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(iv)

SUMMARY

In part I of this thesis, the self-generated bi-directional toroidal magnetic field

structure which has been observed to exist in previous rotamak discharges is theo-

retically investigated. A possible explanation for the existence of this self-generated

field, which relies on the presence of screening currents in the plasma, is advanced.

Experimental studies of the magnetic field structure of a rotamak plasma config-

uration generated and sustained in a metal discharge vessel by means of a rotating

magnetic field are described in part II. The rotating magnetic field was produced

by feeding radio frequency (r.f.) currents, dephased by 90 degrees, through two or-

thogonal coils which were located inside the metal chamber. High power amplifiers

were used to supply the r.f. current pulses. The efficiency of the r.f. power transfer

to the plasma was maximised by using impedance matching networks.

The effect on the rotating magnetic field of eddy currents induced in the con-

ducting vessel has been theoretically and experimentally investigated.

Extensive magnetic field measurements have been undertaken on one particular

rotamak discharge. Measurements of the penetration of the rotating magnetic field

into the plasma were made at various axial positions. The steady magnetic field

structure was measured at a matrix of 2640 points and a two dimensional least

square polynomial fitting algorithm was used to smooth the measured data. This

fitting procedure enabled reliable plots of the poloidal flux and current density

contours to be constructed.

An attempt has been made to apply MHD equilibrium theory to the observed

plasma/field configuration.
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CHAPTER 1

INTRODUCTION



The main contender in the search for a controlled nuclear fusion reactor is the

tokamak. The performance of the present generation of tokamak devices has been

improved to a stage where an attempt should be made to overcome the more funda-

mental drawbacks inherent to this approach. These limitations are mainly related

to the pulsed nature of the reactor and its inefficient use of magnetic energy.

The tokamak vessel is toroidal (i.e. doughnut-like) in shape and it is a require-

ment that a current be made to flow in the closed plasma ring contained within

it. In the standard tokamak this ring current is induced by transformer action and

this means that the tokamak reactor, as presently envisaged, cannot operate in a

steady state manner. The plasma ring is created and destroyed in each pulse of

the current transformer. A number of serious engineering difficulties, related to

mechanical and thermal stressing, arise from this limitation. An important branch

of contemporary fusion physics research is, consequently, concerned with a stuay of

the various methods which are available to drive plasma currents continuously in

toroidal systems. These methods mainly involve the use of radio-frequency (RF)

techniques (see, for example, Start (1983)).

A second major problem with the standard tokamak is that it is particularly

wasteful in its use of magnetic energy. It has been recognized that the situation

can be improved if the aspect ratio of the plasma ring is decreased, that is, if the

'hole in the centre of the doughnut' is shrunk. Taken to its limit, this procedure

results in a device which, superficially, appears more spherical than toroidal but

in which a plasma ring of D-shaped cross-section tightly encircles the central axis.

Experimental investigations of such configurations are being undertaken at a num-

ber of laboratories, defining a new avenue of fusion research known as 'compact

torus research'. In addition to the more efficient use of costly magnetic energy,

the advantages of the compact torus configuration include compactness, engineer-

ing simplicity and the presence of a natural magnetic diverter. A recent review of
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ot torus research (which, however, does not include a description of rotamak

",h!) can be found in Bruhns (19S6).

the Rotamak project, an unique RF current drive technique which uses a

.ig magnetic field to produce and maintain a continuous electron current in a

a ring has been used to generate and maintain a compact torus configuration

sma and field. This approach to the magnetic confinement of plasmas is also

- and, like the current drive scheme, is entirely Australian in conception. A

iption of the current drive technique can be found in Jones (1986) while the

>pt of the Rotamak compact torus configuration is outlined in Jones (1979).

Burning to a more detailed description, the rotamak is a compart torus device in

:h a rotating magnetic field is used to generate and maintain the toroidal plasma

>nt. The components of a typical rotamak device are shown schematically

ig. 1.1. The rotating magnetic field (rotating about the z-axis) is generated

.ceding RF currents of the same amplitude and frequency, but dephased by

through two orthogonally-oriented Helmholtz coils located on the outside of a

erical pyrex discharge vessel.

Equilibrium requires the presence of an additional field (the 'vertical field' of

;amak research) which couples with the toroidal current to produce the necessary

vard force. This additional field is produced by the pair of coils, centred on the

txis, shown in Fig. 1.1. The combination of the externally imposed equilibrium

Id and the poloidal field generated by the driven toroidal current results in the

.ttern of open and closed poloidal field lines shown in Fig. 1.1.

In some rotamak experiments an additional applied toroidal magnetic field has

'en incorporated by passing a steady current through a thin conductor located

ong the r-axis. The resulting magnetic field configuration is then closely related

that of the compact tokamak.

Both argon and hydrogen rotamak discharges have been studied.
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Fig. 1.1 Schematic diagram of a typical Rotamak apparatus.
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RoLaniak research has progressed through a sequence of experimental studies.

At the very beginning of rotamak research (~ 1979) it was decided that, in the

absence of any guidance as to the appropriate amplitude for the applied rotating

magnetic field, as large a value as practical would be used. This decision naturally

led to the need for very large RF powers, an embracing of the relatively inexpensive

RF line generators technology and, as a consequence, the disadvantage of having

to use short duration RF pulses (< SO /zsec). On the contrary, the input RF power

to the plasma reached a value of ~ 2.8 MW. A detailed description of these short

duration, high power experiments is given in Durance and Jones (1986).

The observations of apparently stable compact torus configuration provided the

motivation for a second series of studies in which the duration of the rotamak

discharges was significantly extended (from SO ̂ sec to 20 msec). These long duration

RF pulses were generated using conventional vacuum tube technology . Financial

constraints, however, limited the level of the RF power used in this second sequence

of experiments to about 6 KW (into the plasma). This second series of experiments

is described in Jones et. al. (1987).

In the third, and ongoing, series of experiments, new RF power sources provide

input powers to the plasma of about 50 KW and the duration of the pulses has

been increased to ~ 40 msec. Experiments which were aimed, for example, at

investigating the effects of varying the input RF power to rotamak discharge and at

studying the influence of the shape of the 'vertical' field on the resultant compact

torus configuration have been undertaken. The results of these experiments, and

many others, are reported in Wedding (1986); Durance et. al. (1987) and numerous

unpublished AAEC memoranda.

We are now in a position to place the work presented in this thesis in context.

Under some experimental conditions, a self-generated, bi-directional toroidal

magnetic field structure is observed to exist in the rotamak discharges (Durance



and Jones (198(3); \\edding (1086)). Many mechanisms can be invoked to explain

the existence of this self-generated field (Hugrass (1984)). In Pare I of this thesis

we present a possible explanation which relies on the presence of screening currents

in the plasma caused by incomplete penetration of the applied rotating field. These

screening currents distort the rotating field lines. The calculations indicate that the

steady component of the J x B Hall term, which results from the coupling of the

oscillatory screening current with the oscillatory distorted rotating field, can drive

steady poloidal currents of the form required to produce the observed toroidal field.

The analysis not only predicts the general bi-directional form of the toroidal field,

but also the correct directions of the fields in each half of the minor cross-section.

In the three series of rotamak experiments which were mentioned earlier in

this introductory chapter, the orthogonal coil systems which were used to generate

the applied rotating field were located on the outside surface of the spherical pyrex

vessels. Stable, long-lived, compact torus configurations were generated inside these

pyrex vessels. The next stage in the development of the rotamak concept recognizes

that, in its reactor embodiment, the rotamak configuration must be produced within

a metal vacuum chamber and that therefore, of necessity, the RF coil system must

be located well inside the metal chamber in order to minimize the effects of eddy

currents.

Part II of this thesis contains both a description of such an apparatus and

a careful documentation of extensive magnetic field measurements made on one

particular rotamak discharge generated within it. The noteworthy reproducibility of

the discharge enabled reliable measurements to be made of the contours of magnetic

flux and current density. An attempt has been made to apply MHD equilibrium

theory to the observed plasma/field configuration.



PART I

— in which a possible explanation for the observed self-

generation of steady toroidal magnetic fields in rotamak dis-

charges is advanced.



CHAPTER 2

THE STEADY CURRENTS DRIVEN IN A

CONDUCTING SPHERE PLACED IN A

ROTATING MAGNETIC FIELD



2.1 Introduction

The force per unit volume acting on the electron fluid in a conducting object is

given by

F = -neE + J X B , (1)

where n is the electron number density, e is the electron charge and J is the current

density, and we have assumed that the ion contribution to the current is negligible.

The ratio between the Hall force J X B and the electric force neE is approximately

given by

e ~ JB/neE ~ B/ner], (2)

where r\ is the resistivity. By using the classical formula for the resistivity

77 = meiyet'/ne2 (3)

(me is the electron mass and fei- is the electron-ion momentum transfer collision

frequency), it can be shown that

£ ~ Uce/Vd , (4)

where u>ce = eB/me is the electron cyclotron frequency. For metallic conductors

r/ei is large, e is always much smaller than one and the Hall force is rightfully ignored.

However, £ can be larger than one for semiconductors, gas discharges and cosmic

and laboratory plasmas. The Hall term becomes dominant in these situations and

it has to be retained.

It is well known that screening currents are induced in conducting objects placed

in time-varying magnetic fields. The Hall force resulting from the nonlinear interac-

tion between the time-varying magnetic field and the screening currents associated

with them has in general a steady part as well as a time-varying part. The Hall force

drives a 'Hall current' in a system of finite dimensions provided that its curl is not

zero. The steady part of the Hall current can be much larger than the time-varying



part since it is limited only by die resistance of its path, whereas the time-varying

Hall current is limited by the inductance as well as the resistance of its path. Again

we stress that this Hall current is not significant for metallic conductors (for which

£ <C 1) but can be appreciable for semiconductors and plasmas.

The use of rotating magnetic fields to drive steady currents in plasmas (Blevin

and Thonemann 1962; Davenport e.i al. 1966; Hugrass et al. 1981) is an application

of this effect. Consider an infinitely long cylinder, to which is applied a uniform

transverse magnetic field that rotates about the axis of the cylinder at an angular

frequency u :

B = Bw cos(ut - 9}r + Bu sin(wi - 0)0 (5)

where r,9 and z are the standard cylindrical coordinates, r , 9 and z are the

corresponding unit vectors and B^ is the amplitude of the rotating magnetic field.

An axial screening current Jz is induced in the plasma, and the effect of this current

is to limit the penetration of the rotating field in the plasma. The Hall force

acting on the electrons (which results from the nonlinear interaction between the

rotating field and the screening current associated with it) has a steady part. The

corresponding steady Hall current driven in the plasma is

J9 = (~l/ner,}(JzBT}, (6)

where the angle brackets denote time averaging. We note that the ratio of the Hall

current to the axial screening current is

JB/JZ ~ Br/ner] ~ u;ce/i/ei = - • (?)

The equations describing this system were solved analytically for e <C 1 and £ >• 1

(Jones and Hugrass 1981) and numerically (Hugrass and Grimm 1981) for arbi-

trary £. These studies showed that for e >• 1 the azimuthal current is given by

Jg w — neuir (8)



and die axial current is of the order c 1 Jg. This axial current can be much smaller

than the screening current predicted by the linear theory, and the rotating field

therefore penetrates into the plasma cylinder much further than the classical skin

depth. For e <C 1, the axial current is not much different from that obtained using

the linear theory. For this weakly nonlinear case, the Hall current is calculated

using the zeroth-order fields obtained from the linear analysis; these zeroth-order

fields are those associated with the classical skin effect (Jones and Hugrass 1981).

In the Rotamak experiments, the rotating field is utilized to drive the toroidal

current in a compact toroidal plasma (Jones 1979; Hugrass et al. 1980; Durance

et al. 1982; Durance and Jones 1986). For typical Rotamak experiments we have

£ RS 1 and the rotating magnetic field Bw smaller than (but of the same order as)

the equilibrium steady magnetic field. The steady toroidal current is driven by

the steady component of the Hall force resulting from the interaction between the

rotating magnetic field and the screening currents it induces in the plasma.

It has been observed in some Rotamak experiments (described in the paper by

Durance and Jones 1986) that the plasma configuration tended to develop what

can best be described as a " doublet-type " structure in the poloidal flux con-

tours (Fig. 2.1). This development was accompanied by the self-generation of a

toroidal (B6) magnetic field. The radial distribution of the steady component of this

toroidal field at various 2-positions and at the indicated time is shown in Fig. 2.2.

It is clear that Bg is oppositely directed in the (r, +z) and (r, — z) halves of the

minor cross section of the discharge vessel; its measured directions with respect to

the poloidal field are shown schematically in Fig. 2.3.

To confirm the existence of these toroidal fields, a special Rotamak vessel was

constructed and equipped with three pairs of toroidal flux loops, each pair being

positioned in a different ( r , z ) plane around the toroidal direction. The steady

component of the output signal from a pair of flux loops is shown in Fig. 2.4. It
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Fig. 2.1 Poloidal flux contours for the Rotamak III experiment.
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Fig. 2.2 The radial distribution of the steady component of the

toroidal field for the Rotamak III experiment.

The distribution is shown at various z-positions at the

indicated time. Vertical scale : 100 gauss/div.
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in order to generate this toroidal field distribution.
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Fig. 2.4 The steady component of the output signal from a pair

of flux loops in Rotamak III experiment.

(a) flux loop around a quadrant above equatorial plane.

(b) flux loop around a quadrant below equatorial plane.



8

was observed that the steady component of the toroidal flux in each half of the

minor cross section of the discharge vessel was indeed of opposite sign. Moreover,

the flux in the (r, +2) minor cross section was found to be always in the same

direction right around the torus, while the flux in the (r, — z) cross section was

in the opposite direction. Furthermore, the directions were consistent with those

shown in Fig 2.3, which were deduced from magnetic probe measurements.

The generation of a steady toroidal magnetic field necessitates the presence of

a steady poloidal current. Such a current cannot be generated in a model which

assumes an infinite cylindrical plasma because the screening currents in that case are

purely vertical and the Hall force can only drive currents in the toroidal direction.

Hence, the cylindrical model already described cannot explain the observed toroidal

fields in the Rotamak experiments and a model based on finite geometry has to be

developed.

In this chapter the currents generated in a conducting sphere placed in a rotating

magnetic field are calculated. The screening currents are no longer purely vertical

and the possibility exists that the Hall force can drive a poloidal steady current in

addition to the steady toroidal current. The steady toroidal field associated with the

poloidal current may explain the observed toroidal magnetic field in the Rotamak

experiment mentioned above.

In this chapter we specifically consider the idealized model of a spherical conduc-

tor of uniform electron number density and uniform resistivity, to which is applied

a uniform transverse magnetic field which rotates about the polar axis. The ef-

fect of the steady equilibrium field appropriate to a Rotamak equilibrium will not

be considered, and the problem will be treated only for the weakly nonlinear case

(e <C 1). While it is recognized (Hugrass 1982) that steady magnetic fields have

an appreciable effect on the screening currents (and hence the Hall force) and that

the quasi-linear case (s <C 1) bears little resemblance to the experimental situation,



results obtained usine; this simple model are not expected to be qualitatively

rent from what would be obtained using a more exact (and more complicated)

•.el. Furthermore, the disregard of unnecessary details allows a clearer insight

the physical mechanism involved.

The main assumptions and equations describing the model are presented in

ion 2.2 and the zeroth-order fields are obtained in section 2.3. The steady Hall

mils and the associated steady magnetic fields are calculated in. section 2.4 and

relevence of these results to the latest observations in the Rotamak is discussed

ection 2.5.

• Main Equations and Assumptions

isider a conducting sphere of radius R, placed in a uniform magnetic field of

jlitude Bw which rotates about the polar axis at an angular frequency u>:

B = Bus'm9cos(ujt — (j))r + Bucos9cos(ut —

(9)

:re r, 9 and <}> are the standard spherical coordinates and f, 9 and 4> are the

•esponding unit vectors. We assume that the ions are immobile, singly charged

have a uniform number density n. The electrons are assumed to form a cold

:1 of uniform number density n, and the resistivity is assumed to be isotropic and
Form. We also assume that the radius of the sphere is much smaller than the

space wavelength of electromagnetic radiation at the rotating field frequency, so

t the displacement current can be ignored. The fields satisfy Maxwell's equations

Vx£ = -dB/dt, (10)

VxB = n0J, (11)
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and the appropriate form of Ohm's law

rjJ = E - (1/ne) J X B . (12)

Using equations (10)-(12) we obtain

VX{(VXB)XB} , (13)
77 at net]

for 0 < r < R, and

V2S = 0, (14)

for r > R.

