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Abstract

Experimental studies of the equilibrium and stability

of a sector of a toroidal EXTRAP plasma discharge have been

studied. The high-B plasma discharge, which had an Alfvan

transit time of about 0.5 ysec, could be positioned in a

stable equilibrium for the 30-wsec time scale of the experi-

ment.



I. Introduction.

Experimental studies of the equilibrium and stability

of a 60°-sector plasma discharge in a toroidal EXTRAP con-

figuration have been carried out. In the EXTRAP configura-

tion,1'2 the plasma discharge is basically a torioidal

Z-pinch with the plasma current channel positioned in the

low-field region of a toroidal octupole field. This external

octupole magnetic field is purely transverse and is produced

by a set of four toroidal coils. The plasma discharge can

be pictured as a fifth toroidal current-carrying ring,

concentric with the toroidal coils which produce the

octupole field, placed in the low-field region between

these four coils.

A basic feature of this EXTRAP configuration is that all

B fields are purely poloidal. As a result many fundamental

aspects of the equilibrium and stability of the this device

for various MHD modes are related to aspects of the equilibrium

and stability of compact torus field reversed configurations

(FRC). ' The basic topological difference between EXTRAP

and FRCs is that EXTRAP has an aspect ratio greater than unity

while FRCs have approximately equal minor and major radii.

In addition, the null field regions on the separatrix flux

surface of the FRC art two points on the major axis whereas

the null field regions in EXTRAP are four rings concentric

with the coils and the plasma discharge. These differences

can affect transport and stability but the analysis of the

two configurations is related.

In the experiments described in this paper, a full

toroidal device was constructed but the plasma discharge was

limited to a 60°-sector. In the remaining 300° of the torus,

the plasma current was conducted in a copper ring placed at

the calculated equilibrium position in the low-field region

between the toroidal coils. The idea motivating the sector

experiment was to construct a device very similar to a

previously studied linear experiment, but with the added



feature of toroidicity and the resulting loop force. The

linear device was stable against global pinch modes. Figura-

tively, we bent the linear device into a high aspect ratio

torus and examined the equilibrium and stability of the dis-

charge .

Because the experiment was limited to a sector, the

discharge occurred between electrodes. Thus initiation of

the discharge and control of the plasma current amplitude

and waveform were easily achieved.

Studies of equilibrium and stability in a sector experi-

ment cannot give conclusive information on all modes since

certain modes are excluded because of the fixed-position

electrodes. Specifically, all modes with low toroidal mode

numbers (n) such as axisymmetric modes (n=0), and simple

tilting and sideways-moving modes (n=1) could not develop

in this sector experiment. However, the more dangerous

tilting modes with larger n could exist in the sector con-

figuration. The stability of these modes is related to the

cross-sectional shape of the equilibrium flux surfaces in

the discharge. In the sector experiment configuration, verti-

cally elongated flux surfaces make the discharge susceptible
•7

to vertical displacement. '

The large-n modee have approximately the same

growth rates as the small-n modes. Since these

potentially dangerous modes were not excluded

by the sector geometry, the observation of equilibrium and

stability in the experiment is of importance. However, it is

to be noted that the sector experiment was only a step between

the linear experiments, where stability against global pinch

modes has been observed, and the full toroidal case. In the

full toroidal case, one is faced with the additional probl*»

of initiating the plasma discharge and achieving a Stabi*

equilibrium without the help of electrodes.



II. Experimental Set-Up

A schematic diagram of the sector experiment is shown

in Fig. 1. The major radius to the minor axis of the con-

figuration was 40 cm. The plasma discharge occurred in a

60 sector of the torus.

The four concentric toroidal coils that created the

purely transverse octupole vacuum field were placed so that

the minor cross-section of the configuration was "diamond"

shaped as seen in Fig. 2. The minor radius to the centers

of the coils was a = 2.8 cm.

The number of turns in each of the respective coils

was as follows:

inner-cotl

mid-coils:

outer-coil:

5 turns

4 turns

3 turns,

where "inner" indicates the coil with the smallest major

radius, "mid" indicates the two coils with the same major

radius as the minor axis and "outer" indicates the coil with

the largest major radius. Thus the ampere turns ratio was

as follows:

inner: mid: outer = 1.25:1.00:0.75.

