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PLASMA CONFINEMENT WITH EXTERNAL HELICAL FIELDS:
WHAT'S UP AND WHAT'S COMING

J H Harris
Plasma Research Laboratory

Research School of Physical Sciences & Engineering
Institute of Advanced Studies, The Australian National University

Canberra, ACT

The various toroidal confinement fusion devices that use rotational transform produced by
external helical magnetic fields are called stellarators, advanced stellarators, heliotrons,
torsatrons, heliacs, etc. but all share the property of using non-axisymmetric fields to
produce closed flux surfaces that do not (necessarily) surround a- net toroidal plasma
current. This feature has important effects on transport and plasma stability which will be
put to the test in the new generation of experiments now beginning, which range from
LHD (Japan) through Wendelstein VIIAS (Germany) to CHS (Japan), H-l .(Australia) and
HSX (Wisconsin-USA). These devices were all designed using modern techniques of 3-D
computation and configuration optimisation.

The theoretical designs of these different devices place varying weights on specific
features of the transport and stability optimisation of the vacuum and finite-pressure-
plasma field configurations. But many aspects of how these design features work together
can only be tested experimentally.

The key issues to be tackled in the experiments are the role of the helical field in
determining the net particle and energy transport and limiting plasma pressure through
particle drifts and instabilities localised in the helical ripple wells. I will review what we
know from the existing experimental database, and what we might learn in this new
generation of experiments.
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ROLE OF TURBULENT TRANSPORT IN PLASMA CONFINEMENT IN THE
H-l HELIAC

M.G. Shats

Research School of Physical Sciences and Engineering,
The Australian National University,

Canberra, ACT 0200

Experimental studies in turbulence and fluctuation-driven transport in magnetically
confined plasmas are regaining their central positions in the plasma confinement physics. This
is primarily due to the role the turbulent transport seems to play during formation of the edge
and internal transport barriers. The formation of the transport barriers, followed by transitions
to improved plasma confinement regimes, nearly always correlates with the turbulence
modifications. A model of the turbulence suppression by sheared ExB flows [1-2] remains
one of the most likely candidates to explain the turbulence reduction at the plasma edge
during low-to-high (L-H) confinement transitions [3].

After the discovery of the improved confinement in the discharges with negative
magnetic shear, characterised by the formation of the internal {rla < 0.5) transport barriers
(see, for example, [4,5]), numerous attempts have been made to explain this effect using a
slightly modified ExB shear suppression model [e.g. 6]. However, due to apparent difficulties
in the experimental characterisation of the fluctuation-driven transport at the internal transport
barriers, the results are somewhat contradictory. In some experiments, the turbulence level
seems to reduce across the transition [7], while some observations show no significant
reduction in the fluctuation amplitude [8]. Considering that the fluctuation-produced flux is
proportional not only to the density fluctuation level (the quantity most often used to
experimentally characterise the turbulence), the conclusion about the fluctuation suppression
by ExB sheared flows seems to be a bit premature and requires further experimental tests.

In this paper we address several questions with regard to modifications in the
fluctuation-driven particle flux across the confining magnetic field in the H-l heliac. It has
been shown, that confinement improvement across the L-H transitions in H-l is correlated
with the suppression of the fluctuations and associated with them radial outward-directed
particle flux [9]. However, it has been discovered later, that it is not only the level of the
turbulent particle flux, but also its direction (from outward to inward) that may change across
transitions to improved confinement [10].

Fluctuation-produced particle flux can be expressed in terms of experimentally
measurable quantities in the frequency domain as follows:

where ne and q>p[ are the spectral power densities of the electron density fluctuations and of

the plasma potential fluctuations, kpoi is the fluctuation poloidal wave number, y and 6 are
correspondingly the coherence and the phase shift between the fluctuations of the electron
density and the plasma potential. One can see that the amplitudes of ne and <p ., as well as

the phase shift between them may affect the flux. Negative values of FJJ correspond to the
outward direction of the particle flux and ne leads in phase. When q> ; leads in phase (if kpoi



has the same sign), F/i may be radially inward directed (positive). It should be noted, that the
time-resolved fluctuation-produced flux defined as

is intermittent, as illustrated in Fig. 1 (a) in low confinement mode. After transition to
improved confinement, under certain conditions, the flux is not suppressed, but rather radially
reverses (becomes positive on average) in high confinement mode as shown in Fig. 1 (b).
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Fig. 1. Normalised time-resolved fluctuation-produced flux in low (a) and fluctuating high (b)
confinement modes.

The analisys of the plasma conditions, at which either quiescent (Hq) or fluctuating
(Hf{) H-mode is achieved after the confinement bifurcation can be summarised as follows. The
suppression of the fluctuations (Hq mode) is correlated with the onset of the strong sheared
radial electric field in the outer half of the plasma radius. The fluctuation level is reduced by
more than an order of magnitude in comparison with L-mode. After'transition to the
fluctuating H-mode (Hfl -mode) the change of sign in the phase shift between ne and <pp!

occurs when the radial electric field gradient reverses inside the plasma, ie the phase shift
reverses in the discharges where regions of both positive and negative dEldr are present in the
plasma. This is illustrated in Fig. 2. Plasma density in the inner plasma regions (rla < 0.8)
increases dramatically across the transition from L- to either Hq - or to Hfl -mode [Fig. 2 (a)].
The density fluctuation level [Fig. 2 (b)] decreases from L- to H-modes at the plasma edge,
but fluctuations persist in the gradient region of the plasma in Hfl -mode. An ne-cppl phase

reversal [Fig. 2 (d)] and a corresponding FJJ reversal is observed in Hfl -mode simultaneously
with a modification in the radial electric field profile shown in Fig. 2 (c).
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Fig. .2. Radial profiles of the electron density (a), density fluctuations (b), radial electric
'-••* field (c) and the phase between density and potential fluctuations (d) in low

(diamonds), quiescent high (circles) and fluctuating high (squares) confinement
modes.

Thus, the fluctuation-driven transport, normally considered as an adverse factor in the
plasma confinement, can, in principle, be used for the confinement improvement. It has been
shown in [11] that the radial region of the power deposition as well as decoupling of the
electron and ion heating in H-1 are important for the radial electric field formation. It is not
excluded that by manipulating the radial electric field it would also be possible to locally
reverse the anomalous transport in order to build a transport barrier in the plasma.

[I] H. Biglari et al., Phys. Fluids B 2, 1 (1990)
[2] K.C. Shaing et al., Phys. Fluids B 2, 1492 (1990)
[3] F. Wagner et al., Phys. Rev. Lett. 49, 1408 (1982)
[4] F.M. Levinton et al., Phys. Rev. Lett. 75,4417 (1995)
[5] E.J. Strait et al., Phys. Rev. Lett. 75,4421 (1995)
[6] K.H. Burrell et al., Plasma Phys. Contr. Fus. 40, 1585 (1998)
[7] E. Mazzucato et al., Phys. Rev. Lett. 77,3145 (1996)
[8] R. Nazikian et al., IAEA (1998), Yokohama, Japan
[9] M.G. Shats et al., Phys. Rev. Lett. 77, 4190 (1996)
[10] M.G. Shats, D. Rudakov, Phys. Rev. Lett. 79, 2690 (1997)
[II] M.G. Shats et al., Phys. Plasmas 5,2390 (1998)
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RECENT IDEAS FOR QUASI SYMMETRY IN STELLARATORS

Boyd Blackwell
H-1 National Facility, Plasma Research Laboratory, RSPhysSE, ANU.

and Princeton Plasma Physics Laboratory,
supported in part by US DOE contract DE-AC02-76-CH03073

There have been several proposals1 for reducing the complex 3D magnetic geometry of
toroidal stellarators to effectively two dimensions, to reduce transport amongst other things.
Several examples of these and related ideas are discussed, including the Helically-Symmetric
Experiment2 to be operating shortly at the University of Wisconsin, and the Quasi-
Axisymmetric proposal by the US Stellarator community3'4.

1 J.N. Nuhrenberg and R. Zille, Phys. Lett. A 129, 113 (1988).
2 D.T Anderson, Proc J. Plasma Fusion Research Series, /, 1998
3 "Physics Issues in the Design of a High Beta, Quasi-symmetric Stellarator", A. Riemann, L. Ku, D. Monticello et

al, 17th International Atomic Energy Agency Fusion Energy Conference on , Yokohama, Japan, 19-24 October
1998.

4 "Physics of Compact Stellarators" S.P.Hirshman, D.Spong, J.Whitson etal. APS Division of Plasma Physics
1998 Conference, New Orleans, USA, 16-20 November 1998
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£=1 Helical Axis Heliotron Device in Kyoto University

K. Nagasaki, F. Sano, T. Mizuuchi, K. Hanatani, H. Okada, K. Kondo1,
M. Wakatani1, Y. Nakamura*, M. Nakasugaf, S. Besshou* M. Yokoyaman and T. Obiki

Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan
;: | Graduate School of Energy Science, Kyoto University, Uji, Kyoto 611-0011, Japan

•'"ft National Institute for Fusion Science, Toki, Gifu 509-5292, Japan

Helical systems are an attractive candidate for magnetic fusion reactor. Recently,
there has been great progress in theoretical research of three dimensional magnetic field
structures, resulting in several kinds of confinement optimization being proposed for
toroidal magnetic confinement system. For example, some sophisticated ideas have
appeared on stage such as quasi-helical symmetry and quasi-isodynamic system. To find
experimentally which way is the best optimization, a new helical axis heliotron device,
so called "Heliotron J", is under construction in the Institute of Advanced Energy,
Kyoto University, Japan. In this conference, the basic concept and the present status
will be presented. Detail study of Heliotron J is given in Ref. [1].

In the conventional plane axis helical system, it was difficult to have both good
particle confinement and good MHD stability simultaneously. The goal of Heliotron J
project is to clarify their compatibility in the spatial axis toroidal device. The best way
for optimizing the helical magnetic field configuration will be explored by investigating
the plasma response to the change in the field components. The main subjects for
plasma experiment are

(1) demonstration of the existence of good magnetic flux surfaces
(2) reduction of neoclassical transport in collisionless regime
(3) MHD stabilization in high p plasma
(4) controllability of bootstrap current
(5) good confinement of high energy particles.