It is extremely difficult to obtain a general analytical solution to the above

equations since the right-hand term of equation (13) is nonlinear. We note, how-

ever, that the ratio of this nonlinear term to the linear term V2S is of the order

e = B/nerj = a>ce/i/e,-. It is therefore possible to obtain an approximate solution

valid for the quasi-linear case, e <C 1, using a perturbation analysis. For the pur-

pose of this analysis, we express the magnetic field as the sum of a zeroth-order

field B0 and a first-order field bl:

B = B0 + bt, (15)

where b\ is of order sB0, and we neglect terms of order e2 and higher. The zeroth-

order field B0 satisfies the equation

(16)

in the region 0 < r < R, and

V2J30 = 0 (17)

in the region r > J?, and matches the externally applied field (equation (9)) for

r ^> R. The first-order field has a steady part 6,s and a time-varying part 6 l t. The

steady part satisfies the equation

V261S = (l/ne77)(Vx{(VxB0)xB0}) (18)
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for 0 < r < R, and

V2619 = 0 (19)

for r > R, and tends to zero for r >> R, where the angle brackets in equation (18)

denote time averaging. It is clear from (18) that bia ~ eBo as required by the

perturbation analysis.

2.3 Zeroth-order Fields and Currents

The zeroth-order field satisfies equation (16) in the region 0 < r < R and equa-

tion (17) in the region r > R. The solution that matches the externally applied

field for r ^> R is given by

\(ut-4>) coo>i^e^ "' > (22)

J

in the region 0 < r < /2, and

) ] , (23)

Bog = Re[{l-f!Co(fl/r)3}Swcos0ei<wi-*>], (24)

Bo, = Ret-iil + i^^/r)3}^^-*)] (25)

in the region r > R, where

= (2?7/w^o)? is the classical skin depth]

C - 1+ 3 3
OQ = 1 T
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and l±n/z(X) is the modified Bessel function of the first kind of half-integer order.

The components of the zeroth-order current density are

Jor = 0, (26)

Jog = Re{i(C1/2Mor)(7r)h3/2(7r)Bwei^-^}, (27)

3/2(7r)Su;e
i(^-*)} (28)

in the region 0 < r < /?, and

JOT — Joo — Jo<t> = 0

in the region r > R.

2.4 First-order Steady Current and Magnetic Field

The first-order steady current and magnetic field are independent of 4>. It is there-

fore convenient to solve for the toroidal components, JiS(^ and 6ls,. The other

components can be obtained from J\s^ and &is^ using Ampere's law.

The first-order steady toroidal current density is given by

/2(£/2r)4{cosh(2r/,5) - cos(2r/6)} - (($/2r)2{cosh(2r/(5)
cosh(2R/S) - cos(2R/8)

x ff^l") newHsin^. (29)
2 .fe«-

The first-order steady toroidal magnetic field satisfies the equation

H sin

in the region 0 < r < /2, and

(30)

V26ls, - -±- = 0 (31)
r2 sin 8
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in the region r > R, where

= (C/r2)[2(<5/2r)2{cosh(2r/c$) - cos(2r/<5)}

- (<5/2r){sinh(2r/<$) - sm(2r / 6)}]BU sm26 , (32)

9 c e _
" - ' { }

The solution that satisfies equation (30) in the region 0 < r < 71, and equation (31)

in the region r > R, which is continuous at r = R, and tends to zero as r — >• oo is

given by

&is* = $C{Q(2r/8) - (r/R)2Q(2R/S)}Busm29 (34)

in the region 0 < r < J2, and

6is0 = 0 (35)

in the region r > R, where C is given by equation (33) and

Q(X)= (- 3/-Y3)(sinh.Y-sinX)

+ (l/6Ar)(sinh.Y + sinAr)

+ cos A) + i.A(sinhz - sin A)

C A2 A6 A10 \
2 !̂ + ^6! + ToIO!+ '"j ' (36)

It is seen from equation (29) and (34) that the solution depends on two dimensionless

numbers, wce/z/c,- and R/6. It is convenient to define the normalized toroidal current

density

-/n = Jist/i-Mvetfneujr} (37)

and the normalized toroidal field

bn = bltt/{(uce/vei)Bu} . (38)

Both of these normalized quantities depend on the ratio R/6. Fig. 2.5 shows the

normalized current density Jn plotted against r in the equatorial plane 9 = i-;r



.25

0 . 2

R/6 « 2

- • — R/6 = 4

— R/6 = 8

0 . 1 5

Jn

0.1

.05

I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

r/R

Fig. 2.5 The normalized current density plotted against r

in the plane 6 = | for three values of R/8 .
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for different values of R/S. In Fie;. 2.6. the normalized toroidal field bn is plotted

against r in the conical surface 9 = ~TT for different values of R/S. It is seen that

bn equals zero at r = 0 and at r = JJ, and attains a maximum value 6n,mai at some

intermediate value of r. Fig. 2.7 shows the variation of bn<max with R/5. It is seen

that 6n,mar is small for very small and very large values of R/6, and has a broad

maximum for R/8 ~ 4.

2.5 Discussion

It has been shown in previous works that a steady azimuthal current is generated in

an infinitely long plasma cylinder placed in a rotating magnetic field. This steady

current is driven by the Hall force

F9 = (l/ne)(JsBT] ,

where BT is the r component of the rotating field and Jz is the screening current

induced by the rotating field in the plasma. Similarly, a rotating magnetic field

drives a steady toroidal current in spheroidal plasmas. It has been observed in

some recent Rotamak experiments (described in the paper by Durance and Jones

1986) that a steady toroidal magnetic field is also generated. It has also been

observed that the toroidal magnetic field is in a positive sense above the equatorial

plane and in a negative sense below the equatorial plane; the net toroidal flux is

zero.

It is suggested here, that this steady toroidal field is produced by a steady

poloidal current which is in turn driven by the poloidal component of the Hall

force. In contrast with the case of an infinitely long plasma cylinder, the Hall

force which arises from the interaction between the rotating field and the screening

current it induces in a spheroidal plasma is not purely toroidal, but has a nonzero

poloidal component. From symmetry considerations, the poloidal current in the up-
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Fig. 2.6 The normalized steady toroidal field, &„, plotted against r

in the plane 6 = \ for three values of R/S .
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Fig. 2.7 The maximum value of the normalized steady toroidal

field, bn>max, plotted against R/8 .
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per hemisphere is a mirror image of that in the lower hemisphere and, consequently,

the steady toroidal magnetic field is antisymmetric with respect to the equatorial

plane and the net toroidal flux is zero. It is also found that this steady toroidal field

has the same sense as observed experimentally (b\aj, is positive for 0 < 0 < ~TT and

negative for |TT < 9 < IT}. The results of this work provide a possible explanation

for the self-generation of a steady toroidal magnetic field in the Rotamak. It should

be admitted, however, that the simple model we have adopted here has a number of

drawbacks. The motion of the ions is neglected, only the quasilinear case is treated

and the effect of the equilibrium poloidal field is not considered. The experimen-

tal results however were obtained for a strongly nonlinear case (e >• 1); it follows

that a quantitative comparison between theory and experiment is not possible. It

is also recognized that the steady toroidal field of the observed topology can be

generated by other physical mechanisms, for example, if the ion fluid acquires a ro-

tational motion which violates the Ferraro (1937) isorotation condition. A complete

understanding of this interesting phenomenon can only achieved by more detailed

experimental and theoretical work.



PART II

— in which an experimental investigation of the magnetic

properties of a rotamak discharge generated within a metal

vessel is described.



CHAPTER 3

EXPERIMENTAL APPARATUS
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This brief chapter contains a description of all the components of the Rota-

mak VI apparatus except for those items which were used to generate the applied

rotating magnetic field; these latter components will be described in chapter 4.

A photograph and a schematic diagram of the apparatus are shown in fig-

ures 3.1 and 3.2.

3.1 Discharge Vessel

The vacuum vessel was made of stainless steel (COMSTEEL 304) and was in the

form of a cylinder, 75 cm in diameter and 50 cm in length. The ends of the cylinder

were closed by stainless steel plates (18 mm thick) which were sealed to end flanges

by means of two 0-rings (77 cm in diameter and 8 mm in cross section). Two side

arms of diameter 26 cm which were soldered to the end plates provided outlets for

symmetrical pumping. Pressure gauge heads, an air inlet valve and a preionization

coil were also mounted on the side arms.

A glass tube (10 mm O.D) placed along the axis of the discharge vessel provided

access for an axial magnetic probe. Access for detailed magnetic probe measure-

ments was provided by attaching a stainless steel block (420 mm x 30 mm) to one

side of the vessel parallel to the z-axis (see Fig. 3.2). A row of 33 holes, 12.5 mm

apart were drilled in the block enabling retractable, re-entrant glass probe guides

(4 mm I.D, 6 mm O.D) to be inserted into the vessel (see Fig. 3.3). Each glass guide

was vacuum sealed with an 0-ring and a small retaining plate. By loosening the

port assembly, the pyrex tube could be moved radially inward and outward without

breaking the vacuum in the discharge vessel.



Fig. 3.1 A photograph of the Rotamak VI experimental apparatus.
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Fig. 3.2 A schematic diagram showing the components of the

Rotamak VI apparatus.



<ial Probe guide

nnn n
Startess Steel Block

32
Retracted Probe-guides

\

Stanless Steel Block

0-ring

Inserted Probe guide

lunriinum

Plate

\
Glass Robe guide

Fig. 3.3 A schematic diagram (top view) showing location of magnetic

probe guides. The origin of the (r, #, z) coordinate

system used in the text is taken at the centre of the

cylindrical discharge vessel.
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3.2 The Vacuum System and Gas Handling

The pumping system consisted of a 330 £/s Balzer-Pfieffer turbo-molecular pump

model TPU-330 which was backed by a two stage 12 m3/hour Balzer-Pfieffer rotary

pump model UNO-012A. An ultimate base pressure of 7.5 x 10~r torr was measured

with an Edwards ION7 ionization gauge. A pneumatically operated VAT 100 mm

gate valve model 12040-PA40 was mounted in the pumping line above the turbo-

molecular pump to isolate the discharge vessel from the pump whenever required.

A schematic diagram of the vacuum system is shown in Fig. 3.4.

The filling gas (Hydrogen) was let into the vessel at two positions symmetrically

located about the centre of the vessel (z = 0). The continuous flow of the gas

was controlled with an Edwards needle valve. The filling pressure was monitored

by either a Cooke ionization gauge IGC 19M or an Edwards ION7 gauge, both of

which were calibrated against a Datametrics Barocel absolute pressure transducer.

3.3 Preionization

For Hydrogen, the electric field associated with the applied rotating field was not

sufficient to 'breakdown' the gas at the filling pressures (~ 1 mtorr) used in the

experiments. It was, therefore, essential to preionize the filling gas prior to the

main discharge. A radio frequency discharge was utilized for that purpose.

A preionization coil having the geometry shown in Fig. 3.5(a) was fitted to one

of the side arms of the discharge vessel as illustrated in Fig. 3.2. The coil was

constructed from copper braid threaded through glass sleeving to isolate it from

the plasma. The glass sleeving was extended to the outside of the vessel and it

provided the required vacuum sealing for the coil. The coil was fed from a 300 Watt

ENI power amplifier which was driven by a type 191 Tektronix constant amplitude

signal generator at ~ 12 MHz. The current through the coil was maximized using
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Fig. 3.4 A schematic diagram of the vacuum system.



Fig. 3.5(a) The preionization coil.
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the simple matching; circuit shown in Fig. 3.5fb). The preionization field was

usually applied a few seconds prior to the application of the rotating magnetic field

and switched off immediately after the main plasma discharge.

3.4 The Applied Vertical Field

In the Rotamak experiments it is necessary to have an externally applied poloidal

field in order to keep the plasma/current configuration in equilibrium. This exter-

nal field was produced by passing a current through a pair of 'vertical field' coils

(see Fig. 3.2). Each of the coils consisted of 15 turns of 2.4 mm diameter enamelled

copper wire, wound onto a perspex former. The coils were located on the side arms

outside the main discharge chamber at equal distances from the centre of the vessel.

The coils had a mean diameter of 28 cm and minimum separation of 59 cm, which

was determined by the length of the discharge cylinder. The vertical field coils are

shown under the rotating field coils in Fig. 3.1 and schematically h.. i'ig. 3.2. Note

that the large red coils in the photograph of Fig. 3.1 are another set of vertical field

coils which were not used in the experiments described in this thesis.

The Rotamak VI vertical field driver was a system designed to produce current

pulses of predetermined amplitude, (linear) rate of rise and duration. It consisted

of :

• A pulse shaping unit which on receipt of a Transistor-Transistor Logic (TTL)

trigger pulse of greater than 1 ms duration, produced a voltage analogue of

the required current pulse with a full scale amplitude of 2.5 volts nominal.

• A current source which generated an output current pulse having the same

form as the voltage analogue.

• A dc voltage supply (capacitor bank) capable of supplying, for short periods,

the current demanded by the current source.
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The block diagram of the vertical field driver is shown in Fig. 3.6. The purpose of

the shunt diode shown in. the diagram was to sustain the decaying coil current so

that when the current pulse turned 'off', large inductive spikes were not generated.

A current feedback signal was derived from a 5 milliohm four-terminal shunt placed

in the coil circuit and was fed to the pulse shaping network through an error amplifier

which ensured an exact correspondence between the output current and the voltage

analogue.

The power supply was capable of driving a maximum current of 300 Amps which

was mainly limited by the resistance of the coils and cabling. This current generated

a vertical field of ~ 30 gauss at the centre (r = 0,z = 0)of the discharge vessel. For

normal operating conditions, the applied vertical field was approximately 15 gauss

at the vessel centre. An example of the generated vertical field pulse is shown in

Fig. 3.7. This field was measured at r = 0, z = 0 using a hall eti'ect magnetic probe.



Trigger
Pulse Pulse

Shaping
Unit

Power Supply
(Capacitor bank)

Current
Source

Error Amplifier

5m.n

-L Shunt
A Diode

Vertical Reid
Coil

Fig. 3.6 Block diagram of the vertical field power supply.
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Fig. 3.7 Oscillogram of the vertical field pulse at r = 0, z = 0



CHAPTER 4
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THEORETICAL CONSIDERATIONS
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In an ideal rotating magnetic field current drive experiment, the steady electron

current would be driven by means of an uniform rotating field. Such a field with

the components :

Br = Bw cos(u>t -9) ; B0 = Bu s'm(ut - 9),

can be generated in an interior region r < a by the continuous surface current

distribution :

J,(r, 9, <) = J,08(r - a) cos(ut - 9 } ,

where J20 and a are the amplitude and the radius of the current sheath respectively.

A current distribution of this form cannot be easily set up and in practice it

is approximated by a finite number of longitudinal dipole coils carrying polyphase

currents. The magnetic field generated by the discrete windings is not uniform and

it deforms as it rotates. Some possible coil configurations have been considered

by Hugrass, 1979 and Stephan, 1983. However, the fields were studied only in the

region r < a, where a is the coil radius. Since the fields outside the coils (r > a) are

of substantial importance in the experiments described in this thesis, the vacuum

fields, both inside and outside the coils, are studied in sections 4.1.1 and 4.1.2. For

the purpose of this study it was decided, on practical grounds, to consider one of

the simpler configurations, namely a two-phase system with two coils per phase (see

Fig. 4.1).

In the Rotamak VI experiment, the coils were enclosed in a metal vacuum

chamber. The influence of the conducting shell on the fields is investigated in

sections 4.1.3 and 4.1.4. It is important to note that the fields in this section are

derived in the absence of the plasma, and the word "vacuum" is used here specif-

ically to identify the case in which the effect of the conducting shell is not taken

into consideration.



6= 0

Fig. 4.1 Cross-section of the two-phase system with

two coils per phase.
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1 The Exact Field Solution in Vacuum

:an be shown that the vector potential A for the infinitely long dipole coil of

4.2 possesses one component, Az, which is given by :

z 4 + (r/a)2

^re I is the current in the coil and a is the coil radius.

