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ABSTRACT

Experimental studies of a toroidal, high-beta plasma discharge with a non-circular

cross-section are described. In Extrap Tl , four toroidal, current-carrying rings outside the

plasma discharge current channel produce a separatrix which bounds the plasma. Plasma

currents of up to 40 kA are induced, operating with a toroidal field of up to 0.2 T. The

major radius of the device is 0.45 m and the average minor radius of the current channel is

about 40 mm. The discharge pulse is approximately 100 iisec long. For the discharges

reported here, the peak current density on the discharge axis is about 9 MA/m2, which

corresponds to an on-axis safety factor qo of about 0.1. The plasma density is in the

range n = 0.2 to 1 x 1021 nr3 , and the election temperature is in the range Te = 10 to 30

eV. Magnetic flux plots of the experiment have been studied using magnetic probes and

current and pressure profiles have been derived from the magnetic data.

1. INTRODUCTION AND BACKGROUND

Extrap is the name given to a series of high-beta pinch discharge experiments in

which the plasma current channel forms inside a magnetic separatrix produced by currents

in four conductors, outside the discharge, carrying currents parallel to the discharge

axis [1]. The magnetic field produced by the plasma current and the parallel currents in

the conductors has x-p p ;~ nulls in the poloidal field near each rod. These x-points define

a separatrix which at •, > i magnetic limiter boundary for the current channel.

A series of ^ AT experiments showed that the global stability of a linear Z-pinch

was improved whe/i ie discharge was generated along the axis of an octupole magnetic

field produced by h •' linear conductors [2,3]. The configuration is unstable according to

ideal MHD theorv «;5]. However the linear discharges exhibited Bennett equilibrium and

were sustained fc < ver 50 us, which was much longer than the 0.5 \is radial Alfvén

transit time. These vinear discharges were highly collisional (Te = 10 eV,

n = 5xl021 nr3). >-owever discharges produced in the experiment with the same

parameters but wit? >ut currents in the external conductors were globally unstable and

kinked on the Alfvc *, time scale. The q-value on the axis for the length (L = 0.2 m) and

current density (j0 * 20 MA/m2) was varied from q0 = 0 to q0 = 0.2. Global helical kink

modes were suppressed for the time scale of the experiment when q0 was small but were

evident when q0 = 0.2.



2. DESCRIPTION OF THE TOROIDAL EXPERIMENT

The toroidal experiment, Extrap Tl , shown in Fig. 1, was constructed to study

»his type of plasma discharge in a high-aspect-ratio, toroidal configuration. In this device,

the plasma and ring currents are induced in parallel as ths secondary of an iron core

transformer driven by a two-stage capacitor bank power supply. The parameters of the

device are presented in Table I.

The stainless steel vacuum vessel consists of 8 toroidal sectors with insulated

poloidal gaps between each sector. The four toroidal rings are inside the vacuum vessel

and are located at the corners of a square centered at RQ = 0.45 m. There are 32 stainless

steel frames which support the rings. These frames have an inside aperture dimension of

130 mm x 130 mm. The ring and support structure forms a toroidal-poloidal grid which

can carry helical currents and functions as a conducting boundary to the plasma. The L/R

time for poloidal currents in the supports is about ISO us, which is slightly longer than the

plasma pulse length, and the L/R time for toroidal currents in the rings is about 1 ms.

A 48-turn coil wound directly on the vacuum vessel produces a toroidal field, B^,

with a pulse length which is long compared to the plasma pulse. An additional external

coi! system produces a nearly homogeneous vertical magnetic field, Bv , over the region of

the discharge for additional equilibrium control. Both these fields penetrate through the

vacuum vessel on a time scale of 0.3 ms. The field pulses are much longer than the

penetration time and therefore these fields are set up before the plasma pulse. Typical

magnitudes of the vacuum vertical and toroidal fields in the discharge region are Bv = 0 to

0.01 T, and B<» = 0.05 to 0.2 T.

To obtain an understanding of the vacuum magnetic fields in Extrap Tl , both

magnetic probe measurements and calculations based on a model of the experiment have

been made. In the model, the vacuum vessel is treated as an ideally conducting, toroidally

symmetric boundary, which carries no net toroidal current The cross-sectional area of the

core limbs is taken as constant so that the core window boundary serves as a constant

flux surface boundary condition for the vacuum field. The poloidal magnetic flux function

is determined for each toroidal conductor with the core and vacuum vessel boundary

conditions. The total flux function, \|/, is then obtained using the superposition principle,

and the poloidal magnetic field is calculated from the flux function using

(1)



Vacuum octupole magnetic field profiles, from magnetic probe measurements,

have been compared to profiles derived from the model. Comparisons have been made

with and without the effect of the conducting vacuum vessel and show that inclusion of

the vacuum vessel into the model as an ideal conductor leads to good agreement with the

experimentally measured profiles.