Figure 1 shows the coils and vacuum chamber for Heliotron J. The coil system
consists of one helical coil, 16 toroidal coils, and 6 poloidal coils. Separate control of
helical coil, toroidal coils and vertical coils makes it possible to control the plasma
volume, magnetic axis position, rotational transform, well depth, bumpiness and edge
magnetic field structure. The typical device parameters are as follows; major radius,
1.2m, minor radius, 0.18m, volume, 0.82m3, magnetic field, 1.5T, pulse length, 0.5sec,
and toroidal pitch number, 4.

Fig. 1 Heliotron J Device



A continuous helical coil is chosen so as to control the magnetic field
configurations flexibly and to make it easy to access the plasma for heating and
diagnostics, compared to the stellarator with modular coils. Figure 2 shows the example
of magnetic surfaces. The magnetic field structure is optimized for high energy particle
confinement. The quasi-straight magnetic axis is formed at minimum B, which
minimizes the VB drift and the curvature drift. The deviation of trapped particles from
the magnetic surface would be suppressed. According to the theoretical study, the
bumpy field component has an important role on the neoclassical diffusion in the
collisionless regime. Two types of toroidal coils are assembled, which enables us to
control the bumpy field components. The improvement of the global confinement will
be investigated. It can also provide enough flexibility to control the bootstrap current.

The magnetic well is generated by the three dimensional magnetic axis structures.
Due to the enhancement of the magnetic well through the Shafranov shift, the MHD
interchange instabilities can be stabilized up to the equilibrium, beta limit 4.5%,
although the ballooning limit is still left for study. Since the magnetic well can be
formed all in the confinement region, it can be expected that the MHD stabilization is
compatible with the high energy particle confinement.

The power supply, heating system and diagnostics, which were utilized for
Heliotron E, will be applied. The heating system is 0.4MW ECH, 2.5MW ICH and
1.5MW NBI. Currentless plasmas can be produced by ECH without ohmic heating, and
then NBI and/or ICH are additionally applied. The toroidal coil and vacuum chamber
have already been manufactured (See Fig. 3). Heliotron J is planned to start its plasma
experiment in late 1999.

[1] F. Sano, et al., 16th IAEA Fusion Energy Conference, 1998, Yokohama, Japan,
IAEA-F1-CN-69 ICP/08
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Fig. 2 Magnetic surfaces

Fig. 3 Vacuum chamber
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PLASMA ANTENNAS: DYNAMICALLY CONFIGURABLE ANTENNAS FOR
COMMUNICATIONS

Gerard Borg, David Miljak*, Jeffrey Harris and Noel Martin*

Plasma Research Laboratory
"'• Research School of Physical Sciences
".v Australian National University

Canberra ACT 0200
Australia

Wills Plasma Physics Department
School of Physics, University of Sydney

Sydney, New South Wales, 2006
Australia

* Defence Science and Technology Organisation
P.O. Box 1500, Salisbury, South Australia , 5108

Australia

In recent years, the rapid growth in both communications and radar systems has led to a
concomitant growth in the possible applications and requirements of antennas. These new
requirements include compactness and conformality, rapid reconfigurability for
directionality and frequency agility. For military applications, antennas should also allow
low absolute or out-of-band radar cross-section and facilitate low probability of intercept
communications. Investigations have recently begun worldwide on the use of ionised
gases or plasmas as the conducting medium in antennas that could satisfy these
requirements. Such plasma antennas may even offer a viable alternative to metal in
existing applications when overall technical requirements are considered. A recent patent
for ground penetrating radar claims the invention of a plasma antenna for the
transmission of pulses shorter than 100 ns in which it is claimed that current ringing is
avoided and signal processing simplified compared with a metal antenna. A recent US
ONR tender has been issued for the design and construction of a compact and rapidly
reconfigurable antenna for dynamic signal reception over the frequency range 1 - 45
GHz based on plasma antennas.

Recent basic physics experiments at ANU have demonstrated that plasma antennas can
attain adequate efficiency, predictable radiation patterns and low base-band noise for HF
and VHF communications. In this paper we describe the theory of the low frequency
plasma antenna and present a few experimental results.



For frequencies below the plasma frequency, plasma columns support electromagnetic
guided waves as a result of axial propagation of the m = 0 surface wave. This wave
propagates at the speed of light at low frequencies. Figure 1. shows the antenna radiation
resistance for a plasma antenna monopole supporting surface waves along the plasma
column at 30 MHz. On the vertical axis is the ratio of frequency to collision frequency
and along the horizontal axis is the ratio of frequency to plasma frequency. These results
are obtained by computing the allowed values of k from the dispersion relation of the
surface wave and employing them to calculate the antenna radiation resistance from a
text book formula for a monopole. When the collision frequency is low with respect to
the wave frequency and the wave frequency much lower than the plasma frequency, the
wave undergoes lA wave resonance as would be expected for L/2. = 2.5 m. Here the
antenna radiation resistance is about 36 Ohm as expected. Figure 1 shows that a large
range of plasma parameters exists for which the plasma antenna operates like a copper
antenna.
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Figure 1.

Figure 2 shows a typical experimental arrangement for the measurements. A copper
cylindrical sleeve wrapped around the base of an electrodeless tube containing a low
pressure gas (typically argon at ~ 1 Torr) couples to the m=0 surface wave on the
column. Usually a fluorescent lamp was used for this purpose but without the usual mains
circuitry. For a tube of length L = 2430mm and diameter D = 38mm illumination was
possible with less than 200W of r.f. power, and less than 50W for a tube with L =
614mm, D = 38mm. The figure also shows some diagnostics.

Pulsed operation has also been demonstrated at 10% duty-cycle (100 JJ.S on and 1 ms off)
which allowed similar density plasmas to be produced at one tenth the r.m.s. power
consumption. This feature arises due to the long (~ 5 msecs) plasma density decay time



versus the relatively short electron energy confinement time for plasma tubes at modest
filling pressures.
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Figure 2.

Figure 3 shows the current distribution along a fluorescent tube with L = 1220mm and D
= 25.4mm excited at 30 MHz. The horizontal axis measures distance away from the base
of the antenna where the r.f. is coupled by a 30 mm long copper sleeve. The diamonds
and '+' symbols simply refer to different orientations of the current transformer. The
antenna is less than one quarter-wavelength long so that the only current node is at the
end of the antenna (z = 1200 mm). The phase is flat along the antenna as would be
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expected for a standing wave. This however was not the case if the power were lowered,
causing the density to drop. For low enough densities, the antenna current is attenuated
and propagates along the tube.

Radiation patterns were recorded on a test range. Two half-wave dipole antennas, one of
copper and the other of plasma, were driven at 141 MHz. The resultant measured
equatorial E-field is shown in Figure 4 for which the antennas were aligned along the
horizontal axis. The plasma antenna is shown at the top and the copper antenna at the
bottom. These show the characteristic "figure 8" radiation patterns expected for a half-
wave plasma dipole antenna. The radial distance from the origin in the figures is
proportional to the equatorial electric field strength in each case. The scales are the same
and indicate a 25 - 50%-efficiency for the plasma antenna.
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In summary, we have demonstrated that HF and VHF radio transmission from plasma
antenna dipole elements is an efficient process with about half the power radiated for a
tuned quarter-wave antenna. The powers required to drive the plasma may be as low as a
few tens of Watts average and are comparable to powers used in typical mobile
communications. In other experiments, we have considered communication transmission
achievable by an antenna whose plasma drive is also the signal carrier. Reception on the
other hand must be achieved by two frequency operation where one frequency is used to
drive the plasma and the other is used for signal reception. Two frequency operation has
been shown to be feasible and is a largely technical issue.

We gratefully acknowledge the technical support of Dennis Gibson, Daniel Andruczyk, Brian Kwan,
Mayuri Namprampree and Con Costa and useful discussions with Hunter Harris, David Thorncraft and Rod
Boswell. This work has been supported by a contract between the Australian Defence Science and
Technology Organisation, the Research School of Physical Sciences and Engineering at the Australian
National University and the Australian Institute for Nuclear Science and Engineering.
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MILLIMETRE WAVES AND PLASMA PHYSICS

G.F. Brand
School of Physics, University of Sydney NSW 2006

brand@physics.usyd.edu.au

This talk is:-a review of the plasma-related presentations at the 23rd International Conference
on Infrared and Millimeter Waves held at the University of Essex, Colchester, UK 7-11
September 1998.

Of most relevance to fusion is the development of high-power sources for electron cyclotron
resonance heating and current drive. The requirements for ITER are a total of 50 MW at 170
GHz.

The state of the art is illustrated by (a) high-power gyrotrons that deliver 1 MW for 1 s at 170
GHz, and (b) a free-electron maser that has generated millimetre waves for the first time, 730
kW at 200 GHz.

A number of papers describe new technologies that allow high powers to be achieved; internal
mode converters to convert the whispering-gallery mode generated in the gyrotron cavity into
a gaussian beam, depressed collectors to raise the efficiency from 1/3 to better than 1/2, CVD
diamond output windows and coaxial gyrotrons with improved mode purity. Other papers
describe transmission lines and steerable mirrors.

Several papers deal with millimetre-wave plasma diagnostics for fusion such as electron
cyclotron emission measurements and reflectometry.

