SUPPRESSION OF THE TOROIDAL DRIFT AND OTHER ASPECTS

OF THE POLYTRON PLASMA CONTAINMENT DEVICE

Hernan Humberto Chuagqui

This thesis is submitted in partial fulfilment
of the requirements for the Degree of Doctor
of Philosophy in the University of London

1978



THE POLYTRON



To Ana Maria



ABSTRACT

It 1s well known that plasma in a cusp magnetic field is stable.
However, the containment time is seriously limited by plasma leakage
through the ring cusp. Iﬁ the Polytron this could be suppressed in
principle by giving the plasma a centre of mass motion through mul-

tiple cusps around a toroidal axis.

Earlier experiments showed that the plasma containment in the
Polytron is limited by an overall outward motion of the plasma. In
the present work it is shown that this motion can be controlled by
applying a vertical magnetic field. This allows the plasma to attain
a centre of mass velocity higher than the mean ion thermal velocity,
this being an essential condition to be met in order to reduce losées
through the ring cusp., This loss has been investigated and results
indicate that there is a large initial loss, arising from regions of
uncontained particles, becoming small at later times, as expected from

centre of mass velocity measurements,

To obtain complete control of the plasma column position we
would require a vertical magnetic field capable of changing at the

same rate as the plasma current.

Possible ways of suppressing the initial loss of plasma through

the ring cusp are discussed.
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A NOTE ON UNITS

Except where stated rationalized mks units are used.
Exceptions to this rule are plasma temperature and
filling pressure, which are given in eV and mTorr

respectively.

A NOTE ON COORDINATE SYSTEMS

Cylindfical or toroidal coordinates are used. Cylin-
drical coordinates are r, 8 or ¢ and z. Toroidal

coordinates are r, ¢, 0.
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Said the Eye one day, "I see beyond these valleys a mountain

veiled with blue mist. Is it not beautiful?"

The Ear listened, and after listening intently awhile, said,

"But where is any mountain? I do not hear it."

Then the Hand spoke and said, "I am trying in vain to feel it

or touch it, and I can find no mountain."
And the Nose said, "There is no mountain, I cannot smell it."

Then the Eye turned the other way, and they all began to talk
together about the Eye's strange delusion. And they said, "Some-
thing must be the matter with the Eye."

from "The Madman: His Parables and Poems"
by Kahlil Gibran

(9 Administrators C.T.A. of Kahlil Gibran
Estate, and Mary G. Gibran., By permission
Alfred A Knopf, Inc.
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Chapter 1

INTRODUCTION

The Polytron is a plasma containment device proposed by Haines (1961) ,

as a possible controlled thermonuclear arrangement. Basically it is a
toroidal multiple magnetic cusp device in which plasma containment and
heating is achieved by Hall acceleration in the toroidal direetion. In
this thesis successful operation of the Polytron as a containment device

is demonstrated for the first time (in argon). It is further shown that

a modification of the magnetic cusp geometry would reduce plasma losses,
particularly initial losses, and allow operation in deuterium, thus inc-
reaéing the potential of the Polytron as a controlled nuclear fusion

device.

In the present chapter the Polytron is considered in the context of
controlled nuclear fusion research. Its basic concept and criteria for
operation are given. A summary of earlier work and the author's contri-
bution is presented. A brief description of the apparatus is given.

Finally the organisation of this thesis is described.

1.1 The Polytron as a controlled nuclear fusion device

There are two basic conditions which have to be satisfied in order
to achieve controlled nuclear fusion: the plasma temperature has to be
higher than 10 keV for D-T reaction and the so—-called Lawson criterion
has to be fulfilled, i.e. the product nt of plasma number density n and

containment time t has to exceed 10!% em”3 s.

There are two ways in which the required conditions can, in prin-
ciple, be met: 1inertial and magnetic confinement. The Polytron is a
magnetic confinement device in which inertial effects are essential to

reduce plasma losses.

1,1,1 TInertial confinement

In inertial confinement systems a small pellet of D-T fuel is
rapidly heated and compressed to temperature and density at which fusion

accurs. Laser, electron or ion beams and fast rising magnetic fields
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can be used to achieve the required compression. The expansion of the
compressed plasma is determined by ion inertia andrthe plasma potentials
(of the order of the electron temperature) available to accelerate the
jons. As the plasma expands the Lawson criterion is no longer satisfied.
Times under 10710 sec and densities ~1023 cm~3 are typical for current

experiments.

1.1.2 Magnetic confinement

There are two types of magnetic confinement devices: closed and
opeﬁ magnetic surfaces. The two types can be further subdivided into
stationary and flow type devices, depending on whether the centre of
mass velocity of the plasma is smaller or larger than the ion thermal

velocity.

1,1.2.1 Closed magnetic field systems

In this class the more important types are tokamaks, stellarators
and toroidal diffuse pinches. Tokamaks appear very promising, a sub-
stantial effort being dedicated to them. Confinement times have been
improved to 50 ms with an nt product of 1013 ecm~3 s. It is expected
that the next generation of tokamsks (JET, TFTR, T20) will achieve
scientific break-even, i.e. as much energy produced by fusion as is fed
into the plasma. For "two-component" tokamaks in which a tritium beam
is injected into the tokamak filled with a stationary deuterium plasma,
the required nt product is an order of magnitude smaller than for a
stationary tokamak (Furth, 1975).

Recent stellarator experiments (Miyamoto, 1978) have shown that it
is possible, with ohmic heating, to reach the same plasma parameters as
in tokemaks. Temperatures around 1 keV and nt values of 5 x 10!! cm=3 s

have been obtailned.

Toroidal pinch experiments have achieved temperatures of around
2 keV and nt values of 1012 cm™3 s (Bobeldijk et al., 1977). All the
experiments of this type are of relatively small size where plasma-wall

interaction plays a dominant role.

A recent proposal by Rostoker (1977) describes a closed magnetic
field experiment in which plasma flow plays an important role. The
proposed device is a multiple magnetic mirror arranged as a torus. A

toroidal electric field accelerates ions, while electrons (except those
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in the loss cones) are trapped in the mirror fields. Ion acceleration
is by Hall effect, as in the Polytron. Eventually accelerated ions

will be extracted for use in a compression experiment.

1.1.2.2 Open magnetic field systéms

Open systems are generally simpler than closed systems. Their
main disadvantage is the loss of plasma and energy through the magnetic
field openings. However, plasma loss can be used for efficient direct

conversion of plasma energy to electricity (Post, 1969).

Magnetic mirror machines are open magnetic field devices on which
considerable interest is centred. The production of a stable, hot
plasma (10-20 keV) with densities of up to 10!% cm™3 for times of 2 ms
has been reported (Coensgen et al., 1976). However, plasma losses and
particularly energy losses by electron thermal conduction through the
ends are too high for a fusion reactor. Nevertheless calculations indi-
cate that this problem may be overcome in the tandem geometry now under

construction at Livermore.

Linear flow reactors have been proposed by Morozov (1968), where
plasma flow heats and compresses a small volume to thermonuclear )

conditions.

Linear accelerators, used to produce ion or neutral beams to heat
contained plasmas, are widely used. Amongst these Hall accelerators
(Morozov et al., 1968; Cole, 1970; Lomas, 1975) are of special interest
to us, as éhey'are closely related to the Polytron. Large current ion
beams can be obtained. The beams generated have a large divergence,
which 1limits their applicability as beam injection devices. An inter-
esting new development is Pulselac (Humphries, 1977), a linear multi-
stége ion accelerator. Different stages, which consist of an annular
drift tube, are separated by a gap with a radial magnetic field. The
radial magnetic field allows a strong accelerating field without electron
flow. Pulsed lines are to be used to provide the accelerating voltage.
Effective acceleration and focussing of an annular ion beam of energy of
300 MeV appears feasible. The device is envisaged as a source of ions

for pellet compression.

Amongst other open devices like linear pinches, solenoidal systems

and plasma focus, the latter one has the highest nt value (1012 cm™3 s

with T =T, =1-3 keV, and n = 1020 cp~3),
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The Polytron is an open magnetic field device. Its toroidicity
and ion flow should make plasms losses negligible, The main advantages
of the Polytron compared to most closed magnetic field devices are the

following:
a) Cusp magnetic field geometry has absolute MHD stability.

b) Ion heating is mainly viscous in the Polytron, and therefore ine-
reases with ion tempersture. In closed magnetic field devices,
such as tokamaks, heating is ohmic. Thus it is essential in these
devices to provide additional ‘heating. The usual scheme used in

present day experiments is neutral beam injection.

c) In the Polytron ions in the ring cusp region are preferentially
accelergted. These acceierated ions will flow past a background of
stationafy ions. The minimum nt value should therefore be smaller
than 104 emn™3 é, as is the case in two-component tokameks. In the
present Polytron the nt value of about 10°2 cm™3 s is limited by
wall effects.

1.2 The Polytron concept and criteria for Polytron action to ocecur

For a plasma containment device to be suitable for fusion the fol-

lowing conditions have to be met:

i) The configuration has to be stable for times longer than the
minimum time derived from Lawson's criterion. The density is
determined by criteria that depend on the particular configuration

employed.

ii) Losses have to be a small fraction of the contained plasma during

this time.

iii) Ion tempersture has to be high enough, so an adequate fusion

reaction rate is established.

It is a well known fact that a cusp magnetic field geometry has
absolute magnetohydrodynamic stability (Berkowitz et al., 1958). How-
ever, large losses occur through the point and ring cusps. The Polytron
is a configuration proposed to eliminate these losses. It is a multiple

magnetic cusp device, cusps being joined end-to—end into a toroidal
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configuration. Ions are accelerated by means of a toroidally induced
electric fiéld toAvelocities much—higher than their thermal velocity,
thus reducing losses through the ring cusbs. Plasma-heating is due to
resistivity and viscosity. Ion acceleration is due to Héll effect.

Thus the Polytron is a toroidal Hall accelerator. However, unlike
linear Hall accelerators (Morozov et al., 1969; Cole, 1970; Lomas, 1975)
no iron core is present. This facilitates the study of the acceleration

mechanism and the plasma.

Haines's proposal was first put forward at the 1961 Salzburg Fusion
Conference and again at the 1963 Paris Ionized Gases Conference. An
Imperial College report (Haines, 1962) gives a detailed account of the
proposal. A review on cusp magnetic field devices recently published
(Haines, 1977) gives an account of the present situation and discusses

their possible application as fusion devices.

To obtain Polytron action, the following must hold:

(i} The Hall parameter, wt, for electrons must satisfy

oBr .
wt = —=>1 1.1
n e
e
vhere w is the electron cyclotron frequency, 1 the electron-electron
collision time, o the conductivity, Br the radial magnetic field and
ng the electron density. This condition, obtained from Ohm's law
(Haines, 1962), ensures that Hall current flows. In the present device,

this condition holds everywhere except near the magnetic axis.

(ii) The ion Larmor radius ar has to be

= I L
g, = By, 73 1.2

where L is the cusp separation and B the average value of the radial
cusp magnetic field. This condition is derived assuming a uniform elec-
tric field (Haines, 1962). If 1.2 does not hold, ions will not be able
to move from one cusp to the next. In the present device it holds for
argon ions but not for hydrogen. This is why the experimental results

presented are for argon only.

For electrons inequality 1.2 should be reversed, so they are tied
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to the magnetic field lines, This is easily satisfied except near the

magnetic axis.

. 2
(iii) w ne < T 1.3

bd'um

This condition is obtained by requiring that the magnetic field

produced by the Hall current L_uoneE

- 2 B
field, B (Dunnett, 1968). Condition 1.3 applies for all the parameters

used in the present experiment.

is smaller than the cusp magnetic

In order to satisfy Equations 1.2 and 1.3 simultaneously it is
necessary for the ion collisionless skin depth Ai = c/u)Pi to be larger
than L/2.

Conditions (i) to (iii) are believed to be necessary for Polytron
action to occur. The following criteria assume that conditions (i) to
(iii) hold.

(iv) For no plasma leakage through ring cusp, the toroidal ion velocity

V¢ must satisfy

2kT,
s - 1.k

i

where Ti is the ion temperature, m. is the ion mass and k is Boltzmann

constant.

(v) To avoid excitation of two stream instability by the accelerated

ions the toroidal ion velocity must satisfy

v,2 << £ 1.5

where Te is the electron temperature and m, is the electron mass.
Equations 1.4 and 1.5 have been derived by Haines (1962). They can be
easily satisfied simultaneously due to the large difference in mass bet-

ween ions and electrons.

In the experiment Equation 1.5 certainly holds whereas 1.4 holds
provided the inequality is read as larger than instead of very much

larger.
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(vi) By << B 1.6

where Be is the plasma poloidal field. This is to ensure MHD stability

(Haines, 1962), and holds for all the conditions studied.

. e 2
(vii) uoI¢ < 81TNk(Te + Ti) 1.7

where I¢ is the total plasma current and N is the line density. If
1.7 does not apply the discharge pinches (Bennett relation). For cusp
bank charging voltages of .75 kV and higher 1.7 does apply, whereas it

does not with no cusp field present, a toroidal pinch being obtained.

Haines (1962) assumed a steady state regime, with Te = Ti =T, in

which the toroidal velocity and current are given by

v2 = ——252—7 , I = elv 1.8
¢ (m.m.)é ¢ ¢
e i

Combining 1.7 and 1.8 gives an upper limit for the line density

81T(mem- )E . o
N< —L 1.9

2
M e

For deuterium and argon the limiting N is 4.3 x 10!® m™! and 1.9 x 10'7 w'l.

1.3 Summary of earlier work on the Polytron

As already mentioned, the original scheme was proposed by Haines in

1961,

An experiment was set up and initial results can be found in Dangor

et al. (1968) with a more detailed account in G J Parkinson's PhD thesis
(1968).

Dunnett (1968) extended the MHD calculation to include the effect
of the poloidal plasma current, showing that the acceleration mechanism
becomes ineffective if the plasma magnetic field becomes comparable with

the applied cusp field (Equation 1.4).

Kilkenny (1972) developed the MHD model further and performed a. single
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particle calculation. This calculation showed that the plasma can be
subdivided in two diétinct volumes from which céntained and uncontained
particles originate and that the applied electric field is localized in
sheaths in the ring cusp regions. His experimental results show that
there is an initial accelerating phase, followed by a plasma loss. An
overall outward plasma displacement was also observed, the plasma hit-

ting the outer wall and cooling down.

Watkins (1974) studied the acceleration phase by using a two-
dimensional, two fluid computer code. He found that whistler waves ser-

iously limited the time for which the calculation can be performed.

Kilkenny (1976) developed an MHD model including collisional
effects to study the formation of the sheath in the ring cusp where the

electric field is large.

At present, Brown (1978) is developing a magneto-fluid-dynamic
model of a steady state Polytron. A perfectly conducting incompressible

fluid is assumed.

1,4 The author's contribution

The objectives of the present work were

(a) To study in a direct way the sheath region at the ring cusp where
most of the electric field is localized. This is important as the actual
electric field in the sheath region determines the ion Larmor radius, and
hence the condition (Equation 1.2) for ion acceleration. A narrower
sheath region gives a higher electric field. Thus it becomes possible to

satisfy Equation 1.3 with a lower ion mass,

A second aspect to be studied was the possible presence of waves in
the sheath region. Electrons have large E x B drift velocities in the
sheath region in view of the large toroidal electric field and radial mag-

netic field. Thus if the drift velocity vy satisfies

c. < VvV, <V

s D Te

with Te = Ti’ where cg is the ion sound speed and v, the electron

Te
thermal speed, which are the normal conditions obtained in the Polytron,
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drift and electron cyclotron drift instabilities are likely to occur.
Also modified two-stream instability excited by runaway electrons

might be present.

(b) To investigate the possibility of preventing the outward hori-
zontal plasma displacement (along major radii) by means of a vertical

magnetic field (parallel to major axis).

The first objective has been partially fulfilled and a sheath
structure was observed. The electric field in the sheath is found to
be lafger than the average applied electric field by a factor of 6.

No waves within the passband of the measuring system used (12 MHz)
have been detected. Thus electron cyclotron drift and drift instab-
ilities are ruled out. The question of higher frequency instabilities

remains open.

The second objective has been wholly achieved. It has been shown
that the plasma position can be effectively controlled by a vertical

magnetic field.

The effect of varying the magnitude of the cusp magnetic field:
on plasma position has been shown to be small, presumably due to a
large electron current. The cusp magnetic fields should act as mag-
netic lenses, as shown in single particle calculations. This effect

is significant when most of the current is carried by ions.

Plasma acceleration is shown to persist for several microseconds,
but is then suppressed. This occurs due to the interaction of the wall
with the uncontained plasma and the arrival of wall material in the
contained plasma region. Ion heating is mainly viscous whereas electron
heating is ohmic. Plasma flow is shown to be supersonic although not
highly so, as required by Equation 1.L. Nevertheless plasma losses
after the initial loss from regions of uncontained particles are found
to be small. Up to 95% of the energy supplied to the plasma is lost
through heat conduction.

Means of preventing the plasma-wall interaction effect are dis-
cussed. In particular a modification of the cusp magnetic field struc-
ture is proposed which appears to be very effective in eliminating the

plasma losses. An increased Mach number is shown to decrease heat

losses,



105

ok

A brief description of the apparatus

A detailed description of the device has been given by Parkinson

(1968) and in its modified form by Kilkenny (1972). The only change of

significance introduced by the author is the modification of the induc-

tion rod system to obtain a vertical magnetic field. This will be dis-

cussed later.

Fig. 1.1 shows a schematic diagram of the device. Also shown is

a time integrated photograph from underneath of the device in operation,

where the different components can be identified. The device consists

of:

i)

ii)

iii)

iv)

v)

vi)

the

A toroidal quartz vessel, major radius 25.4 cm, minor radius

3.6 cm, with several ports for pumping and diagnostics.

A vecuum pumping system (not shown), consisting of a two-stage
rotary pump and a mercury diffusion pump with a liquid nitrogen
trap. Base pressure is between 1 x 107 to 1 x 1073 Torr, depend-

ing on probes or other diagnostics in use.

A set of 36 single turn cusp coils. The cusp magnetic fields are
generated by discharing separate capacitors banks of 216 uF, 3.5 kV
through each of 24 neighbouring coils. The remaining coils are

fed in two groups from sixfold capacitor banks.

A set of from 4to8 induction rods through which the main capacitor
bank is discharged to induce an accelerating electric field

around the torus. The plasma is the secondary of an air core
transformer, the induction rods being the primary. The modified
induction rod assembly which will be discussed in Chapter 3 also

provides the vertical magnetic field.

A main capacitor bank, 60 uF, 30 kV, period between 24 and 33 us,

depending on the number and distribution of induction rods.

A preionizing capacitor bank, 2 uF, 20 kV, period 6 ps. The spark
gaps are set in such a way that the firing of the preionizer does

not trigger the main bank.