For the coil configuration in Fig. 4.1, the two coils 1 and 2 are fed by the same

•rent,

/! = I0cosut, </>i = f
(")

J2 = /0
 cos wi , </>2 = — |

the other hand, coils 3 and 4 are fed by a current which has the same amplitude

i frequency but is dephased by 90°,

I3 = Jos inwf , <£3 = -T
(3)

/4 = J0 sin ut , 04 = — ̂

he vector potential of this current distribution can be ejaculated using equation (1)

i / m ^o; , /l + X2

A,(r, (?) = —{ In 1 + xa

where X = ( r / a ) . The expressions for the magnetic field components can be ob-

tained from B = Vx A taking into account that d/dz = 0 :



Fig. 4.2 The coordinate system for the dipole field calculation.

The coil axis is the normal through 0.
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_ ldAz(r,9)

~ r d9
Jio/o, « 2

l

(1 - X2 + A4) si
' '1 + A8 + 2 A'1 sin 40

B aA'(r'g)
•00 = -- S -

M)fl 2 f (l +
TTO l ' M

X2 + X4

+ :

B, = 0. (7)

Fig. 4.3 shows the magnetic field lines at a number of times during the rotation

cycle. The location of the Rotamak VI vacuum vessel with respect to the coils

is represented by the dotted circle in the figure. It is very clear that the field is

reasonably uniform in the region inside the coil but highly deformed everywhere

outside.

4.1.2 The Series Approximation

The exact expressions for the magnetic fields produced by the coil structure shown

in Fig. 4.1 were given in section 4.1.1. However, it is very hard to study the

behaviour of the different harmonic components using this exact solution. For that

purpose it is more convenient to expand the expression in equation (1) into a sum

of spatial harmonics. Two different expansions are needed; one for the region inside

the coils and one for the outside region :-

0 < r < a

(8)

a < r < oo



ut = 0

Fig. 4.3 Transverse rotating magnetic field lines in 'vacuum'

for a two-phase system with two coils per phiise.
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For the coil configuration shown in Fig. 4.1, fed by the currents given by equa-

tions (2) and (3), the sole component of the vector potential A is :

for 0 < r < a

for a < r < oo

(9)

The corresponding magnetic field components associated with the vector poten-

tial given in equation (9) are :-

Br =

for 0 < r < a

2m - D sinM + (~ir+1(2m -

for a < r < oo

(10)

and

Be =

\2m-2 2m - l)|cosM + (-ir+>(2m - 1)0],

for 0 < r < a

(11)

cos(2m — l)f- cos[u;i + ( —1

for a < r < oo

The first term in the expansion (the fundamental) represents a rotating magnetic
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field which is uniform in the region r < a, but which drops rapidly (as 1/r2) outside

the coil structure. The ratio of the amplitude of each of the spatial harmonics to

that of the fundamental can be calculated at any given radius to yield a measure of

the field deformation. For example, the amplitudes of the third and fifth harmonics

have a maximum value of 42% of that of the fundamental at r = a. Furthermore,

some of the harmonics (third, seventh, . . . ) rotate in the opposite sense to the

fundamental, giving rise to appreciable deformation of the field lines as they rotate.

By including high harmonics (i.e. expanding to high values of m), the expansions

in equation (9), (10) and (11) can be made to give a very accurate solution. The

radial profile of the azimuthal field component Bg has been calculated using both

equations (6) and (11) for 9 = 0. The resulting profiles are compared in Fig. 4.4;

the agreement is excellent. Only in the vicinity of r = a were very high harmonics

(m ~ 200) included in the expansion; everywhere else terms with m < 10 were

sufficient to achieve the required accuracy.

4.1.3 The Fields of A Bifilar Coil Surrounded By A Cylindrical Conduct-

ing Shell

In sections 4.1.1 and 4.1.2 the fields of the two-phase, two coils per phase structure

were studied in the absence of a metallic chamber (the so-called 'vacuum' case).

However, this theory does not represent the actual experimental situation where

the coils are located inside a metallic vacuum chamber. In this section the fields

of an infinitely long bifilar coil which carries the outgoing and incoming currents,

I = J0cosu;i, at the cylindrical coordinates (a, 0) and (a, TT) will be studied in the

presence of a thin cylindrical shell of radius b > a and area resistivity p (Fig. 4.5).

The solution of this problem will be a prologue to the study of the fields of a

two-phase, two coils per phase system which is located inside a similar conducting

shell.
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Fig. 4.4 The radial profile for the Bg component

of the rotating field in 'vacuum'.

[The solid line is for series approximation.]



Fig. 4.5 A bifilar coil of radius a inside a cylindrical

shell of radius b.
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The vector potential of the field of the bifilar coil shown in Fig. 4.5 is parallel

to the axis of the cylinder. Hence, all the eddy currents in the thin, intinitely

conducting shell must also be parallel to the axis and the magnetic field is a two-

dimensional one (Smythe, 1950). In this case the vector potential behaves as an

electrostatic stream function. Its value at any point represents the flux between

this point and some other fixed point. Let the total vector potential be A., + Az,

where A, is the contribution due to the coil current and As is the contribution due

to the eddy currents. The electromotance per unit length, £, induced in a strip of

width bdO at (6, 9} by the change in total flux, JV, linking unit length of this strip

gives, with the aid of Ohm's law :

where J, is the surface eddy current density. If 3Z is expressed in a series of circular

harmonics, then the mth term of this expansion ( Jm) can be related to the mth term

of the expansion of the vector potential (Am) produced by it. At the surface of the

shell this relation is :

If A', is also expanded in circular harmonics, we see by substituting (13) into (12)

that the expansion of A'Z and Az are related at the surface of the shell r = 6 by the

equation :

If, after the time t = 0, the inducing field A'., is constant and if, at the time t — 0,

the field of the eddy current is known to be :

A, = f] CmAm , (15)
m=l

then, clearly, a solution of (14), showing how the eddy currents decay is :

.4, = £ C^e-^^'. (16)
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Suppose that the vector potential of the coil field can be written, on the surface of

the shell, in the form :

A'z, = E CmAmJm(t) . (17)
m=l

The change in this field in the infinitesimal interval of time dr, at a time r before

the present time t, is given by :

m=l

The eddy current setup in that interval dr exactly cancelled the change in the field

given by (18) at the surface of the shell at that time r, but it has been dying out

according to equation (16) since. So that the change in the vector potential of the

eddy currents at that time T is

dA!a = -!a

m=l

The total vector potential of the eddy currents at the surface of the shell at the

present time due to all these past changes is, then,

,om(20)
m=l o

In the steady-state ac case A'., which results from the coil structure shown in

Fig. 4.5 and carries the current, / = /Ocosa;i, is given by equation (8). This vector

potential at the surface of the shell is

(21)

By comparing equations (17) and (21) we get

_
m ~ TT (2m -1) '

Am3 = cos(2m-l)0, (22)

fm(t) = cosut.
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Substituting from (22) into (20) we get :

1)0 (23)

By defining

and integrating we obtain :

(a/6)2m L
v 7 cos(2m -

coswt- fcsinwt
(24)

Equation (24) can be expressed in the form :

(a/b)2m-1

- £m], (25)

where the phase lag em is defined by :

tanem = — k = —
2(2m -

(26)

The vector potential of the eddy currents in the conducting shell which is finite

at r = 0 and vanishes at r = oo, is continuous and matches equation (25) at r = b

is given by :

for 0 < r < a

cos

for a < r < oo
(27)

By adding equations (S) and (27), the total vector potential can be obtained, viz :

A, + A.=
TT

.Fm(r, <) cos(2m - l)fl , (28)
m=l
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where

I1) _ i i [(~) ~ cosa^ ~ (f) m~ cosem cos(u}t — £m)], 0 < r < a

-TS-—TT-[(-) m~ coswi —( j 1 ) m~ cosem cos(u;£ — £m)j, a < r < 6

~ cos £m cos(a;£ — gm)], b < r < oo(2m-1)

Thus the present eddy currents are in phase with the inducing currents formed at

a time £m/u; before the present. The phase lag is em.

The method used above will be used in the next section to solve for the mag-

netic fields generated by a two-phase, two coils per phase system located within a

conducting shell.

4.1.4 The Fields of A Two Phase System (Two Coils Per Phase) Inside

A Cylindrical Conducting Shell

The theory described in section 4.1.3 is applicable for any coil configuration up to

equation (20), where the vector potential of the eddy currents was expressed in

terms of the vector potential of the inducing current at the surface of the shell. For

the two-phase, two coils per phase system shown in Fig. 4.6 the vector potential is

obtained in 'vacuum' in section 4.1.2 and is given by equation (9). At the surface

of the shell (r = b) it is given by :

- (2™ - 1)6] . (29)
m=l



Fig. 4.6 The two-phase, two coils per phase system inside

a cylindrical shell of radius b.
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By substituting from equation (29) into (20) and integrating, the vector potential

of the eddy currents iu the shell eu,u be obtained :

f o r 0 < r < 6 ,

(30)

x cos[w< for

where

tanem = — k = —
2(2m -

The total vector potential can be obtained by adding equations (9) and (30) :

(31)
m=l

where

(r/t)2m-1

a\2m-l~(f) cos £m cos[wi - £m + (-l)m+1(2m -

(a/ft) pcos(2m - 1)|(

*-) 1 cosemcos[wi—

) for 0 < r < a ,

;2m - 1)5]

+ (-l)m+1(2m-l)5]) f o r a < r < 6 ,

(a/r)2m-l

- cosem cos[w< - £m + (-l)m+1(2m - 1)5] ) for b < r < oo .

The phase lag between the fields produced by the eddy currents and those pro-

duced by the coil current is given by em. If p is very large (i.e. dielectric shell),
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em = j, ̂ ,... and the field is unchanged from the 'vacuum' case. But if the shell is

a good conductor, (i.e. p is small compared with //ow6), em = 0, TT, ..., the shielding

is very high and the induced eddy current instantaneously cancels the fields at the

surface of the shell.

In the Rotamak VI experiment, the va.cuum chamber was made of stainless steel.

The surface resistivity of stainless steel at the room temperature is 1.7 xlO~2 0.

At the rotating field frequency of 1 MHz, the constant k is always very small even

for very high circular harmonics (m ^> 1). Hence, it is sufficient to evaluate the

field components for the case of a perfectly conducting shell. The vector potential

is then given by :

x cos[ut + (-l)m+1(2m - 1)6] for 0 < r < a

<x>> (a/r)2"1-1 ̂  / r \2m-li
=l 2m-l ^ U' J

x cos[wi + (-l)m+1(2m - 1)6] for a < r < b

0 for 6 < r < co

The field components associated with this vector potential are given by

1 d(A, + A',)

and

dr
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thus,

x sin[ut + (-l)m+1(2m ~ 1)0] for 0 < r < a

x sin[u;i + (-l)m+1(2m - 1)6] for a < r < 6

for 6 < r < oo

and

x cos[wi + (-l)m+1(2m - 1)9] for 0 < r < a

for a

(33)

(34)

0 for b < r < oo .

The eddy current distribution in the conducting shell can be obtained using

equation (13). This gives :

°° °'°"~ ll(Am)rsb. (35)

By substituting from equation (30) (with em = 0) we obtain :

. (36)
^i b 8

From equations (33) and (34) it is easy to show that the field component normal to

the cylinder surface (Br) is continuous everywhere in the r — d plane while, on the
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other hand, the azimuthal component (Bo) has a discontinuity at r = b such that,

[B0(b < r < oo ) - Bg(a < r < 6)]r=6 = nQJz . (37)

The sense of rotation of the different harmonic components relative to the fun-

damental is the same as for the case for the fields in 'vacuum', but the ratio of the

amplitude of the harmonics to that of the fundamental is larger in the presence of

the conducting shell. For example the ratio of the amplitude of the third and fifth

harmonics to that of the fundamental at r — a is 49% in the presence of the shell

(for a/b = 0.4). The corresponding ratio is 42% for the 'vacuum' case (i.e. in the

absence of the shell).

The radial profile of the amplitude of the Bg component, given by equation (34),

at 0 = 0 and the same component in 'vacuum', which is given by (11), are plotted

on the same graph in Fig. 4.7. The amplitude of the field component in the region

inside the coil (r < a) is decreased by ~ 16% due to the eddy currents in the shell.

On the other hand, the same component is enhanced outside the coil, the increase

in BO varying from ~ 16% at r ~ a up to ~ 100% at r ~ b.

The magnetic field lines at a number of times during the rotation cycle are shown

in Fig. 4.S. Comparing these plots with those of Fig. 4.3 shows clearly the effect

of the conducting shell on the amplitude and uniformity of the field in the region

inside the shell.
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Fig. 4.7 The radial profile of the Bg component of the

rotating field. Circles are for 'vacuum' calculations

and triangles are for field inside conducting shell.



wt = 0

12

Sir
12

Fig. 4.8 Transverse rotating magnetic field lines for the

two-phase two coils per phase system inside

a cylindrical conducting shell.



SECTION 4.2

PRACTICAL CONSIDERATIONS



33

4.2.1 The Coil Structure

In order to generate the rotating magnetic field, two radio frequency current pulses

of the same amplitude and frequency but dephased by 90° were fed to a set of two

orthogonally oriented coils. The rotating field coils had to be located inside the

metallic discharge vessel. For that purpose eight pyrex tubes (20 mm O.D.) were

fitted between the end plates and uniformly distributed on the circumference of a

circle of diameter 30 cm (see Fig. 3.2). Each glass tube was vacuum sealed by two

0-rings at both sides of the mounting plate; the details of the sealing assembly are

shown in Fig. 4.9. The eight glass tubes provided a frame for the two orthogonal

r.f. coils. Each phase consisted of two coils and three turns per coil.

The insulated inner conductor of RGSA/U cable was used to wind the coils.

The electrical characteristics of the cable are:

= 38AKV (peak)

= 4.8 KV (peak)

Since, during the course of experimentation, the r.f. potential difference across

the individual turns of the coil could exceed both the maximum ratings of the cable

insulation and the dielectric strength of air, a special wiring configuration had to

be considered. The details of this wiring will be described later.

4.2.2 R.F. Amplifiers

Two high power amplifier chains were designed and constructed at the Flinders

University of South Australia to provide two 90 KW (max.) current pulses, 40 ms

duration, of 1 MHz frequency and differing in phase by 90°.

Although the author did not participate in the design and construction of these

amplifiers, a description of the system is given here primarily because no such

description exists elsewhere for this most important component.
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Fig. 4.9 Sealing assembly at one end of the glass tubes

carrying the rotating field coils.
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Fig. 4.10 shows a block diagram of the complete system which consisted of a

small signal generator and a splitter/phase-shifter network followed by two chains

of amplifiers. The outputs of the last stages were fed to the rotating field coils via

two separate matching circuits.

The details of the different parts in the block diagram are given below:

1. A 1 MHz signal was produced by a signal generator (1 mW approximately)

which, running continuously, fed a splitter/phase-shifter unit. The purpose

of this unit was to split the input signal into two components by means of a

hybrid splitter which was capable of operation to above 10 MHz. Each output

of the hybrid splitter fed a phase shifting network in which the phase lead arm

consisted of a 2 nf compression capacitor and the phase lag arm consisted of a

small ferrite cored r.f. choke. The two current levels could be independently

adjusted by means of a series of switched attenuators. For convenience the

signals will be referred to as the +45° and —45° outputs.

2. Each of the +45° and —45° outputs was fed into a rack containing a series

of amplifiers which terminated at a maximum power output of 2 KW. In

the following text only one rack will be described, the other being identical.

The first stage in the rack was a transistorized amplifier which consisted of a

class A stage followed by a push-pull stage operating in class B and capable

of producing an output of 3 Watts. The pulsing of the whole system took

place at the output of the class B amplifier. The next stage was a single r.f.

power transistor amplifier biased between class B and C. Its 20 Watts output

was fed into a low pass filter (fc=1.25 MHz) to stop the harmonics which were

produced in the initial stages of the system.

The last module in the 2 KW rack was a class C amplifier which utilized two

tetrode transmitting valves (type QB5/1750) connected in parallel. The grid

bias and the screen-grid supply were provided by an external capacitor bank
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Blower Grid
Bias
-1KV

10 KV
MDC (max)

DC (max)

2 KW Rack 2 90 KW Rack 2

Fig. 4.10 Block diagram for the system of high power amplifiers.
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which was kept charged all the time during operation.