12
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PLASMA PHENOMENA IN VACUUM ARC CENTRIFUGES

M. J. Hole and S. W. Simpson

School of Electrical and Information Engineering, University of Sydney, NSW, Australia

I. INTRODUCTION

The Vacuum Arc centrifuge (VAC), conceived in 1981 by Krishnan-e/ al [1] is an axially

configured plasma centrifuge, in which a uniform axial magnetic field is present in the cylindrical

vessel (Fig. 1). The source of the plasma is metal ablated from the cathode, which is ionised by

. an electrical breakdown between the cathode and anode mesh. With the exception of a

distributed-discharge vacuum arc, designed by Hirshfield et al. in 1989 [2] to demonstrate the

economic viability of continuous plasma centrifuge operation, VAC's are pulsed devices, with

drive currents of about one kiloampere lasting for several milliseconds. The current flowing in

the driving region (Fig. 1) has both a radial and axial component. It is the interaction of the radial

component of current with the externally applied magnetic field that sets the plasma into rotation,

typically at frequencies between 3X104 to 4X105 rad/sec [3]. The rotating plasma column is then

kept in confinement by a balance of centrifugal and Lorentz J*B forces, and the pressure

gradient. Research in VAC phenomena up until 1994 has been reviewed by Whichello et al. [4].

This work represents the first Fig. 1 Vacuum Arc centrifuge Geometry

theoretical treatment performed

on the axial variation of

isotope separation in an axial

plasma centrifuge. The object

of this research is to find the

spatial evolution of isotope

concentration and separation,

and compare the findings with supply

measurements made in 1984

by Geva et al [5] of the axial

evolution of separation profiles

in a Cu/Ni plasma.
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II. PLASMA MODEL

The plasma fluid model employed in this treatment is based upon the well-established inviscid

fluid model [3-5], in the rotation region of the VAC. In this region, the plasma is assumed to

consist of ions i, and i2, which have average charge Z, masses m,= m and m2
=:m+Am, and ion

densities ntl and ni2. The absence of neutrals reduces the analysis to a 3-fluid steady state model.

The geometry of the model is shown in Fig. 1, with the axial position z=0m corresponding to

the. anode mesh. The model used to describe the plasma in the rotation region introduces the

following terms and assumptions,

vz = uniform axial transport velocity,co = rigid body rotation frequency,

R = characteristic radius of column, vii0 = on-axis ion-ion collision frequency,

Pio'^ on-axis Generalised Hall parameter, fly) - mass density profile (dimensionless),

T = plasma temperature, independent of discharge duration and radius,

a0 = steady state ratio of heavy to light species mass flux at radius r, divided by the on-axis ratio,

C = the ratio of the lighter isotope ion density to the heavy particle number density.

Under the assumption that many collisions occur along the length of the centrifuge, the following

equation of state for the concentration C can be derived,

_d_

dy
y

AC(l-C)
BC_

By
-2

ft \ d c

dz'
* (1)

where z' = zlz0 , y=r^/R2 and

A = — lna =
r2 2kT 4kT

Equation (1) can be numerically solved by employing a straight-forward marching scheme in z'.

Numerical convergence of the simulation was checked by a number of means; including step

doubling in z and y, moving the radial boundary inwards (to rule out boundary effects), and a

check of matter continuity.

Table I shows the plasma parameters used for the simulation, based upon the experimental data

presented by Geva et al. [5]. A fitting of the measured flux profile yields a density profile

proportional to exp(- y1), to which is added a small Gaussian offset (of the form exp(-r2/i?2) =

exp(-_y)) representing the background gas outside the plasma column.
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TABLE I
Parameters for Cu/Ni Plasma

Parameter

z
T

Vz0

Co

A

;Z=2, 3)

Z=2, 3)

Value

0.13 T

0.026

2 - 3

1.5 eV

2.0xl019irf3

0.6 x l o W 1

1 x 105rad/sec

0.45

0.114

0.083, 0.024

3.214, 14.824

III RESULTS

Comparison of the numerical and measured axial

evolution of the separation profile is presented in Figs.

2a through 2d, for the plasma conditions outlined in

Sec. II. Each figure plots the measured separation data

points, and the calculated separation profile for charge

states of Z=2 and Z=3. Figure 2b also shows the

density profile used for calculations and Fig. 2d plots

the steady state profile.

Comparing the density profile in Fig. 2b with the

separation profile, most separation is observed near the

tails of the flux profile, where the ion-ion collision

frequency begins to rapidly decay and the plasma

freezes. Comparing the predictions with the

experimental data in Fig. 2, it can be seen that

predictions are close to the experimental data only for

radii less than the predicted peak in the separation

profile.

Figure: Axial Development of flux profile
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In this region, comparing Figs. 2a and 2b, the axial development is approximately correct, and

there is at least some experimental evidence for a region of low separation near the axis [Figs. 2a

to 2c]. However, there is a serious discrepancy between the theory and experiment at radii greater

than the predicted separation maximum: the experimental data does not show any evidence of the

expected reduction in separation due to plasma freezing.

Several possible explanations for the discrepancy present themselves. These include: the

possibility of differing plasma properties (such as temperature and bulk transport velocity)

between the extremely low density "background" plasma and the central column [3]; the

possibility of a varying charge distribution with radius [5]; and the possibility, raised by Evans

et al [6], that the EDX (wavelength dispersive X-ray spectroscopy) analysis technique used to

obtain experimental data for Cu/Ni can produce erroneous results at large radii, for low values

of deposition thickness.

IV. CONCLUSIONS
A numerically determined solution to the spatial evolution of the separation, concentration and

radial diffusion velocity has been presented. A key result of the model treatment is that the

plasma should freeze at outer radii, where the ion-ion collision rate is dramatically reduced, and

there should be little development of separation beyond the plasma column. For the available set

of experimental data with which results were compared, no such effect was observed, and the

model did not correctly predict the separation outside the plasma column. However, it should be

noted that, for any future commercial application, it is the separation factor where a reasonable

quantity of material is present which is of importance. The model does provide reasonable

estimates of the axial development of separation within the plasma column, and thus provides a

useful tool for evaluation of vacuum arc centrifuge designs.

[1] M. Krishnan, M. Geva, and J. L. Hirshfield "Plasma centrifuge" Phys. Rev. Lett., vol. 46(1), p. 36-38, 1981.

[2] J. L. Hirshfield, L. A. Levin and O. Danziger "Vacuum arcs for plasma centrifuge isotope enrichment", IEEE

Trans. Plasma Set, vol. 17, pp. 695-700, 1989.

[3] E. Del Bosco, S. W. Simpson, R. S. Dallaqua and A. Montes "Speed of rotation in a vacuum arc centrifuge"

J. Phys. D, vol. 24, pp. 2008-2013, 1991. •
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A spherically symmetric electrostatic grid accelerates ions from a plasma towards its
centre. Under collisionless conditions these ions should be monoenergetic. It has been
suggested that if deuterons are used, the density at the centre can become high enough
for fusion reactions to.take place resulting in a small and portable source of neutrons.
This project was initiated in order to determine the ion energy distribution, and the
viability of such a neutron source.

Charge exchange reactions between the accelerated proton and atomic hydrogen result in
a highly energetic neutral in an excited state. The doppler shift in the emitted Balmer
lines can then be used to determine the energy of the resulting neutral. For energies of
the order of keV, it is assumed that the energies of these neutrals are approximately the
same as the parent ion. Our preliminary results have shown that it is possible to
maintain a substantially non-maxwellian ion energy distribution with very high average
energies (keV) in the steady state at pressures of the order of 10 millitorr. A typical
doppler shifted Ha line is shown in figure 1. Note that the maximum red and blue shifts
are about 1 nm which correspond to an energy of lkeV although the applied potential is
lOkV. A complete discussion of the preliminary results will be presented and discussed.

14000 r

- 1 0 1 2 3
Doppler Shift (nm)

Figure 1. Doppler shift spectrum of the Ha as a result of charge exchange between a
proton and a hydrogen atom.
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Abstract
A new electro-optically Modulated Optical Solid-State (MOSS) interferometer has been constructed
for measurement of the coherence of line emission from plasmas. The instrument, which is based
on the principle of the Fourier transform spectrometer, has high etendue and is rugged, compact
and inexpensive. By employing electro-optical path-length modulation techniques, the spectral
information is obtained using a single photodetector. This paper describes a number of applica-
tions, including Doppler and polarization spectroscopy (Zeeman and MSE) for which the MOSS
spectrometer is an inexpensive and powerful alternative to multichannel grating spectrometers.

1 Introduction

The MOSS spectrometer [1, 2] monitors the temporal coherence of an isolated spectral
line using polarization inter'ferometric techniques. It is essentially a Fourier transform
spectrometer modulated about a fixed delay. The amplitude of the interference fringes
produced by the modulation is related to the light temporal coherence while the phase
conveys the line centre frequency.

The spectrometer is shown in Fig. 1. A narrowband interference filter isolates the
spectral line of interest. The first polarizing cube transmits the horizontally polarized
component of the filtered plasma light before traversing a birefringent crystal (typically
LiNbO3, L = 25 mm thick, birefringence B = 0.1) whose fast axis is at 45° to the plane
of polarization. For light of centre frequency VQ = c/Ao, this introduces a phase delay
<po = 2-KUQBL/C = 2-KVQTQ between the orthogonal characteristic waves. An additional
small delay modulation fa = 2-KUQTX — fa sin(fi£) of amplitude fa — ir/2 is imposed
by applying an oscillating voltage (typically at tens of kilohertz) along the crystal z-
axis. Finally, the light is once more polarized using a beamsplitter cube to allow the
independent components to interfere at photomdetectors intercepting the transmitted
and reflected beams. Because of the large fixed delay TO, small changes in wavelength
can give significant shifts in the interferogram phase that manifest as a change in the ratio
of fundamental and second harmonic modulation components. A change in temperature
changes the amplitude of the interference fringes.

