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Abstract

Linear pinch discharges with combined octupole and longitudinal magnetic fields are

experimentally studied in the Extrap LI device. Plasma currents are around Ip=10 kA,

plasma temperatures are up to Tc=50 e V and plasma densities are of the order of

n=5xlO21 nr3. The plasma equilibria are in the ultra-low q (ULQ) regime corresponding

to operation with plasma currents in excess of the Kruskal-Shafranov stability limit (q<l).

The plasma current exhibits the typical time behaviour seen in toroidal ULQ experiments;

the unstable setting up phase and the step-wise decay with current levels corresponding to

q-values in windows between rational values. Longitudinal plasma current generated by

radial plasma diffusion is seen, with amplitudes up to 30 % of the externally driven

current during the initial phase of the discharge. The effect of the octupole magnetic field

on the ULQ confinement is investigated. The plasma temperature increases by more than a

factor of two, for the optimum octupole rod current (Iv=IpX compared to the case without

octupole field. A plasma current limitation for stable operation corresponding to q>l/2 is

observed, except for low axial magnetic field strength. In the low axial field regime, the

octupole field alone provides sufficient stabilization for operation with q<l/2. Plasma

density and temperature both increase linearly with applied axial magnetic field. The

density shows a strong, approximately exponential, dependence on discharge voltage.



1. Introduction

The Extrap configuration was proposed as a new way of stabilizing a pinch with no, or

only a weak, longitudinal magnetic field, by the use of a strongly inhomogeneous

transverse magnetic field [1,2]. The initial experiments indeed convincingly demonstrated

the stabilization of the Z-pinch with an applied external octupole field [3|. The effect of

the octupole magnetic field on global stability of the Z-pinch was then extensively studied

in a series of experiments performed in the linear Extrap device [4,5,6]. It was generally

found that the discharges were stable for low ratios of plasma current to octupole rod

current (Ip/Iv<O.2S). Preliminary experiments with combined longitudinal and octupole

magnetic fields also showed a stabilization by the octupole field. The effect was however

weaker and the magnetic fluctuations were larger than in the case without longitudinal

field [3].

In this paper, we present more detailed studies of discharges with combined

octupole and longitudinal magnetic fields. The resulting plasma equilibria are in the ultra-

low q (ULQ) regime, corresponding to operation with plasma currents in excess of the

Kruskal-Shafranov stability criterion (q<l). The toroidal ULQ configuration has been

described as a self-organized equilibrium which is an intermediate state between the

Tokamak and the RFP [7]. It is generally observed, in toroidal experiments, that the ULQ

plasma has a natural tendency to generate a field configuration which is stable against m=l

modes. The resulting equilibria are relatively quiescent with q-values remaining in

windows between two rational m=l surfaces; l/(n+l)<q<l/n, where n=l,2,3,....

Rational q-values, in a toroidal device, are important for MHD stability because of the

inherent toroidal periodicity constraints on the unstable modes. The significance of

rational q-values in a linear device is due to the finite length of the discharge, which gives

a similar boundary condition for the unstable modes. Our results show that the

longitudinal field is important for the gross stability of the discharge column. We find a

plasma current limitation corresponding to operation above the rational q-value 1/2. If the



limit is exceeded, the discharge current relaxes spontaneously to the marginally stable

level.

The Extrap LI experiment incorporates four octupoie field conductors parallel to

the discharge axis. By applying current in the conductors, a magnetic separatrix is

introduced into the discharge region. The resulting configuration can be described as a

ULQ plasma with a four-null poloidal divertor. We have especially studied the influence

of the octupoie field on the ULQ confinement. The most significant effect is a plasma

temperature increase, by more than a factor of two, with separatrix boundary as compared

to conventional discharges limited by the metal wall.

The structure of the paper is as follows: The experimental device and the plasma

diagnostics used are described in section 2. In section 3 we present the experimental

results which finally are summarized in section 4.

2. Experimental arrangement

2.1. The Extrap LI device

The experiments are carried out in the Extrap LI device, shown schematically in Fig. la.

