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AXISYMMETRIC INSTABILITY IN A NONCIRCULAR TOKAMAK

Bruce Lipschultsz

Under the supervision of

Professor J.C. Sprott and Assistant Professor S.C. Prager

The stability of dee, inverse=dee and agquare
crossection plasmas to axisymmetric modes has been
investigated experimentally in Tokapole II, a tokamak
with a four-null poloidal divertor. Experimental results
are closely compared with prediections of two numericail
stability codes~~the PEST c¢ode {(ideal MHED, 1linear
stability) adapted to tokapole geometry and a code which
follows the nonlinear evolution of =shapes similar to
tokapole equilibria. Experimentally, the square is
vertically =stable and both dee's unstable to a vertical
nonrigid axisymmetric shift. The central magnetic axis
displacement grows exponentially with a growth time"103
poloidal Alfven times”™ plasma L/R time. Proper initial
positioning of the plasma on the midplane allows passive
feedback to nonlinearly restore vertical motion to a
small stable oscillation about the center. Experimental
poloidal flux plots are produced directly from internal

magnetic probe measurements. The PEST code, ignoring



passive feedback, predicts all equilibria to be
vertically unstable with the square having the slowest
growth, With passive feedback, all are stable, Thus
experiment and c¢ode agree that the square is the most
stable shape, but experiment indicates that passive

feedback is partially defeated by finite plasma

resigtivity. In both code and experiment square-like
equilibria exhibit a relatively harmless horizontal
instability,






CHAPTER I

INTRODUCTION

As GENERAL QVERVIEW

The deleterious effect of impurities in tokamak
plasmas has stimulated investigation of poloidal divertor
configurations. The necessarily noncircular shape of
these equilibria is also advantageous with respect to q1
and B.limited MHD instabilitiesz’3‘ Unfortunately any
deviation of an equilibrium from a c¢ircular shape may
permit the plasma to be wunstable to axisymmetric
displacements, with toroidal mode number n=0, The
poloidally asymmetric placement of shaping rings and
walls necessary to establish a noncircular plasma shape
in turn creates nonuniform attractions +to the plasma
current, The plasma, if perturbed, moves in the
direction of the minimum in the accompanying peoloidal
field. Unlike kink and localized interchange modes, the
axisymmetriec instability cannot be controlled by
increasing the toroidal field or reducing the plasma

current.



Unfortunately, the conceptual simplicity of the
axisymmetric instability does not translate into
calculational simpliceity. The importance of this mode

has given rise to a fairly large amount of linear theory
-~ mostly for idealized displacements and analytic

h-12, Recently nonlinear evolution of the

equilibria
instability has been followed numerically 13,
Axisymmetric displacement of dee and elliptical plasmas
has been deduced 1in a few experiments from magnetic

=17 | rhe plasma shape in

probes external to the plasma
these experiments has been inferred from comparison of
these same external magnetic signals with output from
equilibrium computer codes. The numerical moedeling of
the axisymmetric instability, cited above, has apparently
not been specifically applied to any of these

experiments; an unfortunate gap exists between a fairly

well developed theory and experiments performed.

The intent of this thesis 1is twofold. First, to
report direct experimental observation of the
axisymmetric instability in dee, inverse-dee and square
shaped cross sections, Second, to compare these
e#perimental observations with a stability code written
for the actual experimental geometry. This experiment

18,19’

has been performed in the Wisconsin Tokapole IIX a



Tokamak with a four-null poloidal divertor. Experimental
magnetic‘flux plots for the aforementioned range of
"equilibria are produced, from magnetic probe measurements
in the plasma 1interior, in detail eguivalent fto thnat
provided by computer calculations. Conclusions, as to
growth rates and passive stabilization, can be drawn from
the time evolution of these experimental flux plots and
compared with twe numerical codes whiech eclosely reflect
the experimental machine, The PEST oodeao, which has
been adapted to the Tokapole machine geometry, predicta
the linear astability . The effects due to external
conductors are included by appropriate vacuunm

modifications? 122, 3

nonlinear time dependent code,
pATENT' 323, although applied to the PDX°" machine only,
provides gualitative stability predictions and modeling
of the plasma shape as a function of time, Because of
the wide seperation of time scales in this experiment

(e.g. Alfven, plasma and ring L/R times) many

gqualitative conclusions about passive stabilization can

be drawn which are relatively machine independent.
Qualitative comparison can also be made between
experimental results and related models in the

literaturqu.