2 Doppler Spectroscopy
The most basic optical spectroscopy measures the Doppler shift and broadening of emis-
sion from excited plasma atoms and ions. Though these measurements are line integrated,
for brevity we ignore the spatial variation and assume a locally Maxwellian, isotropic
emission profile:

r r /-.. a ^\2i

(1)
27TCT 2(72
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where IQ is the emission intensity, w = (u — UQ)/UO is a normalized frequency coordinate,
VQ is the emission line centre frequency and /?£> — vn/c where vp is the bulk flow velocity
of the emitting species in the direction of view. The species temperature is given by
kTs/(msc

2) = a2 where ms is the atomic weight. It can be shown that the signal at the
spectrometer ports is given by

S± = h± /oC cos [0o (1 + PD) + fa sin (fit)] (2)

where the fringe visibility £s = exp (—Ts/Tc) depends on the species temperature Ts
and kTc = \msV~Q is a "characteristic temperature" set by the phase delay introduced
by the birefringent crystal and vc = "¥• is the corresponding "characteristic velocity".
Observe that the small Doppler shift component PD is amplified by the fixed phase delay
00-

The unknown quantities Jo, PD and Ts can be recovered numerically from S± syn-
chronously sampled at times t = 0, T/4, T/2,3T/4,... where T — 2TT/VL is the modulation
period. This sampling provides three independent equations so that the instrument is
"optimum" in the sense that all available photons are used to determine only the unknown
quantities. The maximum fringe contrast is set by instrumental factors, the collected light
solid angle and non-ideal optical components, and can be accounted by introducing the
factor Q = exp(—Tj/Tc), where Tj is the instrument "temperature". The instrument
response can be compensated through a simple subtraction of exponents proportional
to the measured and instrumental temperatures rather than the usual deconvolution
procedure.

To illustrate the instrument performance, we present temperature and flow data for
an rf heated (7MHz, 80kW max) argon discharge in the H-l heliac. Aril light at 488nm
is collected from a cylindrical plasma volume of diameter ~ 30 mm with axis parallel
to the major axis of the bean-shaped plasma cross-section. The viewing cylinder can
be translated across the plasma poloidal cross-section on a shot-to-shot basis. By virtue
of its high light throughput (in our case, ~ 40 times greater than for an equivalent-
resolution grating instrument) the MOSS spectrometer is well suited to measurements
that require high time resolution such as for the observation of fluctuations, coherent
modes, ion dynamics during confinement transitions and power modulation experiments.

Observed ion temperatures are in the range 10-100 eV and match well the dynamic
range for a LiNbOs crystal of thickness 25mm (Tc — 70 eV). The instrument temperature,
measured using an expanded argon ion laser beam at 488nm is ~ 20 — 25 eV and arises
from imperfections in the birefringent plate. The estimated component due to beam
divergence is less than a few eV. The sensitivity to temperature and flow speed changes
clearly depends on the light signal to noise ratio. Figure 2 shows diagnostic signals during
rf power modulation experiments on H-1NF. The modulation of the input power is seen
in the top trace. Observe the similarity in temporal behaviour of the plasma stored
energy (trace 3) and the ion temperature (bottom trace). Also note the small associated
variations in the plasma flow velocity (trace 5). The viewing chord intercepted the plasma
axis for this discharge.

3 Polarization spectroscopy

The presence of a magnetic or electric field removes the degeneracy of transition energy
levels, resulting in the familiar Zeeman and Stark split multiplets. The multiplet compo-
nents have polarization states that depend on the change in magnetic quantum number
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AM, the orientation of the field and the direction of view. By filtering/modulating the
polarization state of the collected light, we can vary either its coherence (bandwidth) or
its centre of mass (or both). Since the MOSS spectrometer is sensitive to both quantities,
this is a potentially powerful method for detecting both the strength and orientation of
plasma electric and magnetic fields. The associated new instrumental methods are de-
scribed elsewhere [3, 2].

4 Spread-spectrum methods

A generalization of the MOSS spectrometer that utilizes a number of birefringent elec-
trooptic plates has been constructed and tested. The Spread-spectrum Optical Fourier
Transform (SOFT) Spectrometer allows simultaneous measurements of the coherence
enevlope of a narrowband spectral feature at a multiplicity of delays. As its name sug-
gests, the information is encoded across a series of harmonics of the common electrooptic
crystal drive voltage frequency.

A representative 3-crystal layout for the SOFT spectrometer is shown in Fig. 3. The
iV = 3 crystals (having different delays TI, TI and T3) are mutually oriented at 45 degrees
and placed between parallel or crossed polarizers to give rise to 2N independent fixed
delay interferometers. We have constructed such a system using crystals of thickness
5, 15 and 25 mm for study of atom light emission during helium discharges in H-1NF.
Information from the 6 independent interferometers can be encoded by applying the same
modulating voltage to each of the EO crystals. Because the modulation indices 4>n are
also in the same ratio as the delays 0oi, the larger the delay, the greater is the modulation
depth.and .the higher in frequency are the generated harmonic carriers. An example of
data produced using the H-1NF SOFT spectrometer is shown in Fig. 4. The coherence
information can be extracted numerically using a series of bandpass filters centred on the
harmonics (third trace) with bandwidth determined by the plasma properties and the
modulation frequency. Inverse FFT recovers a set of time vectors which can be unwrapped
with excellent condition to extract 12 independent pieces of information relating to the
spectral line shape. Of course, since information is now divided between a number of
harmonics simultaneously, the time response is somewhat less than for a single crystal
MOSS system.
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F i g u r e 1: The optical layout for the Modulated Solid
State Spectrometer (MOSS)
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F i g u r e 3 : Diagram showing the relative orientation of
the polarizers and EO crystals for a 3-crystal SOFT spec-
trometer.

F i g u r e 2 : Diagnostic signals during low power rf mod-
ulation experiments. From top to bottom, the signals are
the rf power to the plasma, 8mm homodyne interferometer
signal, the plasma stored energy, the MOSS light intensity,
flow velocity and ion temperature. Note the close correspon-
dence between the temporal behaviour of the stored energy
and the ion temperature.
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F i g u r e 4 : Light emission data from the atomic transi-
tion at 587 nm for an 80kW rf excited discharge in helium in
H-1NF. Top: The two pulses are the plasma light (at t=0)
and the light from a chopped Ar ion laser source at 488nm.
XCiddle: Detail of the interferogram. Bottom: Power spec-
trum showing au to 14 generated harmonics of the sine -wave
oscillator at 14.1 kHz.
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Measurements and calculations of fundamental atomic collision and spectroscopic properties
such as collision cross sections, reaction rates, transition probabilities etc. underpin the
understanding and operation of many plasma and gas-discharge-based devices and phenomena, for
example plasma processing and deposition. In almost all cases the complex series of reactions
which sustains the discharge or plasma, or produces the reactive species of interest, has a
precursor electron impact excitation, attachment, dissociation or ionization event. These
processes have been extensively studied in a wide range of atomic and molecular species and an
impressive data base of collision cross sections and reaction rates now exists. However, most of
these measurements are for collisions with stable atomic or molecular species which are initially in
their ground electronic state. Relatively little information is available for scattering from excited
states or for scattering from unstable molecular radicals. Examples of such species would be
metastable excited rare gases, which are often used as buffer gases, or CF2 radicals formed by
electron impact dissociation in a CF4 plasma processing discharge. We are interested in
developing experimental techniques which will enable the quantitative study of such exotic atomic
and molecular species. In this talk I would like to outline one such facility which is being used for
studies of collisions with metastable He(23S) atoms.

Metastable He(23S) is the longest lived, low lying atomic state, with a lifetime which has been
calculated at 8000 seconds. As such it can exist in relatively large equilibrium populations in low
pressure gas discharges and, as it also possesses a large amount of internal energy (19.8 eV),
collisions with it can result in the transfer of substantial amounts of energy and have a significant
effect on the behaviour of such a discharge. Collision studies of these excited atoms are few as
they are difficult to produce in a controlled, high density beam. Typical gas discharge or charge
exchange sources which have been used for these studies produce at most about 107 atoms.cm"3

compared with number densities of 1012-1013 atoms.cm'3 which are used for conventional
scattering experiments with ground state targets. In addition, as most production methods
involve a discharge source, they have the disadvantage of also producing high background fluxes of
electrons, ions, VUV photons, and RF noise which make low energy scattering experiments very
difficult. As a result signal levels, and signal to background conditions', are generally quite poor.

At the ANU we have developed a "bright" beam of metastable helium (23S) atoms and a magneto-
optical trap (MOT) for He(23S) to facilitate a broad range of experiments in electron scattering,
excited atom-excited atom scattering, atom optics, atom lithography and fundamental
spectroscopy. This facility draws on laser cooling and trapping techniques which have been
developed over the past 15 years or so and which have provided a quiet revolution in many
aspects of atomic physics. In the present apparatus, the beam is produced from a liquid nitrogen
cooled, DC discharge and a range of laser cooling techniques (using the 2 S-2 P transition at 1083
nm) are used to collect a large fraction of the excited atoms that diverge from the source aperture.
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The atoms are then collimated, slowed and focused to a point some four metres from the source.
The resulting beam is slow (v = 100-200 m.s ), monochromatic (Av = 1-5 m.s ), dense (N~10
atoms.cm"3) and in a region of very low background.

This bright beam can be used for experiments and also to load the MOT for helium, which is
located at the end of the beam line. With this facility a range of atomic physics experiments are
being pursued:

• low energy electron collisions
• recoil atom spectroscopy
• excited atom-excited atom collisions (including highly excited states)
• atom optics
• atom lithography
• metastable atom spectroscopy

Details of the beam line performance and the first experiments from the apparatus will be
presented.
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There are a number of laser induced fluorescence techniques which can be used to measure
internal plasma electric fields. It is planned to use a technique based on Stark mixing of
energy levels in a supersonic beam containing metastable helium atomsio measure radial
electric fields in H-1NF. Enhanced values of radial electric field are associated with
improved confinement modes in H-1NF and other magnetically confined plasmas.

Electric fields play an important role in many plasma processes. In low temperature processing
plasmas strong electric fields are present in the sheaths where ions are accelerated for use in
semiconductor etching and plasma assisted thin film deposition. In magnetically confined high
temperature plasmas enhanced values of radial electric field are associated with improved energy
confinement.

Probe techniques are unsuitable for measuring electric fields in both sheath regions of low
temperature plasmas and high temperature plasmas. There are, however, several techniques
using laser induced fluorescence (LIF) which are suitable in these circumstances.

One technique involves laser excitation of atoms, for example helium, to Rydberg states which,
being hydrogen-like, exhibit the linear Stark effect in the presence of an electric field. The Stark
splitting of the Rydberg state can be detected by monitoring a fluorescence transition or by the
optogalvanic effect. The latter has been used to measure the electric field distribution in the
cathode sheath of a dc glow discharge [1].