The device incorporates a cylindrical, stainless steel, vacuum vessel. The discharge is

formed by applying high voltage, from a capacitor bank power supply, across two

electrodes inserted from each end of the vessel. The discharge length is L=40 cm. There

are four linear conductors inside the vessel, parallel to the discharge axis. Using a

cylindrical coordinate system to describe the device, the centre of the conductors are at a

radial distance from the pinch axis of av=30 mm. The angular positions are 6=45 ,135 ,

225 and 315 as shown in the cross-sectional view in Fig. lb. The conductors are

connected in series so that all carry equal current in the same direction, producing an ideal

octupoie magnetic field. Each conductor rod consists of an internal copper conductor

inserted into a thin-walled stainless steel cylinder. The conductor is electrically insulated

from the cylinder by an intermediate PTFE layer. The outer diameter of the rods is 15



mm. The rods are mechanically supported from the ends of the vessel. There are further

stainless steel frames for support at regular axial intervals which connect the conductor

shields both mechanically and electrically. The support structure and the vacuum vessel

are at floating potential.

In the case without conductor current, the plasma is limited by the stainless steel

shield of the rods giving a maximum plasma radius of ap=22 mm. With octupole

conductor current, the plasma is magnetically limited at the smaller radius of the

separatrix, arising from the addition of the octupole field to the plasma self-field. The

plasma current is in opposite direction to the conductor currents giving an approximately

square-shaped separatrix with corners at 6=0°, 90°, . . . . The current in the rods are

driven by a large capacitance bank, producing a constant octupole field during the

discharge pulse.

The axial magnetic field is produced by a solenoidal coil placed outside the

vacuum vessel. The applied axial field is approximately constant during the plasma pulse.

The discharges are produced in a continuous flow of hydrogen gas. We have summarized

the parameters of the experiment in Table 1.

2.2. Plasma diagnostics

The external diagnostics consist of a current transformer measuring the current to the

electrode and a capacitive voltage divider giving the electrode voltage. The internal plasma

current is obtained by a finely built internal Rogowski coil, shown in Fig. lb. The

Rogowski measures the current flowing through a circular cross-sectional area inside the

octupole field conductors. The coil is placed at the central axial position between the

electrodes. The Rogowski coil is inserted into a circular, 20 mm radius, glass tubing. The

outer diameter of the glass is only 3 mm which ensures that the perturbation of the plasma

is minimal.

Electron temperature and density is measured using a Thomson scattering system

[8|. A 10 J ruby laser provides 20 ns pulses which are scattered on the pinch and



collected at un angle of 112.5*. The laser beam crosses the pinch 5 cm from one of the

electrodes. The scattered radiation is collected from a cylinder with 2 mm diameter and

10 mm height oriented at the centre of the pinch, perpendicular to the pinch axis, see

Fig.la. The present measurements, contrary to the measurements in Ref.8, are performed

without space resolution.

The temperatures and densities presented are obtained by averaging over 2-4

shots. The major contribution to the errors of the temperature and density measurements is

found to be photon statistics. This is reflected in the error bars of the measurements

shown in the figures which also includes shot to shot variations.

3. Experimental results

3.1 Discharges with only longitudinal field

The time-evolution of the plasma current, for a discharge with a relatively high axial

magnetic field (Bz=0.22 T), is shown in Fig. 2a. The plasma current, internally measured

with the Rogowski coil, is plotted together w='h the current in the external circuit. The

discharge capacitor banks, connected as a pulse forming network, produce an 80 |is,

approximately square-wave, current pulse. The amplitude of the current (Ip=10 kA) is

limited by the external circuit resistance (0.5 ft), which is about one order of magnitude

higher than the estimated plasma resistance. The plasma current flowing through the

internal Rogowski coil is approximately the same as, or somewhat higher than, the current

in the external circuit throughout the pulse. This clearly demonstrates the gross stability of

the discharge. There are though rather large, high frequency, fluctuations on the internal

current signal indicating the presence of some unstable, presumably non-linearly

saturated, modes. In this study, we are mainly concerned with the global stability of the

pinch column. A discharge channel which is maintained inside the internal Rogowski coil

will be referred to as "stably confined" and it is understood that the fluctuation level can be

relatively hign. This use of the term stability differs from previous studies in the linear



Extrjp device, where the stability mainly is inferred from the fluctuation level on the axial

flux loop signal (3-6). Cases which in previous studies would be referred to as unstable,

notably the discharges with only longitudinal field, are here regarded as stable.