Several parameter variations are possible both



_experimentally and numerically. For example, proper
positioning of the four field shaping rings allows
equilibria to be varied from dee through square to
inverse-dee shaped. The dee and inverse-dee are
~vertically unstable when not precisely centered on the
machine midplane,. When vertical stability is achieved,
these shapes are still horizontally unstable., The square
is vertically stable even if not precisely positioned,
However, this shape is also horizontally unstable. Since
the horizontal dinstability saturates it is less harmful
than the vertical displacements exhibited in the dee and
inverse-dee, The vertical movement continues
unrestrained towards the x-point (poleoidal field null on
the separatrix). Predictions of the PEST code for
relative stability of these equilibria agree with
experiment, Experimentally, the magnetic axis can be
positicned above, below or exactly on the midplane,. Iin
both the PATENT code and experiment the plasma 1is seen to
correspondingly move up, down or oscillate about the
midplane, Both experimentally and from the nonlinear

code we find the growth of the instability to be

exponential in time. Ideal MHD predicts the growth time,
in the absence of external conductors, to be “T,, the
poloidal Alfvén time. Experimentally, vertical and

horizontal growth times are “103Ta. Passive feedback



apparently increases Tg, the growth time, from T Lo

a
roughly the plasma L/R time. The effect of passive
feedback from rings and walls is =studied eiperimentally
5y changing the plasma resistivty and by varying the
initial position of the magnetic axis. The instability
growth time varies inversely with plasma resistivity.
Stability can be numerically studied with or without

rings or walls to evaluate their effeect on passive

stabilization.

In section B of this chapter an atiempt is made to
give the reader an intuitive feel for the physical nature
of axisymmetric instabilities, Chapter II includes a
description of the experimental machine (II.A) and
techniques (II.B), as well as a review of previous (II.C)
and present (II.D~F) experimental results,. Chapter 111
is devoted to theory. After a review of previous
theoretical work (III.A), the numerical codes used in
this study are described (III.B-D) and their predictions
reviewed (ILII.E-F), Experimental and theoretical results
are discussed and compared in Chapter IV with a summary

in table 1.



The physical nature of the axisymmetric instabllity
can be illuminated through intuitive means. At first we
will assume that currents in the plasma and external
conductors are fixed. Also, for simplicity, we will
.discuss linear as opposed to toroidal geometry.
.Allowance for toroidal curvature introduces a force
produced by the inductive interaction of the plasma
current with its self magnetic field. This force tends
to 1increase the plasma major radius and is different in
néture from the axisymmetric instabilities discussed

here.

It is illustrative to study a stable equilibrium and
then relate what actions must be taken to create an
unstable one. This simple situation of a linear tokamak
plasma is illustrated in figure 1la,. We see, for this
circular shape with return current at infinity, there is
no preferred direction, i.e. there are no currents or
magnetic fields for the plasma current to interact with.
Thus it is neutrally stable with respect to a rigid
displacement; given a perturbation it will keep
travelling at a constant velocity. This neutral

stability to displacements can be modified to instability



Figure 1: Illustration of the vrelation
between deformation and stability in a
linear geometry. All three plasma
crossections include 'torocidal' current
into the paper,. a) ©Neutrally =stable
¢ircular plasma extending into paper. D)
Elliptical plasma deformed from circle by
currents I, & I,. The attractive forces,
Fi & F,, between the plasma current and
each shaping rod are balanced. ¢) Same
elliptical plasma displaced vertically.
F. & F., are no longer balanced -~ vertical
displacement grows,
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by deforming the plasma to a noncircular  shape using

