that the plasma extends
to the wall, and thus there is no vacuum region.