The average radial magnetic field in the plasma region produced by

cusp coil system at the ring cusp plane is

B = 1.0V gauss 1.10
r (o]



Cusp cods
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Fig. 1.1  Schematic d%agra.m and time integrated photograph of the Polytron.
In the photograph pumping and diagnostics ports and part of the vacuum vessel,
induction rodsand cusp coils can be seen.
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where Vc is the cusp bank charging voltage in volts.
The average axial field in a coil plane is given by

B¢ = 1.8 Vc gauss 1.11
The values given are for individually fed coils; they are 25% less

for grouped cusp coils.

The main bank voltage (Vm) induces. an electric field of between

0,5 and 0.6 of the charging voltage at the plasma position.

E¢ = 0.6 Vm V/m 1.12
Fig. 1.2 shows the timing sequence for the different capacitor
banks, The first to be fired is the preionizer bank and when its dis-
charge current has decayed the cusp banks are fired. The main bank is
fired when the cusp magnetic field has reached two thirds of its peak

value.

1,6 Structure of the thesis

In Chapter 2 the formation of a double electric sheath is discussed.
Results of direct measurements on this sheath with double electric probes
are presented. The presence of a high positive plasma potential is inves-
tigated with single electric probes and is ascribed to loss of runaway

electrons.

In Chapter 3 radial forces produced by the self magnetic field and
the externally applied magnetic field are considered. The diagnostic

techniques used to assess the effect of these forces are described.

In Chapter 4 the results obtained with the diagnostic techniques

deseribed in Chapter 3 are presented.

_ In Chapter 5 the experimental results presented in Chapter U4 are
analysed, The analysis shows that the present device operates in the
'Polytron regime', until gas and impurities from the wall reach the core

of the plasma.

In Chapter 6, the final chapter, means of suppressing initial losses



27

are discussed., A modified cusp magnetic field geometry in which no
losses are present is proposed. Heat losses are shown to be strongly
dependent on Mach number and can therefore be made negligible for

high enough Mach numbers.

I; f\ AN Preionizer
£ UUUMV“ Bonk

ey Cusp
Bank

¥ | SN -Mom
S

Bank

Current

A UUUUV“\/ _P'“m“

-50.0 | 0.0 ' 50.0

Time s

Fig. 1.2 Typical timing sequence. The different peak currents are:
L

= =} ; I..= 25 kAy I = 10 kA,
I, = 100 i 5 kAj Ioi > kAj D
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Chapter 2

PLASMA SHEATHS IN THE POLYTRON

2.1 Plasma sheaths

Two types of sheaths occur in plasmas: the ones occurring at the
interface between a plasma and a wall or electrode and the sheaths
formed in the body of a plasma. The latter type is usually referred to
in the literature as "double sheaths". In plasma-wall sheaths a single
space charge layer develops, whereas in a double sheath a more compli-

cated structure is present.

There are two types of double sheaths. The first type is formed
due to conditions of plasma flow. Examples of this type are the double
sheaths described by Carlqvist and Jacobsen (1964) and by Andrews and
Allen (1971). 1In the first example a double sheath is postulated to
explain the presence of high energy particles associated with solar
flares. In the second example, Andrews and Allen have shown that in &
discharge tube with a constriction a double sheath develops to maintain

quasi-neutrality and ensure current continuity.

The second type is due to the presence of a magnetic separatrix
(Kilkenny, 1976). Magnetic separatrices occur in several plasma dévices
such as stellarators (Miyamoto, 1978), Hall accelerators and cusp con-
tainment devices, in particular in the Polytron. The magnetic field
lines for a linear polytron are shown in Fig. 2.1. The magnetic sep-

aratrices are indicated by dotted lines.

An electrical double sheath will develop in the separatrix region
if the Hall parameter is large and the plasma potential on the two sides
of the separatrix is different. For large values of Hall parameter,
electron resistivity across magnetic field lines is very much larger
than parallel to the lines. In the limit of perfect conductivity mag-
netic field lines lie in equipotential surfaces (Morozov et al., 1968;
Kilkenny et al., 1973). Electric fields will therefore be present only

in the separatrix region.

This situation arises in the Polytron. Separatrices are present

in the ring cusp regions. The electric field should appear only in
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this region. If there are no collisions @resent the voltage drop
should occur over a distance of twice the electron Larmor radius. For

this limiting case, the sheath thickness ts is

t.,_BE _ U m
—_ 2.
2 che ts eB2 L
3
ts ;(ng) 2.2
eB

where U is the applied voltage per cusp, I the electron mass, Woe the

electron cyclotron frequency and B the magnetic field.

For the experimental conditions in the Polytron (U~L4OOV, n~102%n—3,

B~0.2T) the thickness obtained from Equation 2.2 is ~0.5 mm. A sheath
thickness was inferred by Kilkenny (1972) from a description of the

plasma as an electric circuit. At time t = O we have

a1 t m. 4l
U = L ____Q. = -————2521 -__it 2. 3
H at e27%nA da

where LH is the Hall inductance, Z the charge number, n the ion density,
A the cross-sectional area of the plasma andxnithe ion mass. For the’
present experimental conditions Kilkenny obtained from Equation 2.3 a
sheath thickness of 1.6 - .5 mm, much larger than the value obtained

from Equation 2.2.

2.2 Resistive sheath in the Polytron

The discrepancy between experimentally inferred and collisionless
sheath thickness values prompted Kilkenny (1976) to develop an MHD cal-
culation including collisions. 1In this model cylindrical coordinates
are used and fixed magnetic field lines in the (r,z) plane are consid-

ered.

B = BoIl(kr) sinkz, By =0, B, = BoIo(kr) cos kz 2.4
where k= w/L, L is the cusp separation, Io and Il are modified Bessel
functions.

Using Ohm's and Faraday's laws



32

After a sufficiently long time, longer than the resistive diffus-

ion time, BBe = 0.

at

In the Polytron a modified resistive diffusion time is obtained
from Maxwell equations, Ohm's law and equation of motion (Kilkenny,
1972) given by

2

2.
Tq ~ Ty ouo/mT 6

where r, is the plasma vessel's radius and o the conductivity.

After this modified diffusion time there is a long period when
|v| << |jl/ne, before appreciable plasma acceleration occurs. The 6 com-

ponent of Faraday's law then simplifies to

[Vx(j_ +oj_x_]§/ne)]e = 0 2.7

This and the azimuthal component of Ohm's law reduce to a second
order homogeneous partial differential equation which has been integ-

rated.

The results obtained by Kilkenny are formulated in terms of ©,Ts
the Hall parameter at the centre of a coil (r = 0, z = 0). When w T << 1,
the magnetic field has little effect and the current flows uniformly
over the discharge cross section. As w,T is increased the current tends
to follow the magnetic field lines, except at the ring cusp separatrix.
A large electric field is needed to drive the current across magnetic

field lines in this region. PFig. 2.2 is reproduced from Kilkenny (1976).

The following values have been deduced empirically by Kilkenny from
his calculation for the magnetic field configuration in the Polytron.
The half-width ry of the axial current profile in the plane of a cusp

coil is given by

r = =" - m 2.8
w

t (r) = ———F—m 2.9
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Fig. 2.2 Current field lines and magnetic field lines (----) for w T = 10.
Edge of the sheath. Dimensions in centimetres. From Kilkenny (1976).
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and R the plasma resistance given by

L
7
om T (1 + 1.6 wor)

Q 2.10

An average of the sheath thickness can be obtained from Equation
2.9.

: . 4o

S W T
(¢]

mm 2.11

. . . +
This gives 5 mm to be compared with the value of 1.6 - .5 mm

inferred from experiment.

This model assumes a classical collision frequency. In the experi-
ment for which values have been quoted the electron mean free path
becomes comparable or larger than the sheath thickness 0.5 us after the
beginning of the discharge. This suggests that the model should not
apply at later times. The observed thickness should then become smaller,

closer to the value obtained from Equation 2.2.

2.3 Turbulence in the plasma sheath

Electrons in the sheath region have a large drift velocity V3 given
by ——-
vy = 2*2 2.12
— 2
B

For typical experimental conditions (U ~400V, B~0.2T, t ~6 mm) a drift
5
1

k(Te + Ti)/mi]é ~th m/s, and the electron thermal velocity Vo =
e

velocity of ~10” m/s is obtained. The ion-sound velocity c, =

;
(xT /m )?~2 x 106 m/s. Thus ¢_ < v_. < v.. and under these conditions
e’ e s d Te

it seems likely that microinstabilities could develop. The result would
be to limit the drift velocity or give an effective collision frequency

(Haines, 1977). Such effects would tend to broaden the sheath.

A detailed discussion of the instabilities that are likely to be
present is given by Haines (1977). The cases to consider are ion-
acoustic, modified two-stream, drift and electron cyclotron drift

instabilities

Ion-acoustic instability is unlikely to occur, as it requires
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Te >> Ti’ which does not hold in the Polytron.

Modified two-stream instability, considered by Buneman (1959, 1962),
occurs at frequencies around w* = 3(m_/m.) 3w__, where w__ is the elec-
e’ 71 pe pe

tron plasma frequency, provided

2 4 242
vg > leg v, )
2.13
and vy 2 kl' Vip
k' e

and irrespective of the Te/Ti ratio. cg is the ion sound, vTi the ion
thermal and vTe the electron thermal velocity. ky, -and kl are the par-
allel and perpendicular wavenumbers. For the experimental conditions
quoted this instability is unlikely to occur except for the contribution
of runaway electrons. For the case with Qe << wpe, where Qe is the
electron cyclotron frequency, frequencies around wpe would be observed

(Fainberg, 1962; Seidl and Sunka, 1967).

Drift instabilities can be demonstrated from the inclusion of
gradients of magnetic field, density and temperature into the disper-
sion equation (Krall and Liewer, 1971). The gradient drift velocity GA
is given by

2, 2
v = e 1% 1a8 K% 1 % o 1k
A mw n dx B dx 2 T dx :
ce (e e
where ae is the electron Larmor radius and k the wavenumber. Drift
instabilities can occur for arbitrary Te/Ti and Ky = k.B/B = 0, pro-

vided vdvA > 0, vd > cS and vd > vTi. The frequency and wavenumber for

maximum growth rate are given by

© 2.15
ey [ w 2\
KA, = =1+ 25
D v 9]
d e
where w e and w ; are the electron and ion plasma frequencies and Qe
is the electron gyrofrequency.

For the experimental conditions the corresponding frequency and

wavenumber are 3.7 x 108 rad/sec and 3.9 x 10% m~l.

Electron cyclotron drift instabilities which arise from coupling

of electron Bernstein waves with Doppler-shifted ion waves are possible
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for TiA‘Te' In this case the dispersion relation is given by (Gary, 1971)

- v

T. 2.16
i

wle

Instabilities that may occur in the present experiment are drift,
electron cyclotron drift and runaway electron excited modified two-stream

instabilities.

In experiments there exists an upper frequency limit of observa-
bility. In the present experiment the overall frequency response of the
system is limited by the optical coupler (to be described in Section 2.6)
used to 12 MHz. In view of this frequency limitation drift and modified
two-stream instabilities would not be detectable. However, in an experi-
ment by Hamberger and Jancarik (1970) excitation of Buneman type instab-
1lity was seen to have a wide frequency spectrum. Frequency components
at the predicted w¥* = %(Eg)y%mpe and lower were observed. The low 7

o
frequency components are ;ell below the ion plasma frequency and should

be observable in the present experiment.

2.4 Direct observation of the sheath: discussion of techniques

A diagnostic technique used to measure the sheath thickness should
satisfy the following criteria:
(a) 1little plasma perturbation.
(b) good spatial resolution (of the order of or better than 1 mm) to
be able to resolve the sheath structure.
(e¢) good temporal resolution (50 ns); ability to respond as fast as
the applied electric field.
(d) ability to investigate the whole plasma volume of interest.
(e) ability to investigate over the time interval of interest (about
8 us).

(f) capability of detecting waves due to microinstabilities, if present.

Criteria (a)-(e) are essential, whereas (f) is desirable as it
would give additional information on the processes in the sheath region.
The two methods considered were Thomson scattering and double electric

probes.

2.4.1 Thomson scattering

This method allows determining electron density and velocity
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distribution (Evans and Katzenstein, 1969). Thus, if there is a net
drift of the electrons, the scattered profile should show this, pro-
vided the drift velocity is not too small relative to the electron
thermal speeds. The value of drift velocity and magnetic field can be

used to determine electric field from Equation 2.12.

This method satisfies conditions (a) to (c). However because of
the geometry of the present device it is possible to obtain results
only in the region near the centre of the discharge. Scattering from
other regions would have intolerably high parasitic scattering levels.
A second disadvantage is that in order to obtain the variation of the
electric field at one point in space for the whole time of interest, a
large number of discharges are required and the discharge reproduci-

bility is not good, because of wall effects.

The last point to be considered is the capability of detecting
waves in the sheath region. Thomson scattering gives information
about electrons but not ions if a << 1, a being defined as

a=

kAD 2.17

where k is the scattering wave number and AD the Debye length. Anyb
instability in which ions play an important role would not be detected
witha << 1. To be able to do this it becomes necessary to use high g
(@ > 1) scattering. In this case collective effects play a significant
role and it is possible to obtain the ion velocity distribution. To
achieve this it is necessary to use small scattering angles (less than
10°). This poses a new set of experimental problems, extremely diffi-
cult to solve in view of the constraints on plasma vessel geometry and

high level of plasma light.

2.4.2 Double electric probe

For successful operation, a double probe has to satisfy certain
basic conditions:

(i) Probe dimensions have to be very much larger than the Debye
length, so that any plasma perturbation by. the probe is local-
ized in its immediate vicinity. The smallest probe dimension is
the electrode diameter (in the probes used between 0.1 to 0.35
mm). This condition is easily satisfied, as the Debye length is
less than 2 x 10 > mm for sll conditions studied.

(ii) The probe collecting area should be large enough, such that the
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total current drawn by the probe is below the ion saturation cur-
rent Is' The ion saturation current has been obtained by Bohm,
Burhop and Massey (1949) for a spherical probe and monocenergetic
ions of 0.01 to 0.5 electron energy. The ion saturation current

is given by
kT \3
I = 1 enA ;3 2.18

where A is the probe collecting area.

The value given by Equation 2.18 has been found to apply for

other geometries and even in the presence of a magnetic field (Chen,

1965).

The double probe is discussed now in terms of the criteria given

in Section 2.4.

(a)

(b)

(e)

(a)

(e)

The minimum probe electrode area can be determined from initial
plasma parameters (n~4 x lOgOm—3, T ~T, ~2eV, E~20 kV/m)

and probe electrode spacing. For a 1 mm electrode separation and
a probe impedance of 100 Ohm the probe ion saturation current is
200 mA. From Equation 2.18 a minimum area of 2.8 mm2 is obtained.
At later times during the discharge the plasma temperature ine-
reases relaxing this requirement. The probe electrode area used
is 2.85 m.
Spatial resolution, given by the probe electrode separation can

be 1L mm. This is adequate to investigate the sheath structure.

The time resolution of a double probe is limited by the sheath
capacitance and probe impedance. The sheath thickness is of the
order of the Debye length (2 x 1073 mm). For the probe electrode
dimensions used a capacitance of 8 pF is obtained. The probe
sheath time constant is then 0.8 ns. The rise time of the exter-
nal circuit is the limiting factor. The best risetime of the

optical coupler used is 20 ns.

A plasma region extending from nearly under a cusp coil to past
the ring cusp region is accessible from the ports available for

probe diagnostics.

The potential difference at a particular point is followed over
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the duration of the discharge.

(f) The presence of microinstabilities could be established. The mini-
mum and maximum wavelengths are determined by electrode diameter
(0.1 to 0.35 mm) and separation (1 to 2.5 mm). The highest fre-
quency is determined by the overall risetime of the probe system

T

of 20 ns. The equivalent frequency of 10 Hz is above the ion

p)

cyclotron frequency (5 x 10° Hz), slightly lower than the lower

7

hybrid frequency (2 x 10' Hz) and well below plasma and electron
cyclotron frequencies. Thus the only instabilities with an acces-
sible frequency range are the drift and electron cyclotron drift

instabilities.

The advantages of the double probe method over Thomson scattering

make the decision to use a double probe quite clear cut.

2.5 Single and double probe description

Single and double probes are described here. A single electric
probe was used to investigate a large common mode signal present in the

double probe measurement.

A schematic diagram of a double probe is shown in Fig. 2.3. It
consists of two 50 Ohm semirigid coaxial cables (type UT85, outer diam-
eter .085") joined together side by side. Electrodes are of 0.1 or
0.35 mm diameter platinum wire, 2.5 mm long. Platinum is used because
it does not oxidize, so there is no need to condition the probe before
use. This is usually required for other electrode materials, electrodes
being bombarded under vac uum to destroy any oxide layer present. The
probe, except for electrode surfaces,is coated with an insulating layer
of epoxy (Araldite CIBA) on top of which a ceramic coating (Ceramacoat)
is applied. The ceramic coating lasts for 30 to 50 discharges, after
which the probe has to be withdrawn from the system and recoated. Elec-

trode separation used was from 1 to 2.5 mm.

The single probes used, also shown in schematic form in Fig. 2.3,
consist of a single coaxial cable, at the end of which there is a resis-
tor to which the electrode is attached. The purpose of this resistor
(1 to 100 k) is to increase the probe impedance from what would be

obtained with the coaxial cable (50 Q) only.
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2.6 Signal detection

Initially the probe output was fed into a balanced to unbalanced
pulse transformer (ANZAC TP10l) of wide bandwidth (100 kHz - 1 GHz).
The common mode rejection ratio (CMRR) for this transformer over its
bandwidth is 40 db (100:1). It became apparent that a large common mode
voltage of up to 3 kV (the origin of which will be discussed in Section
2.8) was present. The smallest potential difference of interest is 3 V
with a probe of 1 mm separation between electrodes. Clearly then, the
CMRR of this pulse transformer is not adequate. An optically coupled
system was designed to obtain the required CMRR. It consists of an
emitter, where the voltage signal is converted to light signal, a light
transmitting medium, in this case a fibre bundle, and a receiver which
converts the light signal back to an electric signal. Fast high voltage

optical couplers were not commercially available at the time.

The system is shown in schematic form in Fig. 2.4. The probe was
connected to a 100 Q load resistor. This ensured that the cables which
form part of the probe were correctly terminated. In parallel with this
load there are two resistors Rs in series with two DC blocking capacitors
C and a fast (1 ns risetime) red emitting diode (LED). The LED is for-
ward biased by a set of batteries in.series with biasing resistors Rb'
This is to ensure that

ERS >> R 2.19

d

where Rd is the LED forward resistance. In practice this means that the
LED is emitting at constant level in absence of input signal. The LED

used (Monsanto MV55) has a linear light output to current input depend-
ence. Hence, an approximately linear relationship between probe voltage

and light emitted will result provided inequality 2.19 holds.

As a reverse voltage protection for the LED, another LED is connec-
ted back to back. To avoid frequency dependence the blocking capacitors

should present an impedance such that

R >> — 2.20

where w is the lowest frequency of interest (10 kHz, the ringing fre-

quency of the main bank). Biasing resistors have to be chosen so that
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Fig. 2.4 Schematic diagram of the optical coupler system
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R, >> By 2.021

otherwise part of the signal is diverted through the batteries.