external currents (fig. 1b). Here the plasma current
can interact with the shaping currents, absent in the
circular case, This attraction is the characteristic

driving force of what is generally called - the vertiecal
“taxisymmetric! instability. The word 'axisymmetric' in
this 1linear situation connctes an axially symmetric
movement of the entire plasma column, with axis into the
paper. When this ellipse is positioned precisely between
the two shaping currents, the forces F1 and FZ, between
the plasma and shaping currents, are balanced, If the
ellipse 1is perturbed vertically away from this point, F1
and F2 become unbalanced, and instability growth ensues
(fig. 1e). No great leap of the imagination is needed
to see that increasing the deformation (ellipticity) will
increase the instability growth rate. The attraction is
greater because: 1. The shaping currents are larger and,
2. The plasma is in closer proximity to these currents,
The increase in deformation can best be characterized by
a decrease in the poloidal field radius of curvature; Pas

near the x-point (see fig. 1b).

This same prescription: decreasing r, ~ increasing

~

deformation plasma more unstable to displacements, can

be applied to other shapes, In the presence of an
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octupole field (fig. 2a), a square cross section plasma
Wwill be more stable to displacements in the direction of

an octupole current than either a dee or inverse-~dee,

The latter two shapes are equivalent 1in a linear
geometry. In comparison to the square, the dee of
equivalent current is closer to either pair of
Z-symmetric shaping current conductors. Also these

closer currents must be increased to initially create the

dee, Thus the dee will experience greater attractive
forces. The more unstable shape again has the greater
deformation or smaller r,. The dee, when perturbed

upward (downward) will move towards the upper {lower)

closest octupole current, The attractive force increases
as the dee moves closer. Figure 2b 1llustrates the
situation. Although this is what is generally denoted a

vertical instability a more apt name that I will wuse in
this discussion 1is x-point instability. The attractive
force that drives this instability is always between two

like currents that generate a field null (x-point).

The role of the plasma current distribution is
important fo these instabilities. A flat current
distribution is more unstable than a parabolic profile
for approximately the same plasma shape and total

current. There is more plasma current 1in closer
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proximity to the shaping currents, The attractive force
is « 1/r, where 1r 1s the relative distance between the

currents involved.

Understanding horizontal (equivalent to vertical
direction in a 1linear device) displacements is not as
straightforward as the x-~point instablity. if a toroidal
current filament were placed centrally in a linear
octupole field, it would be horizontally stable.
Designating the torocidal direction as into the paper,
‘then examination of the lfilxﬁpol force at points along
the midplane, for this test current and vacuum poloidal
magnetice fileld, reveal a restoring force that increases
@onotonically with minor radius. A potential energy
curve, illustrating this effect, 1is drawn as a function
bf distance along the midplane in figure 3a. Note this
curve is shaliower than that for the x-«point direction
(fig. 2b) because the octupole rods are closer to

machine center than the image currents that represent the

wall, A plasma is not a current filament: we must take
into account the sum of forces over the plasma
cross section. Furthernore, the plasma 1is a cohesive
entity described by the MHD equations. Figure 3b

exhibits this force field, experienced by a filament test

current, for one guadrant of the octupole field. The
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complete flux plot from which this figure is derived 1is
shown 1n fig. 5. Since, in linear geometry, all
quadrants ére eguivalent only_one is shown in fig. 3b.
- The area that repels horizontal movement Is shaded.
Comparing the square shape, placed ét machine centér, to
the inverse-dee, displaced to the right, the =square
contains less of the horizontally stabilizing region than
the inverse-dee. Therefore, the square is least stable

to horizpntal as opposed to x-pcint displacements.