Another technique exploits the fact that the transition probability of a forbidden transition is
increased due to Stark mixing of the wave functions of closely-spaced energy levels. In helium
for example (see Figure 1), laser radiation tuned to the 2!S-«'D forbidden transition is used to
excite helium atoms in the 2!S metastable state and fluorescence is observed on the allowed
n D-2 P transition. Since the 2 S-n P transition is allowed, Stark mixing between the closely
spaced nlP and n'D levels causes the excitation transition probability, and as a consequence also
the fluorescence signal, to be functions of electric field. The technique is sensitive to smaller
values of electric field for larger values of n.

The fluorescence signal is, however, proportional to the density of atoms in the n'D state. The
fluorescence observed when the allowed 2!S-n'P transition is excited provides a signal
proportional to the n'D density as a result of collisional transfer between the n'p and nT> levels.
Thus the ratio of the former fluorescence signal to the latter yields a quantity which depends
upon electric field only; for sufficiently small perturbations it is proportional to E2. This
technique has been used to measure the electric field in the cathode sheath of a glow discharge
[2]. A similar technique using transitions in the molecule BC1, has been used to measure electric
fields in an rf sheath [3], and in the cathode fall of a magnetron discharge [4].

In order to use these techniques to measure electric fields in magnetically confined plasmas, a
beam of suitable particles is needed to provide a sufficient particle density. Motional Stark effect
diagnostics designed for measuring the q profile in tokamaks have been used to measure the
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radial electric field distribution [5,6]. In this case an energetic deuterium or hydrogen beam
traverses the plasma resulting in Ha emission which is split into polarised components by the
electric field experienced by the moving atoms, which is the combined motional emf field and
laboratory frame electric field. By measuring the polarisation of the emitted light in two different
directions it is possible to deduce both the q profile and the radial electric field profile.

To measure radial electric fields in H-1NF it is intended to use the method of Figure 1. The
helium atoms will be in the form of a supersonic beam in order to minimise the motional Stark
effect contribution to the perturbing electric field. Nozzle designs for the production of
supersonic beams are available in the literature, including ones which incorporate discharges to
enhance the metastable content [7].

nip n1D- •

21S

Figured 1 Energy levels and transitions of the helium atom used for the measurement of
electric fields by LIF
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ABSTRACT

In this presentation we describe an experiment in which a transition from a low density E - mode

Argon plasma to a higher density H - mode plasma is observed by an abrupt increase in plasma

density and a corresponding change in the wave field structure.

The helicon source used in this experiment consists of a quartz tube of 7 cm radius and 58 cm

length connected on axis to a stainless steel diffusion chamber of radius 15 cm and length 33 cm.

Axial magnetic fields of up to 100 G are provided by a set of solenoids surrounding the source.

Up to 1.2 kV7 rf power at 13.56 MHz is supplied to a Nagoya type III antenna (antenna

elements positioned at z = 11.5 cm and 25.5 cm) to excite the plasma.

Measurements were made of the plasma density and transverse components of the wave

magnetic field for a range of DC magnetic field and rf power settings. Correlations in the DC

magnetic field and density at which transitions from E to H mode occur suggest that the

transition occurs when the perpendicular skin depth of the antenna near - field is reduced to a

length scale in the order of the source diameter.

The presence of helicon waves is established by comparing the measured axial phase variation of

the wave magnetic field with that predicted by the helicon dispersion relation. Examples of the

amplitude and phase variation along z of the x and y components of the wave magnetic field are

shown in figure 1. These figures show that in E - mode (fig. la and c) the wavefields are

a> Plasma Research Laboratory, Research School of Physical Science and Engineering, Australian National
University, Australian Capital Territory 0200 Australia.

b) Department of Physics, St. Petersburg State University, St Petersburg 199226 Russia
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stationary, with the y - component exhibiting a strong peak at the antenna position. In H - mode

(fig. lb and d), the wave amplitude is large throughout the source, and the wave phase shows

propagation at a finite phase velocity. Also note that a phase difference between the x and y

components of 180° exists in E - mode, and 90° in H - mode, giving information on the wave

polarisation in the two modes.

20 . 30 . . 4 0 50
Axial Position (cm)

20 30 40 50
Axial Position (cm)

540 - 540 -

20 30 40 50
Axial Position (cm)

20 30 40 50
Axial Position (crri)

Figure 1: Amplitude and phase measurements of Bx and By along the axis

The polarisation of the helicon wave magnetic field is studied further on axis by measuring the

amplitude and phase as the b - dot probe is rotated azimuthally at various distances from the

antenna to interpret the mode structure, as shown in figure 2. The linear polarisation exhibited in

figure 2a indicates that both m = ±1 fields are strong under the antenna during E - mode however

this figure shows that the m = +1 mode dominates as the distance from the antenna is increased.

When H - mode operates (fig. 2b), the m = +1 mode dominates throughout the length of the

plasma, as indicated by the elliptical polarisation and azimuthally propagating phase.
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positions indicated

There is no conclusive evidence that the helicon waves excited in this experiment actually couple

power to the plasma by resonant wave - particle interactions, although wave phase

measurements indicate that the lowest phase velocity obtained was 6xlO6 m/s, which is too fast

to interact strongly with the electron distribution function. A clear preference is observed for the

m = +1 azimuthal mode in H - mode in this system. The linear polarisation observed inside the

antenna in E - mode is the result of a forced oscillation from the antenna fields in this low

density discharge which resembles the antenna field in vacuum. Analysis of the amplitude and

phase variation shown in figure 2 indicates that a difference in the dispersion of the m = +1 and -

1 modes exists, giving rise to a slight Faraday rotation of the interfering wave structure.
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1. Introduction
This paper is concerned with the analysis of the field-line dependence of eigenvalues

of the ballooning equation in systems where the global magnetic shear is weak, i.e. when
|<j'(s)| < 0 , s being a dimensionless magnetic surface label and q being the safety factor
(inverse rotational transform), both assumed to be of order unity.

Narrow regions where \q'(s)\ C-'O occur in the shear-reversal layers of advanced toka-
maks and high-/3 heliotron/torsatrons, but we are primarily concerned with cases where
the global magnetic shear is small everywhere, in particular with helical-axis stellarators
such as the three-field-period ANU H-l heliac [1].

Weak shear has a profound effect because it diminishes the influence of the "secular
terms" in the ballooning equation, which are normally responsible for localization of the
ballooning eigenfunctions in systems with strong shear.

If the ballooning eigenfunction is localized in the limit q' — 0, then it is reasonable to
suppose that the behaviour at small q' may be understood by constructing a perturbation
theory about this limit, and it is the purpose of this paper to sketch how this can be done.

2. Ballooning equation
As in [2] we write the magnetic field as B = VCxV?/> — q~V6x"Vij) = V a X V ^ ,

where the field-line label a = ( — q9, with 9 and ( being the poloidal and toroidal angles,
respectively, and q{ij)) the inverse of the rotational transform.

The ballooning eigenvalue equation in the incompressible approximation [3] is defined
on a field line, a — const,

: = 0 , (1)

where £ is proportional to the normal displacement of a perturbed field line and d/ d# is
the total ^-derivative along the field line (i.e. at fixed a). The coefficient of the second
derivative term is

where 6). is a parameter related to the direction of the local wave vector.
The eigenvalue normalizing factor is M — PA. with J = ( V f V ^ x V O " 1 being the

Jacobian, and the remaining term gives the destabilizing effect of the pressure gradient

(«. + f in + m (««.)]«,) . (3)
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The normal and geodesic curvatures are defined in terms of the field-line curvature, «.,
by Kn = A C - V ^ / J V ^ I and Kg = K.<V I0XB/| JBVT/>| respectively. The integrated residual
shear [4] is given by % = (qVip-V9 - V ^ - V C ) / | V i f .

It is seen that the secular terms, those in 9 — 6k, are indeed multiplied by q' and
thus vanish in the zero-shear limit. The remaining terms in the coefficients are periodic
equilibrium quantities, which, when viewed as functions on a torus, have periods 2TT in
6 and 2n/M in £, where M is the number of field periods. However, when restricted to
the field line ( = a + q6 as in the ballooning equation, they are not periodic unless q is a
rational fraction — in general 3-D geometry they are only guasiperiodic functions of 6, a
fact which, we shall argue, bears on the localization question in the limit q' —> 0.

- 6 n —47T - 2 7 T 2TT 4TT 8n

1.0
(0,0) (-5,-2) (3,1)

13/15

Figure 1: Eigenfunctions at the points marked by X etc. in Fig. 2.

Eigenfunctions on several different field lines are plotted in Fig. 1 for an H-l case
constructed so as to be ballooning unstable on nearly all surfaces. Despite the fact that
q varies only in the narrow range 0.865 < q < 0.90, the localization is reasonably strong,
with a half Avidth around 27r, suggesting that something other than global magnetic shear
is responsible for localization in this system.

A contour plot of the ballooning eigen-
value in s, a space is shown in Fig. 2. It is
seen that there are distinct branches, with
growth-rate maxima occurring on different
field lines. Except for the branches with
maximum growth rate at a = 27rm/3, the
maxima are s-dependent.

The eigenfunctions shown in Fig. 1 are
all on the surface s = 0.70 (q = 0.88), be-
ing for the field lines a = 0 (marked by ' • '
in Fig. 2), a — 0.39 (this point being the
crossover point of two branches, marked
by ' x ' in Fig. 2), and finally a = 0.854
(marked by 'A ' in Fig. 2), which is the
most unstable point for this value of s on
the branch to the left of the centre line

0.4 '

0.2 -

0.0
2n/3

Figure 2: Contours of pu2 in the field-line la-

bel a and surface label s plane at 6k — 0. The

maximum-growth-rate loci of the (0,0), (3,1), (-

5,-3) and (8,3) branches as predicted in the limit i n F i g 2 . I n each case the eigenfunctions

q1 = 0 are also shown. p e a k n e a r g = 2nn where n is an integer:

n = 0 for the ' • ' case, n = — 2 or 3 for the ' x ' case, and n = 1 for the ' A ' case.
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3. q' expansion at lowest order — localization
We first replace q' by eq' in the coefficients of eq. (1), where e is a formal expansion

parameter. The coefficients in the ballooning equation are of the form /o + e/i + £2/2, where
fi are quasiperiodic functions. We assume that £ can be expanded as £o + e£i + e2£2 + • • •
and similarly for the ballooning eigenvalue A = puJ2.