3. DISCHARGE PULSE

The breakdown of the discharge in the geometry with the external rings present

represents a special problem since the octupole field is transverse to the toroidal field and

hinders breakdown by increasing losses. The problem differs from breakdown in a

tokamak or an RFP with a transverse vertical field because, for the case here, there are

nulls in the transverse octupole-like field. For the experimental geometry, the mutual

inductances between the rings are such that, in the absence of plasma, the ratio between

the current in an outboard ring and an inboard ring is IQ/IJ = 0.68. With this current

distribution, the vacuum flux plot does not have a degenerate null, but rather three

quadrupole nulls within the central weak-field region. This central weak field region of

the vacuum flux plot is roughly circular and the field strength at a minor radius of 30 mm

is about 2x10~7 Tesla per Ampere total ring current. As an example, with ring currents at

breakdown of IQ= 3.4 kA and Ij = 5 kA, the field strength inside a region of average

radius 30 mm is less than 2 mT. When breakdown is achieved, the discharge builds up

from this central region and peaked current profiles are formed.

In addition, the four toroidal rings partially screen the discharge channel so that the

loop voltage in the region of the axis where breakdown occurs is reduced. The

measurements of the vacuum field and the model calculations show that the loop voltage at

the axis is 45% of the loop voltage at the vacuum vessel boundary. The maximum loop

voltage on axis that can be applied is 2 kV with a two-tum primary for the Ohmic heating

circuit.

Breakdown is achieved by triggering the first, high-voltage capacitor bank (100

|iF) of the Ohmic heating circuit and allowing the voltage to oscillate. The rings are

present as the secondary and a sinusoidal current pulse form is induced even without a

plasma present. The discharge is initiated by a 200-kW, 20-^s pulse of microwave power

applied at a port in the vacuum vessel, or by using a small spark-gap electron source

mounted on a probe. Breakdown occurs during the first cycle of the pulse but the current



is low. This low-current, predischarge pulse provides additional preionization. In the

mode of operation described here, the main discharge occurs during the second cycle.

The plasma current pulse builds up and a second larger bank (500 \iF) is then fired to

increase the plasma pulse length to about 100 u.s.

A typical pulse form for the plasma current, 1 ,̂ is presented in Fig. 2a. The low

amplitude predischarge and the main discharge pulse are seen and time zero is taken at the

point where the predischarge current goes through zero and the main discharge starts. For

this case the discharge peak amplitude was 28 kA and the maximum plasma current rate-

of-rise was about lxlO9A/s. The parameters of the discharge are presented in Table II.

A model for evaluating the plasma resistance, Rp, has been developed using the

measured values of the plasma current and the individual ring currents. The ring currents

and plasma cunent do not have the same pulse shape because the plasma breakdown is

delayed in time and because the plasma resistance is quite large at breakdown. The

calculation of the magnetic induction sustaining the plasma discharge therefore

incorporates the individual measurements of the four ring currents. Since the ring currents

and the plasma current are changing in time, the plasma loop voltage has both an inductive

and a resistive component. Furthermore, the loop voltage has a spatial dependence. In

order to evaluate the loop voltage from the ring current and plasma current data, the mutual

inductances between the octupole rings and the plasma discharge have been evaluated.

The resistive component of the plasma loop voltage has the form,

(2)

where the first term on the right-hand side represents the inductive part of the plasma loop

voltage and the second term represents the rate of change of the flux linking the plasma

discharge due to currents in the rings and the primary.

A test of the model was carried out using fully toroidal flux loops placed in the

vessel at various radial positions to measure the loop voltage. These measured voltages

agreed to within ±5% of the values calculated using the model and the measured currents

in the rings.

