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ABSTRACT

EXTRAP is a concept in which a pure Z-pinch is generated

along the axis of an octupole field. Experiments in a

linear as well as in a sector geometry have demonstrated

that the pinch becomes stable against global instabilities

for many Alfvén times.

The octupole field in EXTRAP is produced by four,

external, current-carrying rings. In the toroidal geometry

these rings must be supplemented by additional rings to

compensate for the plasma loop force and transformer core

leakage flux. Equilibrium studies are carried out for

two basically different ring designs.

The studies are based on numerical equilibrium compu-

tations using the GOYA code.

Sensitivity of the equilibrium to technical imperfect-

ions is also analyzed.



1. BACKGROUND AND CONTENT

Compared with other magnetic fusion concepts, the

z-pinch could have decisive advantages. By using its self-

produced magnetic field for radial confinement of the plasma,

its B value ( B= 2uQp/B2 , where p is the scalar plasma

pressure and B is the magnetic field) could have been

unity, were it not for its violently unstable nature (see

for example Ref.tll).

Since the early z-pinch experiments, it has been clear

that an external magnetic field must be added, primarily to

suppress the interchange and kink instabilities [2]. Various

fusion concepts, characterized by different external magnetic

coil systems and with a varying range of B, have been developed.

EXTRAP (External ring TRAP) is a concept designed to

stabilize the pure (no axial field) z-pinch while maintaining

a high B value. A feature of EXTRAP which is different

from other z-pinch concepts is that the stabilizing external

magnetic field not only inhibits unfavourable plasma displace-

ments, but also actually affects the equilibrium profiles

considerably [3]•

The start-up phase of the pinch is quite different from con-

ventional z-pinches since the discharge builds up from the central

zero-field region and expands outwards [/O •

By surrounding the plasma column by four conductors,

directed antiparallell to the pla&ma, a non-circular plasma

cross- section is obtained. In a straight geometry, where

the rod currents are equal and are equally spaced in the.

azimuthal coordinate, the high beta pinch region of the

discharge becomes square-shaped. It has x - points (hyper-

bolic magnetic zeroes) in its corners and an O-point (ellip-

tic zero) at the centre. By allowing plasma to diffuse

across the separatrix the equilibrium profiles are smoothened

in its vicinity. The pressure profile can thereby fulfill



the requirements for interchange stability [2,3]-

In a toroidal EXTRAP device D-, square- or inverse D-shaped

cross-sections can be obtained, depending on the compen-

sation utilized for the plasma loop force. Using extra to-

roidal ring currents for accomplishing this, we will in

the present investigation mainly concentrate on finding

toroidal equilibria with square - shaped cross-sections. The

reasons for this are that we are then close to the linear

geometry, which has been successful, the theoretical under-

standing is simplified in consequence, and there is reason

to believe that D- or inverse D-shaped equilibria are sus-

ceptible to rigid vertical instabilities [3].

There are two time scales involved in the experiment.

The four main rings are generally supplemented with a set

of auxiliary current rings to give a vacuum magnetic field

pattern with a degenerate zero at the centre just as in

the straight geometry. This field is constant during the

discharge. The discharge current has a rise time of about

20 Msec and is sustained for about 100 psec. To keep the

magnetic axis of the plasma coincident with the geometrical

centre as the plasma builds up, a set of equilibrium cur-

rents following the plasma discharge current are introduced.

The point of this paper is to study how the plasma

equilibrium is affected by different configurations of

main rings, auxiliary rings and equilibrium rings.

In Sec. 2 we give some basic assumptions and define

the ring current systems in accordance with expected future

experiments on the toroidal EXTRAP Tl device. A descript-

ion of the resulting magnetic configurations is also given.

In Sec. 3 two substantially different approaches of produ-

cing the fields are presented. Equilibria obtained with

a numerical code are discussed in Sec. 4. The sensitivity

of the computed equilibria to technical imperfections such

as ring misalignment is taken up in Section 5. In the last

Section, we summarize the results and make some suggestions

for future experiments.



2. BASIC ASSUMPTIONS AND DEFINITION OF RING SYSTEMS

In the toroidal EXTRAP device the constant magnetic

field is generally created by two current ring systems,

main rings and auxiliary rings. The plasma equilibrium

position is controlled using a third system called equilibrium

rings. A sketch of these systems is given in Fig.l. The

rings of Fig.l have been designated numbers in the priority

left-right-top bottom. In addition, there can exist an external

field due to flux leakage from the transformer core.