The light emitted by the LED goes through a 3 mm diameter, 1.2 m
long fibre bundle to a photomultiplier tube (PM tube, RCA T7265) which
has an adequate red response and fast risetime (10 ns with the dynode
chain biasing circuit used). The main disadvantage of PM tubes is that
the DC anode current must not exceed a fairly low level, otherwise the
long-term performance of the tube is degraded. The meximum DC anode
current allowed in this case is 1 pA (RCA T265 data sheet). This means
that useful operation with good signal to noise ratio is only possible

for single signal polarity corresponding to increases in light flux.

The overall risetime of the system, including probe and oscillo-
scope, is 20 ns. The measured CMRR is be%ter than 60 db (1000:1), with
an input pulse risetime of less than one nanosecond. This is at least
two orders of magnitude better than obtained with the pulse transformer,
as the CMRR of the latter is very poor for signals outside its passband.
The CMRR of the system is very sensitive to lay-out, due to stray

capacities.

To be able to record voltages in which a polarity reversal occurs
the system was modified, the PM tube replaced by a PIN photodiode ampli-
fier combination (Bell & Howell 509-0015) and the red LED by an infrared
one (ME60) to match the PIN photodiode response. This combination allows
a high DC level, limited by dissipation in the PIN photodiode amplifier.
The output peak to peak voltage obtained is 0.5 volts.

2.7 Induced electric field

A measurement of the total induced emf is required in order to com-
pare it with the local electric fields measured by double probes in the
plasma. This is done by placing a high resistance wire (25 "k¥Q/m) around
the torus, in close contact with the quartz vessel wall and at the same
major radius as the plasma. The total resistance of the measuring loop
is 46.6 kQ. TFor the highest main bank operating voltage (25 kV) the max-
imum current through the loop is 500 mA. The presence of this loop does

not interfere with preionization nor main discharge, and can therefore be
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left permanently in position.

Fig. 2.5 is an equivalent circuit for measuring loop, plasma and
induction rod system. The induction rod system is represented by a

single inductance and single mutual inductances.

The circuit equations for measuring loop and plasma are

L dlm + Rmi + Mim dli -M di = 0
o5t o at P "3
2,22
di. di
L. + L ) E +Ri + M. i-M m = O
( PL PP ip 75? mp Ft

where subindices m denote measuring loop, p plasma, i induction rod, PL
plasma loop and H Hall plasma inductance.

di ,

Terms involving Tﬁ? can be neglected as im is very much smaller
than all other currents. Also Mim = Mip as plasma and measuring loop
are close together and the plasma~measuring loop mutual inductance
(Mﬁp) is about 20% of the total plasma inductance (Lyp + L;) and can

be neglected. With these approximations Equation 2.22 becomes

L = 1 = + + 2.2
¥V (Lg + Ly) E Rlp 3

The right-hand side of equation 2.23-is the applied voltage to the
plasma. The optical coupler used with the probe is used to measure a
fraction of v The risetime of the system is limited by the optical
coupler.

2.8 Single probe measurements

The results obtained from single probe measurements are given and
dicussed in this section. ‘

Fig. 2.6 shows a typical signal obtained with a single probe
together with the induced electric field in the absence of plasma. The
voltage at the probe end is 2 to 3 kV with respect to the screened
room earth or the nearest cusp coil earth. The main features of this
signal are:

i) It is always positive.
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Fig. 2.5 Schematic circuit diagram of the induced electric field
measuring loop .
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Fig. 2.5 Typical signal obtained with a single probe (right) shown
alongside the vacuum induced electric field.

Fig. 2.7 Double electric probe results showing normalized electric field
as a function of time and position. Vm = 15 kV, Vc =1.5 kV, p = 3.5 mTorr,

no vertical magnetic field.
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It does not depend on the main bank polarity.

)
iii) It increases with main bank voltage.

) If is not present in the absencé-of plasma.

) The presence of the cusp magnetic field does not change it sig-
nificantly.

vi) The time over which this signal is present is slightly shorter
than the duration of the linearly rising phase of the plasme
current.

vii) The FWHM of the spikes in the signal is density dependent, dec-—
reasing with increasing {"idensity. | 7

viii) The magnitﬁde depends only slightly on the radial position of
probe relative to the minor axis.

ix) The magnitude is independent of density.

x) This signal is present before the main bank switch-on, at the
time when the mein bank triggering circuit is fired. This is
clearly seen in Fig. 2.6.

xi) The observed frequency of the signal is of the order of 5 MHz.

This is similar to frequencies generated by the maein bank. These high
frequency componénts appear as a result of reflections of the trigger-
ing pulse., The mein bank is of multiple spark gep design. Different
elements are interconnected by cables. The spark gaps are triggered.by
a 60, kV voltage pulse from a pulse line generator using coaxial cables.
The triggering pulse is delivered to the spark gaps through a 9 m long,
50 Ohm coaxial cable. The main bank capacitors are connected to the
induction rods vie four parallel 5.3 m lengths of 50 coaxial éables.
The dbuble transit time of the two cables (trigger and induction rod)
in series is equal to half the period of the observed high frequency

components in the induced voltage.

The high voltage signals observed with the single probe could
be explained as generated either by instabilities, or induced voltage
from the main bank being picked up by the probe or loss of runaway

electrons.

For an instability to grow, an energy source is required. If this
energy source is ion or electron energy the maximum amplitude of the
instability will be limited by non-linear effects. The maximum ampli-
tude will be of the same order as the plasma particle energy, a few tens
of eV in this case. This is several orders of magnitude lower than the

observed voltage. A further point against the possibility of
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instabilities being responsible for the observed voltage is the fact
that this voltage is asymmetric, i.e. is always positive. None of the

instabilities described would show this type of behaviour.

Because of difficulty associated with the sealing of the probe
into the discharge vessel, there is an uninsulated region on the stem
of the probe, some 10 cm back from the tip. The exposed part of the loop
formed between the tip and the-back of the probe has an area of at most
10 cm2. The area of the loop defined by the induction rods is 2000 cm2.
The expected induced voltage in the loogfgprmed around the probe should
be 200 times smaller than the applied iﬁaﬁced voltage. The voltage
obtained in this case would be less than 150 V for any of the charging
voltages used. The observed voltage cannot be explained by this

mechanism.

The other mechanism capable of generating high enough voltages is
generation of runaway electrons (Dreicer, 1959). A loss of runaway
electrons to the discharge vessel walls would account for the high pos-
itive plasma potential. The potential drop occurs in this case in the
immediate vicinity of the wall. The number Yy of runaway electrons

generated per electron and per unit time is given by

%
E_\" 2E \3 (E
Y. = 0.35 v (—E) exp _[(_I') + (_I'_)} 2.24
r ee \ E E LE o

N -V
me:LTe

vhere Voo is the electron—electron collision frequency, Er = -

is the runaway critical field and E 1s the applied electric field
2 & : o, . -
(Kulsrud et al., 1973), Vi T %ﬁ%i?;lgﬁ is the electron-ion collision

Te

frequency, Z the charge number and lnA the coulomb logarithm.

The number n, of runaways per unit volume per unit time is obtained
from

nr = nyr 2.25

n, has been calculated for two different mesin bank voltages at two
different times. The calculation is done using the measured plasma par-

ameters in Equations 2.24 and 2.25. The results are given in Table 2.1.

Runaway electrons can escape when their Larmor radius is of the

same order or larger than the plasma container. In the presence of the
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Table 2.1

Number of runaways per em3 per sec 1.5 kV cusp bank
charging voltage, 3.5 mTorr filling pressure.

Maln bank 10 kV 20 kV
voltage
0.5 9.4 x 1024 6.2 x 1026
Time us m3s 7} m™3s 1
1.5 1.4 x 1024 1.5 x 1026

cusp magnetic field the electron Larmor radius is much smaller than the
container. However, the magnetic field lines are not closed so runaway
electroné can be lost to the container's walls. The poloidal magnetic
field generated by the plasma current can become large enough to prevent
electron runaway loss. For a 1 kA plasma current, electrons with a 3 keV
energy have a Larmor radius of the same order as the container's walls'
radius. The single probe signal is seen to disappear when the plasma

current is 4 to 5 kA.
The capacitance of the plasma container to ground is approximately
3

¢ = (on)°R - 2.26
cosh ~(h/a)

vhere R is the major radius, h the distance from ground, a the minor

radius.

The number of electrons required to charge this capacitance to
3 kV is 4 x 10!! The plasma volume is 0.008 n> and the half-width of
the high voltage spikes of the order of 50 ns. With these values and
the smallest figure in Table 2.1 a total number of runaway electrons
in 50 ns is 5.6 x lOlh. This is three orders of magnitude higher than

the number of electrons required to generate the cobserved voltage.

The loss of runaway electrons seems to be consistent with the
behaviour of the single probe signals obtained. It should be possible
to detect experimentally the existence of runaway electrons. At the
time the electric probe results were obtained it was felt that as this
high plasma potential is not specifically a Polytron effect, a further
investigation of it should be left to a later date.
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2.9 Double probe measurements

Early on in our double probe measurements, it became apparent
that the jitter on the cusp bank spark gaps would be too large to
obtain a good estimate of the sheath thickness. The jitter between
spark gaps is 400 ns, which gives a shift of the ring cusp region of
2 mm. This is of the same order as the desired resolution. To over-
come this problem, several cusp coils and capacitors (two groups of
six each) were connected in parallel, the total capacitance being
1296 yF (216 yF previously), six (one previously) coils connected to
it. This gives a slightly lower peak magnetic field (25% lower) and
correspondingly longer cusp bank period. This is partly compensated
by firing the cusp bank earlier. The magnetic field in any cusp
region is to a good approximation determined by four cusp coils on
either side of the cusp under consideraton. Two groups of six were
modified. The lifetime of the spark gaps was about 50 discharges

against several hundred for the previous scheme.

Fig. 2.7 gives the electric field in the sheath region as func-
tion of position and time for one of the conditions studied. Each
point is an average of at least three shots. The total number of dis-
charges to obtain this is 50 or so, being limited by the probe coating
lifetime. Normalized peak electric field versus time is shown in
Fig. 2.8 for the same conditions. Results obtained in two different
runs are shown. The normalization is carried out using the average
applied electric field, measured by the induced voltage loop. The
sheath structure develops in times slightly under a microsecond. It
disappears during the initial loss (first described by Kilkenny, 1972)

and sometimes reappears later in the discharge.

Sheath thickness as a function of radius is given in Fig. 2.9.
The solid line is obtained from Kilkenny's (1976) resistive calculation.
Fig. 2.10 shows the measured sheath thickness as a function of pressure.
The megsured sheath thickness is in good agreement with Kilkenny's col-
lisional model, even at times when the mean free path is of the same
order or larger than the sheath thickness. This could be due to the
presence of microinstabilities. No instabilities with frequencies lower
than 10 MHz and wavelengths between 0.35 to 3 mm were detected. It is
possible that other instabilities, like modified two-stream type, were
present. Their frequency is much higher than the limit imposed by the

optical coupler used. This instability could be excited by runaway
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Fig. 2.8 Peak normalized electric field as a function of time for V. = 15 kV, V_=

1.5 kV, p = 3.5 mTorr, no vertical magnetic field. Two different results for thé same
plasma conditions are shown. g
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Fig. 2.9 Sheath thickness as a function of radius from Kilkenny (1976) . . -
and measured values for Vh = 15 kV, Vc = 1.5 kV, p = 3.5 mTorr.
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Fig. 2.10 Sheath thickness as a function of pressure, at a radius of
3 cm, for Vﬁ = 15 kV, Vc = 1.5 kV, t = 1.0 us, no vertical magnetic field.
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electrons.

2.10 Radial eleectric field

In the Polytron ions are contained by having an axial velocity
much larger than their thermal velccity, whereas electrons, which are
free to move along magnetic field lines, are contained by a radial
electric field. An estimate of this electric field can be made for a
steady state situation. Using Ohm's law
JxB _ Vpe

j = BE+vxB- —_—
d LTVXD o ne 2.27

Q|+

where ¢ is the plasma conductivity and P, = nkTe, the electron plasma

pressure.,

The radial component in c¢ylindrical coordinates is

. . 3(nkT )

L - g +vB -vae -5 + 9.8 + —= 2,28

o'r r 0z z 0 ar :
ne ne —_—

ne-
and from Maxwell's equations
3Be
e TS 2.29

In the ring cusp region Bz = 0, The radial electric field can then
be obtained from Equations 2.28 and 2.29:

sze N aBe B(nkTe)
E = v B - - - or 2.30
r A ne U o 0z —_—
o] ne
. 3 .3 .2 . . -
Assuming that s 5;— I > where L is the cusp separation, Te 2ev,

z
perimental values, a radial electric field of E ~ - 2 x 103V/m is

j o~ .25 x 107542- s Be~3 x lo2T, v,~2 X% 10%m/s, which are typical ex-

obtained.

An attempt to measure this electric field was made with a double
probe in which the electrodes are at different radial positions. The
electrode separation used is 3.5 mm. The minimum detectable electric

field is determined by probe pick-up. Probe pick-up limits the minimum
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detectable voltage to 10 volts, equivalent to 3 kV/m, and no such signals

were oObserved.

In a situation with no cusp magnetic field present, a toroidal z-
pinch develops. For this case the magnitude of the electric field can be
calculated from Ohm's law and Maxwell's equations. Assuming that the vel-
ocity is negligible in Ohm's law, that the only magnetic field component

is B, and that there 1s no radial current, the r and z components are

e
j.B
oE = _ -z 8
r ne
2.31
0Ez T Iy
At the plasma surface, the magnetic field is given by
B = uoIz
8 2rr
2.32
Hody
Be = —
(emr)2s
where & is the thickness over which the current is flowing.
From Equations 2.31 and 2.32 the radial field is
2
Mo B,
Er = 2.33
ne(2nr)2s

The radial electric field was measured for this case with
n~bhx 1020m_3, T, ~ 2eV, E, ~ 3 x lO3 V/m. The value of & is obtained
from the velocity of shock front and the duration of the Er sigial. In
this case § = 1 cm, giving a calculated value of E_ of 5.6 x 10 V/m. The

measured value is 4.5 x lObr V/m.

2.11 Conclusion

The results obtained indicate that there is a region of enhanced
electric field near the ring cups region where most of the voltage drop
occurs. This is in good agreement with Kilkenny's MHD collisional calcu-

lation. This is so even at late times during the discharge when the mean
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free path is of the same order as the discharge vessel radius. Micro-
instabilities giving an effective collision frequency might be respon-

sible for this.

No low frequency instabilities have been detected. This rules
out the presence of ion-acoustic, magnetoacoustic and gradient drift
instabilites. Instabilities that are beyond the frequency detection
capability of the probes used are those associated with runaway electron

production.

A high positive plasma potential has been observed, apparently due

to the loss of runaway electrons.
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Chapter 3

FORCES ON A PLASMA LOOP AND DIAGNOSTICS EMPLOYED

In this chapter the effects of self and externally applied mag-
netic fields on a single plasma current loop are analysed. A descrip-
tion of the diagnostic techniques used to assess the effect of an
externally applied vertical magnetic field on the Polytron plasma is
given.. Results obtained from these measurements will be given in the

following chapter.

3.1 Self-force on a single circulasr current loop

The force on a circular current loop generated by its own magnetic
field can be calculated by two methods:

(i) dividing the circular current loop of finite cross-section into a
set of elementary loops of infinitesimal cross-section and evalu-
ating the magnetic field on an elementary loop produced by all
other elements. The force acting on & length dl of an elementary

loop carrying a current I is
df = IdL xB 3.1

where B is the magnetic field produced by all other elementary

loops.

(ii) using the virtual work principle.

The method used here is the second one. For a circular current
loop (see Fig. 3.1) of major radius R and minor radius a, the work

required to change the major radius by 6R is

W = g—gan 3.2

where W is the total magnetic field energy and is given by
W o= 3L1I2 3.3

L being the loop inductance and I the current.
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Fig. 3.1 Schematic diagram of a circular current of major radius R,
minor radius a.

A force fs per unit length acting uniformly outward generates, for a

displacement SR, a total work of

SW = 21R fs SR . 3.4

From 3.2 and 3.4 the outward force per unit length becomes

= L _23¥W
fs = 2R oR 3.5
"assuming that the loop current does not change; from 3.3 and 3.5
- I2 9L
I = .%R 3R 3.6

Assuming uniform current distribution the inductance of a circular

loop 1s given by

L = uoR[ln%B—l.TSJ 3.7
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The outward force per unit length on the current loop is obtained

from 3.6 and 3.7:

p 12
- _ 'o 8R _
£ = % '}n——a 0.75] 3.8

3.2 Force on a toroidal plasma

In a toroidal plasma, if there are no mechanical constraints, self-
force given by Equation 3.8 will give rise to an outward radial motion
causing the plasma to hit the container walls. This can be prevented by
having a restraining magnetic field or a conductive liner (Leontovich, 1951).
In the latter scheme any plasma motion will induce currents in the liner
which interact with the plasma current to prevent the outward drift. 1In
order to apply this scheme the timescales of the induced electric field
and the plasma motion have to be of different orders of magnitude. Other-
wise the electric field is shorted out by the conducting wall. In the
present Polytron device both timescales are of the same order of magnitude.

This scheme is therefore not applicable.

The alternative method is to apply an external magnetic field pérpen-
dicular to the plane of the torususing a set of current-carrying conduc-
tors. The force per unit length on a thin conductor in a perpendicular
magnetic field is given by

fa = IBZ 3.9
vhere I is the total current flowing through the conductor and Bz is the
applied magnetic field. This force will be inwards if the applied mag-
netic field is anti-parallel to the magnetic field produced by the loop
at its centre. Equilibrium is obtained, assuming no other forces are

present, if
f = f£ 3.10

at all times. The required magnetic field in terms of the total current

flowing is obtained from 3.8, 3.9, 3.10:

p I
- o, B8R _
B = lnrR[ln ~ 0.75] 3.11

Z
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For a typical plasma current (10 kA) in the Polytron the required
vertical magnetic field is 0.014T.

3.3 Vertical magnetic field generation

It is clear from results of the previous section that the required
magnetic field should have the same time dependence as the plasma cur-
rent. The application of a vertical magnetic field will change the
plasma position. As a consequence of this the plasma current changes,
the plasma being in a different cusp magnetic field region. Ideally
the magnetic field generated should follow these changes by sensing the
current magnitude and plasma position. This, although possible in prin-
ciple, is very difficult to achieve and extremely expensive, as it
requires high voltage, high power feedback amplifiers, with fast res-
ponse (less than a microsecond), and was beyond our resources. An
alternative, and very much simpler, scheme can be implemented in the
form of a preprogrammed vertical magnetic field, the problem being that
this field will change the plasma current. A successive approximation
scheme must be used to obtain an optimum situation for each set of
plasma and electric and magnetic field conditions. A fairly broad
range of magnetic field values can be obtained by adding or removing
induction rods, in particular if they are connected to separate capaci-

tor banks.