3. The output from the 2 KW stage was fed into a 90 KW rack which contained

a large, forced air cooled, power triode valve type 3cx20000 A3 operating in

class C. The rack also enclosed the grid bias supply, control unit and large

air blower. The filament voltage of (10 V, 160 A AC) which was supplied

by a transformer could be adjusted by means of a variac. The grid bias was

provided by a series of 20 Zeuer diodes (56 Volts, 100 Watts each) which were

fed from a 1200 V DC supply. The output of the Zentr diodes was connected

across a high voltage (300 /^f) capacitor which was capable of maintaining the

grid bias for a period of time long enough for the protection circuitry to trip

off the anode supply in case of power failure.

The anode tuned circuit consisted of an inductor (15.5 //H) in parallel with

a fixed vacuum capacitor (1000 pf) and a variable vacuum capacitor (25-

450 pf). The r.f. output was taken via a simple link coupling arrangement

wound around the main coil at the 'earthy' end. The coupling could be varied

by sliding the output coil along the insulated supports of the main coil.

The anode supply was provided via the tuned circuit by a capacitor bank which

could be charged up to 10 KV maximum. The bank was usually charged up

to the required voltage prior to connection to the plate circuit.

The output circuit of the high power amplifiers, described above, was tuned to

1 MHz. The equivalent generator impedance at that frequency should, therefore,

be purely resistive and the amplifier chain can be represented by the equivalent

generator shown in Fig. 4.11. From the circuit we have

V3 = I(Rg + Re)

where R( is the total external resistance, Rg is the equivalent output resistance

and Vg is the equivalent open-circuit generator voltage. A resistive, high power,
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Fig. 4.11 Equivalent circuit of the r.f. amplifiers.



time (5 msec/div)

Fig. 4.12 The voltage pulse across the output of one of
the rf amplifiers feeding 50ft resistive load.
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variable load, fl^, was fed by the amplifiers and the voltage (V) across and the

current (/) through the load resistor were measured. Fig. 4.12 shows an example

of the output voltage pulse across a 50 ft resistive load. The voltage was measured

using a resistive divider chain and monitored on a digital oscilloscope using an

envelope mode. In order to estimate the equivalent output resistance, Rg, of the

general or, the voltage V and the current I waveforms were measured at an instant

of time 20 msec into the 40 msec r.f. pulse. Plots of the quantity I/I against

Rf(= V/I) at different levels of power (plate voltages from 3 KV to 9 KV) are shown

in Fig. 4.13. The equivalent resistence Rg can be estimated from the horizontal

intercepts of the graphs. In the following text an average value of 27 ft will be

assigned to the equivalent output resistance of both amplifier chains. Note that, in

principle, SO KW of r.f. power is available from each of the final amplifier stages at

the charging voltage of 9 KV.

4.2.3 Impedance Matching

When the complex impedance of a load which is connected across the output termi-

nals of a network (see Fig. 4.14(a)) has the same magnitude and phase as that of the

equivalent generator impedance Z defined by Thevenin's theorem (see Fig. 4.14(b)),

the load is said to be matched to the generator or source of power, on an image-

impedance basis (Terman, 1955). If the load impedance is not identical with the

generator impedance and it is desired to obtain impedance matching, it is neces-

sary to transform the load to the correct impedance to match the generator. This

transformation can be accomplished with the aid of an appropriate network of re-

actances.

In the rotarnak experiments the amplifiers were used to feed the coil structure

described in section 4.2.1 in order to generate the required rotating magnetic field.

The impedance of the coils and the transformed plasma resistance constitute a load
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Fig. 4.13 Measured characteristics of the high power amplifiers.

Vp is the anode supply voltage.
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Fig. 4.14 Thevenin's equivalent circuit for a network with generators.
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which does not match the equivalent generator impedance of the amplifier chains.

A matching network had to be pmployed. therefore, to couple the amplifiers to the

coils so that maximum power could be delivered to the plasma load. The circuit

which was used to satisfy both the amplitude and phase matching conditions is

shown in Fig. 4.15. The circuit is a parallel resonance network in which branch (1)

consists of a variable capacitor Cv connected in series with the rotating field coil of

inductance Lc. The losses in the coil are represented by its ac resistance,

RC = ̂  , (38)
Vc

where Qc is the quality factor of the coil and u = 2;rf is the angular frequency.

Branch (2) consists of a variable inductor Lv in parallel with branch (1).

During a rotamak discharge the presence of a plasma influences the impedance

of the rotating field coil. Part of the effect is represented in the circuit by including a

transformed resistance Rp (due to the plasma) in series with the coil. The presence

of the plasma also reduces the coil inductance. This reduction in the coil inductance

is not modelled in the circuit of Fig. 4.15. However, the effect of such a change in

the inductance will be considered in section 4.2.4.

In the following we shall study in detail the calculation of the variable elements

of the matching circuit.

The circuit of Fig. 4.15 can be represented by the two parallel impedances Z\

and £2 as in Fig. 4.16 where :

Zl = Ri + iX^

Zi = RI + iX-2,

RI — Rc + Rp,

Xl = u , L c - r ,

RI = Rv,

X? = u>Lv.



I (2) (1)

Vq

Fig. 4.15 The matching circuit used in Rotamak VI experiments.
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Fig. 4.16 The simplified matching circuit.
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The total impedance, Zt, between points A and B is given by :

- _ (R*R* ~ X^X^ + i(jRl*2 + RM m
*' ~ (Rl + Ri) + \(Xl + X2) • l° >

The condition of matching is :

Zt = Rg. (40)

By equating the real and imaginary parts of equation (39) and (40) we obtain :

RiRi - Xrf* = R3(Ri + Rt), (41)

and

RiX2 + M! = R^X, + X 2 ] . (42)

The resistance RI(— Rv) can be expressed in terms of the coil quality factor Qv as

follows :

R, = | (43)

By eliminating X\ between (41) and (42) and substituting from (43) we get :

V2 R, - 2R, QvRg v RlR, Ql _ n

and

V V C\ ^ \ Q u + •*• -̂ 1 (AtL\^ = -^(1--)-^---. (45)

By measuring the quantities Lc, Qc and Qv and estimating a value for the

transformed plasma resistance jRp, equations (44) and (45) can be solved to obtain

the values of the variable inductance Lv and the variable capacitance Cv which are

required for matching.

The quantities Lc, Qc and Qv were measured using an accurate quality factor

meter. The following values were obtained :-

Lc = 35 )LiH (in absence of plasma)

Qc = 90 (at f=l MHz)

Qv = 40 (at f=l MHz)

The value of Rc can be calculated using equation (3S); this gives :
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Rc= 2.4 ft (at f=l MHz).

We use the value of Rg given in section 4.2.2, namely :

Rg = 27 ft ,

and estimate that :

Rp = 10 ft .

One solution of equations (44) and (45) is

Xl = -13.78 ft

Ar
2 - 24.9ft

which corresponds to the following values of Cv and Lv

Cv = 681 pf

Lv = 3.97

In the other solution of (44) and (45) the inductor Lv is replaced by a capacitor

(6400 pf) and the capacitor Cv by an inductor (2 ^H). Apart from the high capac-

itance required, the study of the voltages across the different circuit elements will

expose good reasons to exclude the second solution.

Since it is hard to construct an air cored variable inductor of reasonable di-

mensions to cover the required range of inductance, a fixed inductance coil was

connected in series with a variable inductor. Both were constructed using a 1/8

copper tubing covered with P.V.C sleeving for insulation purposes. The variable

inductor, shown schematically in Fig. 4.17, consisted of 10 turns, 5 cm diameter

stretch coil which could cover a range of 2 /^H.

High voltage, r.f. ceramic capacitors type CAPTRON-RF were used in the

matching circuit together with a vacuum variable capacitor (25 pf to 450 pf) type
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Fig. 4.17 Schematic diagram for the variable matching inductor.
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ITT-Jennings CVFP-450-40S. The maximum voltage ratings of the CAPTRON

capacitors was 20 KV and of tb^ vacuum capacitor was 40 KV.

The distribution of the circuit elements in branch (1) of the matching circuit

was carefully designed, the major concern being to avoid r.f. voltage breakdown

between the turns of the rotating field coil and across the matching capacitors. The

voltages across the coil and the capacitors will be studied in section 4.2.5. It will be

shown there that, under certain conditions, these voltages can exceed the maximim

rating of the RGSA/U cable and of the matching capacitors.

As described in section 4.2.1 each phase of the rotating field structure consisted

of two coils wound in series and each coil consisted of three turns (i.e. a total of

6 turns per phase). If the total inductance of each phase was Lc, the value of the

series capacitor required for matching is C'v and the nett impedance of branch (1) is

slightly capacitative. The vector diagram of the voltages across different elements

in this branch is shown in Fig. 4.18. Note that the voltage across the coil, Vcou

and across the capacitor, Vcap, is much higher than the total voltage across these

elements connected in series. To avoid such high voltages, each phase was divided

into three parts (i.e. each part consisting of 2 turns); the inductance of each part

was Lc/3. The required value of series capacitance to match every individual part of

the coil is 3CV. The circuit diagram of Fig. 4.19 shows the wiring arrangement used

in branch (1) of the matching circuit. The vector diagram of the voltages across the

circuit elements shown in Fig. 4.19 is given in Fig. 4.20. It is clear that, using this

wiring configuration, the potential difference between any two turns of the coil in

one third of the voltage across the whole coil when treated as one unit (Fig. 4.18).

Also the voltage across each of the capacitors Ci, C? and €3 is, again, one third of

the voltage across the capacitor Cv in Fig. 4.18.
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Fig. 4.IS Voltage vector diagram for branch (1) of the matching

circuit [The diagram is not to scale].
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Fig. 4.19 A simplified circuit diagram showing the method of

distributing the matching capacitors within the

rotating field coils.
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Fig. 4.20 Voltage vector diagram for branch (1) of the matching

circuit after distributing the capacitors.

[The diagram is not to scale].
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4.2.4 Calculation of Power Transfer to the Plasma Load

The maximum power available from the generator shown in Fig. 4.3.1 which has an

equivalent impedance of Rg and an open circuit rms voltage Vg is

p—w, (46)

This amount of power can only be delivered to a load of resistance Rt = Rg. In

practice, the total input impedance of the matching circuit shown in Fig. 4.15 can be

adjusted to match the equivalent output resistance of the generator so as to make

use of the maximum available power. An appreciable fraction of this maximum

available power is lost in the ac resistances of the rotating field coils and the variable

inductor. The actual power dissipated in the transformed plasma resistance, Rp, is

Pd which is given by :

Pd = WRP. (47)

Here \I\\ is the modulus of the rms current in the rotating field coil and is given

by:
p2 i -y"2

\T I2 — m2_llL_jL1/1 ' - |J|

where

Rt = RV + RC + Rp ,

Xt =

and |J|, the total rms current drawn by the matching circuit, is given by

V2R*lj|2 a "
11' (RaR*t + RtX?t + XtX&* + (RtXl - XtXW

where

r?2 _ p2 , -y-2
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The values for /?„, Rc and Rp which are required for the calculation of the dissipated

power are defined in section 4.2.3. By substituting from equation (48) and (49) into

(47) and also normalizing the dissipated power with respect to the maximum power

given by equation (46), we obtain :

(
( '

The ratio Pd/Pmax is plotted against Cv for Lv = 3.97 /^H and against Lv for

Cv = 681 pf in Fig. 4.21 and Fig. 4.22 respectively. Both graphs show that 78.5%

of the meximum available power can be delivered to the plasma load under perfect

matching conditions. The plots also show that the circuit is more sensitive to

variations in Cv rather than Lv. For example, a 10% change in Cv from CV=681 pf

can cause a change of 50% in the delivered power from its maximum value. On the

other hand, we need to change the inductance Lv by at least 40% from its matching

value to change the power by the same amount.

The same conclusions can be reached by studying the contours of constant

Pd/Pmax in the Cv — Lv plane; this plot is shown in Fig. 4.23.

The deviation from maximum power transfer condition due to changes in the

transformed plasma resistance and inductance can be gauged from a study of the

contours of constant Pd/Pmax in the Rp — Lc plane, the values of Lv and Cv being

kept constant at 3.97 ^H and 681 pf respectively. In the plot shown in Fig. 4.24 the

effect of the variation in inductance can be studied by effectively lowering the coil

inductance Lc from the value it has (35 /^H) in the absence of a plasma. The plot

is a helpful tool for tracing the power transfer as the values of Rp and Lc change

during the 40 msec of the r.f. discharge.
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Fig. 4.23 Contours of constant Pd/Pmax in the Cv — Lv plane.

[Contour spacings = 0.05, Lc = 35 (J.H., Rp = 10 pf]
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Fig. 4.24 Contours of constant Pd/Pmai in tne Rp — Lc plane.

[Contour spacings = 0.05, Lv = 3.97 /^H, Cv = 681 pf]
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4.2.5 Calculation of Currents and Voltages

The maximum currents in the different branches of the matching circuit were im-

portant parameters in determining the ratings of the cables used in the construc-

tion of the rotating field coils and the variable inductor. In addition, the correct

choice of the capacitor specifications and the physical layout of the circuit could

be determined from a prior knowledge of the voltages appearing across each circuit

component.

In the following analysis the voltage source in Fig. 4.15 and its output resistance

are replaced by the current source Ig = Vg/Rg and the parallel resistance Rg as

shown in Fig. 4.25. In the circuit the voltage V across each branch is given by :

where Y) is the admittance of the ith branch of the equivalent circuit of Fig. 4.25.

It follows that :

_R\ 12 i f AV._ | _Xt 12" ""

where J2i, RI, X\ and X? are defined in section 4.2.3.

The rms currents in the rotating field coil, I\, and in the matching inductor, J2,

can be calculated in terms of the voltage V as follows :

IT/I

(53)
V^i + AI"

and
n/i

(54)

The rms voltages across the rotating field coil and across the matching capacitor

are given by :

|VC01/| = \Il\^Rt + (uL)l, (55)



t: R<

Lc

Fig. 4.25 Norton equivalent of the matching circuit.
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|Vrop| = . (56)

Once the value of the short-circuit current /,, is determined; all the above voltages

and currents can be calculated. Ig can be deduced from the maximum power Pmax

using the relation,

pmax = \MR, . (57)
The following results are obtained assuming that Pmax—^ KW.

The contours of constant current for I\ and /2 are plotted in the RP—LC plane and

shown in Fig. 4.26 and Fig. 4.27 respectively. The plots show that both currents can

have a maximum value when Rp = 0 Q; this situation could occur in the laboratory

if the preionization circuit failed to breakdown the gas prior to the application of

the r.f. currents. The respective maximum values of the currents Ji and J2 are,

\I\\max = 140.6 Amps

l-fc U«* = H2.6 Amps.

As was mentioned before, the rotating field coils and the matching inductor were

constructed using the insulated inner conductor of the RG8A/U cable and copper

tubing respectively. Both coils were able to dissipate the maximum r.f. power pulses

without any significant heating.

The contours of constant peak voltage across Cv, Lc and Lv are plotted in the

Rp — Lc plane and shown in Figures 4.28, 4.29, 4.30 respectively. Again these

voltages have maximum values when Rp = 0 fi :

(voltage across (?„) = 46.5 KV(peak)

(voltage across Lc} = 43.7 KV(peak)

(voltage across Lv) = 3.97 KV(peak)
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Fig. 4.26 Contours of constant I\ (current in the rotating field coil),

in the Rp — Lc plane.

[Contour spacings = 10 Amps]
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Fig. 4.27 Contours of constant /2 (current in the variable inductor),

in the Rp — Lc plane.

[Contour spacings = 5 Amps]
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Fig. 4.28 Contours of constant peak voltage across Cv

in the Rp — Lc plane.

[Contour spacings = 2.5 KV]
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Fig. 4.29 contours of constant peak voltage across Lc

in the Rp — Lc plane.

[Contour spacings = 2.5 KV]
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Fig. 4.30 contours of constant peak voltage across Lv

in the Rp — Lc plane.

[Contour spacings = 200 Volts]
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he above voltage calculations show that the voltage across the matching capac-

-. exceeds the maximum r.f. voltage ratings of the CAPTRON-RF capacitors.

> the voltage across the rotating field coil exceeds the maximum insulation rat-

of the RG8A/U cable. It was for this reason that we adopted the special

<truction described in section 4.2.3.



CHAPTER 5

DIAGNOSTICS AND DATA ACQUISITION
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The principal diagnostics used in this study were Hall effect magnetic probes and

conventional magnetic probes. They will be described in section 5.1. The voltage

and current probes used in the power measurement technique will be discussed in

section 5.2. The digital data acquisition system will be described in section 5.3.