2.1. Main rings

We assume that one way to achieve a square-like plasma

discharge cross-section is to make the dominant component

of the vacuum field be due to four rings placed with cylindrical

coordinates (R,Z ) = (Ro±d,o) and (Ro,±d). This means that the

vacuum field is generally two nested quadrupoles whereas

the ideal field would be an octupole as is the case for the

linear EXTRAP. For reasons of symmetry we designate the

main ring currents as follows:

Coordinate Current

(Ro-d,o)

<RO'±
d> *o

2.2. Auxiliary rings

Because the discharge is driven as the secondary of a

transformer, the main ring currents must be decoupled from

the transformer core. The second, or auxiliary, ring system

can consist of return currents for each of the main rings

so that the core is decoupled. Furthermore, these return

currents can be positioned so that they produce a field

component that when added to the nested quadrupole field



produced by the main ring currents gives a nearly degenerate

single null. With the degenerate null, the field becomes

a toroidal octupole field. The desired modification is to

bring the null points (there are three of them when using

four main rings) close together and close to the geometric

axis.

For certain values of B^ and B2 » the auxiliary rings

can be made unnecessary. One of the two designs discussed

later in this paper features a ring system constituted by

main and equilibrium rings only. The main rings are for

this case not decoupled from the core; instead their res-

pective currents are induced by the transformer.

The leakage flux from the transformer core produces

an additional component to the magnetic field. We assume

that the leakage field is axisymmetric for the purposes

of calculations in this paper. This leakage field must also

be included when calculating the equilibria. If the main

and auxiliary ring positions have been fixed so as to create

a field pattern with the magnetic zeroes coinciding near

the geometrical centre, this ideal field pattern will break

up as we include the field leakage from the primary and

the core. There are two ways to compensate for this. One

approach, to use the equilibrium ring system, is disadvan-

tageous. The leakage field and the plasma loop force need

a compensating magnetic field of the same direction, which

causes the necessary equilibrium ring current to be high.

Another approach is to position the return current rings

so that the initial vacuum field does not have a degenerate

null. However the planned deviation in the field from the

ideal octupole case is made to correspond to the leakage

field that will be produced when the discharge primary

circuit is activated. In this approach, the return ring

currents could be said to produce a prebias field component

that is cancelled by the leakage field when this leakage

field appears as the discharge is generated. With this ap-

proach, the required magnitude of the current in the equi-



librium rings can be kept low. In fact, it is hoped that

it might be possible that the prebias field from the return

current rings can be selected so as to completely eliminate

the need for an equilibrium ring system where the current

has the same waveform as the plasma discharge current. The

necessary equilibrium field is produced by the return ring

system. In a sector experiment, it has been possible to

operate in such a mode [5] • The design discussed in this

paper includes such flexibility in that the vertical posi-

tion of a symmetrically positioned pair of return currents

can be adjusted.

2.3. Equilibrium rings

The purpose of the third ring system is to produce

a nearly vertical field to counteract the plasma loop force.

This force acts so as to expand the current channel radially

outwards. Preferably the system consists of two rings po-

sitioned close to the z =0 plane, as in Fig.l. As discussed

above, it is advantageous to position the return current

rings in such a way as to keep the required magnitude of

the current in the equilibrium rings as low as possible.

2.4. The composed magnetic field geometry

A toroidal EXTRAP equilibrium is supported by a magne-

tic field originating from five sources; the main rings,

the auxiliary rings, the equilibrium rings, the plasma it-

self and the leakage of the primary windings and transformer

core. To give an understanding of how these fields affect

the start-up field pattern and the equilibrium, a short

introduction now follows.

In a straight geometry the octupole field can be viewed

as a superposition of two quadrupole fields; see Pig. 2a).

When all four currents are equal, the magnetic zeroes de-

generate into a single point in the centre.

If we bend this configuration into a torus, the resul-

ting loop field will break apart the zeroes as in Pig. 2b).



It is easily understood that a zero in the equator plane

will move radially inwards, since the loop magnetic field

weakens the field of the innermost ring at the plasma side.

Even for large ratios Ro/d this splitting is substantial.

This loop field is primarily vertical in the region close

to the axis at(Ro,0).

To achieve a magnetic field with the desired null in

the center, we can now either find a suitable pair of $^

and &2 o r introduce the auxiliary rings with equal, but

opposite directed, currents as mentioned earlier; see Fig.2c).