A computer program, originally developed by Kilkenny (1972), was
modified to calculate the magnetic field produced by the induction rod
system. The calculation assumes that the plasma is a single conductor

of finite size and uniform current distribution.

The magnetic vector potential for a single circular current

element in cylindrical coordinates is given by (Durand, 1968)

u I 2
- o [a _ K _
Ay = j:[(l S K E] 3.12

where a is the current element radius and

V/ har
ko= (a + )2 + 22
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7

dy
o) /& - k2 sin? ¥

T
//2
E =
o) /& - k2sin? v @

K and E are the complete elliptic integrals of first and second kind.

=~
1

3.13

The magnetic field components are obtained from 3.12:

A
p = -—=2
r YA
B¢ = 0 3.14
= 1.9
B, = T (I‘A¢)

Magnetic field lines can be defined as

dr _ dz 3.15

Combining 3.14 and 3.15:

d(rA¢) = 0 3.16

Hence rA, = constant defines a field line. This was used to

¢
calculate the magnetic field lines.

A fairly large number of induction rod configurations were studied,
in which rods were connected in parallel and driven by the existing main
bank. This was the only scheme considered in view of its greater flexi-
bility and the fact that it allowed reversion to the previous configur-
ation. This was required for comparison purposes, and in the event of a
negative result being obtained of the application of the vertical mag-

netic field.

Figs. 3.2 and 3.3 show the results of this calculation for two con-
figurations, the low magnetic field design of Kilkenny's and one of the
vertical magnetic field cases used. The values of magnetic field quoted
are peak values, i.e. a quarter period after the beginning of the main

discharge. The peak field is higher than that required to balance the
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Fig. 3.2 Magnetic field generated by the initial rod configuration.
This configuration is referred to as "no magnetic field case".

Fig. 3.3 Magnetic field generated by a four induction rod configuration
used. The induction rods have major radii of 20.5 and 30.4 and distance
from the horizontal plane of ¥ 9.6 cm.
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field due to plasma current at the corresponding time. This is neces-
sary so as to have a value closer to the required one during the initial
stage. The magnetic field has a sinusoidal dependence whereas the
plasma current has a fast risetime followed by a constant or nearly con-

stant phase (see Chapter k).

3.4 Vertical magnetic field produced by an independent capacitor bank

Initially, an independent auxiliary capacitor bank of 20 uF, 20 kV
was used, connected to two additional separate induction rods of 34 cm
radius, 5 cm either side of the horizontal plane of symmetry , the peak
magnetic field at the plasma position being 0.08T. Some results were
obtained, which are presented in the next chapter. The scheme was rap-
idly abandoned, as one of the capacitors on the auxiliary bank became
short-circuited, presumably due to induced voltages from the main bank.
The coupling between banks is quite high, the coefficient of coupling
being approximately 0.60. Apart from this, to obtain the required ver-
tical magnetic fields, the capacity and voltage of the auxiliary bank
would have had to be increased, becoming very similar to those of the
main bank. The difficulty of doing this, and the problem of three éap—
acitor banks (preionizer, main and auxiliary banks) closely coupled
together, making the operation of the Polytron less reliable, led us to

abandon this scheme.

3.5 Diagnostic techniques used

A description of the different diagnostic techniques used to study
the plasma is given. Electric probes, induced electric field and plasma
current measurements are not included. The first two have already been
described in the previous chapter. The plasma current was measured by
a compensated Rogowski coil, whose risetime was less than 100 ns
(Kilkenny, 1972).

3.5.1 Toroidal ion velocity

The method used measures Doppler shifts in emission lines from the

plasma ions. The ion velocity v is obtained from

¥y _ L4
c 3.17
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where ¢ is the speed of light, A\ the wavelength shift and Ao the emis-

sion wavelength of an ion at rest.

The wavelength shift can .be obtained by splitting the emitted
spectral line and comparing the two parts obtained. The method was
originally described by Berezin (1963) and was used by Kilkenny (1972)
in the Polytron. If the ratio of the difference to the sum of the sig-
nals is taken, it can be shown that this ratio depends solely on the
line shift, provided the line width is determined by the instrument.

In particular, for the case of a Gaussian profile this ratio can be
calculated. Fig. 3.4 shows a Gaussian profile being split at a wave-

length A. The amplitude as a function of the shift AX 1s given by

AX 2
(&
A(ax) = A e
3.18
AN = A - X
o
where w is the line width.
The total line emission is given by
Ty
I = A | e Y a(ar) 3.19

[s}

—00

The difference between signals corresponds to the shaded area

under the curve. The ratio is given by

Ax_ (D)2
jf s _(5)
I, -1 -t © a(ax)

. _ B _
Ratio = izgjrjf- = ) 3.20

B ® A
(=)
/_m e” ¥ a(ax)

where AAS is the value of the shift under consideration. Equation 3.20

represents the normalized error function. It is plotted in Fig. 3.L.
It is very linear for displacements of up to 0.5 w. This was confirmed

on calibration of the system with a known line.

The usual scheme, adopted by Kilkenny (1972) for his previous
measurement on the Polytron, is to pass the plasma light through a
monochromator. A silvered knife edge prism is placed in the output slit

of the monochromator to split the line in two. The alignment of this
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Fig, 3.4 Gaussian line profile and error function. For a gaussian
profile the ratio given by Equation 3.20 is an error function,
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system in which the silvered faces of the prism reflect light on to PM
tubes is difficult.

The system used by the present author is shown in schematic form
in Fig. 3.5. A transmitting spectrosil A knife-edge prism is used to
split the spectral line. Transmission, rather than reflection, facili-
tates alignment, as the two rays are not widely divergent; but it can
only be used if the aperture of the monochromator is sufficiently small.

Otherwise reflection losses render the instrument non-linear.

A 50 mm focal length quartz lens is fitted at the back of the
knife-edge prism to focus the split line onto the photocathodes of two
ministure PM tubes (13 mm dia. side-on, Hamamastsu type R828). The
whole assembly fits into a box 100 x 100 x 75 mm and is attached to the
output slit of the monochromator. The prism is mounted on a fine adjust-

ment slide carrier.

The monochromator used for this and other spectroscopic measure-
‘ments is a 2 m Czerny-Turner type. It was built at Imperial College
and was partly designed by the author. It has an f24 (with a grating
82 x 101 mm, 2160 lines/mm) aperture, Hilger-Watts input and output
slits. The instrumental width is 0.07 &.

Fig. 3.6 shows the arrangement used to collect light from the
plasma along a tangential line of sight. A small front silvered mirror
placed outside the quartz vessel reflects the light into the input slit.
The nonuniformity of the quartz vessel walls is not a problem as the

f-number is very large (f2b).

The output from the PM tubes is taken into type CA plug-in units
on a Tektronix 551 double-beam scope. The sum and difference signals
are displayed on the two separate scope traces. The ratio is calculated

manually.

3.5.2 Plasma position by optical means

The plasma position was obtained using (i) streak and framing
photography; (ii) PIN photodiode array, and (iii) spectroscopic tech-

niques.

(i) The image converter camera used for those experiments where an

independent capacitor bank generated the vertical magnetic field
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Fig. 3.5 Schematic drawing of the knife-edge prism and PM tube box used
to split the spectral line emission. Ray tracing of the light from the
monochromator is shown in thin lines. <
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Fig. 3.6 Schematic dlagra.m of a section of the plasma vessel and
pos:.tlon of the external mirror used to obtain tangential line of s:.ght

view.
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was an STL camera, lent by Culham Laboratory. The one used for
the other case is a Hadland Ima-Con camera, lent by the Applied
Optics Group at Imperial College. Image converter cameras have
a restricted dynamic range, particularly if used with fast
Polaroid film. The spectral response of the cameras used was
very limited, having no UV sensitivity. The argon plasma in
the Polytron emits mainly in the UV region of the spectrum. The
information about plasma motion obtained with image converter

cameras is limited to large scale motion.

(ii) In order to improve this situation a linear PIN photodiode array
was built. The photodiodes used (Monsanto MD2) have a limited
UV response (10% of peak sensitivity) and are very linear. Their
dynamic range extends over seven orders of magnitude. The array
consists of eight photodiodes, 5 mm between centres. The output
from each photodiode is fed into a 500 series Tektronix scope
channel. A quartz lens is used to image the plasma onto the array.

This allows determination of plasma position for each shot.

(iii) Position was also determined by looking at line emission from
the plasma. The main advantage of this method is that it allows
determining the position of regions in the plasma with a large
proportion of higher ionization states. The line emission from
these higher ionization states is in the UV region of the spectrum
which cannot be detected by the other two methods described. The
main disadvantage of this method is that it is a multiple shot
technique and is dependent on reproducibility of the discharge.
In the results to be presented an average over a large number of

shots was taken to overcome this problem.

3.5.3 Plasma position determined by magnetic coils

The position of a current carrying conductor can be determined by
measuring the magnetic field produced by the current at a distant point.
A more sensitive scheme is to measure the magnetic field at either side
of the conductor and take the difference. The method devised is essen-
tially that, but instead of having two separate coils a single one is
used equivalent to a pair. Fig. 3.7 shows a schematic drawing of one of
the coils used. It is wound in such a way as to be equivalent to a rec-
tangle coplanar with the plasma channel. The total flux through the
coil produced by the plasma is the difference of the fluxes at either
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side of the plasma channel. Two such coils at 90o to each other are

used to determine horizontel and vertical plasma position.

For the coil used to measure the horizontal position, the total

flux linked is given by

pwI [ay k2 uWI\/EE k2
= 9°¢C [ __ ik E Y~ .2 c | - —22V % -
9o = /R [:(1 2)1{ E s = (1 2)1{ E 3.22

where ki = i , the plasma radius is R, the radii of the coil-
(a.+ R)?
i
sides parallel to the plasma are 2; and as, v, is the coil width and

I the plasma current.

Fig. 3.8 shows the ratio ¢C/I for horizontal and vertical position
coils. An experimental check on this calculation was made using a con-
ductor of the same diameter as the plasma threaded through the coils.

A small capacitor bank was discharged through this conductor. The pos-
ition determined with the coils agrees well with position measured
directly. It is within the experimental error (5%). The horizontal
coil is fairly insensitive to vertical displacement. A 3 ecm vertical

displacement produces a change of 5% on the ratio ¢c/I.

The horizontal coil links flux produced by the induction rods.
The plasma signal is up to 30% of the vacuum signal. To obtain plasma

position the difference of signals with and without. .the plasma is used.

3.5.4 Line intensity and broadening

These measurements were done using the monochromator already des-
cribed, on AT (5650 R), ATI (4426 &), AIIT (3336 &) and AIV (2809 ).
Higher ionization levels emit in the VUV region of the spectrum and are

thus inaccessible with the monochromator available.

Spatial distributions of the total intensities of the different
spectral lines give information about plasma position, density and elec-

tron temperature.

Broadening on the other hand can give information about ion tem-
perature or electron density, depending on the dominant mechanism inv-
olved. Natural line width, Stark and Doppler broadening should be con-

sidered. The natural line width is small compared with the widths due
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Fig. 3.7 Schematic diagram of a coil used to determine plasma
position.  The plane P for which the coil is most sensitive to
plasma displacement is shown. Also shown is the plasma current
position relative to the coil.

o, . . . . .
4.9 TH 75.0 26.0 %0.5  Tig.0 0.0 10.0 20.0

Major radius cm Verticol displocement mm

Fig. 3.8 Calibration of coils used to determine plasma position
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to these two broadening processes. The value of AITI Stark broadening
has been calculated by Griem (1964) and the value given for the AII line
used and n, ~Uh x J.Oeom-3 is 2.5 x lO-h R with an electron temperature
of 8 eV. According to Griem Stark broadening of higher ionization levels
should be smaller than the values obtained for AII. Most of the broaden-
ing measurements were done in AIV. In order to make sure that Doppler
broadening is the dominant mechanism, the line profiles at two densities
were obtained. The results in Fig. 3.9 show that the higher density
gives the narrower profile. Stark broadening is strongly dependent on
density, increasing with density. The results obtained have therefore
been interpreted as Doppler broadening, with higher density giving lower

particle energy.

The minimum temperature that can be obtained from the measurement
is limited by the instrumental width of 0.07 2. The minimum temperature
for ATV ions (A = 2809 R) is 4 eV obtained from

mc2 vy 2 3.23
s m(r; -

where m is the ion mass, w

the measured width and Ao is the centre line
wavelength, T in °K.

A

3.5.5 The accelerating force on the plasma

The azimuthal and toroidal components of Ohm's law are

$°r T 94

. s
Br JeBr/ne)

‘G(Ee + v Br/ne)

je
3.2l

Gy = 9By - vy

where jr’ V. B and Vp have been assumed equal to zero. E, is the app-

6 $
lied electric field and Ee is the field induced by the Hall currents, the

cusp field being essentially constant.

Equation 3.22 can be expressed as

. g
= ———— (E_ - 4tE, + v B_ + wtv.B )
Je 1+ w22 0 w ) T er
3.25
= a (
z ———— (B, + wtv,B_ - v,B_ + wtE_)
Yo T T4 a2z 9 v Tor :
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Fig, 3,9 AIV line profiles for 3.5 and 12 mTorr filling
pressure, Vm = 10 kV, VC = 1,5 kV, at t = 2 us.
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0B
where wT = 7;? is the Hall parameter and n the electron number density.
Initially Ve and v¢ are small, and assuming that Ee is small compared to
er¢, which is valid for large st, we have
j, = - ——=oF 3.26

2
1+ (wr) ¢
For large Hall parameter

E
J = ne —% 3.27

The accelerating force per unit volume on the plasma is then

F, = jeBr = -neE¢ 3.28

An equal and opposite reaction force is exerted on the cusp coils.
Thus & measurement of this reaction force makes possible a determination
of the accelerating force. The reaction force can be obtained by measur-
ing the magnetic field components over a surface enclosing the plasma and
calculating the Maxwell stress tensor. Etherington (1965) has done this
in a linear Hall accelerator. In the Polytron, because of symmetry éhis
needs to be done only along a line egual in length to the cusp sepération
(Kilkenny, 1972), requiring at least two simultaneous magnetic field

measurements.

An alternative approach, used in the present work, is to obtain the
magnetic field produced by the plasma on a cusp coil and the current flow-
ing through it. The force on the cusp coil is the product of the two.

The force exerted on a closed conductor by a magnetic field is given by
F = ¢$1d1 x B 3.29

where I is the current flowing through the conductor, B the magnetic field
and dl a vector length element along the conductor considered. On a cusp
coil Equation 3.29 becomes

F, = I dl 3.30

where br is the radial magnetic field produced by the Hall currents.

The cusp coil current is not affected by the plasma, as the plasma
currents are much smaller than the currents in the coils. Thus to obtain

the force a measurement of the integrated radial magnetic field at the
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cusp coil position is required. This was done using the coil illus-
trated in Fig. 3.10. This coil is positioned underneath a cusp coil

in such a way as to give null signal with no plasma present.
The output signal from this coil after integration is given by

wéb dl :
V0 = TRe 3.31
where w is the coil width, R and C the integrating resistance and cap-
acitance. Equation 3.31 holds provided RC is much longer than times of

interest.

The cusp coil current has to be measured once for each cusp bank
charging voltage. After that it becomes possible to determine the force
on a cusp coil and hence the accelerating force on the plasma with one
measurement. This is a clear advantage over other methods used. A fur-
ther advantage is that the result does not depend on the spatial distri-

bution of Hall current.

cusp coil

Fig. 3.10 Coil used to obtain §brdl from which the-accelerating force
is calculated. o
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3.5.6 Faraday cup probe

A Faraday cup collector probe was used to study plasma losses. A
Faraday cage structure decreases secondary emission (Simpson, 1961).
A schematic diagram of the probe is shown in Fig. 3.11. The collector
electrode and outer casing are made out of stainless steel. The front
is & Ni foil with a 50 um pinhole in the centre. The distance between
the front electrode and the collector is kept to 2 minimum (0.3 mm) to
avoid secondary ionization of the background gas inside the probe
(Bakulin et al., 1969). The product pressure times electrode separation
has to be smaller than a given constant. The electrode spacing used
allows satisfactory operation at 3.5 mTorr filling pressure, ceasing to
operate at pressures above 6 mTorr. The front electrode can be biased

positive or negative to collect electrons or ioms.

3.5.7 Internal magnetic probes

Attempts were made to measure magnetic fields with internal mag-
netic probes. The probes designed by Parkinson (1968) were used. It
became apparent that the results obtained were probably due to surface
effects on the probe. This can be expected, as the vertical magnetic
field allows a higher plasma temperature for longer times. Coating the
probe with ceramic coating (Ceramacoat) did not improve the situation.

This type of measurement was therefore abandoned.
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Fig. 3.11 Schematic diagram of the Faraday cup probe.



79

Chapter L

EXPERIMENTAL OBSERVATIONS

: ‘,‘_“ggult,a-rabi;&n.ned;ﬁlth the dﬁég"noiatlc ueehmque
descrl‘ééﬁ. m,@g,pr ;,gps ,thapﬁer %wwg‘qe : ;Ehesg .:;qults.

e S e )1“’,"

analyse&’iﬁn%hejgﬁll R4 *“ ”“ﬁl& mgagurements are &q.Argom sand.
unless otherw1se stated they are at 3. 5 mTon filling pressure, 1.5 kV

cusp bank charging voltage.

L.1 Diagnostics on independently driven vertical magnetic field

The diagnostics used in this configuration were plasma current
recording and image converter camera photography. The vertical mag-
netic field was generated in this case by an auxiliary capacitor bank,

as described in Section 3.k4.