5.1 Magnetic Probes

The steady components of the Rotamak VI magnetic fields were measured using

a magnetic probe based on a Hall effect element (a SIEMENS type SBV 566 Hall

generator). The sensitive area of the probe was a plane surface with dimensions

0.9 mm x 0.9 mm, mounted on a ferrite base to increase the probe sensitivity.

The output voltage across two leads of the probe was proportional to the product

of the amplitude of the magnetic field component normal to the element surface

and the dc control current through the other two leads of the probe. The maxi-

mum control current ratings for the probe element described above was 50 mAmps.

However, the typical current was chosen to be 20 mAmps to minimize the amount

of power dissipated in the element. The probe temperature was found to drift at

higher control currents causing the probe sensitivity to drift after a few minutes of

operation. The operating value (20 mAmps) was chosen to eleminate this problem

and, at the same time, to ensure a high signal-to-noise ratio for the range of field

amplitudes measured in the experiment. The control current was generated by the

circuit shown in Fig. 5.1. The power supply for the circuit was a package of four

NICD 1.2 V rechargable battaries which were checked regularly to ensure that the

circuit produced a constant current.

The Hall generator was mounted on the end of a stainless steel tube (3 mm O.D.)

which was used to support and shield the probe leads which were twisted and fed

through the tube. The actual sensing element of the probe was not electrostatically

shielded. The voltage output signal was transmitted via 50 fi triaxial cable to a



Voltage Regulator

Qjtput

Fig. 5.1 Circuit diagram for the voltage regulator used to generate

the control current for a Hall magnetic probe.
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Faraday cage. The probe leads were connected to the inner conductor and the

middle layer of the cable. The outer layer of the triaxial cable was connected to the

stainless steel tube; this layer acted as an electrostatic shield and was earthed at

the cage.

Since the probe was designed to measure the steady components of the magnetic

field, a study of the probe frequency responce was not of particular importance.

However, the r.f. signal picked up by the probe element and its leads was large

enough to necessitate the use of low pass niters. A passive LC low pass filter with

a cutoff frequency of 5 KHz was used for this purpose.

The output signal from the probe was small and it was necessary to amplify

the signal before recording it. The amplification factor was determined by the

requirements of the recording device. For example, a factor of 10 was sufficient for

recording the output signal on a Tektronix type 468 digital storage oscilloscope.

On the other hand, it was necessary to amplify the probe output fifty times prior

to it being sampled by a #2256 A Lecroy waveform digitizer; this improved the

digitization resolution.

The probe was calibrated using the magnetic field produced by passing a current

through a small (9.5 cm diameter) Helmholtz coil. The current, obtained from the

Rotamak VI vertical field power supply described in section 3.4, was monitored with

a calibrated Model 110 Pearson current transformer (with sensitivity of 0.1 V/Amp).

The field at the centre of the Helmholtz coil was calculated and compared with the

probe signal which was recorded on a storage oscilloscope. In this way the probe

sensitivity was obtained.

To within the experimental error, the probe output was found to be linear over

the range of the applied magnetic field (< 50 gauss). Fig. 5.2 shows a typical

calibration curve for a Hall probe which was constructed and calibrated as described

above. In the figure the probe output in millivolts (amplified 10 times) is plotted
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Fig. 5.2 Typical calibration curve for a Hall magnetic probe.
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against the calibrating magnetic tield in gauss. The line of best tit is drawn through

the measured data points; the mean sensitivity was estimated to be 0.37 gauss/mV.

Four Hall probes were constructed to study the quasi-steady state magnetic

field structure in the Rotamak VI experiment. Two of them were used to measure

the radial profiles of the steady ^-component, Bz(r}, and the steady r-component,

BT(r). The third was a double probe which consisted of two Hall elements mounted

orthogonally in such a way as to measure both the steady Bz(r) and BT(r] compo-

nents at the same time. An axial probe was used to measure the axial profile of the

Bz(z) component along the z-axis.

A time-varying component associated with the rotating magnetic field was mea-

sured using a conventional wire-wound probe. The probe was in the form of a coil

of 50 turns of 39 SWG enamelled wire wound onto a rectangular plastic former with

dimensions 4 mm x 2 mm x 2 mm. The coil was mounted onto a copper tube to

shield the probe leads. The output voltage signal was transmitted via triaxial cable

to the Faraday cage. The signal was then filtered by a low pass 1.5 MHz filter to

eliminate the higher harmonics of the rotating field and the signal picked up from

the preionization r.f. field (~ 12 MHz).

The probe was used to study the penetration of the applied rotating magnetic

field into the plasma. This was done by orientating the probe in such a way that it

sensed only the azimuthal component of the rotating field, i.e. B0(r, t). Since the

amplitude of the rotating field varied only slowly with time, no signal integration

was required and the probe output (~ d B g ( r , t ) / d t ) was proportional to Bg(r,t] to

within a constant multiplier which was included in the probe calibration. Cross-

plotting of the probe signals obtained at 40 radial positions yielded radial profiles

of the amplitude of BO at a number of times during the Rotamak discharge.

In practice, the filtered probe output was monitored on a Tektronix type 468

storage oscilloscope using an envelope mode or sampled by a #2256 A Lecroy wave-
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form digitizer. A special clock signal was required co enable the digitizer to sample

the probe signal at preprogrammed time windows during the discharge period. The

circuit which was designed to produce this clock signal is described in section 5.3.

The probe was calibrated using a similar procedure to that outlined earlier in this

section, except that in this case the Helmholtz coil was fed from an ENI A-300 power

amplifier which was driven from a constant amplitude Tektronix signal generator

type 191 at 1 MHz. The amplitude of the probe output was found to be propor-

tional to the amplitude of the applied field to within the experimental error. The

calibration curve of the wire-wound probe is shown in Fig. 5.3, in which the ampli-

tude of the probe output in volts is plotted against the amplitude of the calibrating

field in gauss. The mean sensitivity was estimated to be 9.3xlO~3 gauss/mV.

Any of the radial Hall probes or the wire-wound probe could be fitted into the

re-entrant glass probe guides described in section 3.1. The probe was moved within

the guide by means of a microprocessor-controlled stepping motor and associated

drive mechanism. This permitted the position of the probe to be reproduced to

within 0.1 mm. The axial Hall probe which fitted into the axial pyrex tube (see

Fig. 3.3) was positioned manually.

5.2 Power Measurements

In principle, the power P delivered by a generator can be determined by a simple

measurement of the current, /, through and the voltage, V, across the load circuitry

connected to the output of the generator.

In the Rotamak VI experiment, each of the high power r.f. amplifiers was

connected to a rotating field coil via a resonance matching circuit. The theory and

operation of the matching circuit shown in Fig. 5.4 has been described in detail in

chapter 4. The instantaneous values of V and J can be represented by

V = VQ cos ui,
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Fig. 5.3 Calibration curve for the wire-wound magnetic probe.
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where VQ and JQ are the amplitudes of the voltage and current signals respectively,

and <$> is the phase difference between the two signals. The average power dissipated

in the load circuitry is given by

P = -V0I0 cos (j) .

The currents Ji and I2 in the two branches of the matching circuit can be represented

by

/! = IQI C0s((jjt - fa) ,

I2 = I

where IQI and /oa are the amplitudes of the two current signals respectively and fa

and fa are the phase differences between the two currents and the voltage signal, V,

across the generator output. The measurement of /!, /2 and V enabled a determi-

nation of the power dissipated in each branch of the matching circuit to be made.

An appropriate allowance for ohmic dissipation in the lossy parts of the matching

circuit then enabled the power transferred to the plasma to be deduced. The trans-

formed plasma resistance and the change in the rotating field coil inductance due

to the presence of the plasma could also be estimated.

5.2.1 Voltage Measurements

The voltage, V, across the generator output (see Fig. 5.4) was measured with a

resistive divider voltage probe. The probe output signal was transmitted through

a triaxial cable into the Faraday cage, where the signal was filtered using a low

pass filter (1.5 MHz cut-off) and monitored on a storage oscilloscope. The voltage

across the output resistor was coupled to the inner conductor and the middle layer

of the triaxial cable via a ferrite cored isolation transformer of 1 : 1 turns ratio.



Fig. 5.4 Circuit diagram for the matching circuit showing

locations of voltage and current probes.
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This arrangement was necessary to eliminate ground loops which would have been

created if the middle layer of the triaxial cable was earthed at both the amplifier

and cage sides.

5.2.2 Current Measurements

Two current probes were used to measure the currents 7, I\ and 72, identified in

Fig. 5.3. The current probes were self-integrating, ferrite cored Rogowski coils.

One probe was always fitted to the output of the amplifier to measure the total

current, 7, drawn by the matching circuit. The other probe could be fitted to either

of the two branches of the matching circuit to measure either l\ or Ii. The probe

output signal was transmitted to the cage, using a 50 ft triaxial cable, where it

was filtered using a low pass filter (1.5 MHz cut-off) and monitored on a storage

oscilloscope. The current probes were calibrated at a frequency of 1 MHz against a

calibrated Pearson current transformer Model 1025.

The average sensitivities of the voltage and current probes for both phases used

to generate the rotating field are given in the following table :

Voltage Probe

Total current

Rogowski

Branches current

Rogowski

phase A

0.974 Volts/mV

0.087 Amps/mV

0.047 Amps/mV

phase B

0.967 Volts/mV

0.073 Amps/mV

0.046 Amps/mV
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5.2.3 Phase Measurements

A few cycles of the voltage and current signals could be monitored on a storage

oscilloscope at a pre-programmed time window. The time cursor facility of the

Tektronix digital storage oscilloscope type 468, could then be used to measure the

time delay between the two waveforms thus enabling a determination to be made

of the phase difference between the voltage and current signals at the given time in

the discharge.

It was particularly important in these measurements to ensure that no sys-

tematic relative delay was incurred in the transmission of the voltage and current

signals. This was checked by feeding the output of the power amplifiers into a

coaxial resistor (50 ft), which was especially constructed to minimize any reactive

component and thus represent an essentially resistive load. The voltage across and

the current through this load was measured using the identical probes, cables and

filters as were subsequently used for rotamak measurements. Displaying the voltage

and current waveforms on the oscilloscope enabled any phase differences to be esti-

mated. An additional length of coaxial cable was added to the transmission cable

carrying the appropriate signal to null this phase difference. This procedure was

performed regularly as a systematic check on the power measuring system.

5.3 Data Acquisition System

The data acquisition system was based on an LSI-11/03 central processor; the

system is shown schematically in Fig. 5.5. The Lecroy fast transient digitizers

Model 2256 A were used to sample the incoming diagnostic signals. An external

trigger signal was used to synchronize all the digitizers which were utilized. The

characteristics of these digitizers are summarized in the following table :



Lecroy Model 2256 A

20 MHz Waveform

Digitizers.
\

Camac Crate

Kinetics Systems Model 1500.

LSI-11/23

128 KByte Memory.

LA-34
Decwriter.

Kimtron

Model KT-7

Graphics Terminal.

Kinetics Systems

Model 3912-ZIG

Crate Controller.

Data Systems

Model DSD-440

Dual Double Density

Floppy Disk Drive.

hp 7475 A

Hewlett-Packard

Pen-Plotter.

Fig. 5.5 The digital data acquisition system.
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Digitizing accuracy

Internal sampling rate

Total memory

Maximum input signal

Input resistance

S bits

200 KHz to 20 MHz

1024 samples

± 256 mV

50 ft

The minimum internal sampling rate of the 2256 A digitizers was 200 KHz which

.•responded to a sampling period of 5 /J.SGC. This slowest sampling rate, coupled

th the limited memory size of the digitizers (1024 samples), meant that they

.ild only digitize signals having a total duration < 5 msec. In the Rotamak VI

periments, the steady field and current components lasted for as long as the rotat-

? magnetic field pulse duration (40 msec). An external clock signal of frequency

KHz (period 100 /zsec) was therefore used to drive the digitizers. This sampling

,e allowed digitization of the quasi-steady signals for 30 msec before the start of

-j r.f. pulse and for 30 msec after its termination. This enabled a recording to be

tde of the rise and fall of the applied poloidal vertical field.

The Lccroy waveform digitizers were severely limited when used to sample

; 1 MHz r.f. signals. For example, when using the internal clock at a rate of

3 nsec/sample, the limited memory size of 1024 points meant that only 200 r.f.

:les (5 points/cycle) could be digitized (N.B. some 40,000 cycles were contained

the 40 msec r.f. pulse). A circuit was therefore designed to generate an external

ck which could effectively time compress the incoming signal. This allowed the

:roy to sample the r.f. signal over the entire 40 msec pulse. A functional block

.gram of the circuit is given in Fig. 5.6 and its operation is described below :

The clock (20 MHz) is triggered externally and the digitizer begins to digitize

a sampling rate of 50 nsec/sample until a given number of samples, namely 100,

. completed. The clock th'-n stops and waits for a period of ~ 4 msec before



Input clock

Start trigger

Decoding &
Gating
Circuit

Clock output
to digitizers.

Counters _

Fig. 5.6 Functional block diagram for the intermittent clock generator.
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starting again. The process continues until the digitizer memory is full. This allows

"samples" to be taken at ten different times during the 40 msec discharge, each

"sample" consisting of 5 cycles of r.f. (each r.f. cycle containing 20 digitization

points).

After each plasma discharge, the digitized data was both displayed on an oscil-

loscope and transferred from the digitizer memory to the computer memory from

where it was transferred onto a flexible diskette. The data acquisition programs

permitted the data from each discharge to be uniquely labelled by the assignement

of different extension numbers to the filenames.

The data was analysed with either the described computer system or alterna-

tively, the data was transferred via the computer network to the Flinders University

science computer PRIME P750 which was more elaborate in processing large data

files.



CHAPTER 6

EXPERIMENTAL RESULTS



55

6.1 Experimental procedure

In order to produce a plasma discharge in the Rotamak VI device the procedure

described below was followed :

1. The discharge vessel was evacuated to a base pressure of 7.5 xlO~7 torr.

2. Hydrogen gas was allowed to flow continuously through the vessel, the filling

pressure being controlled by a needle leak valve.

3. The different components of the high power r.f. generators and vertical field

power supply were switched into a stand-by condition.

4. The filling gas was weakly ionized with the r.f. preionization system.

5. The vertical field and rotating field pulses were applied.

The preionization field was switched 'off' immediately after the main r.f. dis-

charge to enable a monitoring of the filling gas pressure and the re-charging of the

capacitor bank which provided the power source for the final stages of the r.f. am-

plifier system. The discharge vessel was not evacuated to the base pressure after

each discharge; instead, the hydrogen gas was allowed to flow through the va.cuum

system. The filling gas pressure was monitored regularly with a Cooke ionization

gauge or Edwards ION7 gauge.

The discharge timing sequence is shown in Fig. 6.1. This timing sequence was

triggered manually and the experiments were run with a cycle time of approximately

40 seconds. The timing sequence was controlled by a digital delay unit.

It was observed that when the apparatus was re-activated after a period of in-

activity (say 24 hours or greater), the measured magnetic field signals associated

with the rotamak discharges would not be reproducible for at least the first twenty

discharges. Measurements would not be made until a minimum of ten consecutive,



0 10 20 30 40 50 60 70 80 9,0 100 msec

Ih
Preionization field

n Triggering pulse

Vertical field pulse

Rotating field pulse

Fig. 6.1 The discharge timing sequence.
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reproducible discharges had been obtained. Thereafter, it was found that the rota-

mak discharges exhibited remarkable reproducibility. This irreproducibility during

the early discharges was attributed to an influx of particles which had adhered to

the wall of the discharge vessel during the period of inactivity. A succession of

'cleaning' discharges was sufficient to remove their influence.

6.2 The Rotating Magnetic Field

Ideally, a rotating magnetic field can be generated by feeding two current pulses

of equal amplitudes and dephased by 90° into a set of orthogonally oriented coils.

The structure of the two-phase, two coils per phase system used in the Rotamak VI

experiments has been described, together with the high power amplifiers in sec-

tion 4.2. The influence of eddy currents induced in the conducting vacuum vessel

has been theoretically investigated in section 4.1. There, the components of the

rotating magnetic field have been calculated assuming that the two phases of the

coil system were fed by the currents,

I\ = locosut and I-z = losinujt

where J0 is the amplitude of the coil currents and u>(= 2?rf) is the angular frequency.