Up until now, we have treated the plasma and
external conductors as having fixed currents during
displacements. If +the currents involved are allowed to
react to the plasma motion, passive stabilization c¢an
ocecur. Let wus first treat the.idealized case of two

parallel currents with the constraint that their total

flux be neld constant during movement (fig. ),
Ignoring reconnection (i.e. for an infinitely conducting
plasma at the x-point), if they are allowed to move

towards each other, field lines will be compressed and
the 4integral of B‘'dl around each rod will increase.
Antiparallel currents will be correspondingly induced %o
keep this integral a constant, Thus the currents are

reduced causing the attractive force, 21112/r1202, and

growth rate to decrease, This effect, of induced



PARALLEL CURRENTS

Figure 4: Two parallel linear (into paper) currents with

accompanying guadrupole magnetic field.

15
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currents slowing the movement, is termed passive

stabilization.

There are two complicating factors that can affect
the efficiency of passive stabilization. The first to be
_discussed is finite resistivity in the conductors.
Compressed flux can be pushed through the rods cn a

gsoak~in time scale T proportional to the square root

soak
of conductivity. The net effect 1is fhat induced
stabilizing ocurrents will decay over time. Thus, if a
movement (instability) could be stabilized by rods of

infinite _conduotivity, then allowing finite resistivity

enables the instability to grow with a_ratef1/Tsoak-

The other factor in passive stabilization 1is the
presence of plasma,. In a vacuum field, lines can
reconnect instantly. In the presence of plasma, line

reconnection occurs at a rate « 1/Tres‘ T is the

res
characteristic resistive decay time of the plasma., Thus,
additional flux e¢ompression c¢an ocecur, slowing the

instability growth rate,

If we apply the concept of passive stabilization to
the case of the x-point unstable dee in an octupole

field, the plasma and nearest rod are the primary
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currents involved. There is also, of course, plasma at
the x-point. Some passive stabilization will oeccur but
full stabilization is not neccesarily possible. If we

bring into this discussion the effect of conducting

elements other than those primarily involved, then
passive stabilization will be more effective, Filux
. decompression, with aecﬁmpanying induced attractive
eurrents, will occur in the other conductors {(e.g. the

other three rods and opposite walls). The efficiency of
induced effects will not only be determined by the
characteristic resistive decay time scales involved, but
on the amount and proximity of induced currents as well.
The dee is in closer proximity to fewer rings and walls
than the square of equivalent total current, Therefore,
passive stabilization will be more effective for the
sguare than for the dee, In either case, if the plasma
is not completely stabilized, then the growth time will
be slowed to the order of the minimum of the resistive

time scales involved.

Not discussed, heretofore, is the relation of the
‘toroidalt field to the axisymmetric instability.
Intuitively, it must play a much smaller role than the
poloidal field. The deformation will stretch the

poloidal field on the order of a minor radius-scale
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length. On the other hand, the toroidal field 1is only
slightly deformed while the entire field line is being
pushed out of the way, either up or down. There may be
some horizontal stretching to this movement but 1t is on
‘the order of'the majof radius, Thus, the displacement
" divided by the scale length involved is smaller for the
' toroidal field. In addition to this small contribution
of the stretched toroidal field, there is the effect of
its gradient introduced by toroidality. In equilibrium,
by definition, the ipolxﬁtor force is balanced everywhere
by itorxﬁpol (for low pressure). When the plasma becomes
unstable, this condition may perhaps no longer hold.
Examnination of the ipolx§tor force near the principal
x-point involved, shows that the force increases as major
radius R decreases., The introduction , therefore, of
toroidal curvature can perhaps differentiate between the
two dee's making the dee slightly more unstable than the

inverse-dee.

In summary, through the application of basiec
physical concepts, we can see that increased deformaticon
.'(decreasing rc) indicates a shape to be relatively more
unstable toward x-point displacements. This implies the
square 1is more stable than the dee or inverse-dee.