We will here be concerned with rather large ratios f\> /d

(̂  10), so that the compensating magnetic field should be

nearly vertical in the plasma region.

As the plasma builds up in this geometry, its loop

field moves it radially outwards. An additional force, un-

fortunately also directed radially outwards, is due to the

leakage field, which is proportional to the primary current

An inverse D shaped equilibrium is obtained when the plasma

current has reached its plateau value; see Fig.2d).

To obtain a square shaped equilibrium, the most straight-

forward thing to do is to pass a suitable current through

the equilibrium rings, on a time scale which is in phase

with the plasma current buildup.

An alternative is to adjust the return current positions

so that although break down takes place in a geometry with

(moderately) splitted zero points, these will coalesce

for the given plateau value of the plasma current. This

scheme may be a bit hazardeous since both breakdown in this

type of geometry and non-square cross-sections are unfavourable

for stability .

An equilibrium with all five components of magnetic

field present may look as in Fig.2e). We will demonstrate

numerically in Section 4 that we actually can achieve toroi-



dal equilibria comparable to those in linear geometry.

Actually, for high ratios B /d it is our experience with

the numerical calculations that equilibrium can always be

obtained when the (nearly) vertical loop fields are suffi-

ciently compensated.



3. EQUILIBRIUM CALCULATIONS

The ring system geometry of Fig.l) has been computed

with the GOYA code [6] . It is a computer code written main-

ly for EXTRAP for design of vacuum magnetic field patterns

and for equilibria calculations. It solves the non linear

Grad Shafranov equation of ideal MHD with a free plasma

boundary for arbitrary pressure profiles. For a description

of the code and some earlier computations of toroidal EXTRAP

equilibria, see Refs. £617].

There are principally two free parameters in the equi-

librium problem; the plasma radius and the pressure profile

(we have no toroidal magnetic field). For all the calcula-

tions in this paper we have used the assumption that the

discharge is located in the squarelike region defined by

the four x points. The discharge is assumed to extend out

to the boundary defined by the segments of the separatrix

between these four x points. The pressure profile p('P)«(H'-i'l))21

where I'D is the value of the total flux function ¥ at the

plasma boundary (i.e. the separatrix). As a consequence

the pressure profile generally becomes fairly peaked at

the axis, whereas both the pressure and current density

vanish at the plasma boundary. Allowing a finite current

density at the boundary means that the angles of the separa-

trix field line segments at the nulls deviate from 90 .

In the following two types of EXTRAP design will be

discussed. We will henceforth refer to them accordingly

as 'Design A' and 'Design B'.

3.1. Design A

In the basic toroidal Extrap design, the currents

in the decoupled main and auxiliary rings are driven by

an external power supply. The design presented here is

flexible in the sense that the outermost pair of return

currents can be moved vertically to give different vacuum field
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configurations. We can then either position them for an

ideal vacuum field pattern or»as mentioned above, position

them so that a prebias vertical field is produced.

Fixed parameters are: Ro =0.45 m, d=0.03 m, 8-̂ =0 =0,

return currents at (R,z)=(0.56,+0.23) and (R,z)=(0.71,±zy)

equilibrium currents at (R,z)=(0.645,+0.02).

3.2. Design B

A technical simplification is to induce the main ring

currents using the transformer. These rings may then be

perfectly closed, and current feeds to the rings are avoided.

Also problems with the auxiliary currents are avoided. The

plasma current is then induced by superposing a reverse

directed primary current on a much faster time scale.

The drawbacks are that the radial position of the equilibrium

rapidly changes during the discharge and that the main rings

shield its interior from a large part of the induced elec-

ttric field. A fortunate coincidence is that the experimen-

tal values of 8̂  and ^ a r e nearly ideal for a degenerate

field null vacuum geometry.

The fixed parameters used for the EXTRAP B design are:

RQ =0.45 m, d=0.03 m, Bi =+0.37 and 62 =+0.24. Equilibrium

currents are positioned at (R,z)=(O.645,+O.O2).
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4. RESULTS

4.1.

In this design scenario the main and auxiliary rings shall

be driven directly by a capacitor bank. The leakage field is

produced by the plasma discharge primary current and therefore

follows the plasma discharge current. We write the leakage field

for this design

where the minus sign indicates negative z-direction in Fig.l and

a^ = 0.5 for EXTRAP Tl. This homogeneous and vertical field

adequately models the measured field in the plasma region only.