The resistive component of the loop voltage and the plasma resistance was

evaluated using the measured plasma current and ring current data. In the calculation, the



contributions due to changing inductances were neglected. This contribution is largely

due to a change in the plasma major radius and estimates of this contribution are small

compared to the loop voltage. Curves of VR and Rp are shown in Figs. 2b and 2c for the

pulse shown in Fig. 2a. We see that the resistance decreases quickly to about 10 mCl as

the plasma current rises to about 20 kA.

The required capacitor bank voltage for breakdown is a function of the initial

toroidal and vertical field strengths and the filling pressure. The analysis is further

complicated by the fact that increasing the loop voltage for breakdown also increases the

ring current. For a given value of toroidal field, there is a broad minimum in the curve of

breakdown voltage versus filling pressure, and a minimum filling pressure for which

breakdown can be achieved with the maximum start loop voltage available (2kV).

Operating with a toroidal field B,j, = 0.1 T, breakdown can be achieved down to filling

pressures of about 2 mtorr. At a filling pressure of 10 mtorr, discharges can be produced

with toroidal fields as low as 0.02S T. The buildup of the discharge to current amplitudes

of abort 30 kA is relatively unaffected by B^ for values down to about 0.0S T, but

breakdown and buildup of the discharge weakens rapidly in the range 0.0S T to 0.025 T.

With the weaker toroidal field, the discharge currents are typically under 20 kA. In Fig. 3,

a plot of the toroidal loop voltage required for breakdown versus filling pressure is shown

for a case with B^ = 0.05 T, and hydrogen as the tilling gas.

A theoretical model for breakdown in the toroidal Extrap configuration has been

developed [6] which yields the calculated voltage curve shown in Fig. 3. In the Extrap

geometry one cannot use the standard model for ionization in gas discharges, which is

based on the first Townsend coefficient where an equilibrium state is assumed and the

electron temperature is independent of geometry. The reason is linked to initial, pre-

equilibrium high particle outflux rates which require a solution of the energy balance

equation to correctly estimate the electron temperature. The energy balance equation used

is based on a fluid model for the electrons in a background neutral gas. The major energy

loss channels are the convective loss and the inelastic collision losses. The convective

loss of energy via particle losses determines to a large extent the minimum-pressure

threshold of the breakdown voltage curve shown in Fig. 3. At higher pressures, inelastic

collision losses become dominant, and the Townsend model becomes applicable to

calculate breakdown. The weak particle confinement of the pre-plasma-current phase of

Extrap due to the high aspect ratio and the transverse octupole field leads to the observed

necessity of a rather high filling pressures, above 2 mtorr, and high toroidal electric fields,

above 200 V/m, for breakdown.



4. PROFILES

Internal magnetic probes have been used to study the discharge current profiles.

The two-dimensional flux function has been derived from internal magnetic field probe

measurements, and in addition, profiles of current density and pressure have been

calculated from the magnetic probe data.

The flux plots derived from the probe measurements have been compared with

computer code solutions to the two-dimensional non-linear Grad-Shafranov equation for

ideal MHD discharges in the geometry of the experiment The vacuum vessel is taken as

an ideally conducting boundary as discussed earlier in conjunction with the vacuum field

calculations. The iron transformer core is modeled as axisymmetric with a constant cross-

section as a function of major radius so the aperture of the core represents a constant flux

surface boundary condition.

The total toroidal current is determined by the transformer primary circuit, but the

distribution between the toroidal rings and the plasma is determined by the mutual

inductances as well as the initial conditions associated with plasma formation and the

plasma resistance. The input to the code includes the measured values for the total plasma

current and the currents in each toroidal ring. < ,y using the measured currents in each

ring, we are fixing the value of y at four points on the boundary in the same way as

measurements from four toroidal flux loops at the boundary would fix the position. The

plasma current profile is assumed to have a parabolic dependence on y and the position of

the discharge axis and the (R,z) dependence of flux surfaces are evaluated. The current

profile is assumed to go to zero at the separatrix closest to the discharge axis. The

solutions to the code are matched to the experimental measurements of the total toroidal

current and the average poloidal beta, pe- The poloidal beta is a parameter that appears in

the integral form of the momentum balance and, for a circular pinch of minor radius a, has

the form

„ _ , <B<|>
2> - B6

2(a) _ 2no<p> t~
P e ' " Btfa) " Be2(a) ' (3)

where <...> indicates an average over the cross-section of the current channel. In the

discharges described here the cross-section is not circular and the poloidal field at the

plasma current channel boundary is modulated by the fields produced by the ring currents.