Passive feedback stabilization «can either completely
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stabilize this movement or at least slow its growth to
the resistive time scales involved. Its effectiveness
should be greater for the square than for the dee's, The
relative stability of these shapes becomes reversed when
discussing horizontal displacements, The effect of
toroidal field, though all important for Thigher n
(toroidal mode number) instgbilities, has only a minor
influence on the stability of the axisymmetric modes

:(n=0).
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CHAPTER II

EXPERIMENT

£4 Machine Deseriggggg

The Tokapole I1I device18, on which'these experiments
were performed, has a 50 cm. major radius square
cross section (4% x 44 cm.,) vacuum chamber. The vacuum
magnetic flux plot is that of an octupole (fig. 5a),
which provides vertical and horizontal fields to center
the discharge, The octupole vacuum poloidal field 1is
produced by inductively driving, through an iron core
linking the toroid, four 5 cm, diameter copper toroidal
rings. These rings can carry up to a total of T0OO k4,
and are each supported by three copper~beryllium rods.
While the chamber is under vacuum the rings can be moved
vertically +5mm. by external means, When plasma current
is driven toroidally through the octupole null, a tokamak

with a four-null divertor is generated (fig. 5b) .

Electrical characteristics are shown 1n figure 6.
The current in an outer ring rises sinusoidally to 4% ki

(fig. 6a). A 1 msec. pulse of 10 KkW. §.8 GHz



Figure 5: Numerical poloidal flux plots
(major axis to left). a) Without plasma.
b) With plasma., Each tic mark indicates
2 om.
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Figure 6: Electrical characteristics. Time, in ms., is given on
abscissa. a) Current in an outer ring vs. time. Also shown is a 10
kW, 8.8 GHz, 1 ms. microwave preionization pulse. b) Plasma current.

¢) Loop voltage at machine center with and without plasma,
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mierowaves is used for preionization (fig. ©6b). The
plasma current is induced by the same source as the ring
.current. The value for the total toroidal plasma curent
is inferred from measurements of the polecidal fleld
transformer primary current and loop vﬁitage, at the
wall, employing a simple model treating the plasma and

rings as coupled inductor325’26‘

The current inside the
separatrix is also calculated from measured mégnetic flux
plots. The peak total plasma current is ~ #0 kA with 7 &
msec pulse length (fig. 6b). The toroidal field is
effectively. constant during the experiment at a value of
3.2 kG at machine center, with capability of iup to 8.5
kG . The vacuum torcidal 1loop voltage (fig. 6c) at

~

ﬁachine center decays as a cosine to zero in 3 msec and
is then:_crowbarred. In the presence of plasma the loop
voltage is depressed during plasma current rise and
enhanced during ecurrent decline due to the back EMF
self-induced by the plasma current. Peak electron
temperatures are ~ 100 eV surmised, with ” 25% accuracy,
from modeling of the time evolution of a set of impurity
lines (e.g. 0I-OVI). The electron density is ~ 103
cm"3 as measured by microwave interferometry and Langmuir
probes, The 1ion temperature varies from 20-70 eV as

determined by charge-exchange analysis and from the

doppler broadening of He II.
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B, Experimental Technigues

The basic¢ information without which this research
would not be possible is the poloidal magnetic flux plot,
The tool used for obtaining a flux plot is the 'é' probe
- so termed because the output 1is proportional to the
time derivative of magnetic flux at the probe tip. The
'R probes used in these experiments consist of two 40
turn, Y4x4x5 mm coils of wire, located at the sealed end
cf a 1/4 inch tube, The coils are wound on top of each

other and have normals parallel and perpendicular to the

probe length, The orientation allows both components of

poloidal magnetic field to be resolved. The frquency
responge of this probe varies between 100 kHz, and 1
mHz. depending on the exact number of turns and areas of

the coils.