In order to achieve a variable turn ratio, single-turn

correction coils, called B trim coils in Fig. 2, were
z

added on the equatorial plane,one near the inner coil and

one near the outer coil.

The currents in the four main coils were excited in

series with all currents parallel. The currents in the

two B trim coils were excited in series but were anti-z
parallel. The main coil current (ampere-turns), I , and

the B trim coil current, I. , were provided by independent

capacitor banks. If the ratio between the main and (inner)

B trim coil current is expressed as



then the ampere turns ratio becomes,

inner:midrouter = 1.25 +«:1.00:0-75 - a.

In the experimental configuration, in order to achieve a

perfect toroidal octupole vacuum field with a single degene-

rate null point in the minor cross-section of the flux plot,

the value of a was 0.05.8 Values of a other than 0.05

were roughly equivalent to a superposition of a vertical B

field onto the toroidal octupole field. Values of n less

than 0.05 corresponded to a vertical field orientation such

that the JxB force on the plasma was radially inward, while

a greater than G.05 yielded a configuration where the

force was radially outward. (The plasma current and main coil

current are antiparallel.)

Creating a perfect vacuum octupole field fixed a at 0.05.

Different values of a lead to a splitting of the degenerate

null into three null points. The point of initial breakdown

was determined by the null points. After breakdown, the dis-

charge built up and the current channel moved in order to

establish equilibrium. This position was dependent on

the vertical field which was also determined by a. Build up

of the discharge could be inhibited if the current channel

could not move to an equilibrium position from the point of

initial breakdown.

The radial equilibrium of the discharge was clearly

affected by the vertical field. However the stability of

the system against, modes with vertical displacement components

was also affected by the vertical field through a dependence

on the shape of the cross-section of the flux surfaces in the

discharge. Examinations of the stability of various con-

figurations have shown that stability is decreased if the

cross-section of the equilibrium flux surfaces in the dis-

charge are vertically elongated.

In summary, the purpose of this experiment was to study

the ability of the discharge to build-up while moving from

the point of breakdown to an equilibrium position as a func-
i

tion of a at breakdown, and furthermore to study the stability



of that equilibrium position for a fully developed discharge

as a function of the value of a during the steady state phase

of the discharge. In the experiments described here, a = It/I

was time dependent. The current I in the B trim coils was

pulsed with a half-sir 3 wave period of 50 ysec. The timing of

this I. pulse relative to the plasma discharge was varied in

order to achieve different a(t) forms.

The parameters of the discharge itself are summarized

as follows:

I (plasma current)

I (main coil current)

R (major radius)

r (minor radius of current channel)

p filling pressure (hydrogen)

n (plasma density)

Te (electron temperature)

7 to 11 kA

24 kA turns

40 cm

ca 1 cm

130 mTorr

ixlO22 m 3

5 to 10 eV

Alfvén transit time ca 0.5 ysec.

The plasma parameters given above were not measured on

the sector experiment but are inferred from the data taken

on the linear experiment described ir Ref. 6.

The plasma current waveform is shown in Fig. 1. The

power supply was a 60-uF capacitor bank with delay lines

added to attain a roughly constant current, level for a

30-psec period. The risetime to this constant level was

about 10 ysec.

Ill. Experimental Measurement Technique

The position of plasma discharge was measured using

magnetic poloidal-flux loops. The flux loops were annular

30 -sectors. Three flux loops were used. Two were located

in the plasma sector; one above and one below the equatorial

midplane at a distance of 14 mm from the midplane. The third

loop was a reference loops at the same (r, z) position



but in a sector far from the plasma where the current of

the plasma discharge was carried in the fixed-position

conductor.

The calibration of the flux loops was carried out both

analytically and experimentally. In general the signal from

a flux loop had the form
-t

v(t) = RC o edt' - *W- (1)

where RC was the time constant of an integrator, e was the

induced EMF due to flux-coupling in the flux loop and $ (t) was

the coupled flux at time t.