The plasma current which can be stably confined is dependent on the strength of

the applied axial field. We compare the discharge described above to a case with lower

axial field (Bz=0.09 T) but other parameters unchanged (Fig. 2b). Pan of the current

flowing through the cross-sectional area of the internal Rogowski coil is quickly lost and

the plasma current settles into a lower level which lasts throughout the discharge pulse.

The total electrode current, which is determined mainly by the external circuit parameters,

is the same in both cases. The current missing in the internal measurement presumably

flows either on the surfaces of the internal conductors or in the region between the

conductors and the vessel wall.

We conclude that the maximum stably confined current is dependent on the axial

field strength. If conditions for stability are not met initially, the current amplitude drops

on the Alfvén time scale, indicating the occurrence of an MHD instability. However, the

discharge is not completely disrupted. A new, globally stable, equilibrium with lower

current is formed spontaneously. This time behaviour is in correspondence with

observations in toroidal ULQ experiments [7].

A modified safety factor q* for the linear discharge is defined, in analogy wi'h the

conventional definition for toroidal geometry, by setting R=L/2TC, where L is the

discharge length. In order to be applicable also in the magnetic separatrix configuration,

where the usual q becomes infinite at the separatrix, we use the plasma current Ip to define

q*as:

(1)



Here, ar is the Rogowski coil radius and Bz is the applied axial magnetic field. The q*-

vaiue is approximately equal to the edge q-value in discharges without magnetic

separatrix. (The definition of q* is of course quite arbitrary for linear geometry and we

could equally well have used R=L/K, which is motivated by the fact that the maximum

wavelength actually is twice the discharge length. The alternative definition results in a

factor of two lower q*-values.)

We find that the stable current levels in Figs la and lb both correspond to q*>l/2.

The relaxation, observed as a momentary transition of the current amplitude, can in the

case of high initial currents, occur more than once during a discharge. The internal plasma

current decays from an unstable high amplitude through successively lower levels in a

step-wise fashion. The stable current levels correspond to operation with the safety factor

q* in windows between rational values. For a typical case, the current levels are

equivalent to q*-values in the ranges l/3<q*<l/2 and l/2<q*<l (Fig. 3). This step-wise

decay of the current again shows the similarity of the present linear discharge to toroidal

ULQ plasma experiments [7].

3.2. Diffusion driven plasma current

In some cases, we measure a higher plasma current in the internal Rogowski coil than in

the external discharge circuit during the initial phase of the discharge (Fig. la). The

internal and external current diagnostics have been checked against each other, so the

excess current in the internal Rogowski coil is not due to calibration error. In fact, for the

highest stably confined currents, the initially measured internal plasma current (Ip=20 kA)

is up to 30 % higher than the current in the external circuit. Radial plasma diffusion across

the poloidal magnetic field presumably generates an axial vxB electric field driving the

axial current. Currents of comparable magnitude as those observed in the experiment are

predicted theoretically for a pinch surrounded by a partially ionized boundary region with

recirculating plasma and neutral gas [9]. In the linear device, the diffusion driven currents

close inside the vacuum vessel, due to the high impedance of the external circuit, and are



thus easily observable as the difference between the internal and external discharge

currents.

3.3. Octupole magnetic field variation

We have added an octupole field, of varying strength, to a discharge which is stably

confined by a relatively high axial magnetic field (Bz=0.22 T). By applying current in the

four octupole field conductors, a magnetic separatrix is introduced into the discharge

region, if the conductor current is sufficiently large. The plasma is in this case limited by

the separatrix rather than the internal rods. The average separatrix radius is [ 10]:

(2)

where Iv and Ip are the currents in one octupole field conductor and the plasma

respectively. The conductor radial distance to the pinch axis is av. We find that Iv>Ip/2 is

necessary for a magnetically limited plasma. For lower conductor currents the separatrix

intersects the rod shield cylinder (r=22 mm).