Fig. 4.1 shows stresk photographs and plasma current traces with
and without vertical magnetic field. 1In this case the auxiliary bank
is fired simultaneously with the main bank. Streak photographs are
obtained with a slit next to a cusp coil looking vertically up from
under the plasma vessel. Major radius increases to the left. The ver-
tical magnetic field prevents significant wall‘lnteractlon as can be
seen in the streak photographs. The peakiaﬁé%h% cum&égﬁ?i%*seen to
increase. This is probably due to larger Hﬁll"EQCEleﬁawh

‘l-&r\' "." ue’“‘" “.

and electron

‘ : !‘k !"
Fig. 4.2 shows framing camera photogfaphs and:plqgmq nurrent for a

situation where the auxiliary bank was f&red earller'thasnghe main bank,
This was required because the magnetic f£i&ld’ nbtﬁinéa Qnmtially was not
large enough to prevent the outward radial drift. Firing the auxiliary
bank earlier than the main bank ensured that the vertical magnetic field
was large enough when the main bank was discharged. Framing camera
photographs show that there was no large scale wall interaction in this
case. The plasma current obtained indicated that the auxiliary bank
induces a small plasma current (about 10% of the peak plasma current).
The plasma current induced by the main bank discharge shows no indication

of the usual 'shoulder' associated with the initial loss. This initial



O.2

80

5.4 6.4 Fs

Plasma current

Fig. 4.2 Framing camera photo-
graphs and plasma current with
vertical magnetic field generated
by auxiliary capacitor bank fired
! 6 us: earlier than the main bank.
1 No major plasma wall interaction
is observed. Vp = 10 kV, Vo =
1.5 kV, p = 3.5 mTorr, STL image

vertical

magnetic field

on

¢.0

Time

us

- = converter camera.
1 o
t10
—a_‘“ IFF 1
1S.0F B ON I
i g —— e .
time . . et T .
- e
{ps) §m b = ™G
5 | T 1
(5} | S [
2 R WS
v ) |
Q_U- S.0k :_.-' it |
-0 1]
H
?
a. e
off 8.0 [ 2.3 3.0 4.0 5-2 8.3 7-0

Time ws
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loss has been described by Kilkenny (1972). He showed that the initial
loss volume, the plasma region from which lost ions originate, decreases
with inecreasing electriec field. In this case a small electric field is
induced by the auxiliary bank, several microseconds before the main
accelerating field is applied. During this time the particles in the
initial loss volume for the small field are lost. At the time the main
accelerating field is applied there are no particles left in the loss
region for this value of electric field.

s L . e, by ]

4.2 Plasma current and induced voltage

A wide range of conditions has been investigated: cusp bank volt-
ages 1.0 to 2.5 kV; main bank voltages 10 to 25 kV; and filling pressures
2 to 25 mTorr. The vertical magnetic field is obtained from additional
induction rods driven by the main bank. Fig. 4.3 shows current and
voltage traces for typical conditions. Current traces have fairly fast
risetime, a 'shoulder' associated with the initial loss and a later
stage with a final decay. The total timescale is of the order of 8 yus.

The peak plasma current is higher with a vertical magnetic field applied.

The induced voltage has a very fast initial risetime, a slower inc-—
rease associated with the fast current risetime, becoming very close to
a cosine dependence at later times. The induced voltage at later times

is very similar to the vacuum induced voltage.

Fig. 4.4 shows a plot of the ratio of initial to vacuum voltage as

a function of pressure.

4.3 Accelerating force

The vertical magnetic field has a marked effect on the accelerating
force, as is demonstrated in Fig. L4.5. The force has a fairly fast rise-
time (~ 100 ns), followed by a nearly constant phase and then during

the initial loss the force decreases or vanishes; it reappears for a few

e g e et et o
9.

microseconds for lower pressures only[ 1fer

The force has been determined for a wide range of conditions. Its
value at t = 0.5 pus, before the initial loss, is given in Fig. 4.6 for

different conditions. For low filling density the force is seen to be
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essentially independent of cusp magnetic field. Fig. 4.7 gives the
" force at 0.5 pus against the product of filling pressure and induced

voltage. A linear dependence is exhibited.

Fig. 4.8 gives the force as a function of time for different cusp
and main bank voltages. It is interesting to note that the force time-
scale decreases with increasing accelerating voltage and shows a slight

increase with cusp field.

4,4 Toroidal ion velocities

Toroidal ion velocities have been measured for a fairly wide range
of conditions. Most of the measurements are based on AIV line emission.
Fig. 4.9 shows the results obtained for different main bank voltage. It
is worth noting that at later times velocities are smaller for the high-
est main bank voltages. Fig. 4.10 shows ion velocities for AIII and AIV

ions for one particular case.

4.5 Spectral line intensities

The highest ionization level studied is AIV, as higher ionization
states have their strong emission lines in the VUV or soft X-ray wave-
length region. However, it seems probable that there is little emission
at higher levels as this would imply higher temperatures, in disagreement
with other diagnostics. Results have been obtained looking tangentially,
giving a line of sight integrated emission and looking radially in. For
radial emission measurements a cusp was selected where the quartz vessel

wall was most uniform.

Fig. 4.11 shows results with tangential viewing for two main bank

voltages. AIV emission lasts longer for the lower voltage case.

Results for the case of radial line of sight are summarized in Fig.
4,12 for one of the conditions studied. Intensities have been normal-
ized to the maximum value for each line. The plots have been obtained
by utilizing an ICCC (Imperial College Computer Centre) library program
(Monro, 1977) generating the results in microfilm. Each box is the
intensity distribution for a particular spectral line at a particular

time, indicated on the left hand side, in microseconds. Right and left
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Fig, 4.12 Spatial distribution of spectral line emission, radial
line of sight. The boxes are 5 x 4 cm in real space. Time in us
is shown on the left.
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hand boundaries for each box are positions of cusp coils, the total
height represented being 4 cm in real space. There are regions where
the plot becomes discontinuous, possibly because of a low density of

points in the original data.

4.6 Line broadening

Line profiles have been obtained on & shot to shot basis, a com-
plete profile being obtained in about 50 discharges. The poor reprod-
ucibility results in a fairly large uncertainty in the line shape. It
has already been pointed out (Section 2.5.4) that in the case of the
Polytron the broadening is mainly Doppler broadening. It is possible

then to obtain an equivalent 'temperature' from the line widths:

2
wr = me2 [T b1
L 1n2 Ao

vhere m is the ion mass, w, is the measured line width and Ao is the

A
centre line wavelength. T is in °k.

Typical profiles have been shown in Fig. 3.9. The line of sight
used to obtain these profiles is radial. Fig. 4.13 shows the 'temper-
ature' obtained from Equation 4.1. The peak temperature obtained is

simultaneous with or immediately after the initial loss.

4.7 Plasma position

Results of plasma position determination by optical and magnetic

methods are given here.

Streak camera photographs are particularly useful to determine
vhether the plasma is in contact with the wall. Fig. 4.14 shows a com-—
parison of the streak photographs with and without magnetic field. The
slit is next to a cusp field coil. The photographs were taken from
underneath; the outermost wall is to the left.

Fig. 4.15 shows some results obtained with a PIN photodiode array.
At late times the plasma emission is not very well defined. This is

probably due to the poor UV response of the photodiodes used.
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Results obtained by analysing the spatial distribution of AIV
(2809 R) emission and magnetic coil signals are shown in Figs. 4.16
and 4,17. Initially there is good agreement between the two methods,
but it becomes poor at later times. The optical method becomes less
reliable at later times as the light output is very small. The mag-
netic coils determine the position of the centre of the plasma current
distribution. A change in distribution can be interpreted as an over-

all plasma motion.

With a vertical magnetic field there is some residual horizontal
and vertical displacement. This is of the same order as the plasma

.column diameter.

4.8 Faraday cup probe measurements

These are measurements of the ion flux at the wall position in
the equatorial plane. Results shown are only for low filling pressure
(3.5 mTorr)as the Faraday probe does not operate satisfactorily at
higher pressures. (Bakulin et al., 1969). The bias voltage used was -TOV

and -140V, no appreciable difference being observed for the two cases,

The spatial dependence of the ion flux is given in Fig. L4.18, the
temporal dependence in Fig. 4.19. The width of this flux is of the
same magnitude as the electric sheath width. The total flux is large
initially, peaking at the time the plasma current has its 'shoulder'.
After this it becomes small. )

For one of the conditions studied the Faraday cup probe bias was
reversed. Under these conditions electrons are collected, the signal
being 250 times larger than the corresponding ion signal. This is the

same as the square root of the ion-electron mass ratio.

It should be pointed out that the electron signal outside the

sheath region appears only after the initial loss.

4.9 Double electric probe in the presence of a vertical magnetic field

Attempts were made to measure the sheath electric field with a
double electric probe for the case with a vertical magnetic field pres-

ent, to compare with the measurement without magnetic field. Results
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show that initially there is an electric field in the sheath region,
which disappears during the loss time, occasionally reappearing for
short times later. In Fig. 4.20 a comparison of double probe and
Faraday cup signals shows up this result , which shows that the double

probe is shorted out due to plasma interaction.

4.10 Other effects

In this section several effects, presumably related to wall inter-

action, are described. The evidence is mainly qualitative.

It became apparent that the plasma current shape was slightly dif-
ferent for the first shot of the day, the system being pumped overnight
>

by an ion pump to pressures of 2 x 10 ° Torr. After an hour or so of
pumping with our diffusion pump-cold trap system, the normal operating
base pressure is reached, 1 ~ 2 x 10-6 Torr. This difference between
starting and following shots was particularly noticeable for low filling
density and high voltage. Fig. 4.21 shows plasma current for first and

second shots, 25 kV charging voltage, 3.5 mTorrfilling pressure. The
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Fig, 4,20 Typical output signals obtained with Faraday cup and double
probe. Vm = 15 kV, Vc = 1.5 kV, p= 3.5 mTorr, Bvert on.
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'shoulder' associated with the initial loss is less marked on the first
lischarge; this caﬁ be accounted for in terms of a higher temperature
s>r higher density, the former being unlikely. In order to test this,
a series of shots, with the discharge vessel isolated from the pumping
system, was carried out, results of which are shown in Fig. 4,22, The
final pressure has a large increase in the first shot, the difference

becoming smaller until it reaches a steady state.

Further evidence that the release of gas from the wall. is associ-
ated with the initial loss is obtained from spectroscopic measurements
that show an impurity line appearing after the initial loss, shown in
Fig. 4.23. This line is close to the 2809 AIV line, it is either a

Nitrogen or Oxygen line.

The quartz vessel had to be removed from the system on two occas-
ions, the first one for induction rod repairs 5eforé ﬁsing a vérﬁical
magnetic field and the second one because of a diagnostic port breakage
after several hundred discharges with a vertical magnetic field applied.
On this second occasion it was noticed that the inner wall of the dis-
charge tube was coated unevenly by a brownish deposit, with no coating
under cusp coils. Under white light illumination a set of coloured
interference fringes is formed in this deposit., The thickness of this
deposit has been calculated from fringe position (Born and Wolf, 1970)
and a microdensitometer scan of a colour slide of it. This is shown in

Fig. 4.24 as a function of distance between coils,
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Chapter 5

DISCUSSION OF THE EXPERIMENTAL OBSERVATIONS

In this chapter an analysis of the results presented in Chapter U
is put forward. The analysis is partly qualitative, particularly for

the case of plasma-wall interaction.

5.1 Ion and electron densities

Conservation of momentum can be used to obtain an estimate of the

ion density. For the plasma the equation of motion is given by

dvi
o EnimiAiliTt— 5.1

o
]

where Ai is the cross section and li the length of the volume containing

the i species being accelerated.
Assuming that cross sections, lengths and densities are not time
dependent Equation 5.1 can be integrated to give

[Fat = En.m A1, v, 5.2
¢ i 1717171 1

The cross section can be obtained from the spatial distribution of
the spectral line emission, and the length li from the width of the
sheath obtained with the double probe measurements. Thus since ion
velocity and force have been measured, the number density is the only
unknown parsmeter. However, further assumptions have to be made, namely
that the cross section and length of the accelerated volume for differ-
ent ionization species are the same and that ion velocities are propor-
tional to the charge of the corresponding ion. The last assumption has
been experimentally verified for AIV and AIIT ions after 3 us (Fig. 5.5).

Equation 5.2 can then be rewritten as

= ¢ = —2 ¢
n ?ni 2m. Al v 23

where Vv is the AIV velocity and the numerical factor 2 is to take into
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account the contribution of AII and AIIT ions.

Results of this calculation are shown in Fig. 5.1. An apparent density
increase is observed at a time corresponding to the initial loss time.
This is probably due to the fact that ions being lost from regions of
uncontained particles carry to the wall part of the momentum being trans-—
ferred to the plasma. A density increase 1s observed at late times,
immediately before the disappearance of the force (4 to S us). At this
time particle loss, obtained from Faraday cup probe measurements, is
small. This can therefore be ascribed to an influx of neutral Argon and
impurities from the wall into the body of the discharge. A more detailed

discussion of this influx of impurities is given in Section 5.7.

The average electron density can be obtained from the ion density as
calculated above, and the average ion charge, obtained from spectral line
emission measurements. The electron density obtained in this way is shown
in Fig. 5.2. The electron density so obtained reaches a maximum at around

1.5 pus and decreases slowly after that.

5.2 Ion temperature

Doppler broadening of spectral lines represents the velocity distri-
bution of the plasma ions along the line of sight. Under suitéble con—
ditions it is possible to obtain the ion temperature from the Doppler
profiles. 1In particular the measurements have to be done with a line of
sight along a major radius of the plasma torus. In order to establish
whether the measured Doppler width is a real temperature a toroidal single

particle computer code, originally developed by Kilkenny (1972) was used.

The code calculates ion trajectories only. Electron motion is neg-
lected because the cusp magnetic field traps the electrons. Further it
is assumed that the plasma magnetic field does not perturb the vacuum mag-
netic field. The electric field is assumed constant in time and with an

inverse radial dependence.

The coordinate system used is cylindrical (r = R *+R, ¢, %). Since
Ro is the major radius of the torus, the coordinate R measures the radial
component of the distance from the minor axis. The equations of motion

are.
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The magnetic field for the actual cusp coil configuration in the
present device is calculated separately and stored in a 3-dimensional
mesh (23 x 9 x 13). The value at any particular point is obtained by

interpolating from this set of values.

The applied toroidal electric field is given by
Eo
E¢ To1+ R/Ro 72

Thus E, is pseudo conservative.

¢

Because of symmetry and periodicity any region can be reduced to

¢ : O to 5°

Z :0tor 5.6
max

R: —-r

tor
max max
where Toax is the minor radius of the torus.

The equations are integrated using Merson's method (Lance, 1961).
This is a modified fourth order Runge-Kutta scheme which allows an esti-

mate of the error to be made. The method is accurate, but very slow.

Each ion is given zero initial velocity and a certain initial position

and is followed for a predetermined time or until it is lost.
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Using this program the radial velocity distribution is calculated
as a function of time for each of 64 equal volume elements into which
a cusp volume has been divided. From this data the radial velocity
distribution for all the ions at any minor cross section can be obtained

and compared with those obtained experimentally.Velocity is proportional
to wavelength shift.

The calculated velocity distributions in two neighbouring volume
elements out of the 6L into which a cusp volume is divided are shown
in Fig. 5.3. It is clear that the velocity distribution obtained is
not a true temperature as the centre of the distribution is shifted
for the two volumes by the same amount as the width of the velocity
distributions. The calculated velocity distribution over the minor
cross section is given in Fig. 5.4. Also shown is the measured velocity
distribution. The measured FWHM of the distribution is several times
larger than the calculated value. The calculated FWHM is a third of
the illustrated width. Its contribution to the observed FWHM will
therefore be small. Thus an interpretation of the measured values of

line broadening as ion temperature is reasonable.

The ion temperature obtained from the line widths measured along
the major radius in the magnetic cusp region is shown in Fig. 4.13 as
a function of time. It should be pointed out that the measurement was
done on a shot to shot basis. As the discharge is not very reproducible

the observed profile is broader than the true profile.

Within the experimental error the ion temperature obtained in the
region of a cusp coil is not different from that obtained in the ring
cusp region. This would be the case if the observed broadening were

due to ion thermal motion.

According to laser scattering measurements made by Kilkenny, the
electron temperature and density for the same discharge conditions

(chsp = 1.5 kV, Vmain = 10 kV, 3.5 mTorr filling pressure) are 4.5 eV

and 102lm~3 at 0.5 ps. These figures inserted in Spitzer's formula

o)
+ .
m m. 5.1
e 1

LV ES

2 3
3(Lkme ) mm. (kTe kTi Y

et 8(2m) n z2e" 1nA
give an electron-ion energy egquipartition time of 12 us at 0.5 us.
Since T, at this time is 15 eV (cf Te-h.5 eV) the observed ion temper-

ature must be due to some form of direct heating, possibly viscous
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heating.

The heating rate Qvis per unit volume in a plasma as a result of

viscosity is given by

- av
is = _“aBa——% 5.8
8

where w are the components of the stress tensor, Va the velocity com-

af

ponents and x, the position coordinates.

B

Since electron viscosity can be neglected because of the small
electron mass, and if terms of order (uoci'ri)"2 are neglected, the heat-

ing rate generated with magnetic field in the z direction is

n, avx EXI avz>2
Qvis = _5-(_81_c_+ 3y  “ oz 5.9
where
3(hme )2/m (k1) 72
n, = 0.96 o =
4T 1np e%

is the ion viscosity coefficient (Braginskii, 1965). w3 Ty is of the

order of 0.5 in the experiment. However, terms in (wci'ri)'2 contribute
little to the viscous heating rate. The viscous heating rate given by

Equation 5.9 is therefore a good approximation.

It has not been possible to determine experimentally the terms
avi/axi in Equation 5.9. However, an estimate can be obtained from the
results of the single particle calculation described earlier,

The value estimated for the term in brackets in Equation 5.9 is

2 x 10° s71, which is an order of magnitude lower than the quotient of
centre of mass velocity and plasma dismeter (4 x 10% s™l). Using the
estimated value for the term in brackets in Equation 5.9 and the measured
ion temperature of TO eV between 2 and 3 us, an ion energy increase of
0.01J per cusp is obtained. The ion energy increase per cusp calculated
from ion temperature, ion density and volume is 0.015 J, between 2 and 3 us.
A decrease of ion temperature is observed after 3.5 pus (Fig. 4.13) whilst
the toroidal velocity (Fig. 4.9) and accelerating force (Fig. 4.8) inc-
rease or are nearly constant. As ions and electrons are thermally

decoupled (rei‘le pus) it is evident that a direct ion energy loss process
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occurs. Charge exchange processes, which are very efficient at removing

ions from the plasma, may be responsible.

The toroidal velocity ratio AIV to AIIT is shown in Fig. 5.5. AIV
and ATTTI velocities were not measured simultaneously, twenty dischargeé
being used to obtain the velocity ratio. Initially the ratio is nearly
one and it increases to 1.5 at 5 us, immediately after the disappearance
of the accelerating force. A value of 1.5, corresponding to the charge
ratio, would be expected if viscosity were not important because the ion
accelerating force is proportional to the ionic charge. However, the
measurements are tangential line of sight averages and therefore contri-
butions from different plasma regions are obtained. ‘Spatial distribution
of the line emission along a major radius line of sight shows that atoms
at a higher ionization stage are closer to the torus axis. The observed
increase of the velocity ratio is consistent with gas and impurities

reaching the plasma, highly ionized atoms being reached later.
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Fig. 5.5 AIV to AIII toroidal velocity ratio as a function of time.
Vm = 10 kV, Vc =1.5 kV, p = 3.5 nmTorr.
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5.3 Energy balance

An estimate of the energy contained and lost by the plasma is
obtained in this section from the measurements made. The contribution
of electrons to the energy balance is obtained from the plasma energy
equation and electron temperature measurements at early times made by
Kilkenny (1972). The plasma energy equation is

ait(%pvz + 30 (kT_+ kT,) +zini1i) +

5.10

V.(zpv2y + Uy + By +Q+8) = j.E
where n. and Ii are the number density and ionization energy for stage
i, P is the pressure tensor, U the internal energy, Q the heat flux,

S the radiation flux, p the mass density, j the plasma current density

and E the applied electric field.

