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ABSTRACT

Be f s g with the ideal MHD pressure balance equation, an expression for the

average p «, ,å 1 beta, Be, is derived. A method for unobtrusively measuring the

quantities n. J to evaluate Be in Extrap Tl is described. The results of a series of

measure»* x yielding Be as a function of externally applied toroidal field are presented.



1. Introduction

The plasma beta (B) denotes the ratio between the plasma pressure and the confining

magnetic field pressure. Thus, a knowledge of B and the magnetic field values is

equivalent to knowing the plasma pressure, from which the plasma density or temperature

can be derived, given either of these last two quantities. An average value of B (over the

plasma minor cross-section) can be obtained in a completely nonobtrusive fashion by

means of a magnetic flux loop [ 1]. This consists of a single turn of wire around the

outside of the plasma, oriented perpendicularly to the direction of an axial or toroidal field.

During a plasma discharge, the appearance of diamagnetic or paramagnetic currents in the

plasma creates a changing magnetic flux through the loop [2]. The time-varying flux

induces a voltage around the loop, which when integrated, gives the cross-sectional

average of the axial or toroidal field through the loop. This information, together with the

values of the magnetic field external to the plasma can be used in the appropriate pressure-

balance relation to obtain the average beta. The details of this procedure as applied to the

Extrap Tl experiment are given below.

2. Theory

In Extrap Tl [3], an externally applied toroidal field is used to facilitate plasma breakdown

along the central weak-field region of the octupole field. An induced toroidal plasma

current generates a poloidal magnetic field, which together with the toroidal field, balances

the plasma pressure over the minor radius. In this respect, Extrap Tl is similar to a

tokamak, and as such, can be described by a similar pressure balance relation. To derive

such a relation we neglect toroidal curvature effects (aspect ratio R/a >>1) and work ir

cylindrical coordinates, where we assume B = Be(r)ee + Bz(r)ez. Then, beginning vith

the ideal MHD pressure balance equation, Vp = J X B, and substituting for J from

Ampere's law, we have

= (VXB)XB = (B-V)B - V(B2)/2 . (1)



Since we assume that the pressure also only varies with respect to r, we take the radial

component of Eq. 1, wherein the first term of the RHS is equal to -Be^/r, and obtain,

8/dr(p + Bz2/2no) = - B e 2 / ^ - (l/2^o)d/ar(Be
2). (2)

We now begin to rewrite the RHS of Eq. 2 in terms of the axial current, Iz. Using

Ampere's law once again, we first express the RHS as -BeJz. From the integral form of

Ampere's law we have both of the relations below:

Be(r) = Mz(r)/2*r ; d/Br^d = 2TCTJZ , (3)

where Iz(r) denotes the total axial current inside a radius r. Using Eq. 3 to express -BeJz

in terms of Iz, and substituting this for the RHS of Eq. 2, we have for our pressure

balance,

9/9r(p + Bz2/2Mo) = -(Mo/8Ä2r2)a/9r(Iz
2) . (4)

We now multiply Eq. 4 through by r2 and perform a radial integration from r = 0 to r = a,

where p(a) is assumed to be 0. Integration "by parts" of r2 times the LHS of Eq. 4 then

yields,

a

a2Bz2(a)/2Ho- f2r(p + 8 x 2 / 2 ^ ) ^ =-(Ho/87i2)Iz
2(a) . (5)

The integral in Eq. 5 can be identified as the average over the cross-sectional area, 7ia2, of

the quantity a^p + B^/2[IQ). Denoting the cross-sectional average as <•••>, and substi-

tuting for Iz in terms of Be from Eq. 3, we rewrite Eq. 5 as the integral form of our

pressure balance:

<p> = B9
2(a)/2no + Bz2(ay2no - <Bz2>/2uo • (6)

In the absence of an axial field, Eq. 6 reduces to the standard z-pinch Bennett equilibrium

in which the plasma pressure is balanced by the external poloidal field generated by the

axial plasma current. Returning to the nomenclature of a toroidal system, we identify the

6 - components with the poloidal direction, and z - components with the toroidal direction,

so that Eq. 6 becomes [2]



= Bö2(a) + B02(a) - <B02> . (7)

Here, in (mks) units, Be(a) is the poloidal magnetic field at minor radius a due to the

toroidal current inside a; B0(a) denotes the value of the toroidal field at the edge of the

plasma column (using the large aspect ratio assumption); and B 0 is the toroidal field

interior to a, where a is the flux-loop radius at which we assume p(a) = 0. The following

approximation is made in order to write Eq. 7 in a form which explicitly includes the

magnetic flux:

B02(a) - <B02> - B02(a) - <B0>2 . (S)

In making the approximation found in Eq. 8, only a small error is introduced for a

reasonable toroidal field profile across the plasma cross-section. For example, if we

assume B(r) = (BQ/2)(1 + 2r2 - r4), with 0 ^ r <1, the percentage difference between

<B(r)2> and <B(r)>2 is approximately 3.1%.

We now define the change in toroidal flux through the loop as &J> = A(B0(a) -

<B0>, where A is the cross-sectional area of the flux loop (A = 0.014 m2, at present).