In order to facilitate measurements, the signals were

normalized using the reference flux loop. The displacement of

the discharge relative to the minor axis was then studied.

The vertical displacement was studied using the following

normalized quantity

(2)

where the subscripts u, 1, and o indicate signals from the

upper, lower and reference flux loops respectively. Similarly,

small radial displacements of the discharge from the minor

axis were measured by examing the normalized quantity

_ Vg * Vl - 1.
2 V

(3)

In Fig. 3 we show 5 positions, in addition to the minor

axis position, where an uncontained discharge could be located.

In Fig. 4 we show the amplitude of the normalized quantities

S and S that would be expected for a discharge located at

the respective positions.

Furthermore, the following expressions for small dis-

placements <5z and 6r relative to the minor axis were also

calculated for the given geometry;

6z = Sv . 40 mm

fir = S . 60 mm.



These expressions are based upon an approximate expression

for the coupled flux and are acceptable for displacements

up to about 10 mm. These small displacement approximations

are also indicated in Fig. 4.

In addition, the flux loops were experimentally cali-

brated by running discharges where the current channel would

clearly tend to be located on the surface of the glass tube.

Three such uncontained discharges xvere run:

1) No vacuum field. The current would be expected to

run along the outside of the glass tube (the large

major radius side) due to the loop force on the

toroidal discharge.

2) Vacuum B trim field only. Only a vertical field was

present with the JxB force inward so the current

would be expected to run along the inside wall of the

glass tube if the JxB force exceeded the loop force.

3) Upper mid-coil disconnected but currents in

the remaining three main coils. The field was pre-

dominantly horizontal with the resulting JxB force

upward so the current would ue expected to run along

the glass tube wall above the equatorial midplane.

The observed normalized signals for these three "un-

contained" discharges are also shown in Fig. 4. These experi-

mentally observed signals could be higher than the calculated

signal levels. Presumedly this was caused by the fact that

the true currents were distributed and not line currents.

IV. Experimental Results

Five cases have been studied and are summarized in

Table I. For Case I, the I pulse was a half-sine wave

triggered about 35 usec before the start of the discharge.

The amplitude and polarity of I t was such that a = 0.05 at

the time of breakdown and decreased to zero at 15 usec into

the discharge and was zero for the remainder of the

ri tarharem.
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Three shots with different I amplitudes are shown in

Figs. 5a, 5b, and 5c. In Fig. 5a, with I = 7 JcA, the posi-

tion of the discharge at t = 3 usec was above the equatoriai

plane (6z > 0) but at a radial position corresponding to the

minor axis (fir = 0). A*-, this time (t = 3 usec), the plasma

current and density were still building up. However, I was

about 30% of the full value, so the magnetic field had

already been affected by the contribution from I . (The first

position observation was at t = 3 usec because the errors in

the normalized quantities presented here were large at earlier

times when V , V, and V were all small quantities.) As the

discharge continued to build up, it descended toward the

equatorial plane and established a stable equilibrium on the

time scale of the discharge. Thus, Case la is important as

it demonstrates that a well-positioned equilibrium discharge

could be established and that it was stable on the time scale

of the experiment which was many Alfvén transit times.

Cases with I = 9 kA and 11 kA are shown in Figs. 5b

and 5c. For these cases, with higher I amplitudes, the

discharge did not maintain vertical equilibrium. In 5b, the

discharge at t = 3 psec was positioned with 6r > 0 and

6z > 0. The radial equilibrium appeared fairly good but the

vertical equilibrium was lost. In Fig. 5c, with I = 11 kA,

again the radial equii-brium was fairly stable, but at a

larger major radius as exoected for larger I . However, again

the vertical equilibrium was lost.

From Figs. 5a, 5b and 5c, we see that the position of

the discharge current channel was a function of I when the

vacuum flux plot at breakdown was identical for all cases

(a = 0.05) and corresponded to a perfect octupole field

with a single null point. This indicated that the transition

from a situation where the current channel oosition was de-

termined by the vacuum field at breakdown to a situation

where the position was determined by the amplitude of 1 and

the stability of the discharge occurred in the first several

microseconds of the discharge.