After passive integration, each probe signal 1is
digitized and stored by computer. To correct for probe
misalignments at a given polnt, a discharge with only the
torocidal field is =stored and subtracted from the data

with both magnetic fields and plasma. After this
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correction, the probe signal every 50ps, for 4 msec., is

stored on floppy disk for further analysis.

The expression wused to calculate the poloidal

flux, Y is
P o= Ofdrf 2M(Ro+1r " )Byeopp(rt) (2.1)

where Ry, r' and Eperp are the major radius of the
magnetic axis, the minor radius and the poloidal field
gomponent perpendicular to the path of integration

respectively. Surfaces of constant 1 are generated from

.the magnetic field data measured at 90 spatial points on

a 2 cm by 2 cm grid (fig. 7Ta). Within any =six point
rectangular grid area, or r.g.a. (same figure), the
vertical and horizontal poloidal magnetic field

components are fit to a polynomial of the form

- 1.2 i i i i
B(xi,yi) ATy + BTx ¥y o+ Chxy o+ DUyy o+ E (2.2)

where Al, Bl,....., Ei are the coefficients for the ith

r.g.a, B(xi,yi) is either the first or second component,

vertical or horizontal, of the magnetic fieild at the

ith

local coordinates (xi,yi) within the r.g.a. From
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equations (2.1) and (2.2), an explicit polynomial in x4

and y; can be found for 1

¥ _o4i i i i i
p(r,8) = (X, ¥39X50.V50sA7 2087 200 0B 2) + ¥
| | (2.3)
where w% is the value of V{ at the edge of the r.g.a. of
position (xio,yio) relative to the magnetiec axis

(y(0,6)=0). The subscript 1,2':on the magnetic field
coefficients refer to the vertical or horizontal
éomponents of the poloidal field. Thus, once the
position of the magnetic axis is known, the approximate
value of V¥ along a ray out from the axis is obtained in a
stepping fashion. Y é is determined by the final value
obtained in integration through the previous r.g.a. out

along that ray.

The position of the wmagnetic axis 1is found

numerically by first searching for the data point with

minimum BZ. This point and the eight surrounding 1it,
define two r.g.a.'s, j-1 and j. Using explicit forms for
J J 2,J 2
3 s 3y, 3% 3 s e 5
g%j Yy o By T (24

the first order Taylor series expansion for ¥J is
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iterated to find VY=z0. Five iterations are usually

sufficient for convergence,

After the magnetic axis is found, the progran

generates an array V¥ (k) containing the value of flux

sav
every 4% mm along a horizontal ray from the axis to the
‘edge of the data grid. Then, every 5 degrees around the
axis, ¢the progran gsearches for the radius at

which ¥(r(k,8))=V,_ ,(k). These values of r(k,8) define a

flux surface.

Once the locus of points defining a flux surface is
determined, variocus line integrals over the flux contours
are approximated using Newton's 3/8  rule. The safety
factor gq{k), toroidal current I(k) and area A(k) within

the kth closed flux surface are given by

rB
q(k) = %=/ ygd do
fr(k,e),0}

1
(k) = g I Bgr a6
{r(k,8),8}

Alk) = fpa dae (2.5)
{r(x,0),01

The last step is to compute the toroidal current



30

density averaged over the annulus between two flux

surfaces,

J(k)=[I(k+1)=I(k)I/[ACk+1)-8(k)] (2.6)