Eq. 8 then becomes,

B02(a) - <B*>* = (2B0(a) - &t>/A)&t>/A . (9)

We define the poloidal average plasma beta as,

Be = 2Mo<P>/(Be2(a)) . (10)

This is a common form of the definition of poloidal beta used in ideal MHD, large-aspect-

ratio reversed field pinch theory [4]. Using Eq.'s 9 and 10 in Eq. 7 yields the desired

pressure balance equation in terms of beta and the change in flux:

Be2(a) + (2B0(a) - &|)/A)5(j>/A . (11)

Be(a) can be obtained from measurements of the plasma current,

(Tesla), (12)



where Ipi is the toroidal plasma current (in amperes) inside the loop of radius a = 0.067 m.

B0(a) is determined from a probe measurement of the toroidal magnetic field at the

plasma's edge (r = a).

3. Experimental Results

The measured values of toroidal magnetic flux show an increase in the integrated

flux-loop signal during a plasma discharge as compared to the vacuum flux signal. This

indicates that the induced plasma currents are paramagnetic with respect to the toroidal

field. We observe that the paramagnetic effect is independent of the direction of the

externally applied toroidal field. An explanation for this effect can be obtained by

considering the direction of helicity of the combined field lines due to the poloidal field of

the induced toroidal plasma current and the externally applied toroidal field. Given the

tendency of the plasma current to follow the field lines, the plasma current will develop a

poloidal component with direction dependent upon the direction of the external toroidal

field. This poloidal component of plasma current gives rise to a toroidal field which

always adds to the applied toroidal field.

The externally applied toroidal field gives rise to a flux loop signal, which after

integration, can be from 5 to 25 times larger than the flux signal arising from the plasma

discharge. But comparison to a vacuum shot with the same external B0 provides a clear

baseline so that the flux loop signal due to the plasma can be read to within 0.1 V.

Measured values of the discharge parameters and the quantities used to evaluate BQ by Eq.

11 are given in Table 1. The results are graphed in Fig. 1 for two series at different

plasma currents showing the variation of Be with B0. The plasma current was held

constant by varying the primary loop voltage to compensate for differences in plasma

breakdown with varying external toroidal field. This breakdown effect has been studied

thoroughly by Li [5].

The curves of Be in Fig. 1 show a maximum at B0 = 0.75 T and 1.0 T, respec-

tively, for the cases with Ipi = 19 kA, and Ipi = 25 kA. The on-axis value of the safety

factor, qo = 2B0/(HORQJO)» is l e s s than 0.1 at the maximum in Be- If we compare the

tokamak case with a strong B0 so that qo > 1, then Be > 1 [2,4] (consider Eq. 11 for a

weakly a diamagnetic plasma with &|> > 0). Therefore, this maximum at a low qo is a local

maximum. The implication is that this local maximum is related to the dependence of

confinement on the axial magnetic field for the parameter range studied here.

The fall-off in 8e for low B0 can be explained by considering the definition of Be

in Eq. 10, in which the role of <p> is clear. Using Ampere's law to express Be in terms

of Ipi, Be(a) = nolpi/2jia, we see that for Ipi constant, Be is proportional to <p>. At lower

B,j, the field lines are nearly poloidal, and build-up of the toroidal plasma current begins



during a phase with high particle loss-rates to the walls [5]. Thus, confinement is low,

full-ionization of the plasma column is restricted, and the temperature and pressure remain

low, leading to lower values of Be-

As the toroidal field increases past its optimal value, the decrease in Be can be

considered as a change in equilibrium toward lower <p> which may be related to a change

in confinement properties. This is an area for future sutdies.

We note in general that for the higher plasma current case, Be is larger at higher

toroidal fields. No suong dependence of Be on filling pressure was observed over the

range from 4 to 12 mtorr.

4. Summary

A method for unobtrusively measuring the poloidal average beta, Be, in Extrap Tl

has been developed and implemented. Results of a series of discharges in which the

externally applied toroidal field was varied and the plasma current was held constant show

that Be attains a maximum for B 0 between 0.075 T and 0.10 T, depending on the peak

plasma current. Values of Be ranged from 0.25 to 0.70.
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TABLE 1

Summary of Data Used in the Calculation of Be

VTOR (kV)

1.0

1.5

2.0

2.5

3.0

1.0

1.5

2.0

2.5

3.0

Ipl(kA)

19

19

19

19

19

24

25.5

24
25

25

&|>/RC(V)

-2.0

-0.85

-1.1

-1.1

-1.1

-3.6

-2.1

-1.4

-1.3

-1.3

Be(a)(T)

0.057

0.057

0.057

0.057

0.057

0.072

0.076

0.072

0.075

0.075

B*(a)(T)

0.049

0.075

0.10

0.123

0.15

0.049

0.075

0.10

0.123

0.15

Be

0.51

0.70

0.50

0.39

0.26

0.39

0.58

0.59

0.58

0.49

FIGURE CAPTIONS

Figure 1. Measured values of Be as a function of B$ in Extrap Tl with a filling

pressure of 8 mtorr hydrogen, (a) Peak plasma current Ipi = 19 kA.

(b) Peak plasma current Ipi = 25 kA.
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