DAL PR R

The energy egquation is”iﬁfégfg%éd over a volume between two cusp
coils and the tube walls. The different terms are evaluated. In par-

ticular the heat flux loss to the walls is

[v.qav-

[q.48
h'2 s

5.11

2ra w Q‘r

where a is the tube radius, w the equivalent width over which heat loss

is occuring'and Qr 1s the r component of the heat flux. Initially the
electron-electron mean free path is small, so classical heat conduction

is valid. At later times, after about 0.5 us the mean free path becomes
comparable with the minor radius of the tube (this calculation uses
Kilkenny's experimental values of Te). However, double probe measurements
of the sheath are still in good agreement with a collisional model with

a classical collision frequency. This is probably due to microinstabili-
ties whose effect is to give an equivalent collision frequency. It is

not unreasonable to assume then that a classical coefficient of heat con-

ductivity applies. Thus

L P >-12

where k is the coefficient of heat conductivity and is given by Spitzer
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(1967) as

5
72
80 k(kTe)

T3 T
T 2/21r 72 me/zel*Z 1nA

kK = €8

5.13

5
72
Te cal
T Z 1lnA sec deg cm

4.67 x 10712 €6

where € and GT are coefficients depending on the ion charge Z.

o T

Assuming that 7;? ~':§ , the heat flux term in the energy equation

becomes

7
72 (kTe)/2W cal cm?

sec deg

oy = 2
fv.g av = e‘GTBO(“) 5.1l

T
nﬂ;z eZ 1nA

The energy input from azimuthalerttidirieidcan be neglected as

..JeEe g neEQ £.BB¢ //
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670 r

nev, E

9B
o E ’55’5; << 1 5.15

¢

n
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2.,
at. ¢"

R

B r
as ﬁi << 1 in the cusp region and 3
r

Radiation flux has been obtained from PIN photodiode measurements,
with the corresponding correction for their low UV sensitivity. Cenﬁre
of—maés energy is obtained from ion centre-of-mass velocity measureménts
and the deduced density in section 5.1. Ion thermal energy is obtained
from Doppler broadening of spectral lines. Ionization energy is calcu-
lated on the assumption that ionization is uniform over the whole emitting
plasma volume. The energy carried away by ions and lost to the walls is

obtained from Faraday cup probe and Doppler broadening measurements.

The electron energy has been calculated at early times (up to a
microsecond after the beginning of the discharge) from electron temper-
ature measurements obtained by Kilkenny (1972) for a situation with no
vertical magnetic field. In the present situation, with a vertical mag-
netic field, the electron temperature should be nearly the same, as little
plasma displacement has occurred and as the plasma current and voltage

waveforms are very nearly the same up to this time. The energy equation
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can therefore be used to obtain an equivalent width w for the heat flux.
The equivalent widths obtained for 10 and 17 kV main bank voltage are
3 and 5 mm. The widths obtained are of the same order as the electric

sheath width obtained by means of a double electric probe (6 mm).

The different terms of the energy equation are given as percentages

of input energy at 1.0 us in Table 5.1.

‘Table 5.1

Energy losses at t = 1.0 us for 10 and 17 XV main bank voltage, 1.5 kV
cusp bank voltage and 3.5mTorr filling pressure

1

Energy
Ton Iont Lost b{. Tonization Electron| Lost by Lost by
thermal| CSRUTE convection) lonizatlo thermal |radiation|heat flux
. of mass|of ions
Voltage
10 5% 3% 1% 8% 14% 0.2% 69%
kV
17 10.6% | 9.4% 0.4% 3.8% 2.4% 0.1% 73.4%

Radiation energy loss is negligible compared with other losses. Energy
lost by ioms is sméll at this time, before the bulkrof the initial loss
has occurred. Ionization energy is important at this time while most of
the ionization takes place. At later times fhis 5ecomés less important.
éhe mést iﬁportént loss is through heat flux, which at later times becomes
90-95% of the total energy input,

Using at later times the same value of heat flux width, the integ-
rated energy equation (integrated on a cusp volume and in time) can be

written as

;
- _ofr 23t = .
A - 3[T_at-cfT *at = o T.05.16

where A represents the energy contribution of terms other than electron

energy or heat flux loss, and B and C are given by

3.
B > nkV

5.17
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The electron temperature can be obtained from this equation for
times greater than 1.0 us; (Kilkenny's laser scattering measurements
were limited to times earlier than 1.0 us.) The eiectron temperature
so obtained is plotted as a function of time in Fig. 5.6. The electron
temperatures obtained are consistent with Faraday cup probe measurements
which show that they should be less than TO eV.

The energy containment time, defined as

= —2 5.18

dt

where WP is the total plasma energy, is obtained from the values obtained
for the different energy contributions. The electron energy is 20 to

40% of the total plasma energy. An error of 100% in electron temperature
would introduce an error of less than 50% in the energy containment time.
The energy containment time so obtained is shown in Fig. 5.7. Between

70 and 95% of the energy supplied to the plasma is lost by heat conduc-
tion. Therefore, any errors in the estimate of heat conduction losses

have a large effect on the value of energy contaimment time.

5.4 Ion and electron currents

The total ion and electron currents is evaluated using the measured
centre of mass ion velocities and the cross-sectional area of ion flow.
The current is given by

Ii = eini ZiAivi 5.19
where the summation is over all ionization species. Lower ionized
states have a smaller contribution as both theilr charge and velocity
are smaller. The total ion current is expressed in terms of the AIV
parameters, assuming that the cross-sectional area of current flow is

the same for all species, as

= , 2. v.
Ii = enAZIVvIVF‘.:Zl 1
2 fy Yoy

5.20

H
]

3 3x 1.55 enA VIV
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Fig. 5.6 Electron temperature obtained from energy equation.
Vm = 10 and 1T kV, Vc =1.5 kv, p = 3.5 mTorr.
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The numerical factor 1.55 takes into account the contribution of the

lower states.

The results obtained are shown in Fig. 5.8 as percentage of the

total current, the electron current making up the balance.

It is supposed that electron current can flow only in regions of
small Hall parametef, in a narrow channel close to the magnetic axis.
Initially the electron current will be limited by plasma resistance,
whereas at late times it will be mainly limited by the inductance of

this narrow channel.

Assuming that the electron current at initial times flows uni-
formly in a plasma channel of radius r and that all the applied vol-
tage V is dropped in the total resistance Rp of this plasma channel,

and using Spitzer's resistivity, the total resistance is given by
R = ns = n—7 5.21
P I

where RO is the plasma major radius. The value of r, has been calcu-
lated from Equation 5.21 using the electron current obtained from Figs.
4.3 and 5.8 and assuming a classical resistivity. The values of n_
and Te used for the resistivity are obtained from Fig. 5.2 and Fig.
5.6. The values of r_ so obtained are shown in Fig. 5.9 together

with the values obtained from Equation 2.8, which are the values of

r, obtained from the resistive sheath calculation. The velue of r
obtained from Equation 2.8 is the minimum plasma channel radius, under
a cusp coil, whereas the experimentally derived one is an average

value.

5.5 Plasma loss

The ratio of lost to total number of particles in a cusp region is
obtained from the particle flux measurements and initial number of par-
ticles. Fig. 5.10 shows this loss for two different main bank voltages
as well as the calculated value obtained by Kilkenny (1972) from a par-
ticle calculation for a linear Polytron. Electrons are included in
this calculation. The agreement is good. Fig. 5.11 is a compari-

son of the results obtained for different cusp bank voltages. The loss



113

100
80 1 °10 AV
+ 17KV
P
604
£
-
g0 °
-]
[-]
20+ ° v
o >
-] *
Tt e 22
s °
1 2 3 L 5 6 7
Time us

Fig. 5.8 1Ion current as percentage
Vm = 10 and 17 kV, Vc =1.5kV, p=

10.0
§ 1 §
% S.0p .+--‘*‘--f*--“‘-. %
: oo ;
0. il g
.0 1.0

of total plasma current versus time.
3.5 mTorr.

10.0
+
S.0- \\:
-
a'--v-—.v.___ o
0-§.3 1.0
Time us

Fig, 5.9 Average radius of electron current channel derived from
current, voltage and electron temperature compared with minimum
value obtained from Equation 2187 (-——-) Theory.



11k

Fig. 5.11 Total particle loss as percentage of the initial number
of particles in a cusp volume. Vm = 17 kV, VC = 1.13 and 1.5 kV,

p = 3.5 mTorr.
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Fig. 5.10 Total particle loss expressed as percentage of the
initial number of particles in a cusp volume. V_ = 10 and 17 kV,
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is higher for higher cusp magnetic fields.

For the high main bank voltage an average charge of 1.5 for the
escaping particles is assumed, whereas a charge of 1.0 is assumed for
the low voltage case. In the latter case the electron flux obtained
with the same probe scales roughly as the square root of the electron-
ion mass ratio. No comparison is available for the higher voltage
case, but it is reasonable to assume a higher charge of lost ions in
view of the fact that contained ions have a higher average charge in

this case.

The FWHM of the plasma loss region is 7 mm, in good agreement
with the value obtained from the single particle calculation described

earlier.

Plasma containment time is obtained from
N

P = 4N - 5.22
dt

where N is the total number of particles in the plasma. N is obtained
as the différence between the initial number of particles and the total
number of lost particles up to a time t. Tp is shown in Fig. 5.12.

The plasma containment time is much longer than the energy containment
time and is seen to decrease at the time of the initial loss, increasing
at later times. Higher accelerating voltage improves the plasma con-

tainment time.

These results show that the loss in the Polytron can be[gréatiy réduced
provided that the initial distribution of particles is wholly within the
contained region obtained from the single particle calculation. The
results obtained using an auxiliary capacitor bank for the.vertical mag-
netic field fired before the main benk (Chapter 4, Section L.1) provide
further evidence that this is the case.

5.6 Plasma displacement

The radial forces (acting along a major radius) on a unit length

of the toroidal plasma column are:

fs = force due to self magnetic field
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fa = force due to vertical magnetic field
- " n " cusp " "
cusp
] by = centrifugal force
1\ *Tc‘?n. ...'._- ;' -

fs and fa have been discussed in Chapter 3 (Sections 3.1 and 3.2)

and are given by

uoI2 8r n
£, = T3 [1:1?—0.75] (Eq~ 3.8)
= n
£, = IB, (Eq~ 3.9)
fcusp is due to the net difference of radial cusp magnetic press-

ures towards and away from major radius. This force is a funection of r
and ¢. However, the cusp magnetic field can be approximated by

(Kilkenny, 1972)

B = BT, [k(r-R_)]sin(189) 5.23



117

where Bo is the magnetic field at r = Ro’ I. is the modified Bessel

1

function of the first kind and k = ©/L, L being the distance between

cusp coils. The average value of cusp magnetic field along the ¢

coordinate between two cusp coils is

B, (r) = BT [k(r-R))]

The average cusp force is given by

, Y [32 (r-a) - B2 (r+a)]
CuSP ]..Io av av

where a is the average plasma column radius.

f is given by

cen
2
v
cen r

where p = Tonm. a2 is the mass per unit length.

The equation of motion for the plasma column is

—X = f +f +°f + f
s a cusp cen

The dominant term on the rhs of Equation 5.27 is fs.,-

least significant; for most cases fcen can be neglected.

two terms f_ 1s usually more important than f
a cusp.

Using Equations 3.8, 3.9, 5.25 and 5.26, Equation 5.2T can be

written as

dvr uoI(t)

- 8r _ _
o = —Eﬂ_—r—[ln S 0.75] Bz(r,t) I(t) +

v2(t)
i— [Bgv(r-a) - Bgv(r+a):l+ p%

5.2h

5.25

5.26

>.27

n 1s the
Of the other

5.28

It has the general form r = f(r,t). The equation was integrated

numericelly using Milne's (1949) predictor corrector method.

method is appropriate in the present case, as the first derivative of

r does not appear in the equation, and the integration can be performed

in one step. A listing of the computer program used is given in
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Appendix B. The experimentally determined values of plasma current,
toroidal velocity, cusp and vertical magnetic field are used in the
calculation.

Results of this integration for two values of accelerating field
are shown in Figs. 5.13 and 5.14. In Fig. 5.13, for the lower field,
three cases are displayed, cusp field only, vertical field only and
both together. In this calculation a plasma radius of 1 cm is used.
Also shown is the experimentally determined plasma position. In the
case of both fields together there 1is good agreement befween experi-
mentally determined and theoretically predicted position. The calcu-
lation clearly shows that a vertical magnetic field is required to
keép the plasma column away from the walls. In Fig. 5.1k a higher
accelerating field is used, and two cases are considered, cusp field
alone and cusp field with vertical field. A plasma radius of 1.5 cm
is used and very good agreemeﬁt is obtained. The use of the 1.5 cm
radius is in agreement with the experimental value derived from spec-

tral line emission spatial profiles.
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Fig. 5.13 Calculated and measured plasma major radius. Vp = 17 kV,
Vo = 1.5 kV, p = 3.5 mTorr. The calculation is performed with B

= vert
only, Bcusp only and both. Bvert = 362 gauss.
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As mentioned in Chapter 4, the experimentally observed vertical
plasma dispiacement has tﬁo compbnents. One is depéndent on cuép and
main bank polarities, the displacemeﬁt is in the directién jxB. The
second component is always upwards, independent of cusp or main bank

polarity (see Fig. 4.1T).

An asymmetry which may be responsible for this behaviour is due
to the fact that the quartz vessel minor axis does not lie exactly in
the magnetic equatorial plane, but . is 5 mm below it, so that the upper
wall is closer to the plasma than the lower wall. The plasma position
is determined by the cusp magnetic field minor axis. Impurities from
the upper wall will reach the upper region of the plasma and get ion-
ized earlier than the ones from the lower wall. Under these conditions
an apparent upward motion would be observed. The apparent motion would
be faster for a higher electric field. This is the behaviour observed

in the experiment.

‘5.7 Polytron sction and its cessation

AT

I
[ 2R3N

The evidence presented indicates‘that the Polytron can be operated
in the so-called 'Polytron regime'. The coﬁditions-for Polytron action
have been given in Chapter 1 and will be discussed now in the light of
the results obtained.

The condition
wr > 1 (EQP 1.1)

holds for radii larger than a few.mm (see Section 5.4) and therefore Hall

currents flow.

The condition

e

(Eq” 1.2)

8 2

holds for Argon ions but it does not hold for Hydrogen. Argon ions can

therefore be accelerated.

VoT e

The condition

2o

u.ne ]—3% < (Eq" 1.3)
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holds for the experimental conditions used.

These three conditions are essential for Polytron action to occur

and are met in the present experiment for Argon ions.

The condition

(Eq™ 1.4)

is satisfied as is apparent from Fig. 5.15 which shows the Mach number
for two accelerating fields. Plasma leakage should therefore be small.

This is consistent with Faraday cup measurements which show that the ion
leakage is large only at about 1.5 us when loss of ions from uncontained

reglons is dominant.

The condition

2kTe n
v 2> (EQ 1.5)
¢ m
e 4
S'O T 1 1 1 t I
// \\
/ \
/ \
/ \
/ \
/ \
/ ST kv |
( 4-0r /
8 /
= ,
3 -
<
= 10 kV
=]
> 2.0F -
1 ! " 1 " 1 L 1 L 1
0-83 1.0 2.0 3.0 4.0 .0 6.0 7.0
Time ws
Fig. 5.15 Mach number as a funciion of time. Vm = 10 and 17 XV,

Vc = 1.5 kV, p = 3.5 mTorr.
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is certainly satisfied, therefore no two stream instability should be

generated.
The condition

By << B (Eq” 1.6)
is satisfied as the plasma poloidal magnetic field is at least an order
of magnitude smaller than the cusp magnetic field. MHD stability is

therefore ensured.
The condition

2 n
uoI < 8'rrNk(Te+Ti) (Eq 1.7)

is certainly satisfied in the experiment.

Thus it is apparent that the present device does operate.in 'Poly-. .
tron regime', although a steady state situation is not obtained. The

acceleration time to reach steady state T,» given by Haines (1962) is

2
T, = —‘(wT"'—'J,'r) 5.29
(A)ci ()

which for a typical value of Hall parameter of 10 is 15 us, much longer
than the discharge duration in the present device. The accelerating
force disappears before the electric field drops to zero. The evidence
seems to indicate that this disappearance of the acceierating force is
due to neutral Argon and impurities released from the walls of the plasma

vessel. The evidence can be summarized as follows:

a) The timescale for the force is only slightly dependent on cusp meg-
netic field, the effect does not appear to be associated with a cusp

magnetic field effect.

b) The timescale is strongly dependent on the accelerating electric

field, and is shorter for higher electric fields.

c) Wall deposits, final pressure measurements and impurity lines indi-
cate that gas and material from the walls are released and redistri-
buted.
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d) Ion density, derived from momentum balance, increases immediately

before the disappearance of the accelerating force.

Times between initial loss and force disappearance are given in
Table 5.2, with the corresponding pump-down times to base pressure
after the discharge. The time of flight of impurities is taken as the
time difference between the time of peak plasma loss and the time at
which the force disappears. The impurity velocity is obtained assuming

that impurity atoms have to travel 3 cm to reach the core of the plasma.

" Table 5.2

Velocity of impurities from walls and pump-down times

Main bank Impurity time of Impurity Pump-down
voltage flight to plasma velocity time
(xv) (us) (cm/sec) (min)
10 3.0 1.0 3
17 2.25 1.33 10
25 1.8 1.65 45

The binding energy of silica (Si02) is abpu? 8 eV (Keye and Laby,
1956), much smaller than the energy of ions lost to the wall. The energy
required to generate the same number of atoms as the initial number of
argon atoms in a cusp volume is 0.0l Joules, an order of magnitude smaller
than the energy carried by lost ions during the initial loss. Therefore
ions lost to the walls have enough energy to release significant numbers

of wall atoms.

An influx of cold gas into the discharge increases the density and
decreases electron temperature, as electron-electron energy equipartition
time is 10 ns for Te-20 eV (Spitzer, 1967), and decreases ion temperature
through charge exchange processes. A small particle influx causes an inc-
rease in the accelerating force, as long as the Hall parameter remains

large. Using Spitzer's conductivity, the Hall parameter is

2 3
6‘(2ﬁk)%éeo BT 72
lnA n

wt = T
m 72e3
e
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As further new particles get into the discharge a point is reached
when the Hall parameter becomes small over the whole cross section of
the discharge. Cooling down of electrons and increased density contri-

bute to a decrease of the Hall parameter.

As the Hall parameter decreases, the radius of the electron carry-
ing current channel increases. At the same time conductivit& decreases,
so it is probable that no drastic change in electron cufrenf occurs.,

The plasma current does not increase, as seen from the current wave form

(Fig. 4.3).

If energy is fed into the plasma at a fast enough rate, the acceler—
ating force should reappear as soon as the electron temperature is high

enough. This is the case for the highest main bank voltage (25 kV, Fig.
4.8).