Ancther diagnostic that is important to this study
is the electric field probe. This consists of a few turn
coil of wire 4% mm wide by 50 cm in length. As in the
case of the B probe, the coill is contained in a 1/4 inch
probe tube. The prineciple by which it works is
illustrated in figure Tb. The output is proportional to
the time derivative of the pololidal magnetic flux through
the coil,. Assuming the poloidal field to be sinusoidal
in time, then the probe signal is a measure of the flux
between the toroidal circle A&, that its tip defines, and

the machine wall. Let us designate this flux & {see

probe

fig. 7b). The toroidal electrie fleld at A, though, is
proportional to the amount of flux between 1t and the

core = (d The flux linked by the wall,

probe 7 ¢wa11)'

dWall’ is opposite in direction. Converting this formula

to measurable voltages we see

Viocop * Vprobe = Vpg (2.7)
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where V. is the poloidal gap voltage (< &,,71), and

v & In actual wuse, care must be taken to

pr'obecc probe’

insert the probe only con the mideylinder so that there is
‘no component of toroidal electric field along the long
sections of the coil. For the same reason the other end

of the coil must be outside the machine,.

£, Previous Experimentsl Work

Experiments heretofore performed on noncircular

14,16

tokamaks have included doubletszT, ellipses and

dee's1”’16’17.

Verification of the shapes studied has
occurred through external means, For exanple, in
10SCA' #1710, external magnetic field signals were compared
with a computer model's predictions for those signals.
Another variation, used on doublets and TOSCA, is the use
of measured winding currents combined with appropriate
plasma parameters to model the plasma, The existence of
certain poloidal modes of the tearing instability has
also proved to be useful in determining q, which thru the
assumption of ellipticity, in turn determines the plasma

shape28
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Although exiztence of these equilibria has been
shown in only a few papers, the stability of  shapes to
axisymmetric modes is even 1less documented. Both
Toyama17 and Bhatnagar29 have verified the instability's
existence in their respective machines, but that is the
extent of their study. Bhatnagar considered the
" instability as a problem to be controlled, not studied.
He found that the discharge length could be doubled by
proper active feedback stabilization, The only major
experimental study of the axisymmetric instability,

previous to the present, was performed in TOSCA.

The shape of TO0SCA's different eguilibria is found
by comparing external experimental data with predictions
cf an ideal MHD calculation. The experimental input
consists of plasma and winding currents in addition to a
limiting wall, Plasma movement, both radial and
vertical, is calculated using a model that assumes the
plasma to be a current filament. The difference in
magnetic field, due to plasma current only, on opposite
gsides of the plasma gives the relative pogition of a
current filament between those two machine sides. Cima
predicts that the filament wmodel only leads to errors
of 53 mm in predicting the magnetic axis posgition! Using

this technique of locating the magnetic axis as a
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function of time, growth rates of the instabllity are
generated, No comment is given to explain how, and when
during instability growth, the growth rate 1is derived,
This has the added consequence of shedding no light on

the instability's non-linear or linear nature,

An effort was made to compare their results with
related analytic and numerical studies in the literature,
which were not performed for TOSCA. The plasma
equilibrium is described gquantitatively by the decay
index n=-R/Bz(de/dR) averaged over the plasma volunme,
This average is performed using the vacuum poloidal field
of the winding currents. The averaged decay index H 1is
found to be a monotonic function of ellipticity (e).
Results indicate that there are certain #, or e,
parameter limits beyond which no stable equilibria exist,

Khen the equilibrium is unstable, they find ita growth

rate to be proportional to the shaping currents. 1In
other words, inereasing the amount of noncircular
deformation decreases plasma stability, Indications are

given that T, is increased by the presence of the passive

g

feedback coils.
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D.. Relative Stability of Dee, Inverse-dee and Sguare

Eguilibria

This experiment allows comparison of wvaricus plasma

‘'shapes in one machine under similar c¢onditions. By
varying the placement of the rings, which attract the
plasma, the shape of the tokamak separatrix can be
changed from dee to inverse-~dee {figures 8a-c). If the

inner rings are moved closer together, and thus nearer
the plasma, the equilibrium is positioned slightly inward
in ma jor radius producing a dee (fig. 8a). An
inverse~dee (fig. 8b) 18 e¢reated by positioning the
outer rings closer together., The intermediate case is a
square plasma (fig. 8ec). Previous experiments
concerning noncircular tokamaks have deduced the plasma
shape using external measurements such as winding
currents, plasma current and edge magnetic fields,
combined with computer modeling. All important data in
this paper, such as flux plots, current density and
electric field profiles are deduced from Internal probe
measurements, A description of these experimental

techniques is given in the previous section (III.C).