The calculated radial profile of the amplitude of Bg is shown in Fig. 4.7 for the

case u>t = 0 and 9 = 0. Note that for uit = 0, the contribution of one of the phases

of the coil system is zero by definition and that the same field can be experimentally

generated by feeding the appropriate single phase of the rotating field coils from

an r.f. source. This was done and the wire-wound magnetic probe (described in

section 5.1) was inserted into the radial probe guide at z = 0 and oriented in such

a way as to detect the azimuthal component of the field generated by the single

phase. Measurements at various r-positions were made, in the absence of a plasma,

in order to obtain a radial profile of the amplitude of the Bg component which could
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be compared with the calculated one. The measured profile was normalized to the

calculated one at r = 0 and both are plotted together in Fig. 6.2. The excellent

agreement between the shapes of the two profiles increases confidence in both the

calculations and measurements.

The complete rotating field system was tested by feeding the two rotating field

coils from the high power amplifiers (with the vessel evacuated), using two high

power carbon resistors to simulate the transformed plasma resistance. The currents

in the two coils were measured at various times during the r.f. pulses. The os-

cillograms of the current waveforms are shown in Fig. 6.3 at three representative

times, namely t = 2, 20 and 38 msec. The relative amplitudes and phase difference

(~ 90°) between the two current pulses remained the same throughout the r.f.

pulse. Note, however, that the amplitude of the current, and hence the size of the

rotating field, decreased with time during the r.f. pulse.

The azimuthal component Bg of the rotating magnetic field was measured with

a magnetic probe inserted along the axial tube to the centre (r = 0 , z = 0) of

the discharge vessel. The probe was rotated in 10° steps through a complete 360°.

Plotting the peak values of the measured magnetic field component as a function of

angle of rotation, 0, is equivalent to plotting the amplitude of the rotating magnetic

field vector as a function of time (i.e. as it rotates). The experimental results for

t — 20 msec are shown in the polar plot in Fig. 6.4. The plot indicates that the

rotating field system generates an uniform, circularly polarized field in the vicinity

of r = 0. Calculations show that the field maintains reasonable uniformity in the

region inside the rotating field coils; it becomes less uniform in the regions close to

the coils and to the vacuum vessel walls where the influence of the induced eddy

currents dominates. The average amplitude of the rotating magnetic field (at the

centre of the vessel) was ~ 6 gauss, The corresponding average cyclotron frequencies
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Fig. 6.2 The radial profile of the amplitude of the Bg component

of the rotating magnetic field at z — 0. Circles are for

measured data and the solid curve is the calculated profile.
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Fig. 6.3 The currents in the two r.f. coils at three selected

times during the discharge.

Top trace : current in coil #1 (46 Amp/div)

Bottom trace : current in coil #2 (46 Amp/div)



Fig. 6.4 A polar plot of the amplitude of the BO component

of the rotating magnetic field at r = 0 and z — 0.
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(calculated with respect to the amplitude of the rotating field) are :

<jjce = 1.05 x 108 rad/sec

wcl- = 5.7 x 104 rad/sec

The frequency of the rotating field was 1 MHz. Thus the ratio of the cyclotron

frequencies to the angular frequency of the rotating field,

was

0.009 : 1 : 16.7

The condition u>cl- -C o> <C wce, which is necessary for current drive, was therefore

satisfied in these experiments. It must be noted that the rotating field amplitude

decreases continuously during a discharge and that the field amplitude also depends

on the penetration of the field into the plasma; the values of the electron and ion

cyclotron frequencies vary accordingly.

The electron-ion momentum transfer collision frequency, z/e,-, can be obtained

from the following expression given by Tanenbaum (1967) :

i/el- = 3.62 x 10-6n,-T-3/2 In A sec'1

where n,- is the ion number density per cubic metre, Te is the electron temperature

in degrees Kelvin and In A is the Coulomb logarithm. Assuming n,- = ne, electron

number density ne ~ 1.0 x 1018 m~3, Te ~ 2 eV and taking In A ~ 10, gives :

i/ei- = 1.024 x 106 sec"1

(Note that higher values of Te would lead to smaller values of i/e,-). The second

condition for current drive, namely
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where 8 is the calssical skin depth, is not at all satisfied for the estimated values of

ne and Te. The rotating magnetic lield is, therefore not expected to fully penetrate

into the plasma and the driven current will be less than the maximum attainable

(=newr). That is, a large degree of slip between the electron fluid and the rotating

magnetic field is expected to occur.

6.3 Field Reversal During Rotamak Discharges

The steady axial magnetic field associated with the driven azimuthal current, 1$,

reversed the applied vertical field at the centre of the vessel during a rotamak

discharge. An example of this reversal is shown in Fig. 6.5. The oscillogram shows

the total axial field component at r — 0 and 2 = 0 (J32(0, 0)) which was measured

using a Hall effect magnetic probe. For the given applied vertical field (~ 15 gauss),

the field was reversed for the whole duration of the r.f. discharge (40 msec).

6.3.1 Influence of the Filling Gas Pressure

The steady axial magnetic field component at BZ(Q,0) was measured as a function

of hydrogen filling pressure. The data was monitored on a storage oscilloscope and

recorded on Polaroid prints. Fig. 6.6 shows the recorded -B2(0,0) data for various

filling pressures. The vertical field was kept constant during the measurements (~

15 gauss). We note that, for a very small range of pressures (0.95-1.1 mtorr), an

apparently stable plasma/field configuration was maintained for the duration of the

r.f. pulse.

On the basis of these results the configuration produced with the hydrogen filling

pressure of 1 mtorr was chosen for further investigation.
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Fig. 6.5 Oscillogram of the steady axial magnetic field component

at r = 0,2 = 0.
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Fig. 6.6 The steady axial magnetic field component at r = 0, z = 0

for various values of filling gas (Hydrogen) pressure.
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6.3.2 Influence of the Amplitude of the Vertical Field

The total axial magnetic field component 52(0, 0) was measured for various values

of the applied vertical field, the filling gas pressure being kept constant at 1 mtorr.

The recorded data is shown in Fig. 6.7. We note that, for higher values of the

vertical field amplitude, the driven plasma current is not maintained for the full

duration of the rotating field discharge.

On the basis of the results obtained from both the filling pressure scan and ver-

tical field scan, one particular discharge was chosen for detailed investigation. The

selected configuration had the following values for filling gas pressure and vertical

field amplitude :

P = 1 mtorr ,

Bv = 15 gauss .

For the chosen configuration both the start and termination of the driven plasma

current pulse coincided with the start and end of the rotating field pulse.

In Fig. 6.8, ten successive hydrogen plasma discharges have been overlayed.

This is a typical example of the excellent shot-to-shot reproducibilty observed in

rotamak discharges for the same initial conditions of filling pressure and vertical

field amplitude.

6.4 Impedance Matching

Impedance matching was of importance in the production of rotamak discharges.

In the Rotamak VI experiments the circuit shown in Fig. 6.9 was used to match

the rotating field coils and plasma load to the output impedance of the r.f. gen-

erators. The theory and operation of the matching circuit have been described in

section 4.2.3.
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Fig. 6.7 The steady axial magnetic field component at r = 0, z = 0

for various values of applied vertical field.
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Fig. 6.8 Overlay of ten BZ(Q,Q) signals showing the excellent

reproducibility of the Rotamak VI discharges.
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Fig. 6.9 The matching circuit of the Rotamak VI experiment.
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The values of the variable capacitor, Cv, and the variable inductor. L,,, required

to satisfy the matching conditions (maximum power transfer to the plasma load)

were also calculated in section 4.2.3 and were found to be :

Cv = 681 pf ,

Lv = 3.97

The above values were calculated on the assumption that the transformed plasma

resistance Rp = 10 ft and they were used as a first approximation in the matching

process. In practice, the transformed plasma resistance depended on the plasma pa-

rameters, could vary during the discharge, and could be different from the estimated

value. In addition, the effect of the plasma on the inductance of the coils was not

taken into consideration in these calculations. For these two reasons the variable

elements in the matching circuit usually required further empirical adjustment in

the presence of the plasma.

The matching circuit was adjusted in two iterative steps :

1. By adjusting the variable capacitor (?„, the total impedance of branch (1) of

the circuit was set to be slightly capacitative.

2. Then, the variable inductor, Lv, (branch (2)) was adjusted to make the total

impedance, at the input of the matching circuit, purly resistive and equal to

the generator impedance, Rg.

In the presence of the plasma, the voltage, V, and the current, I, waveforms

at the input of the matching circuit were recorded at an instant of time, namely

20 msec into the r.f. pulse. The matching elements Cv and Lv were adjusted

iteratively to null the phase between the two signals and keep the ratio V/I equal

to the generator impedance.

The values of the variable elements which satisfied the matching condition in
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the presence of the plasma were measured, and were found to be :

Cv = 943 pf ,

Lv = 4.0 j zH.

The value of the variable inductor is similar to the calculated one. However, the

measured value of Cv is significantly different from the calculated one. This differ-

ence is due to the effect of the plasma on the inductance of the rotating field coil;

this was not taken into consideration in the calculations.

The effect of the plasma on the inductance of the rotating field coils can be

investigated assuming that the estimated value of the transformed plasma resistance

(10 ft) is correct (this estimate was actually based on a preliminary measurement

and will be justified by the detailed power calculations presented in the next section).

The reactances of the two branches of the matching circuit are related to each other

by the following relation (see section 4.2.3) :

x - x n Ri\Ql + 1 R* mA! - -A2(l - -5-)-—™ 75-1 (I)
Kg Qt Qv

where

Xi = ujLc — -^- (total reactance of branch (1))

Xi = ujLv (reactance of the variable inductor)

RI = Rc + Rp

Rc = 2.4 ft (the ac resistance of the rotating field coil)

Rg = 27 ft (generator output impedance)

Qv = 40 (quality factor of the variable inductor)

uj — 2;rf (angular frequency of the rotating field)

In equation (1), Lc will be considered here to be the effective inductance of the

rotating field coil (i.e. it includes the effect of the plasma). Using the measured

value for Lv = 4 /^H, the reactance X\ can be calculated :

Xl = -13.8 ft
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For C,,=943 pf, the effective coil inductance can then be calculated; we obtain :

Lc = 24.7

The effective inductance is thus approximately 10 ^H less than the measured value

in vacuum (i.e. in the absence of plasma).

The voltage across the input of one of the matching circuits, the total current

into the circuit and the current in the rotating field coil are shown in Fig. 6.10. The

voltage and the currents were monitored on a digital storage oscilloscope using an

envelope mode. The figure also shows a few r.f. cycles of the voltage and currents in

the middle of the discharge (20 msec). The voltage and the total current waveforms

are seen to be inphase showing that the input impedance of the matching circuit,

at this time, was purely resistive. The last oscillogram in the figure shows that

the current in the rotating field coil is leading the voltage across the input of the

matching circuit, indicating that this branch of the circuit is capacitative as required

by the matching process.

The plasma parameters varied during the discharge. This meant that the trans-

formed plasma impedance acted like a varying load in the matching circuit. The

plasma load varied to such an extent that ideal matching was only partially ob-

tained during the discharge. The real and imaginary parts of the total impedance

at the input of the two matching circuits are plotted at various times during the

discharge in Fig 6.11. It is seen that the load was always resistive except near the

start and the end of the discharge. The input resistance, however, is only close

to the generator resistance (Rg = 27 ft) at around i=20 msec. We recall that the

matching procedure was performed at the time i=20 msec from the start of the r.f.

discharge.
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Fig. 6.10 Voltages and currents in the matching circuit
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Fig. 6.11 The total impedance at the input of the two matching circuits.
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6.5 Power Measurements

The power delivered to the plasma by one of the r.f. amplifiers can be obtained by

measuring the voltage across and the current through the corresponding rotating

field coil, making allowance for the power dissipated within the coil itself. There

are, however, a number of practical difficulties.

A voltage, V = V0cosu;i, across a circuit and a corresponding current, I =

I0cos(ut — <£), leads to an instantaneous power of :

PI = V0I0 cos ut cos(u>t — (f>)

= Vo/o[cos2u;£cos (f> + cos u>t smut sin (/)] .

The first term is always positive and represents the power dissipated in the resistive

component of the circuit, while the second term is oscillatory and represents the

rate of energy change in the reactive components. The relavent quantity in the

present context is the mean power (i.e. the above instantaneous power averaged

over one or more cycles), that is :

P = -V0I0 cos <t>.
Zt

This now represents the mean rate of dissipation in the resistance of the circuit.

The important thing to note is that if <f> w 0°, as would be the case if the V

and I were measured for a predominantly resistive component, P = ^V0I0 and,

in particular, P would be relatively insensitive to the exact value of (j>. However,

if a predominantly reactive component is involved, (j> ~ 90° and P would be very

sensitive to minor difference in this phase angle. Therefore, a slight error in the

phase could lead to a significant error in P.

Thus, firstly, rather than performing the power measurements across the pre-

dominantly inductive rotating field coil, the measurements were made across the coil

plus the matching capacitor. The impedance of the two circuit elements in series
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should be partially capacitive to satisfy matching conditions. For example, for the

values of matching elements given in section 6.4, the current in the rotating field

coil leads the voltage across the coil and the tuning capacitor in series by ~ 47°.

An error of 5% in determining the phase angle will result in an error of ~ 4% in

the power calculations. Secondly, as outlined in section 5.2.3, measures were taken

to eliminate phase errors introduced by the measurement circuitry itself.

The voltage across the input of the matching circuit was measured using a

resistive divider probe and the currents into the input of the matching circuit and

in the rotating field coils were measured using self-integrating Rogowski coils. The

voltage and current probes have been described in section 5.1.

To calculate the power dissipated in a part of the matching circuit at a certain

time during the discharge, the waveforms of the voltage across and the current

through this part were monitored on a storage oscilloscope at the given time. The

phase difference between the two signals was measured using the time cursor facility

of the Tektronix 468 oscilloscope. The phase difference between the zero-crossings

of the two waveforms was measured for at least four different cycles, the mean

phase difference being then recorded. The excellent shot-to-shot reproducibility of

the rotamak discharges allowed the measurements of the power at different times

during the discharge to be obtained from different plasma discharges. The pre-

programmed time delay facility of the storage oscilloscope was used to display a

window in the r.f. voltage and current pulses at any time during the discharge with

a resolution of ~ 1 msec.

The power delivered by either of the two r.f. amplifiers is affected, mainly, by

two quantities: the anode circuit power supply and the load impedance. The power

supply for the anode circuit was a capacitor bank (described in section 4.2.2) which

was charged to 6 KV and then disconnected from the charging unit prior to making

a rotamak discharge. The bank voltage decreased continuously during the r.f. pulse
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duration (40 msec) thus lowering the maximum available power from the amplifier.

The plasma parameters also changed during a rotamak discharge, causing the input

impedance of the matching circuit to differ from the generator impedance, Rg.

The total power delivered by each of the r.f. amplifiers into its matching circuit

is plotted against time in Fig. 6.12.

By measuring the voltage, V, across the input of each of the matching circuits,

the current in each of the rotating field coils, Jj, and by making due allowance for

dissipation in the r.f. resistances Rc (~ 2.4 £7) of the coils the power transfered to

the plasma by each of the amplifiers can be calculated. The total average power

dissipated in the plasma, which is simply the sum of the powers dissipated by

each of the amplifiers, is plotted as a function of time in Fig. 6.13. We note that

approximately 50% of the total power delivered to the matching circuit is dissipated

in the plasma. This is a very acceptable level of power transfer efficiency.

It is seen that the total power delivered to the plasma drops at a higher rate

during the last 20 msec of the discharge which can be explained as follows :

• During the first 20 msec of the discharge the input impedance of the matching

circuit is approaching the generator impedance, Rg, (see Fig. 6.11(a)) which

improves the efficiency of power transfer to the load and partially compensates

for the drop in power due to the decreasing anode voltage.

• On the other hand, during the last 20 msec of the discharge the load impedance

is deviating away from 7?ff, reducing the power transfer efficiency and enhanc-

ing the effect of the dropping anode voltage.

The presence of the plasma can be represented by a transformed resistance Rp

in series with the rotating field coils. This resistance can be estimated from the

previous measurements. The total effective resistance in branch (1) of the matching
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circuit, RI, (see Fig. 6.9) is given by :

V
Rl = — COS fa ,

h

where 0i is the instantaneous phase difference between the voltage signal, V, and

the current signal, I\. The transformed plasma resistance can then be calculated

from :

Rp = RI — Rc .