Before commencing, it is convenient to make the substitution £ = y41/2£. The new
dependent variable £ obeys an equation of the same form as eq. (1), but with A replaced
by 1. Thus the new ballooning equation is essentially a Schrodinger equation, except
that the new normalizing factor Af = J2 is not a constant. However, it is periodic — all
secular terms are now isolated in K,.

At lowest order we find the eigenvalue problem

1 £o = 0 . (4)

Now we need to know the nature of the unperturbed eigenfunction, £o = £o/*4o- Inspection
of Fig. 1 shows that, at small but finite c, the eigenfunctions on the various branches ap-
pear to decay exponentially. Can we assume the existence of such exponentially decaying
eigenfunctions even at e = 0?

In devices such as the tokamak, with a continuous symmetry [4] the coefficients f0 are
periodic functions of 9. Then we know from the Floquet theorem that all eigenfunctions £o
are of the form P(0) exp j/0, where P is periodic-and u is constant (either imaginary, in a
continuum "Brillouin zone", or real, in a band gap). Thus square-integrable eigenfunctions
cannot exist in the tokamak case.

However, when /o is quasiperiodic, there are mathematical results [5] showing that
the continuum bands disappear and all eigenfunctions are exponentially localized. This
is known as Anderson localization. On this basis we here assume that there does exist a
square-integrable eigenfunction £o with which to start our perturbation expansion. (Note
that this is questionable on surfaces for which q is rational, because then coefficients /o
are periodic, though the period may be many multiples of 2TT. Also there is a problem
with degeneracy. Nevertheless, though more work remains to be done to make it rigorous,
there is numerical evidence that our approach gives reasonable results.)

4. "Group theoretic" generation of localized solutions
We now show that, given one such localized eigenfunction, we can use discrete sym-

metry operations to construct an infinity of others with the same unperturbed eigenvalue
Ao (though, in general, on different field lines). First we have the equilibrium symmetry
operation of complete poloidal rotation PQ : 8 i->- 9 + 2n , a t-t a — 2nq ,9k^ 0k (leaving
9k unchanged as it is not an equilibrium parameter). We also define the toroidal symme-
try operation of rotation through a field period TM '• 9 i-> 9 , a H> a + 2TT/M , 9k •-» Ok •
This is an exact symmetry of the ballooning equation for all e, whereas PQ is a symmetry
only of the unperturbed operator Lo because it does not leave the secular terms in 9 — 9k
invariant.

Now we consider m applications of the exact symmetry operation TM and n of the
approximate symmetry operation Po and observe that TJ^PQ commutes with LQ. Thus,
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if £o(#,<2o) is an unperturbed eigenfunction on the field line ao, then £o = (o{8 —
,aQ '" ) is an approximate eigenfunction on the field line

. (5)

As the reference case (0,0) we choose the branch with maximum growth rate at a0 = 0,
independent of s (see Fig. 2). We then identify the branches depicted in Fig. 1 as (from
left to right) ( - 5 , - 2 ) , (0,0), (3,1) and (8,3). The corresponding functions a(m<n\s) are
shown in Fig. 2 as dark lines.

Comparing the loci a — aQn'(s) with the locations of the maximum growth rates
seen from the contours in Fig. 1 we see that the zeroth-order predictions explain, in a
qualitative sense, the branch structure observed numerically. However, there are quite
pronounced shifts in the locations of the maxima.

Note that we have shown only a tiny subset of the branches predicted by eq. (5) since,
by choosing appropriate m and n on surfaces for which q is irrational, we may find an
aQ? arbitrarily close to any desired value. However, the assumed exponential decay of
the eigenfunctions means that there may be negligible overlap with £0 and nondegenerate
perturbation theory may still be applicable.

5. Perturbation theory — higher order
We allow for the shift in the location of the maximum growth rate, by expanding

a = cto '" -f co?! ' . At order e, using stellarator symmetry and taking £Q to'be an even
function o£An0 = 6 — 27rn, we find the solubility condition Aj = — < (An8)dfc/d6k >o
/ < AT >o,-where < • >o= / d9 £0 • {0 evaluated at 9k = 0 and a = ag .

At next order we find

A2 = A + B(a[m'n) + CAJk)
2 + D(An9k)

2 , (6)

where coefficients A-D involve similar < • > 0 averages as in Aj. This approach gives good
agreement with the numerically calculated eigenvalues for the (0,0) branch, and quite
good agreement for other branches except near the edge of the plasma.
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The alternative to the magnetic confinement fusion is inertial fusion energy mostly using
lasers as drivers for compression and heating of pellets with deuterium and tritium fuel.
Following the present technology of lasers with pulses of some megajoules energy and
nanosecond duration, a power station for very low cost energy production (and without the
problems of well erosion of magnetic confinement) could be available within 15 to 20 years.
For the pellet compression, the scheme of spark ignition was mostly applied but its numerous
problems with asymmetries and instabilities may be overcome by the alternative scheme of
high gain volume ignition.
This is a well established option of inertial fusion energy with lasers where a large range of
possible later improvements is implied with respect to laser technology or higher plasma
compression leading to energy production of perhaps five times below the present lowest
level cost from fission reactors. A further improvement may be possible by the recent
development of lasers with picosecond pulse duration using the fast ignitor scheme [1] which
may reach even higher fusion gains with laser pulse energies of some 100 kilojoules.
The fast ignitor precompresses the DT fuel up to two thousand times the solid state, as has
been measured [2]. A subsequent picosecond laser pulse provides the temperature of some
keV for the ignition of this precompressed plasma. The aim is that the picosecond pulse
deposits its energy into the centre of the precompressed plasma, for the purpose of either an
intermediate laser pulse drills in a thin funnel into the density plasma or the picosecond beam
is designed to follow low reflectivity and low dissipation with relativistic self-focusing to
such low diameters in the plasma centre, in which its energy is deposited [3].
The processes of relativistic self-focusing were studied from the very beginning [4] where
Schrodinger-soliton process [5] and a reproduction [6] of measured slight anisotropies [7]
were established. Recent studies were devoted to the magnetic field generation at the
shrinking laser beam [8] and a focusing and defocusing mechanism at relativistic self-
focusing [9] based on a nonlinear paraxial equation of laser plasma interaction [10].
The problem, which remains, is the deposition of the picosecond laser energy. If one assumes
that either the funnel process [1] or the nonlinear low-reflectivity-low-dissipative beam
propagation and nonrelativistic shrinking process down to the interesting low beam diameter
in the centre of the precompressed plasma which is sufficiently lost. The question is how the
exceedingly high laser energy density in the probably high-density centre is dissipated.
The desire of the protagonists of the spark ignition was that this energy would altogether be
then concentrated into a very small volume in the centre and from there it will initiate a self
sustained fusion detonation wave through the compressed outer high density and low
temperature DT plasma. By this way, the fast ignitor would automatically avoid many of the
well-known difficulties of the spark ignition with the nanosecond-megajoule pulses. An
ideally spherically symmetric fusion detonation front would hopefully be produced without
the Rayleigh-Taylor instabilities and without the destructive worry about symmetry in the
case of the nanosecond spark ignition.
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Contrary to these expectations one has to consider the situation of a lOOPW-laser beam of
more than 10 W/cm intensity. Taking the neodymium glass laser frequency, the quiver
energy of the electrons (see Eq. (6.70) of Ref [11]) is more than 100 MeV and the nonlinear
(ponderomotive) acceleration of the hydrogen isotopes would exceed [11] 10 GeV. How
could these particles be thermalised in the neighbourhood of the plasma centre to provide a
fusion detonation wave with energies of the deuterons below 10 keV? The stopping length of
the electrons is far beyond the plasma size and in the best case one may come down to
stopping lengths of the deuterons at the range of the plasma radius, taking into account the
very high plasma density and taking the strongest collective [12] (contrary to binary) stopping
power. Including the strong electric field from double layer effects [13], there may be in the
best way only a uniform distribution of the picosecond laser pulse energy over the whole
spherical precompressed plasma providing then the ideal conditions of high gain volume
ignition.
The details of the volume ignition [11] and the arguments for clarifying that this was first
published in 1978 [14], were elaborated just recently [15] in connection with the surprising
result that the highest neutron gains ever measured from the various laboratories were all in
agreement with the (adiabatic self-similarity) volume compression model of 1964 [11]. These
experiments only had not high enough laser energies and or plasma compression that the
simple fusion burn would have changed into the volume ignition regime. For this a core gain
G (fusion energy per laser energy in the compressed core at optimised initial temperature
above 8 is necessary while the best value from the Rochester experiments [15] have a core
gain of 0.29. Only higher gains than 8 show the typical volume ignition process [11,15] that
the rather low initial plasma temperature of the whole volume of 4.5keV or even less results
in an increase of the ion energy up to 100 keV and more. It is essential that the large amount
of self-heat from the fusion reaction products inside the reacting plasma is working like a very
large additional driver energy. Under these conditions we find how- after relatiyistic self-
focusing processes of the picosecond laser pulses - the fast ignitor scheme will result in total
fusion gains (per incident laser energy) Gtot of 200 and more for laser pulse energies of about
55 kJ.
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Development of nuclear fusion as a practical energy source could provide great benefits
for all mankind. This fact has been widely recognized and this task could be good example to
pursue the goal with worldwide collaboration and friendship.

Fusion energy development is one of the big scientific programs in Japan. Both
Magnetic Fusion Energy (MFE) and Inertial Fusion Energy (IFE) are proceeded aiming to
achieve clean, abundant and safe fusion energy for the future human society on the earth.