In Fig. 4a, we show the confined plasma current, during the later stable phase of

the discharge, as a function of the octupole field conductor current There is no change in

the plasma current level for conductor currents up to about Iv=2Ip (in each rod). For

higher octupole field, the internally measured plasma current drops, during the initial stage

of the discharge, to a stable level lower than the external current The observed decrease in

plasma current at large octupole rod currents is most likely caused by the reduction in

pinch cross-section. The apparent upper limit of the conductor current corresponds to a

separatrix radius of as=16 mm. The pinch cross-section most likely is decreased by the

octupole field channelling part of the plasma current outside the separatrix into the support

structure [11]. The upper limit on the rod current as a matter of fact is below the

previously observed lower limit for stabilization by the octupole field (Iv>4 Ip). The

present version of the Ll experiment differs from the one used earlier. The most important



change presumably is the increase of the discharge length from L=0.2 m to L=0.4 m. A

possible explanation for the apparent discrepancy, between the earlier results and the

present experiments, is the inherent pinch radius (without octupole field) now being

larger. A larger pinch cross-section would give a lower value of Iv/Ip where "scrape-off'

of the plasma current begins.

The most significant effect of the applied octupole field is the increase in electron

temperature by more than a factor of two (Fig. 4b). The temperature increases from Tc=20

eV to Tc=45 eV when the octupole rod current is raised from zero to Iv=Ip, which seems

to be the optimum current ratio. The plasma density, shown in Fig. 4c. is largely

unaffected by the octupole field, remaining at about n=5xlO21 nr3 . The reason for the

temperature increase by more than a factor of two with the applied octupole field is not

clear, although several possibilities exist: First, there may be a reduced anomalous radial

heat transport due to improved stability with octupole field. Second, the fact that the

plasma is limited by the magnetic separatrix, rather than the metal wall, may lower the

impurity influx and the corresponding radiation losses. Third, the introduction of the

separatrix leads to a scrape-off region which serves as a warm plasma boundary with a

temperature of a few electron volts. Self-consistent transport code calculations predict a

strong increase of the central core temperature with the surrounding gas temperature [12].

3.4. Longitudinal magnetic field variation

In order to investigate in more detail the effects of the longitudinal magnetic field, we have

run a series of discharges with varying axial magnetic field. The plasma current

amplitude, in the later stable phase of the discharge, is shown in Fig. Sa, for the cases

without and with octupole field (Iv=10 k A). For sufficiently high axial fields (B7>0.17 T)

the discharges are stable throughout the pulse. In this regime, the current is limited by the

external circuit resistance and is thus independent of Bz. For lower fields, we observe an

approximately linear increase of current with magnetic field, roughly corresponding to

q*=l/2. We conclude that there is a current limitation, for stable operation, corresponding



to a lower limit on the safety factor which can be expressed as q*>l/2. This stability limit

can be transiently exceeded during the initial phase of the discharge. This does not cause a

complete disruption of the current but instead a step-wise transition to a lower current

level, determined by the axial magnetic field. The instabilities associated with the current

limit apparently provide a relaxation mechanism whereby the plasma spontaneously sets

up a marginally stable equilibrium characterized by the safety factor being around q*=l/2.

It is thus clear that the longitudinal field is essential for the gross stability of the pinch

column.

However, the longitudinal field stabilization is not sufficient at low axial field

strength (Bz<0.05). Without the octupole field these discharges are highly unstable,

showing large fluctuations in the measured plasma current amplitude. There is though a

significant difference between the cases with and without octupole field. With octupole

field, stably confined plasma currents (Ip=2-3 kA) can be obtained even without any

applied axial magnetic field. The octupole field provides sufficient stabilization, in

correspondence with earlier experiments in the linear Extrap device. Incidentally, we find

that the ratio of plasma current to rod current is approximately I|/Iv=0.25, in apparent

agreement with the octupole field stability limit [3-6]. We note, however, that the

optimum current ratio for the present experiment, in terms of highest confined plasma

currents without axial magnetic field, is around Ip/Iv=l [13].