A flux plot of an equilibrium in a Design A geometry is

given in Fig.3. The return currents have been positioned

at (R,z) = (0.56, •. 0.23) and (R,z) = (0.71, ±.0.10). To maintain a

plasma, with a total current Ip = -0.25 Io, in equilibrium

at Raxis=0#i*5 then requires an equilibrium current Ig =+0.12 lo,

see Fig.4. In this Figure, the relation between equilibrium cur-

rent and plasma current is demonstrated for

By instead positioning currents #7 and #8 so that

(R7 ,z7 ) = (0.71,0.l6) and (Rg ,zg )»(0.71,-0.16), an extra positive

component of the magnetic field is obtained in the plasma region,

so that the equilibrium current can be reduced to Ig=0.0l6,

still for Raxisa0<I*5* of> course this action breaks up the pre-

viously degenerated zero region into a pattern like that of Fig.2b)

The zero point separation becomes 12 mm. In such a design it is

perhaps possible to eliminate the equilibrium currents and sim-

ply let the plasma expand freely outwards as the plasma current

increases. This is illustrated in Fig.5, where we have plotted

the plasma current as a function of magnetic axis position. A

plasma current of Ip*-0.19 Io obviously gives a square cross

section.
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4.2.

Let us now discuss equilibria obtained with Design B. Using

only main and equilibrium currents, the question arises whether

OP not the leakage field can be compensated with the equilibrium

currents. In Fig. 6. calculations with the GOYA code show the

dependence of the equilibrium currents 1^ and I^Q o n t n e radial po-

sition of the magnetic axis. We observe that, for a given radial

position of the plasma, there is a linear relationship between

the leakage field and the equilibrium current needed to compensate

for it.

Typical values for the leakage field in Design B are appro-

ximated by the expression

»'•''•o m . (2)

where for the experimental EXTRAP Tl-device a=2. This is repre-

presented by the lower curve in Fig.6 . There is a striking

sensitivity of the radial position of the plasma to the leakage

field in the central region. An uncertainty in B. . of 25J

represents an uncertainty in the magnetic axis position by about

10 mm. For diagnostic and other purposes it is consequently

essential to make efforts to experimentally adequately measure B§ ,
X63K «

For technical reasons we want to keep the equilibrium cur-

rents small. A square-shaped plasma cross section is obtained

when R a xi 8 = 0.45. For afi-=2 we find Ig=I10*-0.i»7 at this position.

The computations of Fig.6 have been carried out for a plasma

current Ip=-0.25 Io- In Fig«7 plots of the equilibrium currents

as function of magnetic axis position are calculated for Ip/Io=-0.1,

-O.25, -0.5, and -1.0. For these runs, we use <*%=!. Prom combining

Figs. 6 and 7 it becomes clear that rather large equilibrium cur-

rents are needed for yielding a square cross-section when

Large plasma currents Ip/Io
a-1 are most easily compensated.
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A possible scenario is not to worry about a square cross-

section at all, and run the experiment without the equilibrium cur-

rents. The plasma may then be generated at Raxis~0.44 an<*

allowed to expand radially outwards as the discharge current

rises. The temporal evolution of the equilibrium should then

be represented by letting I<j=I10=0 in Fig.7. Again a high sensiti-

vity is found in the central region.

Finally in Fig.8 we give two equilibrium flux plots of

Design B for Ip=-0.25 Io, I9=I10=-0.17 Io with oB=l and for

Ip=-0.25 Io, l9=Iio=-°-38 Io with aB=l.



5. PERTURBED EQUILIBRIA

In a typical EXTRAP discharge, the magnetic field is extreme-

ly weak in the central region between the main rings \l,8] . As we

have seen in this report, this creates a situation where the

radial position of the equilibrium is very sensitive to varia-

tions in the magnetic field. One may consequently fear that tech-

nical imperfections such as misaligned rings can substantially af-

fect the equilibria.

The GOYA code assumes symmetry with respect to the equa-

tor plane (for efficiency). However, the effect of ring per-

turbations, symmetric with respect to this plane, can be studied.

We find that the Design A equilibrium (see Fig.3) is very

sensitive to perturbations of the mutual distances between the

main rings (#1-1). Let us discuss some specific perturbations

in the following, and examine their effect on magnetic axis po-

sition, equilibrium currents as well as on the pressure and

current density profiles.

Perturbations of the main rings, symmetric with respect

to the z=0 plane, can be of either of three classes; by (i) shif-

ting rings 2 and 3 in the radial direction, (ii) shifting rings

1 and 4 vertically and (iii) simultaneously shifting all rings

1-4 radially.