In the calculation of (3e we use an effective plasma radius derived from the magnetic



profiles and define an effective Be in tenns of the plasma current and this radius, Be(a) =

Hol^rca) An example of a calculated code solution is shown in Fig. 4a for the discharge

parameters presented in Table II.

The probes consist of two sets of three orthogonally wound, interlocking coils

which are separated by 2 cm. The probe coils are enclosed in a 6 mm o.d. quartz tube,

which can be accurately positioned inside the vacuum vessel. These measurements were

carried out on discharges at a lower current level (28 ± 3 kA) than the maximum achieved

because the shot-to-shot reproducibility was better at this level. The influence of the

probes on the plasma was monitored by comparing the plasma current with the probes

fully extended into the current channel to the current when they were removed. This test

showed that the reduction in plasma current was of the order of the 10% shot-to-shot

reproducibility. Although the probes perturb the plasma, the information derived from

such probes has been found to be valid even under more severe plasma conditions than

found in Extrap Tl [7,8]. The magnetic probe data was used to calculate magnetic flux

surfaces. An example of a flux plot is shown in Fig. 4b for a discharge with the

parameters given in Table II and used in the calculation shown in Fig. 4a. In the

experiment, the plasma formation and current channel development has good

reproducibility which allow successive discharges with different probe positions to be

used when mapping out the fields over the plasma minor cross-section. Approximately 70

discharges (140 data points for each field component) comprise the data base used for

calculating the poloidal flux function y according to the integral of Eq. (1).

The discharge pulse has no flat-top period and the L/R time of the discharge is

about equal to the 100-^s pulse length. Nevertheless the Grad-Shafranov equilibria

correspond quite well to the observed equilibria and the observed position of the discharge

axis agrees with the quasi-equilibrium value from the calculation.

To compare the observed equilibrium with the Grad-Shafranov calculation, we use

the expression for the radial shift, A, that would be observed if there were a perfectly

conducting circular boundary of radius b. The geometry of the experiment does not have

a circular conducting boundary but there are the four rings at a minor radius of 78 mm and

the outer wall at a distance of 150 mm. The radial shift, assuming a parabolic current

density profile, is given by [9]



In order to compare the idealized case with a circular conducting boundary to the

experiment, we calculate b for the parameters of the discharge given in Table II with the

observed shift, A = 14 mm. This calculated value of b is 110 mm which is intermediate

between the distance to the rings and the distance to the outer wall of the vacuum vessel.

From the same probe data set, profiles of the toroidal current density j$ were

calculated by application of Ampere's law. Vertical and radial profiles of the current

density at different times during the discharge are shown in Fig. S. The peak current

density is about 6 MA/m2 for this case. Integration of the current density profiles gives a

a value for the total current that agrees with the directly measured value to within ± 10 %.

The vertical profiles lie in the equatorial plane of the torus (z = 0) for the duration of the

pulse.

In addition, the pressure profiles were calculated from the probe data set To

calculate the pressure profiles, we use the ideal MHD pressure balance equation,

Vp = j x B = (V x B) x B/m, , (5)

where Ampere's law has been employed to eliminate j . A toroidally symmetric toroidal

geometry is assumed in which B can be written,

B = BR(R,z)éR + B4,(R,z)é$ + Bz(R,z)é2 , (6)

where R is the major radius of a point in the torus. The three field components of Eq. (6)

are obtained over the minor cross-section of the Extrap Tl vacuum vessel from the three-

dimensional internal magnetic field probes.