5.8 Stability

No major instabilities have been observed. There is no indication
from the diagnostics used of large scale instability. Kilkenny (1972)
observed what could be a Rayleigh-Taylor instability. This effect is not
present with the vertical magnetic field.

Double probe measurements rule out the possibility of low frequency

microinstabilities, although higher frequency ones might be present.

5.9 Summary

In the present device three distinct phases can be observed during
the discharge. An initial phase, leadiné up to the initial loss, with
acceleration and considerable ion and electron heating; a second phase
after this loss and before the entry of gas and material from the walls,
the centre of mass velocity of the ions rises continually during this
stage; and a final third phase, the gas and material from the walls
penetrate into the discharge, disrupt the acceleration process, and the

accelerating force decreases or vanishes.

Ion heating is probably viscous. Ion temperature is higher than
electron temperature. A classical heat conditivity is adequate to des-

cribe heat losses , heat loss occuring through a ring of width similar
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to the electric field sheath and the particle loss widths.

Particle contaimment time and the total number of contained par-

ticles increase with increasing accelerating field.

No major instabilities are observed.
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Chapter 6

CONCLUSIONS

_ As a culmination of this work modifications of the present device
are discussed showing that it is possible to achieve a configuration

in which negligible plasma losses are present.

The obvious design criteria are

(a) Suppression or reduction of initial loss.

(b) Capability of operating in deuterium.

(e) Increase& accelerating field.

(d) Vertical magnetic field suitable for a wide range of plasma con-—

ditions.
(e) Longer timescale of the discharge, allowing the terminal velocity

to be reached.

The last criterion will not be discussed here as it is a purely

technological one and can be met.

The first three criteria are closely related and will be discussed

jointly, after criterion (4).

Finally a discussion of a device using a different geometry, in
which the magnetic and electric fields are orthogonal to the present

device, is presented.

6,1 Vertical magnetic field

In the present system the value of accelerating electric field
fixes the vertical magnetic field. The ratio of the two is essentially
determined by the geometry of the induction rods. The plasma current

has little effect on the vertical magnetic field.

Ideally the vertical magnetic field should be independent of the
accelerating electric field and the system capable of sensing the plasma
position and adjusting the vertical magnetic field accordingly. Unfor-
tunately it is not possible to have two electrically independent induc-—
tive circuits in close proximity. Any change of current in one will

induce an emf in the other and vice versa. The coefficient of coupling

'3
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Cc is given by
6.1

where Mij is the mutual inductance between circuits i and j and Li and
Lj their self-inductances. This coefficient is zero for no coupling
and one for perfect coupling. In the present device its value is bet-
ween 0,50 and 0.60, clearly a case of close coupling. However it is
possible to have two sets of coils, one to generate most of the induced
emf at the plasma position and the other to generate the vertical mag-

netic field without inducing a large emf in the plasma.

" In Fig. 6.1 2 circular loop carrying a current I is in the hori-
zontal plane, In any plane P parallel to the horizontal there is a
radius R0 for which @he ver?ical magnetic field component is zero. For
a time varying current the induced emf on a cirele of radius R0 in the
plane P is nevertheless non-zero. To illustrate this point the vertical
magnetic field and the induced emf generated by two coaxial circular
coils‘are calculated. A schematic diagram of the geometry is shown in
Fig. 6.2. The coils are parallel and equidistant from the horizontal
plane. The distance between coils is 0.18 m. The vertical component
of the magnetic field and the induced emf are calculated at a point in
the horizontél plane, radius 0.254 m, for different coil major radius.
Both coils are connected in parallel to a 60 uF capacitor bank, with
currents flowing in the same sense. Results of this calculation are
shown in Fig. 6.3. The coils are assumed to have been made of a .0l m
diameter wire. The vertical component of the magnetic field generated
changes direction at a radius of 0.218 m. The induced emf on the other
hand is always of the same polarity and is not very dependent on coil

radius.

It is conceivable then to have a set of coils generating flux only
(and hence induced electric field), whilst the required magnetic field
is provided by a different set of coils. Ideally the magnetic field
coils should be driven from a controllable source, capable of responding
to the changes in plasma position., In practice this is difficult to
achieve., However a far simpler approach can be implemented more readily,
namely several coil sets, each set driven by a separate capacitor bank.
To illustrate this a simple case has been solved. A hybrid system, in

which part of the vertical magnetic field is generated by a set of coils
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Fig. 6.1 Schematic diagram of a single circular current carrying
coil in the horizontal plane (see text),

@
———p— - —

o)

@

|

Fig. 6.2 Two coil configuration for which the vertical magnetic
field and induced voltage are calculated. Results of this calcu-
lation are shown in Fig. 6.3.
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Fig. 6.3 Peak vertical magnetic field and induced voltage at
R = 25.4 cm, 2 = O per kV charging voltage of a 40 W capacitor
bank discharged through the coils.

Fig. 6.4 Schematic diagram for system of induction rods to
generate different magnetic field and induced voltages.
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driven by a capacitor bank and the rest of the required magnetic field
is provided by a set of coils vhose current depends on the plasma

position is used in Cleo (P Reynolds et al., 19Th).

A system of n coupled linear circuits requires 2n coupled differ-
ential equations with constant coefficients. Using Laplace's method
an algebraic system of equations of order 2n is obtained which allows
the determination of the frequencies and damping coefficients. The
case n = 2 can be solved analyticélly. Details of this solution are
given in Smythe (1950).

A solution has been obtained for the geometry shown..in schematic
form in Fig; 6.4 in which two pairs of coils, radii 0.30 and 0.35 m,
separated by 0.18 m, are used. Each pair is connected in parallel to
a capacitor bank of capacitances of 40 and 4 yF. In order to provide
a critically or overcritically damped discharge, two sets of series
resistors are used: 3 and 1.5; 1.5 and 1.0 ohm. The induced emf is
important only during the beginning of the discharge. The values of
induced emf and vertical magnetic field as a function of time have
been obtained for a point in the horizontal plane at a radius of
0.254% m. Results of this calculation are shown in Fig, 6.5. The ver-
tical magnetic fleld obtained has the required time dependence for the
present device, namely a fast risetime followed by a constant or
slightly increasing phase. A different set of series resistors pro-

duces a marked difference in the magnetic fields obtained.

A change in the initial loss would change the plasma current
shape, presumabiy making the "shoulder" usually present less noticeable.
In that case the required magnetic field would be closer to a sinusoid,
requiring undamped capacitor banks. The emf generated would be more

important in this case.

A modular construction of capacitor banks and induction rods
would make a rapid modification of vertical field possible, so a wide

range of plasma conditions could be investigated.

6.2 The initial loss problem

Tt has been shown in the previous chapter than the initial loss is

of major importance, leading to an eventual cessation of the acceleration
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Fig. 6.5 Induced voltage and vertical magnetic field at R = 25.}4 cm.
Capacitor banks of 40 and 4 pF. (a) (+) 1.5 and 1.0 ohm series
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series resistance, 30 and 10 kV charging voltage.
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mechanism. It is of utmost importance to find means of either control-
ling or suppressing it, Two alternative schemes are possible and will

be discussed in turn.

6.2.1 Suppression of reentry of well material

The results obtained seem to show that the initial loss per se is
not an important problem, the difficulty arising as the lost particles
interact with the walls. This being the case, the obvious solution is
to take.the walls away and provide means of absdrbing the lost particles.
A practical scheme would be to have a large vacuum vessel with internal
cusp and induction coils. Insulators in the external region of each
cusp coil and coplanar with them are required to prevent current flow
outside the cusp field; they must act as getters to prevent reentry of

lost particles and generation of new particles.

This approach is used in the Torso device (Hamberger et al., 1975),
in which a large vacuum vessel encloses the field generating coils.
The technical problems in this case have been solved. The scheme should

therefore be applicable to the Polytron.

6.2,2 Initial loss suppression

An alternative solution is to look for a magnetic field configur-
ation for which losses are not present. An ideal configuration consist-
ing of square field lines has been discussed by Kilkenny (1972) in which
losses would not be present. In this configuration field lines are
strictly parallel or perpéndicular to the axis. Cylindrical coordinates

are used, the magnetic field defined by

—11'/)4- < kz < 1\'/)4 E(rae:Z) = (030330)
w/b < kz < 3¢/b B(r,8,z) = (Bd%§,0,0) 6.2
3nfh < kz < Su/b B(r,08,z) = (O,Oa‘BO)

vhere k = /L, L being the separation between coils.

Suppose that at time t = 0, r = r, and z = 0, the particle is at

rest. The axial equation of motion is

—2 = 2y  sor 0<kz<u/b 6.3
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where E 1s the applied electric field.

The particle will therefore enter the region where Br = 0, with

) 1
r=r 3
°t v =<I£-ZLE) , Vv.=v, =0 6.4
2 = L/4 A m r 3]

defining a new time origin. The non zero equations of motion for

m/k < kz < 3n/4 are

e _ o
at w 3
m/h < kz < 9= 6.5
dv
15
—_— = - o ==
dt Va“’ m E
L ZeB
where o' = ° &r
m 2
solving
SN
: ZeE . L ZeE \*
v, = . sin w't + > n cos w't
and 6.6
-\ 1
ZeE ZeE \2
v8 = o (1 - cos w't) + (%T) sin w't

Integrating, the v, equation, we find that for an ion to pass into

the region z > 3L/4 it is necessary that

2 1
ZeE . ([ ZeE L ZeE |\ L
ma' 2 me' 2 Y PmwZ) %232 6.7
In terms of the Larmor radius ar,
_  Zek
o, % mu'Z 6.8

Equation 6.7 can be written as

L \z L _
(l+2aL> ?eaL 1 ‘ 6.9

or
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2
l+.2_]a;‘.1'—3(-2%1'-— ) 6.10

which gives
L
38, > 3 6.11

Equation 6.11 is a more exact condition than that given by Equation
1.2 which simply requires that the ion Larmor radius bergreater than
half the cusp separation. Thus with a square magnetic field distribution,
the requirement on the Larmor radius is relaxed, and it becomes easier to
accelerate deuterium ions. Note that Equation 6.11 has been obtained
assuming & uniform electric field. It has been shown that in the experi-
ment the accelerating electric field is present only in a’narrow sheath
region, the effect of which is to relax the inequality 6,11 even more.
This is important as the number of cusps required isrreduced, consequently
the heat loss, which is linearly dependent on the number of cusps, is

correspondingly reduced.

As ions cross into the region kz > 3n/L4 the only radial motion they
will experience will be towards the axis as the radial equation of motion
will be

—= = -—a'v 6.12

Hence in this configuration there are no lost ions.

A magnetic field which is closer to square field lines than the
present one can-be obtained by using several thin coils instead of the
single coil per cusp used at present. Essentially the several thin
coils become one thick coil. Fig. 6.6 shows the calculated magnetic
field lines for several multiple coil structures. The multiple colls
are equally spaced filling half and 7/8 of the distance between cusps.
The shape of the field lines becomes more square as the number of coils
per cusp is increased, the region of large radial field becoming
smaller. Using the same total current as in the single coil case, the
maximum axial magnetic field is two thirds of the single coil case for
the 15 coil configuration. This 15 coil configuration will be referred
to as Polytron II.

The toroidal single particle code was used to evaluate the



Fig. 6.6 Magnetic field lines for 1, 9 and 15 cusp coil configurations.
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effectiveness of the different cusp field geometries. An increase of
the accelerating field reduceé plasma losses‘fo; anyvof the configur-
ations studied. TFor the single and 15 coil configurations respectively
the accelerating field required to obtain a no loss situation with
hydrogen ions are 250 and U5 KV/m.

This multiple coil cusp configuration therefore appsars to be
extremely attiactive and should be invéstigated further. It should be
possible to obtain a further improvement by ﬁsing a.non—uniform distri-
bution of coils in each cusp. A better approximation to square field
lines should then be possible. Another parameter that can be altered
is the aspect ratio of the cusp magnetic fields (ratio of radius to
separation between cusps)., The number of ring cusps used could be
reduced, which would be accompanied by a reduction of heat losses. How-
ever, ion acceleration would be reduced if the electric.field is main-
tained at the same value, so a compromise between the two requirements
has to be reached. The problem of stability with a smaller number of

cusps has also to be considered.

6.3 The orthogonal Polytron

This is an orthogonal transformation of the present device, in
which the ring cusps are toroidal as opposed to the present poloidal
ones. A linear orthogonal Polytron has been considered, a schematic
diagram of it is shown in Fig. 6.7. A similar configuration was con-
sidered by Haines (1963) where he analysed a linear theta-pinch with
Toffe bars. Unlike a theta-pinech the orthogonal Polytron requires dif-
fusion of the magnetic field into the plasma, as in the present device.
The advantage of a linear orthogonal Polytron is that the induced emf
is zero at the centre, where the magnetic field is zero, and increases
linearly wifh radius. This means that there would be little electron
current flowing, unlike the present device where a large electron cur-
rent flows in regions. of small yt. The electric field curvature should
improve particle containment properties. A further advantage is that
it is probable that no additional magnetic field would be required to
maintain the plasma current contained, as the changing magnetic field

used to induce the accelerating emf would have the same effect.

There are several experiments in which multiple magnetic fields
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Fig. 6.7 Schematic diagram of orthogonal Polytron configuration

are used. One of these is a toroidal theta-pinch with a superimposed
hexapole magnetic field (Von Gierke et al., 1966; Junker and Lotz, 1970).
The hexapole field is used to prevent toroidal drift and reduce plasma
losses. In 'Tormac', an experiment by Levine and co-workers (1970, 1972,
1973) an axisymmetric multipole field superimposed on a toroidal magnetic
field is used. In this case the aim is to have the toroidal magnetic
field diffusing into the plasma magnetic field and plasma being contained
by the multipole field. In both experiments, unlike the orthogonal
Polytron, the multipole fields would induce Hall currents at the plasma-

multipole interface, preventing any multipole field penetration.

In order to study the loss properties of a linear orthogonal
Polyfron, a single particle computer simulation was developed. Details
of this computer code are given in Appendix A. Several multipole fields
were tried. Typical results for a hexapole field are shown in Fig.

6.8. The magnetic field lines for quadrupole and hexapole configur-

ations are shown in Fig. 6.9. In this case, as in the present
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configuration, there are lost and contained ions. In order to decrease.
the number of lost ions an increased accelerating field is required.
The induced emf is given by Equation 6.9.

B uw
E. = -—=r cosut 6.13

8 2
where Bo is the peak magnetic field generated by the solenoid, w the
frequency of the capacitor driving circuit and r the radial position.
The total emf can be increased by increasing the peak magnetic field or
increasing the frequency or both. The frequency is determined by the

time required to accelerate ions. Thus the only method of achieving a

large Ee is to increase Bo' A force towards the centre of the discharge
given by
F = Zev,B 6.14
c 6z

will eventually drive the ions towards the axis. It seems that the ion
loss cannot be suppressed without driving ions towards the axis of the
device. The inclusion of electrons in this calculation might improve

the situation.

The results obtained seem to indicate that the orthogonal Polytron

is not a desirable development.

6.4 Heat and plasma losses

In the Polytron, as in any other open magnetic field containment
device, heat losses along magnetic field lines are of considerable impor-
tance. It was shown in the present work that heat loss through electron
conduction is the dominant loss process and that the energy containment
time is much smaller than the plasma containment time (Chapter 5, sec-
tions 5.3 and 5.5). In the present experiment a classical heat conduc-
tivity is seen to be adequate to account for the observed losses. In a
plasma of thermonuclear interest, in which the mean free path is larger
than the plasma dimensions, the total heat flux is given by the free

streaming value,

_ 3 = 3
Q@ = 1) Ve s M

3
+ 1 . « T - .
e §nlwall 12 kT 6.15

1
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d 1. . ...
Where newall an nl 11 are ?he electron and 1on den51t1es at the

wall and V; and V} are the average velocities,

The total current must be zero, therefore the electron and ion

particle fluxes are equal, i.e.

“ewall Ye - Miwail Vi 6.16
For a steady state situation quasi-neutrality dictates that
“ewall ~ Piwall 6.17

In the Polytron ions have a large centre of mass velocity, much
larger than the thermal veloecity, which reduces the number of ions that
can be lost. An imbalance in electron and ion numbers results which
is compensated by a radial outward electric field. This electric field
slows down electrons and accelerates ions to equalize the ion and

electron fluxes.

The number of ions that are lost is now estimated for a Maxwellian
distribution displaced by a centre of mass velocity Vom? parallel to
the magnetic axis. Assuming that ion losses occur through a region of
width w, ions whose transit time Ty along this region is equal to or
smaller than the escape time to the wall te will be lost. An ion with
a velocity v parallel to the magnetic axis has a transit time given by

- ¥ ’

ty = 3 _ 6.18

The escape time determined from the acceleration in the electric

field Er from an initial velocity v, is

L
2eE g
/ r W
L i 1l + kml

t = 6,19
2eE
r

m

where T, is the temperature perpendicular to the ion centre of mass

motion, v; = /2k$L and a_ the wall radius.
m
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Assuming that a, =V and that the total potential difference is

= Eraw’ the critical parallel velocity v, is given by

2ed
mv, 1+—— -
-L( KT} )
The total number of lost ions n.p is obtained from
v
c
2
1 —
. ; _zmi(v ch)
= i KTy, )
n n<?“kT'|) e dv 6.21
-V
c
which gives
- I - -
n,y = 2[erf(M+Mc) erf(M Mc):| 6.22

vhere M is the Mach number, ME = vc/v“ and

x
42
erf(x) = 5% e K dt
o

The ion flux to the wall must be conserved, therefore

2kT 2(kT, +ed
n L. ————AL————- 6.23
iL m. = Dyuell m. :

The electron density at wall is given by

-e¢/kT
a1l ne e 6.24

From Equations 6.17, 6.22, 6.23 and 6.24 an equation for e¢ is

obtained:

%l:erf(M+Mc) - erf(M—Mc)] = e"e¢/kTé /1 + %— 6.25

from which the lost ions flux can be obtained for any particular Mach

number.
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The energy containment time T, is given by

. W
to= A
dat
Assuming that T =T =T, 6 =T, t_can be written as
e i W
3nxrma? L
- - 2 c
W N
%n e SB/ET 4 -—————i—e(kfl‘"e ) D
* 6.26
a2l

(o]
v e-%?/kT 2(k€[IT+e¢_) wD

1

vhere a is the plasma radius, Lc the cusp separation and D the diameter
of the device. The plasma containment time is equal to the energy con-
tainment time because it has been assumed that each lost particle car-

ries with it the same energy as it had in the plasma,. . I

The fraction of lost ions o = n. . /n is shown in Fig. 6.10. For
plasma densities of 1018 and 1029m~3 the Mach numbers for which
nt = 101%em™3s, obtained from Fig. 6.10 and Equation 6.26, are 8.4 and
7.15, The ratios of potential energy in the radial electric field to

centre of mass energy are 0.34 and 0.33 for the two densities.

/

The values of o obtained show that in order to satisfy Lawson's
criterion, a density at the wall nine orders of magnitude lower than
the plasma density is required for the low filling density case.