The results of the above calculations are shown in Fig. 6.14 for both of the rotating

field channels.

The presence of the plasma not only reflects a resistance in series with the

rotating field coils but also effectively reduces the inductance of the coils from its

value in the absence of plasma. To calculate the effective coil inductance, it is

necessary to know the value of the matching capacitor, (?„, which is 940 pf. The

reactive component of branch (1) of the matching circuit can be calculated from :

V
Xi = —sinfii .

i\

The reactance X\ consists of the series combination of the tuning capacitor Cv and

the effective coil inductance Le
(/t ',

Using the above two formulae, the effective inductance can be calculated. L\^ for

both of the rotating field coils is plotted as a function of time in Fig. 6.15. The

dotted line in the figure shows the inductance of the coils which was measured in

vacuum. The presence of the plasma reduces the coil inductance by about 10

6.6 Measurements of the Penetration of the Rotating Field

The applied rotating magnetic field possesses oscillatory BT- and ^-components. If

the penetration of this field into the plasma is incomplete there will be, in addition,
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an oscillatory 5,-component. In order to gauge the degree of field penetration in

the present experiment, the radial variation of the amplitude of the Se-component

was measured at a number of z-positions.

A wire-wound conventional magnetic probe was employed for this purpose. The

probe was positioned in one of the re-entrant probe guides and oriented in such a way

as to sense the oscillating azimuthal field component, Bg(r,t). Since the envelope

of the rotating field pulse only varied slowly with time, no signal integration was

required and the probe output (oc dBo(r,t)/dt) was proportional to Bg(r,t).

The probe signal was filtered using a low pass filter (1.5 MHz cutoff) to exclude

higher order harmonics of the rotating magnetic field.

A preliminary, qualitative investigation of the penetration of the rotating field

into the plasma was made by measuring Bg at z = 0 and 9 = 0 for a number of

r-positions. The data was recorded on Polaroid prints and the results are presented

in Fig. 6.16.

A more complete and quantitative investigation of the field penetration was

made by measuring the same field component at various z-positions. For each z-

position a radial profile was constructed from measurements at 40 r-positions (steps

of 1 cm). The probe output signal was digitized using Lecroy waveform digitizers

driven by the intermittent clock generator described in section 5.3. The externally

driven digitizers were able to collect data at ten pre-programmed time windows

throughout the r.f. pulse duration. At each time window, a group of 100 digitized

data points, which approximately covered five r.f. cycles, was collected. The ten

time windows were separated by a pause of ~ 4 msec duration during which no data

was collected. The digitized data was then transferred to the computer memory

from where it was stored onto a floppy diskette. Fig. 6.17(a) shows an example of

the full contents of the digitizer memory (1024 points). The first 200 points are

shown in Fig. 6.17(b) on an expanded time scale, the data points being connected
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Fig. 6.16The azimuthal component of the rotating magnetic

field vs. time for various values of r (at z = 0).
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(a) The full contents of a Lecroy digitizer (1024 points)

driven by the intermittent clock generator.

(b) The first 200 data points shownon an expanded scale.

Fig. 6.17 An example of the digitized Bg data.
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with a straight line segments. For a given time window the amplitude of the BO

component was obtained by averaging the recorded peak values over the available

number of r.f. cycles.

Measurements were made between z=-20 cm to z=20 cm in steps of 5 cm.

For each z-position, a radial profile of the amplitude of the BO component was

constructed for each of the ten time windows. All the above measurements were

performed in the r — z plane at 9 — 0.

To quantify the degree of penetration of the rotating magnetic field into the

plasma, the measured profiles of the amplitude of the BO component were com-

pared with calculated profiles of BO corresponding to complete penetration (the

vacuum case). The vacuum profile at a given time was obtained, in turn, from the

measurements shown in Fig. 6.2, due allowance being made for the actual value of

the current which passed through the coil at that time.

The results are shown in Fig. 6.18 for z=0, 5, 10, 15 and 20 cm at five selected

times during the discharge. The solid curves are the calculated vacuum profiles. The

corresponding results for negative z-positions are very similar to those for positive

positions. This is to be expected since Rotamak VI is an axially symmetric device.

6.7 The Steady Magnetic Field Structure of the Rotamak

Discharge

The details of the steady magnetic field structure of the rotamak discharge was in-

vestigated by measuring both the radial (Br(r,z)) and axial (B2(r,z)) components

of the total steady magnetic field. For this purpose the double Hall probe descr >ed

in section 5.1 was utilized. This probe enabled measurements of the two field com-

ponents to be made at the same time. The probe was positioned in the retractable,

re-entrant probe guides, one at a time, and the data was collected at a matrix of

points (Ar=0.5 cm, Az=1.25 cm and A£=100 /^sec) lying in the range r=0.5 cm
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to 40 cm and z=-19.5 cm to +20.5 cm (i.e. 33 2-positions and 80 r-positoins).

The conditioned (amplified, filtered, • • •) raw probe data was digitized and recorded

onto flexible diskettes. Later the raw data was transferred to the physics computer

PRIME P750 via the Flinders University ring computer network for processing and

analysing. The data was adjusted for the probe calibration and the eifects of any

external amplifiers or attenuators.

These measurements involved a large number of separate discharges (2640 shots).

The satisfactory collation of magnetic field data, recorded from 2640 separate dis-

charges, into meaningful profiles requires excellent shot-to-shot reproducibility. An

example of the degree of reproducibility obtained in the present experiment has

already been presented in Fig. 6.8.

6.7.1 Axial and Radial Field Profiles

It has already been mentioned that the measurements of the two field components

were made at the available 33 radial probe guide locations. It was obseved that the

position of the middle probe guide did not coincide with the centre of symmetry

of the discharge vessel (2=0), these two positions differed by 5 mm. Since it was

highly desirable for the purposes of analysis to have the data on an axial grid

which included the position 2 = 0, the measured data was "centred" using linear

interpolations and extrapolations. The new axial grid then covered the range from

z=-20 cm to 2=+20 cm in steps of Az=1.25 cm.

Examples of the radial and axial profiles of the axially centred raw Bz and BT

data are shown in Fig. 6.19 and Fig. 6.20 respectively. These correspond to a time

i=20 msec from the start of the rotating field pulse.

The Rotamak VI device has an axially symmetric vacuum chamber, rotating

field coils and vertical field coils. There is no reason to expect that the generated

stable plasma/field configuration should be anything other than symmetric about
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2 = 0. However, it is seen that the axial profiles of the Bz and BT data shown in

Fig. G.19 and G.20 exhibit a slight asymmetry about ^ — 0. At this point wo wish to

stress that the axial field component, -Bz, is unidirectional above and below 2 = 0

but that the radial field component, Br, changes its sign in going from negative

to positive 2-positions and should be zero at z — 0. An imperfect alignement of

the probe in the glass guide or even in the construction of the probe itself can give

rise to a pollution of the signal of the field component ostensibly being measured

by a contribution from the other field component (and vice versa). The geometry

of a compact torus configuration is such that the polluting signal will add to the

real signal on one side of z = 0 plane and subtract on the other. This may explain

the observed asymmetry in the axial field profiles. Although this asymmetry is

very small, the possibility exists that it may produce non-physical features in the

calculated poloidal flux function and current density. On these grounds, it was

decided to symmetrize the Bz and Br data about 2 = 0. The following prescription

was used for the two field components :

- B,(r.

The symmetrized B, and BT axial profiles (solid curves) are plotted tgether with

the raw centred data in Fig. 6.21 and Fig. 6.22 respectively. The differences are

indeed small.

We should mention here that the radial field component was set to zero at r = 0

(i.e. -5r(0,2) = 0) and we fitted a parabola of zero gradient at r = 0 and passing

through B~ data at r = Ar and r = 2Ar to obtain values for B2(0, z).



in

1
bO

0.2

Fig. 6.21 The axial profile of the B, component at t=2Q msec and r=0.

[Circles are for centred raw data and the solid curve

connects the data points which are centred and symmetrized.]



20

3
oJ
bO

-10 -

-20 -

-30
-0.2

g. 6.22 The axial profile of the BT component at t=20 msec and ?-=5 cm.Fig. 6
4. • *

[circles are for centred raw data and soild curve connects

the data points which are centred and symmetrized.]

0.2



72

6.7.2 Derivation of the Poloidal Flux Function, the Azimuthal Current

Density and the Plasma Pressure

The flux function is given by :

tf = j B . ds ,

where the integration is carried out over a surface spanning the centre of the toroid.

Assuming symmetry about the major axis, the poloidal flux can be written as :

= / 27rr
Jo

The centred and symmetrized data was numerically integrated to obtain \& assuming

that .B2 was linear in r between successive r-values. Poloidal flux was calculated for

each of the 33 2-positions at a selected number of times. The 2673 data points were

used to construct plots of constant flux contours in the r — z plane. The contour

plot at a time i=20 msec into the r.f. discharge is shown in Fig. 6.23. The contours

are plotted within a frame showing the location of the vacuum chamber, rotating

field coils and vertical field coils.

We can easily distinguish a compact torus-like configuration inside the rotating

field coils which is similar to previous rotamak results. However, it is impossible to

interpret the distribution ot the poloidal flux calculated from the raw Bz data in

the region outside the rotating field coils. For high values of r, the r- weighting in

the expression for the poloidal flux magnifies the effects of errors in the measured

B, data. The accumulation of these errors throughout the integration process leads

to a highly unreliable calculation of the poloidal flux in the region outside the coils.

The current density J can be calculated using Ampere's law :

= fji0J .

A method of finite differences was employed to calculate the azimuthal plasma



Fig. 6.23 Contours of constant poloidal flux at t= 20 msec.

The flux is calculated from the centred and symmetrized

Bf data. [Contour spacings=1.2 xlO~6 Webers]
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current density from centred and symmetrized B, and BT data as follows :

1 dBT dBz,
•h = —(•

. dz dr ''

The current density was calculated at every mesh point in the r — z plane and

plots of constant current contours were constructed. The contour plot at i=20 msec

into the r.f. discharge is shown in Fig. 6.24. It is clear that the calculation of the

current density from the field components is very sensitive to errors in the field

measurements. The plot shown in Fig. 6.24 in nearly meaningless; it is even hard to

recognize the current ring which produced the compact torus configuration shown

in Fig. 6.23.

Looking at the plots in Fig. 6.23 and 6.24, the message is very clear; the centred

and symmetrized Bz and Br data in its raw format is not suitable for calculating

reliable flux and current profiles. The two reasons behind this are the coarseness of

the z-mesh and the errors in the field measurements. It was deemed necessary to

smooth the raw data to overcome these limitations. One of the simplest and most

effective ways of smoothing the raw data is to fit a two-dimensional polynomial to

each of the measured field components.

The most general two-dimensional polynomial fitting of the two field components

is given by :

"1 "2

0=0/3=0

a'=0/3'=0

Since the above polynomials are not related to each other in any way, this smooth-

ing procedure, as it stands, does not produce a self-consistent field configuration

satisfying known physical laws. The physical constraint, namely V.5=0 was there-

fore added to the algorithm. This constraint, together with the assumption that

the field profiles are symmetric about z = 0, imposed the following :



Fig. 6.24 Contours of constant current density at t= 20 msec.

The current density is calculated from the centred

and symmetrized Bz and BT data.

[Contour spacings=l.6 xlO3 Amps/m2]
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• An even polynomial (in r and 2) had to be used to fit the Bz data and an odd

one (in r and 2) to fit the Br data.

• The coefficients aa/3 and ba>gi were related to each other.

Under these conditions, the two field components can then be expressed as :

a=0/3=0
ni nz a

77 (r ., \ _ \^ ̂  _E—f1 r2a+l .,2/3-1^r l? i ,~ j j - - 2^ 2^ rrr a/9 •' ">
0=0/3=0" + i

A least squares minimization method was adopted to obtain the coefficients, aa0.

The details of the fitting algorithm are described in Appendix A.

Fitting with different polynomial orders was examined; the values m = 8 and

HI = 4 gave the best fitting. Lower orders polynomials failed to reasonably fit all

the data points (81 r-positions and 33 z-positions). Numerical oscillations were

observed at higher polynomial orders.

The fitted profiles of Bz and BT are shown together with the respective centred

and symmetrized raw data in Fig. 6.25 and 6.26.

The poloidal flux function ^(r, z) and the azimuthal current density J0(r, z)

were calculated from the fitted expressions for Bz and BT. The contours of constant

flux and current density are plotted together at selected times during the discharge.

The radial profiles of the flux and current density (for 2 = 0) are plotted next to the

contour plots in Fig. 6.27(a-g). The profiles should help the reader distinguish the

different contour levels. Note that on the contour plots of current density, the dotted

contours represent negative current densities, the first solid contour surrounding this

negative region corresponds to zero current density and all the other solid contours

are positive. The three dimensional plots of Fig. 6.28 and 6.29 show the flux and

current density, respectively, as a function of r and z at i=20 msec.

The above plots show that a compact torus configuration was generated in the

region inside the rotating field coils. This region of the plasma/field configuration
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Fig. 6.28 Three dimensional plot of the poloid'al flux against

r and z at <=20 msec.



Fig. 6.29 Three dimensional plot of the azimuthal current density

against r and z at i=20 msec.
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is similar to the compact torii plasmas generated in the previous series of rotamak

experiments. In addition, the highly distorted rotating magnetic field in the region

outside the coil system produced two positive current rings. The three positive

current rings are kept apart by a fourth current ring flowing in the opposite direction.

As time progresses in the discharge, the amount of current in this fourth current

ring decreases and there is a definite tendency for the other currrent channels to

merge.

The total driven toroidal current was evaluated from the fitted Bz and Br data

using the integral form of Ampere's law :

I B . d£ = fjL0I.

The path of the integration is shown in Fig. 6.30. The path was chosen so that

it avoided the negative current which was located at the ends of the measurement

mesh (z = ± 20 cm) and which was an artifact of the fitting algorithm. The

total azimuthal plasma current Ig is plotted as a function of time in Fig. 6.31. An

estimate was also made of the total current flowing in the various current rings. It

was estimated that at i=20 msec :

total current in the interior positive current ring=264 Amps

total current in each of the outside positive current rings=150 Amps

total current in the negative current ring=-16 Amps

If we assume that the observed steady-state rotamak equilibrium can be de-

scribed by the pressure balance equation,

VP = J X B , (2)

then the plasma pressure can be obtained from :

P(r,z)= rjg(r,z)Bz(r',z)dr' + C. (3)
Jo

Note that in writing equation (3) we have specifically neglected the influence of

any r.f. pressures and plasma flow that may be present. Equation (3) allows us to



Fig. 6.30 The integration path followed in the calculation of the

total azimuthal plasma current.
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obtain the plasma pressure at any point in the r — z plane to within an additive

constant C. In general, this constant is a function of r. However, it can be shown

that

C = P(0,0)

for an axisymmetric plasma configuration. An arbitrary constant was, therefore,

added to the integral in equation (3) so as to make the pressure positive everywhere

in the r — z plane.

Fig. 6.32 shows a contour plot of P(r, z) at i=20 msec and also shows the radial

profile P(r,0) at this time.
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Fig. 6.32 Contour plot of P(r, z) at <=20 msec. The radial profile

P(r,Q) at this time is shown next to the contour plot.
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7.1 General Observations

The experimental work described in this thesis shows that a stable plasma/field

configuration can be generated and maintained inside a metallic vacuum chamber

by means of a transverse rotating magnetic field. The values of the filling gas

pressure and the applied vertical field significantly influence the characteristics of

the plasma discharge. The driven plasma current is sustained for the full duration

of the rotating field pulse only for a very small range of hydrogen filling pressures

and vertical field amplitudes.

It was observed that, after a period of inactivity, a number of 'cleaning' dis-

charges were required to attain acceptable reproducibility. Thereafter, a very highly

reproducible plasma configuration could be generated provided that the initial val-

ues of filling pressure and vertical field amplitude were kept constant. A typical

example of the excellent shot-to-shot reproducibility which is characteristic of ro-

tamak discharges is presented in Fig. 6.S. In this figure ten successive plasma

discharges have been overlayed. The ultimate use of this noteworthy reproducibil-

ity was made when the data required to construct the poloidal flux and current

density contours was collected from 2640 separate shots at different points in the

r — z plane!