The most sensitive disturbances are produced when rings

2-3 are shifted radially. \ shift A of 0.2 mm radially outwards

causes a shift 6 of the equilibrium axis by about 6 mm. Put dif-

ferently, for A»0.2 mm an equilibrium current IE =0.145 I o

is now needed for maintaining Raxis =0.450 m. For A »0.5 mm

we must have IE=0.195 Io. The pressure and current density profiles

for the last two cases are essentially unchanged, as compared

to the unperturbed equilibrium. We find for the pressure

Ap/p * 1051 and for the current density Ajq>/J(p<10Jt - Even in the
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first case, where the plasma is allowed to expand radially,

the profiles are remarkably unchanged. The average pinch radius

here becomes smaller, however, and both pressure and current

density increase in magnitude by about 80%.

The magnetic axis sensitivity to radial displacements

is not necessarily detrimental for the experiment. In EXTRAP-T1

an accurancy of A <<0.1 mm is fortunately maintined, which

makes these effects negligible.

Vertical perturbations of type (ii) have generally nc

serious effect on the equilibrium. Even for A=0.5 mm (rings

2 and 3 are now moved towards the equator plane) we need only de-

crease the equilibrium current by 10J6 to keep Raxis=O-
i*5Oin.

Radial displacements of all rings 1-1 (by the same amount),

finally, have only a small effect on the equilibrium for high

ratios RQ /d (> 10). Any technical misalignment is of the order

1 mm or less in the Tl-experiment and has negligible impact.

We conclude this Section by stating that the accuracy

presently employed in the construction of the EXTRAP-T1 device

is sufficient to substantially suppress the unwanted geometrical

effects on equilibrium being studied here.
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6. DISCUSSION

In this paper we have investigated equilibria of two

basically different designs for toroidal EXTRAP experiments.

Although the basic, confining octupole field is created simply

by a set of four current-carrying rings, we have noted and

discussed that in an experiment the factual magnetic field

is composed from other sources as well.

The type A design discussed here aims at optimizing the

ring current geometry for the EXTRAP-T1 device. It features

main rings decoupled from the transformer core and a flexibi-

lity to achieve suitable vacuum field geometries for plasma break-

down.

In the type B design the main rings are driven by the

transformer. Construction becomes simpler and magnetic field

symmetry is favoured. The design features serious drawbacks, how-

ever, and is only intended for 'proof of principle' experiments;

no fully toroidal EXTRAP device has been operated to this date.

The sensitivity of the equilibrium to technical imperfections,

such as ring misalignment, was examined. We find that although

the magnetic axis position is very sensitive to perturbations of

this kind, the experimental accuracy can be kept sufficiently

high. Instead the main difficultis lie in maintaining correct ring

currents and accurately measuring the stray field from the

primary and transformer core.
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FIGURE CAPTIONS

Fig.l. Geometry and notations for a toroidal EXTRAP

device. The symmetry axis is positioned at

R=0.

Fig.2. Schematic EXTRAP flux plots for describing the

composed magnetic field geometry.

Fig.3. Equilibrium flux plot for Design A. Parameters

are: (R7,z7)=(0.71,0.10), (Rg,zg)=(O.71,-0.10),

Ip=-0.25 Io, Raxis=°-'»5 m, IE=*0.12 Io, aA=0.25

Fig.4. Relation between plasma current Ip and equilibrium

current Ig for Design A. Here Raxis=^>i*5. In ab-

sence of plasma current, the rings are positioned

to create a degenerated magnetic field null

geometry.

Fig.5. Computation of plasma current dependence on equi-

librium magnetic axis position for Design A.

Parameters as for Fig.3. except that here the

return rings #7 and #8 are positioned at

(R,z)=(0.71,*0.16), resulting in non-degenerate

field nulls with a separation of 12 mm.

Fig.6. Calculations of equilibrium current dependence

on magnetic axis Raxis position for the B design.

ID»-0.25 I©* The calculations have been performed

with three different leakage magnetic fields B, ..

• Fig.7- Calculations of equilibrium current dependence

on magnetic axis position for the B design. Here

the leakage field is kept constant at B? .=1»10"6 Io,

while varying Ip for each curve.
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Fig.8 a) Flux plot of Design B equilibrium with

Parameters are Ip=-0.25 Io, aB=l, I9=I10=-0.17 Io

b) Same as for a) except that here Raxis^0-1*6 a n d

I9=I10= -0.38 Io.
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