After t=15ysec, when I. was zero and I was constant,

the radial position of the discharge was quite stable but

the stability against vertical displacement was lost for

larger I amplitudes. This is consistent witn the results

of Hellsten based numerical computation of equilibria and

stability against axisymmetric modes. Stability against

vertical displacement can be dependent on the radial equili-

brium through a dependence on the shape of the cross-section

of the equilibrium flux surfaces in the discharge.

It should be noted that, when n was equal to zero, the

flux plot deviated from a perfect octupole field case as if

a vertical field were superimposed on a perfect octupole

field. This equivalent vertical field gave a JxB force which

was directed radially inward and compensated the loop force.

The choice of the design parameters of the sector experiment

by Hellsten and Scheffel (Ref. 8) was thus advantageous

in that the Bz trirr. coils were excited only during the first

microseconds of the discharge to trim the vacuum flux plot-

The I. current then went to zero, which was equivalent to

imposing a vertical field to balance the IOOD force, and

a stable equilibrium could be achieved for the case with

I p = 7 kA.

We then proceeded to investigate the importance of the

vacuum flux plot at breakdown in determining the eventual

establishment of equilibrium. In this series, called Case II,

I. was zero at all times. The amplitude of I was varied andt p
was 7 kA for Case Ila and 11 kA for Case lib as seen in Fig. 6

We discuss Case Ila first where I was 7 kA which
P

corresponds to the stable Case la discussed above. The

position at t--3»;sec was not the same for Case H a as for

Case la indicating the importance of the vacuum flux plot

for current channel positioning during the first micro-

seconds of the discharge.

Furthermore, we see that Case Ila did net achieve

a constant radisl position, but drifted radially outward
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throughout the duration of the discharge. This shows that

the accessibility of radial equilibrium could be a function

of the vacuum flux plot at breakdown.

We now discuss Case lib where I was 11 kA. This corre-
P

sponds to Case Ic where I was also 11 kA. For Case lib, a

constant radial position was attained, as it was for Case Ic,

but at a smaller major radius (5r=0). The vertical stability

of Case lib was much better than for Case Ic.

This shows that the stability against vertical modes

was also affected by the nature of the vacuum flux plot

during the formation phase of the discharge through the

positioning of the discharge. Note that the radial positions

for Cases Ila and Ic were not the same at times later than

t=15 usec , although the amplitude of I was the same and

L. was zero for both cases.

The results of Case II encouraged one to try and stop

the radially outward drifting current channel seen in Case Ila

by applying a vertical field giving an inward force on the

plasma. The results of this series, called Case III, are shown

in Fig. 7. Here a was negative, which corresponded to an in-

Wcrd directed radial force on the dircharge. In Case Ilia» the

I. pulse was triggered at t=0 and as a result the current

channel position was maintained at <5r<0 for about 25 psec.

However, when the I pulse started to decrease in amplitude

at t=25 usec, the discharge moved rapidly outward. The vertical

equilibrium for Case Ilia was quite good for t <25 psec,

although a tendency for growing oscillations was noted. For

Case Illb, the start of It was delayed until t =12 usec

with the intention of stopping the radial outward drifting

current channel at a position 6r = 0. The radial position was

succewfully established at <5r = 0, however the vertical drift
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for this case was not acceptable. The breakdown and build-

up occurred at 6z>o and subsequently the current channel

drifted downward. This downward drift was not stopped by

applying the vertical field at t=12 psec,. even though the

radial drift was stopped.

Two additional cases were run which further show how

the radial equilibrium of the discharge is dependent on the

value of a at breakdown as well as the value of a during

the constant I phase of the discharge. For Case IV, shown

in Fig.8, the value of a was -0.05 at breakdown, but was

zero during the constant I phase. The plasma current was

I =7 kA. Radial equilibrium was not achieved. This is

consistent with the trend seen in Cases la and Ila;

achievement of equilibrium is dependent on the point of

breakdown as well as the m agnitude of the vertical field.