Fusion Program in Japan ^
In "July 1975 the Atomic Energy Commission of Japan laid down the second phase basic

program of fusion research and development. JT-60 (the Break-even Plasma Test Device) was
constructed by the Japan Atomic Energy Research Institute (JAERI) and marked in 1987 the.
achievement of its major goals as given in the second phase program. With the upgraded
machine JT-60U, experiments are addressing the improvement of reversed shear plasma
performance and non-inductive current drive in high performance/2^ The research on small and
medium-sized devices in universities also contributed to the significant progress achieved in
many aspect of fusion plasma. In 1988 IPP Nagoya University was converted to National
Institute of Fusion Science (NIFS) to construct the Large Herical Device (LHD) which was
completed and started the plasma experiment in 1998.

For the Inertial Fusion, the world largest laser facility GEKKO XII was completed in
1983 and high density compression up to 600 times solid density was achieved in 1989 which
demonstrate physical feasibility of laser implosion fusion.

The third phase basic program is going to be implemented. The principal objectives of
this phase are the achievement of the self-ignition condition, the realization of a long burn and
the formation of the reactor technology bases required for the prototype fusion reactor
development. A Tokamak fusion experimental reactor is to be developed to play a central role in
attaining the goals of this phase. At the same time, the importance is recognized to establish a
reliable energy confinement scaling law in other magnetic fusion concepts and a reliable gain
scaling in inertial fusion. Both ITER in Tokamak and National Ignition Facility (NIF) in the US
laser fusion program are the facilities to pursue the similar goal with that of the third phase basic
program of Japan. The overview of the fusion energy R&D in Japan is shown in the chart.

Tokamaks: JAERI (JT-60)
Kyushu Univ. (Triam)

h- Helical Devices: NIFS (CHS, LHD)
"MEF—i_ R e v e r s e FieW p inch . T o k y o Univ_ (REPUTE)

„ . _ — Compact Tori: Universities
Fusion Energy 1
R&D in Japan -

*— Mirror Device: Tsukuba (GAMMA-10)

r— Laser Fusion: ELE Osaka Univ. (GEKKO-12)
— IFE—j : ETL-MITI (Ashura)

Driver Developments: Universities
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Prospect of Inertial Fusion
The basic physics of Inertial Confinement (compression and ignition of small fuel pellet

containing deuterium and tritium) is becoming increasingly well understood. The research on
implosion physic is focused on establishing the reliable energy gain scaling with evaluation on
the tolerable non-uniformity of laser irradiation and fuel pellet. The key issues are (1) formation
of hot spark by direct, indirect and hybrid drive implosion, (2) sensitivity of fusion gain to
implosion stability, (3) improvement of the integrated code for investigating gain scaling and
high gain pellet design, and (4) investigation on new concept for ignition and burn such as
volume ignition and fast ignition.

Inertial fusion ignition, burn and energy gain are expected to be achieved within the first
decade of next century with Megajule laser facilities which are under construction in the USA
and France. The progress of implosion and relevant technologies give us feasible prospect and
require us to examine a strategic approach toward IFE development. The design study for a
laser fusion power plant KOYO has been conducted as a joint program of universities, national
laboratories and industries in Japan.

Fusion power plant design studies, together with the technical breakthrough in the field
of Diode Pumped Solid State Laser (DPSSL) indicate that IFE power plant are feasible and have
attractive cost, safety, and environmental features. The review book "Energy from Inertial
Fusion" was published from IAEA (1995) as a results of international collaborative work of 80
experts from around the world in recognition of the growing importance of IFE research/3^

[However, international cooperation in ICF has been rather limited both in scope and
in participation. The reason for the limited international cooperation in this field is that portions
of ICF programs had remained classified in some countries. Recently, many restrictions have
been lifted and it is now possible to notice a significant growth of international cooperation in
this area. Part of the mission of the IAEA is to support and to encourage progress towards the
development of thermonuclear fusion as a new energy source. The continuation of international
cooperation in two possible approaches to nuclear fusion-MCF and ICF- is of major importance
to any breakthrough in the utilization of this potentially unlimited source of energy. J (Hans
Blix, Foreward by Director General for "Energy from Inertial Fusion")

A consultant group was organized in 1997 by IAEA to help the Agency keep abreast of
current in making future program plans in IFE. The final report has been submitted to IAEA
recommending to take action for IFE research promotion in planning, technical meetings,
coordinated research, public information, and equipment sharing and manpower development.
It should be also noticed that laser fusion energy development will be proceeded jointly with
industrial photonics research and development because of the richness of spinoff of laser fusion
technology.

References
1) National Policy for Promoting Fusion Research and Development,

(Third Phase Basic Program of Fusion Research and Development) Atomic Energy.
Commission, Japan, June 9, 1992

2) 17th IAEA Fusion Energy Conference, International Atomic Energy Agency
Yokohama, Japan, 19-24 October 1998

3) Energy from Inertial Fusion, IAEA, Vienna, 1995

36



AU0019440

EXPLOITING THE PLASMA POTENTIAL

' George Collins, Ken Short and John Tendys
Australian Nuclear Science and Technology Organisation

Private Mail Bag 1, Menai NSW 2234

The concept of plasma potential arises from the interaction of a plasma with a boundary. Due
to the high mobility of electrons, a potential difference develops between the two so that a
positive space-charge region, the "sheath", shields the plasma from the boundary. Losses of
ions at the boundary, however, means that shielding is ineffective unless ions enter the sheath
region with a sufficiently high velocity (the "Bohm criterion"). Since.this ion flux cannot be
generated by thermal motion, there is a potential variation within the plasma itself (the
"presheath") which accelerates the ions towards the plasma edge.

The potential difference between a plasma and a boundary has been exploited in a wide
variety of plasma surface engineering applications. The surface of a substrate immersed in a
plasma will be subject to bombardment by ions accelerated across the sheath which will not
only heat the substrate but can also sputter atoms out of the surface, modify the properties of
films deposited onto the surface or result in bombarding species being incorporated into the
surface. While energetic ion bombardment can be supplied by directed ion beams, it is more
easily applied uniformly over complex surfaces by biasing a substrate immersed in a plasma
with an appropriate negative potential, either DC or rectified rf. This is a feature of ion
assisted deposition processes, both PVD and CVD, ion assisted thermochemical diffusion
processes, such as plasma nitriding, and, in the limit of high bias potentials (10-100 kV),
Plasma Immersion Ion Implantation (PHI or P p ™).

This paper reviews some of the interesting and intriguing aspects of the behaviour of low
pressure rf plasmas when large perturbations occur to the potential distribution described
above. These observations have been made as part of our work over the last ten years on the
use of low pressure plasmas and high energy ion bombardment to extend the range of
applicability of plasma nitriding, in particular to lower the treatment temperature.

1. Low pressure rf plasmas

The plasmas we use are generated by immersed single-loop antennas excited at 13.56 MHz
with powers up to 300 W. The plasmas diffuse throughout stainless steel vacuum chambers,
that have dimensions up to 750 mm in diameter and 1000 mm in length. Although the antenna
appears as an inductive element in the rf matching circuit, a large negative "self-bias"
potential (> 1 kV is possible at 300 W in a nitrogen plasma) develops on the antenna and is
partly responsible for the generation of energetic electrons which maintain the plasma.
Previous studies [1] have also emphasised the importance of the plasma potential in producing
energetic secondary electrons at the chamber walls. In nitrogen, the average plasma potential
is in the range 20 to 40 V at pressures between 0.5 and 5.0 u.bar (50 and 500 mPa) and is
essentially independent of rf power. The floating potential is always -10 V below the plasma
potential. The ion density is in the range 1 - 2 x 10^ cnr-^ and decreases with distance from
the antenna which is usually inserted at one end of the vacuum chamber. This decrease
becomes greater as the pressure increases, an observation which can be attributed to the
decrease in the mean free path of the electrons.
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2. Positive bias

Application of a positive voltage to a substrate immersed in the rf plasma increases the plasma
potential so that the electrode always remains several volts below the plasma potential. This is
illustrated in Fig.l which also shows that the increased plasma potential substantially
increases the ion density (as indicated by both the Langmuir probe and optical emission
spectroscopy) presumably because of an increase in the number of energetic secondary
electrons produced at the chamber walls. It is interesting to note that there is very little
variation in the emission from excited neutral nitrogen molecules
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Fig-1 Influence of a positive DC bias applied to a 500 cm2 electrode in the plasma:
(a) plasma and floating potential; (b) emission from spectral lines associated with the nitrogen
molecule and the nitrogen molecular ion; (c) ion density as measured by a Langmuir probe;

(d) antenna "self-bias" potential. Reproduced from Ref.2.

This effect has caused us to install an auxiliary electrode in the top of the chamber to control
the plasma potential and regulate the ion density. As shown in Fig.l (a), the difference
between the plasma and floating potentials is not affected by the bias on this auxiliary
electrode. It is interesting to note that a similar effect may be at work in limiter biasing which
has been used to improve particle confinement in tokamak and mirror plasmas [3].

3. Negative bias

Application of a negative bias to a substrate has an almost negligible effect on the plasma
potential as long as the ionisation rate is sufficient to continue to produce ions that can be
subsequently accelerated towards the plasma edge by the presheath potential. However, while
cathodic sheaths are one of the oldest known plasma phenomena, their development has not
been so well explored. The situation has partly improved with the advent of PHI, where the
application of high negative voltage pulses to the substrate has created a great deal of
experimental and theoretical interest. Unfortunately, much of this interest has also confused
the situation by perpetuating naive (and mostly incorrect) descriptions of sheath evolution
based on non-equilibrium assumptions. The greatest error has been to ignore the potential
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Fig.2 Radial profiles of the potential
around a 25 mm sphere, referenced

to the plasma potential [4].

Fig.3 Equipotentials (20V interval) around an
8 mm sphere at -18 kV. Broken contours are

on a 10 V interval between -40 and +20 V [4].

distribution and ion flux at the plasma edge which exist prior to application of the high
voltage pulse. If this is included, and if the ionisation rate is sufficient to continue to provide
the required ion flux at the plasma edge, an equilibrium Child-Langmuir sheath will develop
within a few microseconds [4] and continue to effectively shield the plasma from the high
negative potential on the substrate - Fig.2.