Integrating the radial component of Eq. (5) with respect to R yields the following

expression for p(R) at a given value of z,

R R

UoP(R)=

Ri

where p(Ri) = 0. Integrating the vertical component of Eq. (5) with respect to z yields an

expression for p(z) at a given value of R,
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Hop(2) = J B R ^ - d z - ̂ [BR2 + B 2̂ . B R 2 ( 2 1 ) . *f(Zi)] , (8)

where p(zi) = 0. When evaluating p(R) according to Eq. (7) the integration path is radial

and lies on the equatorial plane. The integration is started on a flux surface defined by a

radial coordinate, R i , on the inboard side of the discharge axis and the integration is

carried out until the flux surface is recrossed on the outboard side of the axis. The

criterion for selecting R\ is that the pressure profile turns to zero, after integrating through

the pressure maximum, when the integration path recrosses the flux surface where the

integration was started. When evaluating p(z) using Eq. (8), the integration path is

vertical through the discharge axis. Again, the criterion for selecting zi is that the pressure

profile returns to zero when the integration path recrosses the flux surface where the

integration was started.

Vertical and radial profiles of the plasma pressure at different times during the

plasma current discharge are shown in Fig. 6. The radial profiles lie in the equatorial

plane of the torus, and the vertical profiles lie at the major radius which corresponds to the

peak pressure on the equatorial plane.

These current density and pressure profiles derived from the internal magnetic

probe measurements indicate that the current channel is quite peaked. The profiles show

structure. However this structure is of the order of the uncertainty of the profiles due to

shot-to-shot irreproducibility and the grid size of the probe scan. The poloidal beta,

Eq.(3), was evaluated from the magnetic field profiles and the pressure profiles. For the

data shown in Figs. 4-6, the poloidal beta at peak current was 30 %. The local beta at the

discharge axis, estimated using the peak pressure of 6 kPa and the measured on-axis field

of 0.2 T, was about 40% for these discharges.

5. PLASMA RESISTANCE MEASUREMENTS

The model for evaluating the resistive component of the loop voltage was

incorporated to calculate Rp for discharges with peak currents ranging from 10 kA up to

40 kA. When comparing the discharges, the value of Rp at peak current was used so that

errors due to the uncertainties in the inductive component of the plasma loop voltage were

minimized. Values for Rp as a function of plasma current are shown in Fig. 7. Since this

figure is also used to show the electron temperature as a function of 1$, as is discussed
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later in this section, the scale for the resistance data (left-hand side of figure) decreases

upward. The plasma resistance data shows that Rp decreases with increasing 1$. In

Fig. 7, a line is drawn corresponding to a scaling of Rp « I^1-5. The resistance data lies

close to this scaling.

The resistive loop voltage can be related to a conductivity temperature by

incorporating the power balance. The Ohmic input power is then related to the resistive

component of the loop voltage by the following [10,11],

Pi = I^2Rp = 2TCRO J(Tli JI2+TI,| j,|2) dA , (9)

where Pi is the Ohmic power input and Tj|| and T\± are the resistivities parallel and

perpendicular to B If we neglect the contribution from the perpendicular component and

assume i\\] is independent of radius, we have

The computation of jy = (j'B)/B depends upon the equilibrium configuration. The helicity

of the field lines increases the plasma loop resistance since <j||2> is larger than I$2/(n2a4).

An increase in loop resistance due to the effect is well known in RFP experiments. The

resistance increases by a factor, f, defined such that the resistance becomes

Values of f have been evaluated for typical discharge equilibria derived from the

magnetic field profile data. The resulting values give f = 3, which is smaller than is

typical for RFP experiments where f ranges from 4 to 7. The conductivity temperature

follows from inserting the expression for the parallel plasma resistivity,

(ohm-m,,. (.2)
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into Eq. (11). Here, Te is in eV, and, for Extrap plasmas, lnX can be set equal to 10. The

conductivity temperature becomes,

. r9.0r.l0-4fZeffRo~|2/3
M ^—J

. r9.0r.l0-4fZeffRo~|2/3

R^—J •

where RQ and a are given in meters.

The expression for the conductivity temperature, Eq. (13), was compared with

Thomson scattering measurements of T e in order to provide an estimate of the effective

ionic charge state, Zeff. The dependence of Zfff on the the percent impurity concentrations

is given by

_ £njZj 1 + ZfjZj
Zeff = = » (14)

L Z 1 + ZfiZj

where Z, is the charge state of ionic species i; nj is its number density; and fj is the

fractional impurity ion content, fj = n/ni, where ni is the number density of the principle

ionic species (hydrogen, in Extrap Tl). Spectroscopic analysis of Extrap Tl discharges

show that oxygen and carbon are the principle impurities. At a given temperature, Zj and