Such a low density would be very difficult to achieve. For the high
density case the situation is less demanding, although it is not clear
as to how it would be possible to maintain this density differential.
The problem is similar to that of a divertor. Techniques such as dif-
ferential puméihg, maintaining cryogenic wall temperatures, etc. will

be required.

In plasmas of thermonuclear interest bremsstrahlung and cyclotron
radiation losses are most important. Heat conduction, cyclotron and
bremsstrahlung radiation losses are given in Table 6.1 for a Polytron
of thermonuclear interest with densities of 1018 and 1020m™3, The

relevant parameters used in the calculation are also given. Cyclotron
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Table 6.1

Plasma parameters, power losses and power

generated in the proposed Polytron R

Parameter Units
Density n 1018 . %020 m-3
Ion temperature Ti 104 iok eV
Electron temperature T, 1o 1ot eV
Cusp length to major diameter LC/R 0.1 0.1%
Mach number M 8.k 7.15
Average magnetic field B 0.1 1 Tesla
Accelerating@§§§§§f§é[field E 60 1500 kV/m
Ion Larmor radius a, 0.14 0.01L m
Free accelerating time ta 2 0.07 Hus
Plasme to magnetic field pressure | B 0. 0.L
Plasma radius a 0.1 0.05 m
Major diameter 2R 6 6 m
Minor diameper D 0.5 0.5 m
Heat conduction loss/m3 .84 3.38 x 103 | W.m™3
Bremsstrahlung loss P, |1.69 1.69 x 10" | W.m™3
Cyclotran radiation loss P, 6.19 6.19 x 10% | W.m™3
D-T power density generation as Ppp 15.4 1.54% x 105 |W.m™3

charged particles

D-D power density generation as Ppp |99 1072 { 9.9 x 102 |W.m 3

charged particles
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Fig. 6.10 Fraction of lost ions as a function of Mach number

radiation losses were calculated assuming that there is no plasma
absorption. The number of cyclotron harmonics trapped in a medium of

finite depth a is
Y
m* = (5700 gBa)’® 6.27
which for the two cases discussed gives T.l and 5.

At an electron temperature of 10 kV most of the cyclotron emission
is in the first few harmonics (Trubnikov and Bazhanova, 1959). There-
fore cyclotron radiation losses will be very small in a plasma with
parameters as quoted. It is apparent that break-even can be obtained
ina l:1 D-T miéture, but not in pure deuterium. The heat loss
width used in the calculation is the ion Larmor radius, although it1
is possible that this loss width is smaller, of the order of (aiae)§

(Haines, 1977) or even 2a (Kilkenny, 1976).
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The condition obtained by Dunnett (1968) from Equations 1,2 and 1,3
which requires the ion collisionless ékin depth to be mﬁch larger than
the plasma characteristic length is violated for-a 1020 -3 density.
However, the experimental evidence shows that even for a situation with
a skin depth of the same order as the plasma dimensions the accelerating
force is proportional to the number of particles present (Fig. 4.7). 1In
the high density case the Bennett relation (Equation 1.7) is also viol-
ated. Nevertheless, the presence of the cusp magnetic field should
prevent pinching in view of the fact that B is small (~0.4)., Some com-
pression of the cusp magnetic field counteracts the condition on the ion
collisionless skin depth since the cusp field will tend to be strengthened

in the plasma rather than weakened.

The plasma parameters given in Table 6.1 are chosen so that the
criteria for Polytron action are met. The plasma density has already
been discussed. The ionrtemperature is chosen to obtain fusion in a
1:1 D-T mixture. The electron temperature has been assumed equal to
the ion temperature because the electron ion energy eguipartition time
is 0.6 s which is shorter than the timescale of the experiment envisaged.
Plasma density and temperatures determine the Mach number required to
satisfy Lawson's criterion. The cusp magnetic field has to be large
enough so that wt >> 1 (Equation 1.1) and its energy density has to be
large enough to be able to deflect the ion flow. This condition is

given by Haines (1962) as

2
2B > 3nm v @ 6.28
u. 1 cm
(0]
where
L 2
g = L ¢S

and R is the major radius of the torus. Chosing a value of LC/R allows
to calculate the cusp magnetic field required. The electric field is

obtained from the requirement that the ion Larmor radius'aL = é%% has
to be larger than the radial cusp magnetic field region (Equations 1.2

and 6,11). "

The initial plasma radius is obtained from the result of particle

simulation in which the contained plasma volume scales as E/BZ,

The free acceleration time ta is defined as
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Vem mvcm
ta = a < ek 6.29

Bremsstrahlung losses are given by

= _ et e2 V16 (2nkT\|3 6.30
bx m h c® \Lme 3 \'3m .
ef o e

Cyclotron radiation losses are obtained from

e* B2 n_ kT
P = — 6.31
3re c3m 3
(o] e

Charged particle D-T and D-D power generation is obtained from

dJ
]

-13 o=
5.6 x 10 D0y (0v) o Watt /cm3 6.32

dJ
|

3.3 x lO'lsxﬁf(E;)DD Watt/cm3 6.33

where ov are fusion reaction cross sections averaged over a Maxwellian
distribution. The D-T energy equipartition time is of the order of
1072 5. Therefore between the end of the acceleration time and the
equipartition time a differential velocity between deuterium and trit-
ium will exist. This velocity differential should increase the fusion

reaction rate, as in the case of two components tokamaks (Furth, 1975).

The parameters which are free and are chosen are density, temper-
ature and the ratiomLé/R. From these the values of M, B, E, ar, a,
t_, and B are calculated, from which the values of power losses and

a
power generation are estimated.

6.5 Concluding remarks

It has been shown that the present device operates in what has been
described as 'Polytron regime' in Argon. Ion heating is seen to be
mainly viscous, whereas electron heating is resistive. Particle and
energy losses are seen to occur mainly through a thin region near the
ring cusp. Particle losses decrease with increasing accelerating elec-

tric field as predicted by theoretical models.

Application >f the vertical magnetic field led to suppression of the

outward toroidal displacement leading to greatly increased confinement.
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Future work should be centred on Polytron II, as the elimination
of initial loss 1s possible with eaéily obéainable eleétric fields.
The elimination of initial loss would alloﬁ the detailled study of the
sheath region, role of whistler waves in its formation and possible
presence of other waves like the runaway electron induced two-stream
instability. To this end, special care should be taken in the acceler-
ating field design, so that no high frequency components are present

that would confuse the experimental interpretation.

Before a toroidal Polytron II is built, the properties of the
modified magnetic cusp geometry should be studied experimentall&,
especially as regards the initial loss mechanism. A linear Polytron II
would be best suited for this purpose. When the predictions of the
single particle calculation are experimentally checked then a toroidal
Polytron II experiment should be set up and energy loss and ion heating
studied in detail. The potential of the Polytron configuration as a

fusion device will then have been properly assessed.
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APPENDIX A

Single Particle Trajectory Calculation in the Orthogonal Polytron

Ion trajectories have been calculated in the Orthogonal Polytron
assuming that electrons are tied to the magnetic field lines (large Hall
parameter) and therefore can be neglected. No self-consistent electric
or magnetic fields are included. Cylindrical coordinates are used.

Fig. A.]l shows in schematic form the geometry used. The magnetic field
is generated by a set of parallel conductors (six for the case shown in
Fig. A.l) carrying currents in alternating directions. The induced

accelerating electric field is generated by an infinitely long solenoid,

whose current has a sinusoidal time variation of frequency w.
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The equation of motion for a charged particle of charge q and mass

m in electric and magnetic fields is

E = gE+ryxB)
dt

where A.l

]
]

dt

TIn cases with symmetry, it is advantageous to use canonical equations
of motion. If Qi and Pi are the canonical coordinates the corresponding

equations of motion are

S
94 3P,
A.2
P, = ——SI-{—
o

where H is the Hamiltonian.

If the Hemiltonian does not depend on one of the coordinates Qk’
then

P =0 A.3

therefore Pk is a constant of motion.

In the present case the Hamiltonian is independent of the z coordi-

nate, therefore the canonical angular momentum PZ is

P = mv +gA = constant AL
zZ zZ Z

where AZ is the z component of the vector potential.

The velocity v, can thus be obtained without integrating the corres-—
ponding equation A.1l. The number of equations to integrate is reduced to

five.

The equations used are:



dv ”
o at o Q(veBz - sze) * mve /x
dv vV
0 r o
—— = + —-— -
m q(Ee szr vB)-n =
dr _
at vr A.5
a _ T
dt r
dz _
dt z

The magnetic vector potential of an infinitely long straight current

filament is given by (Durand, 1960)

Ar = Ae = 0
A6
u I rl
A = 2 1p—
Z 2§ r

where r; is the distance from the point under consideration to the current

filament and r the distance at which the vector potential is zero.

The magnetic field is obtained from

B = l._ai

r r 06
AT

BAZ

By = ¢

The vector potential of several current carrying conductors can be
obtained by superposition. For a set of z, infinitely long and parallel
conductors, with currents I and -I in adjacent conductors, the total
vector potential is

u I r T, «.. T
A = F—1n 2t A.8

I'l+ vas an

where r. is the distance from the i conductor to the point considered.
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The induced electric field is obtained from

VxE = - A.9

2B
F

The only time varying magnetic field is the solenoid field and is

given by
B = B_ sinuwt
z
A.10
Br = BB = 0

The poloidal electric field E, induced by the current in the solen-

6
0id can be obtained by integrating Equation A.9 over the surface of a

circular disc of radius r centred on axis. Thus

- -9
JvxB.a = --¢ B.as
giving A1l
wB r
Ee = - > cos wt

Using electric and magnetic fields from Equations A.1l and A.T
Equations A.5 have been integrated numerically by a modified Runge-Kutta
technique developed by Merson (Lance, 1961) in which the integrating
error can be estimated and the step size varied accordingly. A limit-

ation on step size is obtained at small radii

r
ar
d

At < A.l2

ct

The electric and magnetic fields are calculated for each point, as
the exact shape of the field lines was considered necessary to give an
accurate representation of the loss of particles. No self-consistent
magnetic or electric fields due to plasme current or charge redistribution
have been included. Results of this calculation have been given in
Chapter 6.

A listing of the program used follows.
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APPENDIX B: Listing of program used to calculate plasma displacement.

PROBGRAM BTA (INPUT,,BUTPUT, TAPES=INPUT, TAPEG=BUTPUT)

DIMENSION Y4 ,Y2(4

COMMBNAVERT/ BV

CoMIBN B/ BOsRP

CoMIBN Cr/ CN{4D

COMMBN A/ VT (40

DATA MCN/15+0.93.695.96.97.2:7.7:8.1,7.9
1 +7.2:6.2+5.4+4.3,3.612.9:2.49/

DATA VT/0,.551.51.58:2.21:3.62:5.32,
1 5.59+5.12:3.07:4.61+4.:3.+2.31./

CONTINUE

WRITE (6, 12)

FORMAT CKCURRENT » VELBCH®)

DB 1 I=1,40

N=1I

READ (5, CNCI) »VT (D

IFCEBFBY)Y 2,1

CONTINUE

WRITE (6513)

REARD (5% RO

ILOBP=1

FORMAT CRINITIAL POSHK

WRITE (6, 15)

FORMAT CKPLASMA RAD®

READ (5% RP

WRITE.(6,10)

FORMAT (KCUSPH*)

READ (5,%) BO

BO=B0O*B0

WRITE(Gs11)

FORMAT CKVERT®)

READ (5,%) BV

DB 6 J=M»40

CN(D =0.0

VT =0.0

CONTINUE

KK=-1

PGB 3 J=1,4

Y (J) =R0D

Y2¢()h=0.0

CONTINUE

Y2 (4 =RHS (R0»0.)

H=0.1E-7

xX=0.0

ERR=1.0E-5

DB 4 I=1,1000

CALL MILNE(XsYsY2:HsERR)» ILOOP)

IF (JLOOBP.EQ.O) GB T8 5

K=2.E6%X

IF(K.NE.KK) WRITE(Gs21) 100.KY (4 »1.EBkKX

FORMAT (2F8.2)

KK=K

IF(X.GT.6.5E-86) GO TOB 5

X=X+H

COGNTINUE

CONTINUE

WRITE (B 19
. FORMAT (RAGAIN

READ (5,20 A

FORMAT(ARI1D)

IF(EBF (B)) 7,8

IF(R.EG.1HN) GB 10 9

IF(AR.NE.1HN) GB TO 2

CONTINUE
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STOP
END

SUBROUTINE MILNE (X;YsY2sHsERRs ILOOP)
DIMENSION Y4 Y2 (4

IS=0

CONTINUE

IS=IS+1

H2=H**H

HP=4.%H2/3.

HC=H2/12.

YP=2.0%Y (3) =Y (1) HHPX (Y2 (3) +Y2 (2) +Y2 (1))
Y2P=RHS (YP s X+H)

YC=2.0%XY (4) =Y (3) HHCR (Y2P+10.0%Y2 (4 +Y2 (3))
YT=ABS (YP-Y(C)

IFYT.LT.ERRY GB TO 3

H=H/2.0

IF(IS.GT.200 GO TO 40

GO 1O 2

CONTINUE

Y=Y 2

Y (2 =Y (3

Y3 =Y {4

Y (4 =YC

Y2 (1) =Y2 ()

Y2 (2)=Y2(3)

Y2 (3)=Y2 (4D

Y2 (4) =RHS (YC s X+H>

IF (IS.GT.20> ILGOP=0

RETURN

END

REAL FUNCTION IO OO

DIMENSIBN COBE(7)

DATA CBE/1.,3.5156229,3.0889424,1.2067492,
.2659732, .0360768, .0045813/

DATA CA /70.86614173/

T=CAXX,3.75

T2=T*T

I10=0.0

Ti=1.0

06 1 I=1,7

I0=I0+T1*COE (I

T1=T1¥T2

CONTINUE

RETURN

END

FUNCTIOGN RHS(R,T)

COoMEN B/ BOsRP

REAL MASS, IO
MASS=4.E20%1.6726E-27%40. %3, 1416*RP*RP
CUR=CURR (T

VPH=VPHI (T)

RS=R-. 248
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RS1=RS+RP
RS2=RS—RP
BE1=I0OCRS1
BE2=I0 (RS2)
CUSP=1777.77*RP*BOX (BE2*¥BE2—-BE 1**BE 1)
SELF=1.0E-7/R*X (ALBG (800.*R) —=0. 75) KXCUR*KCUR
VERT=-BZ (Rs TO XCUR
CENT=VPHXVPH/R
RHS= (SELF+VERT+CUSP) /MASS
+CENT
RETURN
END

FUNCTIBN CURR (T

COMON T/ CN4D

J=INT (2.E6XT

P=2.EB6X (T-FLBAT(D X.5E-6)-1.0

CURR=1.E3X (. 5¥PXR (P—1.) CN (J+1) + (1. —P*P) *KCN (J+2>

+.5%PXR (P+1.) KCN (J+3))
RETURN
END

FUNCTIGN BZR»T

DATA BMEGA/1.9038955E5/

CoMBN /VERT/ BV

BZ2=BV*X (.0225+.0083*EXP (—-150.*R) ) X
SIN (BMEGA*T) %4, 444449F -3

RETURN

END

FUNCTIBN VPHI(D

COMMON V7 VT (40)
J=INT2.EBXTD
P=2.EB6X(T-FLBAT (D X, 5E-6)-1.0

VPHI=1.E4%X (.S5HKPX (P=1.) XVT (J+1) + (1. —PX*P5 XVT (J+2)

+ . 5KPXE (P+1.) RXVT (U+3)0)
RETURN
END
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PLASMA DRIFTS IN THE POLYTRON
H. Chuagul

Biackett Laboratory, Imperial College, London SW7 28Z

Absiroct: The outward toroldal drift in the Polytron hos been suppressed by the

addition of a vertical magnetic field, none the less verticol drifts are present which

pr

toroldal outward delft .
theless, a dacrease In-the reaction force on the cusp colls and toroidal velocities 1s

nt Further Hall

Pravious resuits (1) heve shown that the plosma column In the Polytron hm o
The addition of a vertical field prevents this drift. None-

observed, probably dus to a vertical shift of the plasma.

The Polytron is o toraidal Hall accelerator with 36 cusps. A schemotic of the
apparatus is shown in Figure 1. The occelerating slectric fisld is provided by dis-
charging o capacitor bank through a st of induction rods.  This set of rods also provides

the vertical magnetic field which prevants the rodial outword toroldal drift (2). lons are
preferentially occalerated as the fon Lormor radius Is larger than the cutp seporation (for

argon is the present device), whers electron Larmor radlus is small, axcept near the cusp
OfFf axls the alectrons are tied to the magnatic

magnetic axis where they can flow freely.
field lines. For perfect conductivity, the magnetic fleld lines are effectively equipo-

tentials. Thus, the slectric fisld can exist only in the ring cusp reglan . (3)

Tha radial and vertical motion of the plasma In the minor cros section have besn
investigated by of the distribution of [Ine emission from All, Alil, ond
AlV and by external mognetic probes. The line emission measurements show a well
9 that stays centersd on the major radius,

defined namow ch I ( l.emdi
but show a vertical drlft df up to 8mm at late times. Figure 2 Is a typicol plot af

plesma position with respact to tims. Within the margin of experimental accuracy

the vertical shift does not seem ta depend on the direction of elther the toroldal

eloctric flsld or cusp mognetic field. Also shown In the figure Is the reaction
fon force

force on the cusp coll.  From these the d of the
on the cusp colls seerms to be amociated with the vertical shift, presumably due to

the fact that the Hall currents In the ring cusp can no longer close.
The lon velocity

Figure 3 shows the fon toroidal velocity as a function of time.
obtoined by a diffe

Ton velocity changes only after the reaction force begins to decreass. Al this time
thers appears to be a reduction in the fon number density on axis, as inferred from the

Alll and AIV line emlsien, shown In Figure 3. This seems to be consistent with the

vertical drif shown In Figure 2.

’

I3

!

Line profile measurements show that thers 13 a Doppler broadening which I1 lorger !

1]

near the ring cusp reglon than ot the point cusps.  This Indicates that the brondening H
'

Is not wholly theemal, but that thers s @ large contribution dus to directsd fon motlon ,'
'

in the ring cusp reglon, In ogreement with particle trajectory calculations (4). H
Lass of particles through the ring cusp and thickness of the lcs reglon have been’ 'l'

:

’

]

]

[}

i

’

'

'

{

Investigated by a faraday cup probe positioned near the wall. These measurements
show that after on Inltlal Jos (1.5 te 3/') thece Is little furthar lom, The fows

widrh is betwesn 3 ond 8 mm, which is between an electron and fon Larmor rad il

and {s consistent with resistive sheath coleuletions (3).

The mecsurements Indlcate that the radlal outward motion has bean suppressad by

ial Doppler shift methed (2). Note thet the
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a vertlcal magnetic fleld. However, there Is a verticel shift which [imity further

Holl acceleration.

The cbserved shifts are comparable with the radivs of the plasma

NORMALISED Alll AND AIV LINE EMISSION AND