In Cases Va and Vb, shown in Fig.9, we show the effects

of more extreme changes in the vertical field.. In Case Vb»

a swung from 0.1 at breakdown to -0.1 at the end of the

discharge. The current channel ia first pushed radially

outward and then inward but the vertical stability was

maintained. In Case Va, the change in a was from 0.2 to -0.2

with similar results.

V. Conclusions

In summary we can say that good equilibrium could be

established, on the time scale of the discharge, for two

different plasma current amplitudes, I = 7 kA (Case Ia)

and I = 11 kA (Case lib) for a fixed main coil current I -•

P °
24 KA-turns. In Table I we give a summary of the observations

These results are important in that they Imply that there

might be a range of stable plasma discharge current ampli-

tudes for a given vacuum field amplitude. This eases the

design criteria somewhat. Furthermore; it is important to

note that the vacuum flux plot need not be a perfect octu-

pole at the time of breakdown in order for the discharge to

achieve a stable position, in fact, for the cases described

here, a larger plasma current amplitude was attained when

the flux plot was not a perfect octupole at breakdown at

time zero.
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The stability of the discharge against vertical motion

was apparently a function of radial position in that dis-

charges postioned near the minor axis {<5rSo) appeared to

be most stable. However positioning near 5r=0 was not

sufficient to assure stability. The time history of a during

the breakdown and bui] 1up of the discharge also affected the.

eventual stability of the discharge. The microscopic details

responsible for the differences are not known. However the

general conclusion that stable equilibria could be attained in

the sector experiment are encouraging for future full toroidal

experiments.
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a at breakdown \*) and at constant I phase
w P

-0.2 -0.1 -0.05 0 0.05 I 0.1 0.2

Case la

(7 kA)

Case Ic

(U kA)

Case H a

(7 kA)

Case lib

(11 kA)

Case Ilia

(7 kA)

Case 111b

(7 kA)

Case IV
(7 kA)

Case Vb

(7 kA)

Case Va

(7 kA)

6ra0 (equilibrium)
6z=0 (stable)

5r>0 (equilibrium)
<5z flue, (unstable)

6r increasing (no equilibrium)
<5z=0 (stable)

G
(equilibrium)
(stable)

£r increasing (no equilibrium)
6z flue. (unstable)

6r increasing to 0 (equilibrium)
6z (unstable)

6r
ÖZ

increasing
stable

(no equilibrium)

Or outward then inward
6z stable

6r outward then inward
6z uncertain
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Figure Captions

Fig. 1 Top view of the sector experiment showing the

position of the plasma sector and the poloidal flux

loops used for plasma position diagnostics, as well as

the plasma discharge current waveform.

Fig. 2 Cross-section of the sector experiment. The mea-

surements of the plasma position were relative to the

minor axis as shown in the figure.

Fig. 3 Reference positions where an unstable plasma could

be positioned. The amplitudes for the normalized flux

loop signals that would result from plasmas at the various

positions are shown in Fig. 4.

Fig. 4 Calibration of the position diagnostics. Calculated

normalized signal amplitudes that would be seen if the

plasma were located at the various positions indicated

in Fig. 3 are shown. Also shown is the signal amplitude

corresponding to small oscillations relative to the

minor axis. Finally experimentally observed signals for

various uncontained discharges are also shown.

Fig. 5 Plasma position as a function of time for three

plasma current amplitudes;

a) I
P

cases

7 kA, b) I 9 kA, and c) I = 11 kA. For all

was such that a = 0.05 at t = 0.

Fig. fc Plasma position as a function of time for two

plasma currents;

a) I = 7 kA and b) I_ = 11 kA. For both cases ct « 0
P P

for all times.

Fig. 7 Plasma position as a function of time for a plasma

current I. 7 kA with It pulsed on at a) t 0 and

b) t -- 12 ysec. The amplitude and orientation of It was

such that a = -0.05 at the peak in Ifc.
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Pig. 8 Plasma position as a function of time for a case

with a = -0.05 at breakdown and a = 0 during the

constant I phase.