Z,2 for carbon and oxygen can be evaluated according to the steady-state corona model

[12]. By using the value of Te from Thomson scattering measurements, and a" iterative

procedure, we made estimates of fc and fo which gave values for Zeff over the range of

temperature data so that the conductivity temperature was consistent with the Thomson

scattering data. In Fig. 7 we show these values the temperature as a function of peak

plasma current, as well as several values of the estimated Zeff at the corresponding

temperatures. It was found that the impurity concentrations fc = fo = 0.10 gave self-

ccnsistent results for most of the data. With these concentrations and with the measured

temperature range, the values of Zeff ranged from 1.5, at 10 cV, to 2.3, at 30 eV.

Preliminary spectroscopic analysis give Zeff in the same range.

The uncertainty in the temperature mea;> red with Thomson scattering becomes

large for Te > 40 eV due to limitations in the light collection optics. The discharges with

the highest temperatures have the lowest signal levels; however, the conductivity
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temperature, Eq. (13), based on the plasma resistance, does not suffer from this fall-off in

accuracy at higher temperatures. Since Z, and Zj2 for both carbon and oxygen are nearly

constant in the range 35 eV < Te < 60 eV, the conductivity temperature can be evaluated

without reliance upon Thomson scattering results for further calibration points.

For a light impurity, the radiated power loss function as a function of electron

temperature has a maximum which corresponds to a bum-through temperature for that

impurity [13J. This temperature is about 10 eV for carbon and 20 eV for oxygen. The

observed electron temperatures are higher than these temperatures. Burn-through of light

impurities by Ohmic power input requires that the ratio of the plasma current to the line

density, I<j/N, exceeds 1 x 10^14 Am [14]. The density has been evaluated from the

Thomson scattering measurements. For the 40-kA discharges with the highest

temperatures shown in Fig 7, the density was n = 5 x 1020 nr3 , which gives a value of

I<j/N ~2\ lO 1 4 Am. The observed temperature is therefore consistent with the I^/N

parameter. Furthermore, we see that the scaling of Te with 1̂  is very steep, of the order

of Te « Ijj,2-5. This scaling indicates thai the power balance is radiation dominated at a

temperature above the burn-through temperature. The radiated pv/wer loss function

decreases as the temperature increases resulting in a steep dependence of Te on 1^.

6. SUMMARY

We first summarize the observations concerning the stability of the discharges.

The current densities are large. The measured value for 28-kA discharges is j » 6 MA/m2,

and the estimated value for the 40-kA discharges is about 9 MA/m2. The Alfvén radial

transit time is approximately 0.3 (is, which is much shorter than the discharge pulse length

of 100 |is. Although the plasma current is not sustained over a, constant-current period,

measurements of the equilibrium profiles and comparisons with Grad-Shafranov

calculations show that the discharge is in quasi-equilibrium for the duration of the

discharge. Destructive, global ideal MHD modes are not seen and the discharge remains

positioned near the equatorial plane for the duration of the pulse.

For non-circular plasma cross-sections, axisymmetric unstable modes can exist

giving unbalanced forces on the plasma current, causing the plasma to move toward a

minimum in the poloidal field [15]. The growth rate of these modes is typically of the

order of the LVR time of the conducting wall structure, or of the IVR decay time of the

plasma. The L/R time of the conducting wall structure is somewhat longer than the 100-

|is plasma pulse . The plasma inductance and resistivity are changing in time but typical
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values give a plasma L/R time of 100 us. Although axisymmetric instabilities are not

seen, the pulse length is too short to exclude the possibility that these modes may grow

when the pulse length is extended. The experiment is being rebuilt so that discharges with

a longer duration can be produced.

Another experimental observation relevant to the stability of Extrap is the fact that

the pinch discharge forms near the axis and grows from center of the discharge axis

outward. The current density profiles are quite peaked and the equilibrium profiles show

that the separatrix is the boundary of the current channel.

As mentioned earlier, the average plasma beta is high and the on-axis q factor is

much less than unity (qo = 0.1). Profiles of q depend strongly upon the poloidal angle

due to the modulation of the poloidal field by the octupole field, so that q can become very

large at the plasma edge in the vicinity of the x-points.