The electrode voltage decreases slightly with increasing axial magnetic field, but is

in the range V<|=0.6-0.7 kV. Plasma temperature and density, during the later stage of the

discharge (t=40 \is), both increase approximately linearly with applied axial magnetic field

strength, as seen in Figs Sb and Sc. A possible explanation of the observed temperature

increase with magnetic field could be the reduced cross-field ion heat conductivity. The

density raise could be due to an increase of the inward pinching effect relative to the

outward diffusion as the plasma current increases with the magnetic field and the higher

temperatures decrease the diffusivity.

10



The plasma parameters could not be measured with the Thomson diagnostic for

the lowest axial magnetic fields (low signal levels and high background radiation resulted

in large uncertainties).

3.5. Discharge voltage variation

The electrode voltage is approximately linearly dependent on applied discharge capacitor

bank voltage; Vj = 0.1 Vp. The variation of the bank charging voltage thus corresponds to

a scan in electrode voltage and axial electric field. The total (external) discharge current is

limited by the external circuit resistance and as a result the external current exhibits a

simple linear dependence on bank voltage. In Fig. 6a, we show the internal plasma

current, in the later stable phase of the discharge, for a series of shots with fixed axial

magnetic field and varying discharge capacitor bank voltage. The plasma current increases

linearly with voltage in the regime below the current limit (q*<l/2), since the total current

is stably confined. For higher voltages (Vp>7 kV) corresponding to initial current

amplitudes in excess of the current limit, the stable levels during the later stage correspond

to safety factors in the range l/2<q*<l. There is no significant difference between the

cases without and with octupole field (Iv=10 kA). The stable levels, resulting in some

cases from several relaxations, or step transitions, become successively lower as the initial

current amplitude is raised above the current 'imit, and for Vp=10 kV we obtain q*>l.

The plasma temperature and density, measured during the stable phase of the

discharge, for the '̂ ase with octupole field, is shown in Figs 6b and 6c respectively. The

maximum plasma temperature (Te=44 eV) is reached around Vp=5 kV. This voltage

corresponds to operation with stable discharges in the window l/2<q*<l. The

temperature then decreases with voltage for higher applied bank voltages. These high

bank voltages correspond to operation with initial currents near, or in excess of, the

stability limit. The plasma density exhibits a steep, approximately exponential, increase

with the capacitor bank voltage. A possible cause for the density increase could be a

strongly increased inward pinching effect due to the simultaneous increase of axial electric

11



field and discharge current. The decrease in plasma temperature with voltage could be

explained by the increase in ion heat conductivity when the plasma density is raised. The

high density (n=5xlO22 nr3) at the highest voltage presumably is due to an increased

influx of neutral gas into the plasma in these initially unstable discharges. Ionization of

neutrals penetrating the plasma core from the outside region constitutes a practically

infinite particle source, and a stationary state is probably not reached. Measurements of

temperature and density at an early time (t=10 ^is) in a high voltage discharge supports the

suggested scenario. Due to large uncertainties in the Thomson scattering measurement for

this case (high level of background radiation and low signal levels) we can not make a

quantitative statement about the plasma parameters. However, the densities are definitely

lower and the temperatures seems much higher than later in the pulse. There is thus a

density build-up, and a simultaneous cooling of the pinch, taking place during the pulse.

For high electrode voltages, the discharge acts more or less as a 'pump' of the

surrounding neutral gas volume, giving high density, low temperature, plasmas.

We note that the plasma resistivity estimated from the measured discharge voltage

and current is higher than the corresponding obtained from the temperature measurement.

The difference can partly be explained by voltage drops at the electrode sheaths but is also

consistent with an anomalous electric field due to velocity and magnetic field fluctuations.

4. Summary

Operation of a linear discharge in the ultra-low q regime has been investigated. The

discharges have the typical behaviour seen in toroidal ULQ experiments; the unstable

setting up phase, the step-wise decay of the current and the stable current levels

corresponding to q in windows between rational values. The existence of longitudinal

plasma currents generated by radial particle diffusion is demonstrated by comparing the

amplitudes of current flowing through the internal Rogowski coil with the current

measured in the external discharge circuit. The amplitude of the diffusion driven current

can be up to 30% of the external current during the initial phase of the discharge.