The time histories of magnetic flux plots show that

the dee and inverse-dee are unstable to a non-rigid



Figure B8: Experimental flux plots mapped
cut with magnetic probes. Only the area
inside the separatrix is shown. Each tic
mark indicates 2 cm. a) Dee. b)
Inverse-dee, <c) Square,.
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vertical movement, along a line of sight from the
magnetic axis to a ring (figure 9). The square is stable
to this movement on the time scale of +this experiment.
For the vertically wunstable shapes, a plot of the
magnetic axis position, szhown in figure 10, indicates
that the vertical displacement increases exponentially

with a growth time T, 450 usec. Tg"103Ta, where T, is a

g
poloidal Alfvén time calculated with a suitably averaged
poloidal field. It is also interesting to note, and will
be ~discussed later, that Tg is much less than the
resistive decay time of rings and walls (15 msec) and
very close to the plasma L/R time (-~ .5-2.0 msec).
Axisymmetry has been verified at several machine
azimuths, Also, the effect of plasma cutside the
separatrix has been examined: That plasma was wiped out
by a movable limiter. The resulting instability growth

rate and equilibrium shape were identical to the 'normal!

case, within experimental uncertainties,

We find that all these eguilibria can be stabilized
to vertical movement, on the time scale of this
experiment, by precise positioning of the ringas. After
the vertical movement is stabilized there still remains a
horizontal motion that i3 independent of the rise and

fall of the plasma current., This horizontal instability



Figure 9: Time evolution of the
experimental flux plot for a) inverse-dee

& b)) square. The dee evelves similarly
to inverse~dee,
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éccurs in the square as well as the dee and inverse-dee,
The direction of this motion depends strictly on which
set of rings the inner plasma separatrix encircles. When
the plasma "leans™ on the outer (inner) set of rings the
movement is towards increasiﬁg (decreasing) major radius.

Growth times for this horizontal instability, 1like the

vertical, are "103Ta. Thus a plot of the magnetic axis
position vs, time for horizontal movement is identical
to that shown for the vertical (fig. 10). This

horizontal instability does not saturate on the time

scale of the experiment.

E. Effect of Plasma Resistivity

The role of passive stabilization could be all
important to this instability and perhaps in practice
eclipse distinctions based on plasma shape. Since the
rings are inductively driven, there are no external
circuit <connections between them. Thus they are free to
independently respond to the piasma motion. However, the
efficacy of passive feedback, arising from induced image
currents flowing in external conductors and plasma, is

limited by the finite resistivity of the the elements
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involved. Wooton et. al.1u found the plasma growth time
of an axisymmetric instability in TOSCA to be slowed down
by the resistive decay of induced stabilizing currents in
the walls and external field shaping coils, The
equivalent theoretical prediction has been_ made8'13.
However, all these calculations assume “an ideal,
:infinitely_conducting plasma. In the Tokapole experiment
‘the finite plasma resistivity (L/R time ~ 1 msec) is the
.major contributor tc the damping of induced sﬁabilizing
currents. The rings and walls in this experiment.have a
‘much longer resistive decay time (15 msec.) than the

. plasma. Indeed, instability growth occurs on-the plasma

~L/R time scale.

To address this issue we changed the _plasma
;resistance while keeping the plasma inductance and shape
_ relatively constant. Resistivity profiles are 6btained
. from current and electric field profiles disussed in

section III.C.

The resistivity profile was varied 1in two ways:
First, by lowering the toroidal magnetic field which
lowers the plasma current. Second, by puffing Ar gas, in
addition to the normal Hs, to increase Z.pp directly. In

elither case the electric field profile stayed relatively