Results from a method for measuring the plasma resistance are presented and used

to calculate a conductivity temperature based on power balance. Direct measurements of

the electron temperature by Thomson scattering are also presented and compared to the

conductivity temperature as a function of peak plasma current. The peak electron

temperature is 30 eV when the parameter I«j/N ~ 2 x 10"14 Am.
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Table I. Parameters of the Toroidal Extrap Tl Device

major radius R = 0.450 m

inboard ring major radius Rj = 0.395 m

outboard ring major radius Ro = 0.505 m

aperture in ring support frame w x h = 130 mm x 130 mm

vacuum vessel cross-section 250 mm x 200 mm

transformer core 4 limbs x 0.04 m2/limb

range of toroidal B field up to 0.25 T

range of vertical B field up to 0.01 T

primary 2 turn

plasma pulse length 100 us

Table n. Plasma parameters at peak current for the discharges studied with magnetic

probes (Figures 2, 4, 5, 6).

B0 (initial value)

Bv (initial value)

hydrogen filling pressure

peakl,|,

a (effective minor radius)

Be(a)

rie (Thomson scattering)

Te (Thomson scattering)

Pe
A (observed with probes)

b (calculated from observed A)

0.17 T

0.003 T

4mtorr

28 kA

40 mm

0.14 T

6x1020

25 eV

30%

14 mm

110 mm
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FIGURE CAPTIONS

Fig. 1. Overview drawing of the Extrap Tl facility, showing the octupole field ring

system, the vacuum chamber, the primary winding on the iron transformer core

and the vertical field coils. Two of the four core limbs are shown.

Fig. 2. Pulse forms for a typical discharge, a) Plasma current. b) Resistive component

of loop voltage, c) Plasma resistance.

Fig. 3. The toroidal loop voltage required for breakdown in Extrap Tl versus the

hydrogen gas filling pressure. Experimental data and a model calculation are

shown

Fig. 4. Magnetic flux surfaces, (a) Code calculation, (b) Derived from magnetic probe

scans. The parameters were plasma current 1$ = 25 kA, inboard ring I, = 18 kA,

outboard ring IQ = 7.5 kA, vertical field Bv = 3 mT, poloidal beta Pe = 0.3.

Fig. 5. Profiles of the toroidal current density derived from magnetic probe

measurements, a) vertical profile at major radius of discharge axis, b) radial

profile on equatorial plane.

Fig. 6. Profiles of the plasma pressure derived from magnetic probe measurements.

a) vertical profile at major radius of discharge axis, b) radial profile on equatorial

plane.

Fig. 7. The observed plasma resistance, (filled circles, scale on the left-hand side)

versus the peak plasma current for a number of discharges. The line

corresponds to Rp « fy"1-5. Also shown is the dependence of the plasma

temperature (crosses, scale on right-hand side) on the peak plasma current. The

Zcff values that are indicated are such that the Thomson scattering measurements

of the temperature and the conductivity temperature are equal if fo = fie = 0.10
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Fig. 1. Overview drawing of the Extrap Tl facility, showing the octupole field ring

system, the vacuum chamber, the primary winding on the iron transformer core

and the vertical field coils. Two of the four core limbs are shown.
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scans. The parameters were plasma current fy = 25 kA, inboard ring Ij = 18 kA,

outboard ring Io = 7.5 kA, vertical field Bv = 3 mT, poloidal beta pe - 0.3.
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ABSTRACT

Experimental studies of a toroidal, high-beta plasma discharge with a non-circular

cross-section are described. In Extrap Tl, four toroidal, current-carrying rings outside the

plasma discharge current channel produce a separatrix which bounds the plasma. Plasma

currents of up to 40 kA are induced, operating with a toroidal field of up to 0.2 T. The

major radius of the device is 0.45 m and the average minor radius of the current channel is

about 40 mm. The discharge pulse is approximately 100 (lsec long. For the discharges

reported here, the peak current density on the discharge axis is about 9 MA/m^, which

corresponds to an on-axis safety factor q0 of about 0.1. The plasma density is in the

range n = 0.2 to 1 x 10^1 nr^, and the electron temperature is in the range T e - 10 to

30 eV. Magnetic flux plots of the experiment have been studied using magnetic probes

and current and pressure profiles have been derived from the magnetic data.

Kev Words: z-pinch, Extrap, non-circular cross-section, flux-plots, equilibrium.