We have compared conventional ULQ discharges to equilibria with an added

external octupole magnetic field. The most significant effect of the octupole field is an

increase, by more than a factor of two, of the plasma temperature. For a case with plasma

current Ip=10 kA and with optimum rod current (Iv=Ip) the temperature is Te=45 eV

(compared to Tc=20 eV without octupole field). The plasma density (n=5x 1021 nr3) is

not affected by the octupole field. The cause of the temperature increase is not clear,

although a possible explanation is reduced impurity influx and correspondingly lower

radiation losses in the magnetically limited plasma. Increasing the octupole field beyond a

critical value (Iv=2Ip) results in a decrease in plasma current amplitude. The phenomenon

is most likely explained by the separatrix radius becoming smaller thereby reducing the

plasma cross-section by channelling part of the current to the region outside the separatrix.

The axial magnetic field is essential for the gross stability of the discharge. We

observe a plasma current limit, linearly dependent on axial magnetic field strength,

corresponding to q*>l/2. The stability limit is seen for both the cases with and without

octupole magnetic field, except for low axial fields strengths. For these low axial fields

(Bz<0.05) the octupole field provides sufficient stabilization of the pinch and operation at

low plasma currents (Ip=2-3 kA) is possible even without applied axial field. The plasma

current limit can be transiently exceeded during the initial phase of the discharge. In such

cases, the plasma current decreases on the Alfvén time scale to a lower level

corresponding to the current limit, which is then stably maintained throughout the

discharge duration. Evidently, there is a relaxation mechanism whereby the plasma

spontaneously sets up a marginally stable equilibrium. The measured density and

temperature both increase approximately linearly with applied axial magnetic field. We

suggest that the density variation is mainly due to an increase of the inward pinch effect

relative to the outward diffusion as the plasma current increases with the axial field,

whereas the temperature increase could be explained by the reduced cross-field ion heat

conductivity with increasing axial field.

13



A variation of the applied discharge voltage for a given axial magnetic field shows

that the confined plasma current increases linearly with voltage (deteiTnined by the external

circuit resistance) up to the stability limit q*=l/2. For higher voltages, the initial current

quickly relaxes into lower levels, corresponding to l/2<q*<l. As the voltage is increased

to even higher values the relaxation becomes more violent and the resulting current levels

are lower, equivalent to q*>l. This general behaviour is observed both with and without

octupole field. Increasing the discharge voltage for a fixed axial magnetic field results in a

steeply increased plasma density but lower temperatures. A possible explanation of the

density raise could be the increase of the inward pinching effect due to the simultaneous

increase of plasma current and axial electric field. The plasma temperature decrease could

be caused by the strong dependence of ion heat conductivity on plasma density. For the

highest discharge voltage, measurements at different times during the pulse suggest that a

stationary state is not reached and the pinch acts more or less as a 'pump" for the

surrounding neutral gas.
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Table 1. Extrap LI experiment parameters

Vacuum vessel

Length

Radius

Material

Plasma discharge

Electrode diameter

Electrode material

Electrode separation L

External circuit resistance

Discharge current Ip

Filling gas

Octupole magnetic field

Conductor distance av

Shield cylinder diameter

Shield material

Support frame material

Conductor current Iv

Axial magnetic field

Axial magnetic field Bz

l m

150 mm

stainless steel

16 mm

copper

40 cm

0.5 Q

<30kA

25 mTorr H2

30 mm

15 mm

stainless steel

stainless steel

<60kA

<0.25 T
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Figure captions

Fig. la Schematic drawing of the Extrap LI device. Side view showing vacuum

vessel, electrodes and octupole rods. The positions of the internal Rogowski

coil and the Thomson scattering volume are indicated.

Fig 1 b Cross-section of Extrap L1 device. Octupole rods, a rod support frame and

the internal Rogowski coil are shown. Magnetic flux surfaces and the

magnetic separatrix position for a typical case with octupole field are plotted.