Fig.9 Plasma positions as a function of time for two

additional cases:

a) a = 0.2 at breakdown and -0.2 at late times

and b) a = 0.1 at breakdown and -0.1 at late times.



to magnetic field
capacitor bank

to plasma discharge
capacitor bank

discharge}
current
waveform

10 20 30
time-|i sec

plasma discharge current
carried in a full toroidal electrode

electrodes

poloidal flux
loop 30°-sector

glass discharge
tube

electrodes

magnetic field coils T?



Bztrim coils
(1 turn each)

5 turns

main external coils
(series coupled)

0.372 m

0.40m

Q.A28m to major axis

4 turns

A turns

glass discharge
tube



Fig. 3



vertical
displacement

radial
displacement

P r -

I

o

ISJ
O

O J
O

o

•

• o
o

. c

. CD
N
O

%

A

/

1

\

A
/

(

)

3 1
i/i N

P ^

i

\

r

o
in
«^

i i
Q.O C

o *»
3 ^ \

_ _ - ^ ^

T3O
S.

O J

1 1

• —

• Q
O
U)

U l

O

De
i
03

3
ro

enroo



Fig. 5a

. radial displacement

0.8

.vertical displacement

10 20 30
time - u sec

20 30

Case la Ip=7kA

<i = 0.05 at breakdown

(*.=0 during constont
Ip period.

10 20 30

t ime-u sec



Ftg.5 b

1.2

0.8

CM

-0A

radial displacement vertical displacement

10 20 10 20 30
time -u sec

10 20

Case I b Ip=9kA

oc=0.05 at breakdown

flt=0 during constant L
period

10 20 30
time-jj sec



Fig.5c

1.2

0.8

0.4

0

-0.4

-0.8

radial displacement

k

»

- * \

m

JUrl
•

É

I
(outward

-6mm

T inward

• • • • •

10 20 30

10 20
t ime -u sec

30

-0.8

10 20 30
time -p sec

Case

d=0.

dl=0

Ic

05 at

during
period

Ip=llkA

breakdown

constant U



Fig.6

radial displacement

inward

10 20 30

P A I I I I

10 20 30
time- u sec

vertical displacement

Case

Case

10 20 30
time - p sec

la

Ib

at

Ip=7kA

Ip=ilkA

all times)



Fig.7

0.6

0A

radial displacement
•

t.

-0.4

outward

vertical displacement

20 30 10 20 30
time -JJ sec

10 20 30
time-jj sec

Case .

* — 0

© 't
® I t

.05 at

starts

starts

p=7kA

at

at

peak

t=0

t = 15 JJ sec



Fig. 8

. radial displacement

inward

0.8

i> 0

iP
-0A

. vertical displacement

I up

10 20 30 10 20

Case IV

öCr-0.05

ct = 0

Ip=7kA

at breakdown

during constant

Ip period

10 30



Fig.9

CNI

0.8

-0.8

radial displacement

outward

a.

inward

10 20 30

30

<

vertical displacement

10 20 30
time - u sec

10 20 30
. time - u sec

Case la

OL=0.2 at

d=0 at t

oU-0.2 at

Case I b
oi=0.i at

ct=O at t

cL=-O.l at

Ip=7kA

breakdown

= 18 p sec

t=35u sec

Ip=7kA

breakdown

=i8psec

t =35^j sec



TRITA-PFU-82-03

Royal Institute of Technology, Department of Plasma Physics

and Fusion Research, Stockholm, Sweden

EQUILIBRIUM AND STABILITY OF A TOROIDAL-SECTOR PLASMA

DISCHARGE IN AN EXTRAP CONFIGURATION

J.R. Drake, February 1982, 16 p. in English

Experimental studies of the equilibrium and stability

of a sector of a toroidal EXTRAP plasma discharge have been

studied. The high-B plasma discharge, which had an Alfvén

transit time of about 0.5 ysec, could be positioned in a.

stable equilibrium for the 30-ysec time scale of the experi-

ment.

Key words: Extrap configuration, field reversed

configuration, equilibrium and stability, high-0

discharge, Z-pinch.