The rotating field pulses were generated using two high power class 'C' ampli-

fiers. These amplifiers were coupled to the highly reactive coil and plasma load via

a resonance matching circuit to maximize the power transfer to the plasma. An

average power of approximately 30 KW was measured at the input of each of the

matching circuits. About 50% of this available 60 KW was actually delivered to the

plasma.

Measurements show that a total current of ~ 550 Amps is driven by this input

power of 30 KW. Compared to the results reported in Durance et al. 1987 (where

500 Amps of current was generated with an input of 10 KW), this represents a
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lo\vcr efficiency. Ho\vcvcr, \vc note that in the plasma/field configuration presently

under investigation, at least 300 Amps flows in the region between the r.f. coils

and the vessel walls where the field lines are predominantly open and the energy

confinement is minimal.

Turning to the penetration measurements shown in Fig. 6.18 the following ob-

servations are made :

• The rotating field fails to completely penetrate the plasma. It is partially

excluded from the plasma by the action of induced screening currents.

• Nevertheless, the mere observation of driven current implies that the pene-

tration is better than that to be expected on the basis of the classical skin

effect.

• In the vicinity of the neutral points of the interior compact torus configuration

(small r, z ~ ±10 cm), the electron density is expected to be small and

it is indeed observed that the rotating field penetrates well in this region.

Further out along the z-axis, the penetration deteriorates once more and this

we attribute to a local high number density brought about by plasma flowing

from the centre to the side walls along open field lines.

7.2 Speculations on the Origin of the Observed Negative Cur-

rent Ring

A noteworthy feature of the observed plasma/field configuration is the existence

of a negative current ring (see the dotted contours of negative current density in

Fig. 6.27). Although the negative current ring does not carry much current, it

appears to play a significant role in preventing the coalescence of the interior positive

current ring with the two outer positive current rings.
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The existence of this negative current ring presents us with a paradox. The

sense of rotation of the rotating field is such that it drives positive current!

Here we speculate that the negative current ring arises from a continuous flow of

ionized gas from the vicinity of the second magnetic axis (that is, roughly between

the two outer current rings), firstly, towards the separatrix of the compact torus

and, then, along the open field lines towards the side walls. Such a flow possesses a

radial component, — ur.

We now consider an Ohm's law of the following form :

77 J = v X B ,

and, more specifically, its ^-component :

r] Jg = vzBT - vrBz. (1)

We note that within 'the region where negative current is observed, the components

of the steady magnetic field and the postulated flow are such that :

BT < Bz

and

vz < vr

Equation (1) then reduces to :

rjjg = -vTBz .

The formation of the internal compact torus configuration dictates that B, is neg-

ative in a right-handed (r, 0,z) system of coordinates and hence :

^
The postulated flow thus leads to the generation of a negative current density.

Unfortunately, our knowledge of the plasma parameters is insufficient for us to even
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make a rough estimate of the value of ?/ in the region under consideration. It docs

appear, however, that the required flow velocity must be such that it provides an

e.m.f which more than balances the effective e.m.f due to the rotating field and, yet,

at the same time, be not so large that it affects the pressure balance described by

VP = J X B. (Note: In the next section we demonstrate that VP = J X B is

indeed satisfied in the region under consideration).

In this section, we have postulated the existence of a steady flow. We now

further speculate that this continuous flow consists of a flow of plasma from the

interior of the discharge vessel to the side walls (as previously described) where

recombination occurs. The neutral particles then diffuse back into the volume of

the discharge chamber where they are re-ionized and the cycle is restarted.

7.3 Application of MHD Equilibrium Theory to the Observed

Plasma/Field Configuration

In this section we examine how well the observed plasma/field configuration can be

modelled by the pressure balance equation :

VP = J X B . (2)

In writing this equation we have deliberately ignored the influence of both the

ponderomotive force due to incomplete penetration of the applied rotating field

and any plasma flow. In the absence of a steady toroidal field (and in cylindrical

coordinates (r ,# ,z)) , equation (2) can be written in component form :

fr = J'B- (3)

(4)

It follows that if the pressure balance equation is satisfied then :

-(J,B,) EE (-J,Br) (5)
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at all point?. The quantities Jn(r, z\ B . f r . z } and B.(r.z] have been measured and

Fig 7.1 shows the radial variation of both ^(JgB,) and ~^( — JgBT} at a number

of 2=constant planes. It appears that, within experimental error, identity (5) is

reasonably well satisfied in the region -10 cm < 2 < 10 cm for all values of r.

For an axisymmetric toroidal system with no toroidal magnetic field, equation

(2) leads to the following form of the Grad-Shafranov equation :

o \\dib\ 527/> T idPr~z~ —^~\ + ~o~~T = ~fJ'OrJe — ~Afor "TV • (6)or \r or \ oz1 oip

Here i/> is a stream function proportional to the poloidal magnetic flux (i/> = \I//27r)

and P(VO is the plasma pressure. This equation can be solved using the ROTA code

(Storer, 1982) in which the user specifies the functional form of P(T/>); the value of

the total toroidal plasma current; the value and geometry of the applied 'vertical'

magnetic field; and the value of i/> at the vessel wall in the 2 = 0 plane V'/im-

We choose to analyze the <=20 msec data, this being typical of the steady-state

phase of the discharge.

Previous studies (Durance et al. 1982; Durance et al. 1987) have shown that

the inner magnetic configuration of positive flux can be adequately modelled using

a variety of functional forms of P(VO- Here we will assume the Solov'ev solution in

which P a 0.

In order to obtain guidance as to the form of P(^) to be adopted for the outer

negative flux configuration, the plot of J$/r(= |£) versus r shown in Fig. 7.2 was

constructed using experimental data from the region :

(i) -10 cm < 2 < 10 cm

(ii) 0.5 cm < r < 37.5 cm f-j\

and (iii) -5.3 x 10~5 < </> < 0 .

Note that this is the region within which it appears that the pressure balance
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equation,

VP = J X B ,

is satisfied.

Our aim is to construct a function P(VO which both fits the experimental data

within the errors and which, when used in ROTA, yields current density and flux

distributions which correspond as close as possible to those shown in Figs. 6.27(d).

These latter experimental plots impose some stringent conditions on the choice of

P(?/>) if the modelling is to reproduce their features. For instance, the two outer

positive current rings fall mostly outside the contour of ?/> = i/Jum. By reference to

the point r=37.5 cm, z=0 cm in Fig. 6.27(d), we see that the current density along

the contour i/) = i/>;im is very nearly zero. Thus, to model these outer current rings,

a §£(?/>) must be chosen which goes to zero at ?/> = ?/>;im but then goes positive for

smaller values of ̂ . Accordingly, we adopt the following functional form for |£ :

, . n OP Po
^ > 0 : — = —

Oip ipa

gp p (^4[cos(/3i~—) + /32] )
ib < o : = — { ^2 H i — 04(1 + 02) > (8)

#</> VM C1 + 3r-)^3k v Vlim ' )

where

and ?/>„ is the flux at the magnetic axis of the inner compact torus configuration.

We find that the following values of the 0 parameters give the closest agreement

between ROTA modelling and experiment :

A =4.5; & = 1.2; & = 3.0.

The assumed |̂  and the associated contour plots1 of poloidal flux, current density

and pressure are shown in Figs. 7.3-7.6 respectively.
lNote that a rectangular boundary appropriate to the experiment and a numerical mesh of

33 x 33 was used in ROTA to derive these plots.
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The most obvious difference between this particular simulation and the exper-

imental measurements is the lack of a second, outer magnetic axis. In addition,

the outer current rings are leaning against the wall as would be expected from a

consideration of the fact that Jgjr is a constant for a given value of ?/;. We speculate

that the ponderomotive force due to screening currents in the plasma (note that the

penetration of the rotating field is only partial in this region) and/or hydrodynamic

flow effects strongly affect the observed configuration in the region ?/i < V^im- If

these additional forces act in such a way as to move the outer current rings inwards,

away from the vessel wall, then a simple consideration shows that the observed

second magnetic axis would be produced.

An obvious shortcoming of the form of |£ which we have adopted is its total

inability to model the positive current on the 2 = 0 plane which is observed to exist

in between the negative current and the wall (see Fig. 6.27(d)).To overcome his

problem, we assume the same functional form for |£ but, now, set |£ to zero for

V> < ''him- We also take :

ft = 8.0; ft = 0.7; ft = 3.6.

The results of this simulation are shown in Figs. 7.7-7.10 where we see that now

there does exist a second magnetic axis in the derived configuration. In addition,

the negative current region is of a more appropriate size. On the contrary, the

two outer current rings are not modelled as such, but rather coalesce into a second

centred ring of positive current.

In this section we have modelled the observed plasma/field configuration with

two models of approximately equal merit. Taken together these models reproduce

nearly all of the experimental features but taken separately, neither model provides

an adequate description on its own. We speculate that the effects of r.f. pressure and

flow are important in the outer regions of the observed configuration and presumably

intermix in some way the two models which we have considered. The Solov'ev model
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appears to adequately reproduce the interior features of the observed^ configuration.

7.4 Future Work

One of the main results of this work has been the observation of significant plasma

current outside the rotating field coils. Since these currents are unconfined in the

sense that they exist in regions of open steady magnetic field lines, they represent an

undesirable component of the plasma/field configuration. Future work, therefore,

must concentrate on methods of eliminating (or reducing) these outer currents.

Possible ways of achieving this are envisioned by the author as follows:

• Increasing the radius of the rotating field coils

We desire to produce plasma current only within the rotating field coils. An

obvious way to increase this current compared to the current driven outside

the coils (for a vacuum vessel of fixed size) is to increase the rotating field coil

radius. However the coils cannot be moved too close to the metallic vessel

wall, since eddy currents in the wall would tend to reduce the amplitude of

the rotating field; some optimum value of coil radius would need to be chosen.

• Adjustment of the vertical field geometry

All the experiments in this thesis were performed using the same vertical

field. Physical constraints imposed by the vacuum vessel kept this field to an

extremely tight mirror (mirror ratio = 7.34). As stated above, the unwanted

plasma current lies on open steady magnetic field lines. Adjustment of the

vertical field geometry may be able to move this plasma current into a region

of better confinement and hence reduce the energy loss channels.

• Addition of a limiter
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It may be thai, either a bingle hauler or multiple hunters at different a/nuuthul

positions could be used to eliminate the unwanted outer plasma currents.

Further work would also include an investigation of the energy content of the

plasma and a determination of power balance. In this regard, measurements of

plasma density and temperature would be useful. The metallic vessel wall seems to

Ifwl naturally to the use of a single langmnir probe for this purpose.



APPENDIX A

A Two Dimensional Least-Squares

Polynomial Fitting Algorithm
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In order to construct the poloidal flux and azimuthal current density contours

presented in the body of this thesis, the magnetic field data was collected at a matrix

of points in the r — z plane (80 r-positions and 33 z-positions). Errors made the

interpretation of the calculated flux and current density contours derived from the

raw data difficult (see Fig. 6.22 and Fig. 6.23). The two dimensional least squares

polynomial fitting algorithm described here was employed to smooth the measured

data. The computed polynomial coefficients were then used to derive the poloidal

flux and current density presented in Fig. 6.26 .

A.I The General Method

Given a function H ( r ^ Z j ) which is defined at a matrix of points Nr x Nz in the

r — z plane, where NT and Nz are the number of points in the r and z directions

respectively. We wish to find the coefficients aa/j of the polynomial

./*•?*, (1)
a=0 0=0

which fits the points H(r^ Zj) as closely as possible. The polynomial orders in the

r and z directions are n\ and n2 respectively.

The two dimensional least squares polynomial is then obtained by choosing aap

so that :

5r = ED^.^)-J5r(r,-,^-)]a (2)
t=i j=i

is a minimum. By substituting from (1) into (2), S can be written as :

5 = E D£ to. *>) - £ £ a«0rfzff . (3)
i=l j=l a=00=0

The necessary conditions for 5 to be a minimum are :

GO Nr Nz 11 "2

- = - D# to, *j) - £ E «a*r?*?]r# = 0 ,
j=l a=0j3=0

for (e = 0, 1, • • • HI and 6 = 0, 1, • • • n2) . (4)
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This condition yields a set of (n-[ 4- l)(n? + -0 linear equations in the same number

of unknowns <iaQ. If we define :

v.* = EE #(»•<,*,•>•?*}, (6).•=1 j=i
equation (4) can then be written in the form :

E E T°^a^ = VeS . (7)
a=0 0=0

By performing the following index transformation :

H = a(n2 + !)+/? (8)

v = e(n2 + l) + <5, (9)

the tensor Ta0e6 is reduced to the matrix T^, and the two matrices aap and Ves are

reduced to the vectors A^ and V^ respectively. Equation (7) can then be reduced

to :
ni(ns+l)+n2

E T^A» = V, . (10)
^=o

The set of linear equations given in (10) has a unique solution (^4M) provided that

the determinant of the matrix T^v is non-zero (which is true for any reasonable

physical problem).

A. 2 Two Dimensional Fitting Under the Constraint V. J3=0

The two magnetic field components J3z(r,-,Zj) and Br(r,-,2j) were measured at a

matrix of points Nr x Nz in the r — z plane. In general, the method described in

section A.I can be used to fit a two dimensional polynomial for each of the field

components as follows :

a=0/3=0
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jrfz . (12)
a'=0/3'=0

The coefficients aa/g and bQ> g can be obtained by following the analysis described in

section A.I. However, fitting separate polynomials to each of the field components

in this manner does not lead to the generation of magnetic configurations which

satisfy V.B = 0.

A polynomial fitting procedure which gives physically acceptable configurations

can be obtained by applying V.B = 0 as a constraint. Assuming symmetry about

the major axis, V.B = 0 can be written as :

~(rBr) + fi = 0 . (13)
r or oz ^ '

The relationship between BT and Bz implied by equation (13), together with the

assumption that the field configuration is symmetric about 2 = 0, imposes two

constraints on the fitting algorithm :

• An even polynomial is to be used to fit the Bz data and an odd one to fit the

Br data.

• The coefficients aap and ba> g defined by equations (11) and (12), respectively,

are related to each other through equation (13).

Equations (11) and (12) can then be re-written as :

/^f (14)
0=0/3=0

~l . (15)
a=0/3=0a"t" *•

The coefficients aa/j are to be determined so that

5 = EE{ [ s2(^o - £ XX^zf ]2

1=1 j=l Q = 0/?=0
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is a minimum. The condition for S to be a minimum is

/}C NT Nz Til "2|£-2£i;{-[&<,•„ *,)-££«
Uu-c6 t=l j=l a=0/3=0

ni "2 fl X

for (e = 0,1, • • • na and <5 = 0,1, • • • n2) . (17)

In a similar fashion to the analysis described in section A.I, we define :

Nr N;

-i=i j=i - . -

-1]. (19)
i=l j=l

Equation (17) can be written in the form :

^£5aa/3 = K f i . (20)
a=0;9=0

By performing the index transformation defined by equations (8) and (9), equation

(20) reduces to :
il(i2+l)+n2

^4, = Vv . (21)

The set of linear equations given by (21) was solved for A^. The method of Gauss-

Jordan elimination was employed for this purpose.

A.3 Comments On the Two Dimensional Fitting Algorithm

• The calculation of the elements of .the tensor Tajg£$ was very time consuming

process (CPU time-wise), but fortunately, the elements depended only on the

co-ordinates mesh (r,-, Zj) and had to be calculated only once for the typical

polynomial orders n\ = 8 and n-i = 4. The same tensor elements were used

to calculate the coefficients aap for all time samples during the discharge

duration.
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• As mentioned before, the Gauss-Jordan .elimination method was used to solve

the set of linear equations given in equation (21). This was the sole part of the

algorithm that required very high numerical accuracy. The matrix TVII was

ill-conditioned and quadruple precision was required to accurately obtain the

inverse of this matrix. Elsewhere in the algorithm, double precision accuracy

was sufficient.

• The poloidal flux $ was calculated by integrating the expansion for Bz given

by (11):
T B,(r',z)r'dr' . (22)

Assuming that \& = 0 at r = 0, we obtain :

. (23)
a=0/3=0 ~ "

• The azimuthal current density was calculated using equations (11) and (12)

in the following equation :

dBz QBT

"•'•— 5r+&" (24)

We obtain :

TV... 7.\-
 1 V V [ o 2a-l 26eta , /^(2^ ~ ^ 2or+l 2/?-2

Je(ri,Z]) - -— 2^ 2^ I ^art zj "I -- TTTl r« 2>
^° 0=0/3=0 \ a -f i
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