Fig. 2a Time-evolution of plasma current for a high Bz case. Full curve shows current

in internal Rogowski coil, broken curve represents current in external circuit.

The discharge exhibits gross stability. Parameters: Vp~5 kV, Bz=0.22 T,

Iv=0.

Fig. 2b Time-evolution of plasma current for a low Bz case. The discharge is initially

unstable and the internal current relaxes to a lower stable level corresponding

to q*>l/2. Parameters: Vp=5 kV, Bz=0.09 T, Iv=0.

Fig. 3 Time-evolution of plasma current for a high discharge voltage case. The

internal discharge current decays in a step-wise fashion. The current levels

correspond to l/3<q*<l/2 and l/2<q*<l respectively. Parameters: Vp=9 kV,

Bz=0.22T, Iv=0.

Fig. 4a Stable current levels versus octupole field conductor current. Plasma current is

unchanged up to Iv=2Ip. For higher octupole current part of the plasma

current is channelled into the region outside separatrix. Parameters: Vp=5 kV,

Bz=0.22 T.
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Fig. 4b Plasma temperature versus octupole field conductor current. The plasma

temperature increases by more than a factor of two when the octupole field is

applied. The highest temperature is obtained for Iv=Ip- Measurement during

stable phase of the discharge (t=40 [is). Parameters as in Fig. 4a.

Fig. 4c Plasma density versus octupole field conductor current. Case with octupole

field (Iv=10 kA). The density is largely unaffected by the octupole field.

Parameters as in Figs 4a and 4b.

Fig. Sa Stable plasma current levels versus axial magnetic field. The internally

measured current shows a linear dependence on axial field, corresponding to

q*=l/2. Case (I) without octupole field. Case (II) with octupole field, Iv=10

kA. In both cases Vp=5 kV.

Fig. Sb Plasma temperature versus axial magnetic field. Case with octupole field

(Iv=10 kA). Temperature increases with Bz in a similar fashion as the plasma

current. Measurement during the stable phase of the discharge (t=40 |is).

Parameters as in Fig. 5a.

Fig. 5c Plasma density versus axial magnetic field. Case with octupole field (Iv=10

kA). Parameters as in Figs. 5a. and 5b.

Fig. 6a Stable current levels versus discharge capacitor bank voltage.

Case (I) without octupole field. Case (II) with octupole field, Iv=10 k A.

Current increases linearly up to stability limit q*=l/2. In both cases

Bz=0.22 T.
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Fig. 6b Plasma temperature versus discharge capacitor bank voltage. Case with

octupole field (Iv=10 kA). Maximum temperature is obtained for stable

discharges in the regime l/2<q*<l. Measurement during the stable phase of

the discharge (t=40 u.s).

Fig. 6c Plasma density versus discharge capacitor bank voltage. The density increases

steeply with discharge voltage. Parameters as in Figs. 6a and 6b.
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Abstract

Linear pinch discharges with combined octupole and longitudinal magnetic fields are

experimentally studied in the Extrap LI device. Plasma currents are around Ip=10 kA,

plasma temperatures are up to Tc=50 eV and plasma densities are of the order of

n=5xlO21 nr3 . The plasma equilibria are in the ultra-low q (ULQ) regime corresponding

to operation with plasma currents in excess of the Kruskal-Shafranov stability limit (q<l).

The plasma current exhibits the typical time behaviour seen in toroidal ULQ experiments;

the unstable setting up phase and the step-wise decay with current levels corresponding to

q-values in windows between rational values. Longitudinal plasma current generated by

radial plasma diffusion is seen, with amplitudes up to 30 % of the externally driven

current during the initial phase of the discharge. The effect of the octupole magnetic field

on the ULQ confinement is investigated. The plasma temperature increases by more than a

factor of two, for the optimum octupole rod current (Iv=Ip). compared to the case without

octupole field. A plasma current limitation for stable operation corresponding to q>l/2 is

observed, except for low axial magnetic field strength. In the low axial field regime, the

octupole field alone provides sufficient stabilization for operation with q<l/2. Plasma

density and temperature both increase linearly with applied axial magnetic field. The

density shows a strong, approximately exponential, dependence on discharge voltage.
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