In these early measurements, we also observed some interesting variations in the potential
distribution near the plasma edge [4]. As shown in Fig.3, a 'virtual anode' was observed just
outside the sheath region which was reminiscent of the 'potential hump' that is predicted to
exist whenever the cathode is a source of neutral atoms which are ionised near the sheath edge
[5]. We speculated then that the curious potential distribution was due to ionisation by
secondary electrons emitted by ion bombardment of the cathode.
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Fig.4 Emission from spectral lines associated with the nitrogen molecule and
molecular ion and ion density measured by a Langmuir probe as a function of

pressure with -40 kV pulses applied to a 500 cm^ substrate in a nitrogen plasma.

39



Recent measurements have highlighted the importance of these secondary electrons in
increasing the general ionisation level in the plasma. Fig.4 shows the ion density and
spectroscopic emission from nitrogen molecules and molecular ions as a function of pressure
during and between -40 kV pulses applied to a 500 crn^ substrate immersed in a nitrogen
plasma. The increase in ion density and molecular ion emission is surprisingly large but
assists in shielding the plasma from the large, high voltage cathode.

The additional ionisation by secondary electrons emitted from the substrate biased to high
negative voltages (or maybe even tertiary electrons emitted when these secondaries strike the
chamber walls) contributes the current drawn by the substrate. Low voltage measurements at
the substrate indicate almost no change in the ion current as a function of pressure but at high
voltage, the current increases with pressure - Fig.5(a). If the pressure and high voltage pulse
frequency are high enough, it is even possible to use the pulse bias alone to maintain a plasma
with no rf excitation - Fig.5(b). This can be a problem in PHI since ionisation may occur in
regions where plasma is not desired, eg in HV feedthroughs.

(a) lH V (A)-r fon

(b) 1HV (A) - rf off ramping pressure up
ramping pressure down • •

• • • • • • • • • •
0 1 2 3 4 5

pressure ((.ibar)

J5 High voltage current as a function of pressure with -40 kV pulses applied to a 500
substrate in a nitrogen plasma: (a) with 300 W rf applied to antenna; (b) with no rf.

4. Conclusions

The plasma potential arises from the need for the plasma to shield itself from a boundary. A
low pressure rf plasma is particularly resilient to both positive and high negative biases
applied to that boundary. This can be exploited to tailor the parameters of the plasma and its
application to surface modification processes.
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Recent work in this laboratory, 1>2 has investigated the modification of mechanical and optical
properties and the structural effects of ion beam implantation of the optical polymer, CR39 (a
homopolymer of diethylene glycol bis allylcarbonate). The present study aims to extend these
investigations to a range of common polymers and to develop a new methodology to assess the
surface and near-surface mechanical properties.

Experiment
In addition to CR39, a further eleven polymer substrates exhibiting a range of mechanical
properties were chosen, (LDPE, HDPE, UHMWPE, polypropylene, PVC, common
polycarbonate, tefion™, acetal™, mylar™, MMA, nylon™ 6). A diverse range of ion species
have been selected for implantation (H+, Ar+, N + and several metals), although for the initial
studies only H+ is being employed. The H+, Ar+andN+ ions are generated by a glow
discharge; metal ions are generated in a cathodic arc and magnetically filtered. Implantation is
carried out using an ANSTO PI3 machine at 15 - 25 kV.

A new method of assessing mechanical properties is under development. Rather than using a
static indenter, we are employing a Romulus II Universal Adhesion Tester to create a
progressively deepening scratch about 5 - 6 mm in length. A diamond stylus of known
diameter and profile is drawn across the surface of the sample with a constantly increasing
normal force. The scratches are scanned using a Tencor AlphaStep Profilometer and the
resulting profiles assembled into an array to create an image of the surface of the scratch.

Discussion
Figures 1 and 2 are images of the terminal millimetre of scratches in untreated CR39 and
untreated MMA. Examination of cross sections and longitudinal sections of scratches reveal
radically different profiles for the two unimplanted polymers (Figures 3 and 4). Also, there is
some apparent difference in the profile of the lightly H "̂ implanted CR39 compared to the
untreated CR39. 1Oo
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Figure 1: Termination of a scratch into CR39. Scan is 1 mm x 1 mm. Vertical scale is in
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Figure 2: Termination of a scratch into MMA. Scan is 1 mm x 1 mm. Vertical scale is in

It is envisaged that comparison of the cross sectional profile of a scratch with the profile of the
stylus will provide a quantitative measures of elastic modulus and rebound. In addition,
comparison of the (relative and actual) dimensions of the scratch trench and lateral and
terminal ridges will allow quantification of the plastic deformation properties.
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Figures 3 & 4: Polymer Scratch Sections.

+ iAfter H+ implantation, we have observed differences in the plastic flow behaviour through
changes in the cross section of the scratch, especially in the profiles of the lateral ridges
(Fig. 4).
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Being a brief introduction to helicon/whistler waves, their discovery, experimental and theoretical
investigation, both terrestrial and planetary, use of wave trapped electrons to increase the ionization
rate and eventual development to heat heliacs and in the micro-electronics industry. A controversy
will be unveiled.

DISCOVERY
The first report in a scientific journal of these whistling tones was given in 1919 by Barkhausen in
a report of whistling tones from the earth heard on telephone lines at the war front. They were
descending tones from about 1 kHertz which lasted up to a second and sometimes were so loud that
other normal telegraphic communication could not be distinguished. The soldiers christened the
phenomenon "the grenades fly", making a sound like "peou".
Initially, it was suspected that these were communications from extra-terrestrial being and
newspapers indulged in some rather fantastic speculation involving messages from Mars.

DISPERSION
For infinite plane waves the inclusion of a magnetic field opens a propagation window below the
electron cyclotron frequency which allows whistler or helicon waves to propagate.If electron inertia
is ignored then the wave dispersion is dominated by the Hall term (j x B) and the wave is simply
electromagnetic.Including the electron inertia via the term dj/dt in Ohm's law brings a severe
anisotropy to the dispersion and the wave acquires electrostatic properties (E // k).

2

2 V
N = 1 -

co (co-coce cos e)
This is the Appleton/Hartree dispersion relation derived about 1935 later simplified by Booker.

TERRESTRIAL EXPERIMENTS
"ZETA" experiments 1960
Name Helicon coined by Aigrain 1960
KMT and Legendy developed theory 1964
Experiments at Culham in rf plasma 1965
Flinders test waves 1967
Flinders ionising helicon 1968
Lisitano's coil 1968
Oechsner's cavity resonances 1970
Nothing happens 1970's
ANU 5 cm. and 20 cm. experiments 1981
Pulsed etch experiments 1984
Nagoya III ionises plasma 1986
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DAMPING MECHANISMS
Operate for electron densities < 1013 cm-3 and neutral pressures < low milliTorr.
Collisionless damping co - kvz = ncoCe

n = 0 Landau and wave particle trapping
n = 1 Cyclotron damping
n = -1 Anomalous cyclotron (cyclotron maser)

CHRONOLOGY
Landau rigorous solution of Vlasov 1946
Dawson physical explanation 1959
Shafranov and Dolgopolov 1958/63
recently F. F. Chen late 1980's

HIGH TECHNOLOGY
Henry, Laure, Bouchoule, Orleans • 1983
Boswell and Henry 1984 1984
ANU patent 1985
Etching experiments ANU and Lucas 1989
UCLA patent 1989

about 350 helicon publications in past 10 years

many companies have been involved
ANU: Alcatel, Lucas Labs, Ericsson, Javac, LAM Research, Nissin Electric, Enya Systems
UCLA: PMT, Cannon, Anelva ?

PROCESSING REQUIREMENTS
High current density about 10 mAcm~2
Low independent bias about 50 Volts.
Uniform-over 300 mm.

Processing speed 0.1 to 1 (imetre per minute
Low down time
Process stable over weeks
Minimum dust generated

HELICONS IN THE HI HELIAC
Fusion stability experiment (ballooning modes)
Helicon antenna single saddle field
7 MHz and 100 kWatts
Argon @ 1 - 5 x 10"5 Torr

PROBLEMS
What is heating the ions
Why are electrons cooler in the centre

A CONTROVERSY
How do the resonance cones contribute to the radial structure?
Why is the dispersion infinite plane wave parallel to Bo?
Where are the T=G modes?
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•f Australian Nuclear Science and Technology Organisation,

Private Bag 1, Menai, N.S.W. 2234, Australia

1. Introduction

Plasma nitriding is currently a widely used industrial process for increasing the surface
hardness and load bearing capacity of steels [1]. Commercial processes involve the use of an
abnormal glow discharge with the workpiece as the cathode in nitrogen-hydrogen
atmospheres at pressures between 10 to 1000 Pa. The workpiece is heated during treatment,
often entirely by energetic ion bombardment, to high temperatures, typically 500-560°C.
Low-alloy and tool steels can be effectively treated in this way, but there are a range of steels,
such as the austenitic grades of stainless steel, for which these process temperatures are too
high [2]. Although significant increases in the surface hardness are obtained, precipitation of
CrN, which occurs at temperatures above 450°C, gives rise to a loss in the corrosion
resistance [3].

An advantage of low-pressure rf plasma nitriding lies in the straightforward control of
process parameters such as treatment temperature and workpiece bias. The ion and neutral
fluxes are generally lower than those at higher pressures so the process temperature can be
kept low. Previously, we have explored this nitriding environment for the treatment of the
austenitic grade of stainless steel AISI 316 for a wide range of process parameters using a
treatment temperature of 400°C [4-6]. In these investigations, a heated sample table was used,
but this method of heating is not suitable for the treatment of large-scale or irregular shaped
components, which are more suitably treated in a furnace environment. In this paper, we
report on our recent efforts in scaling low-pressure rf plasma nitriding towards commercial
exploitation through the development of a new hot-wall nitriding reactor [7] with features
based on the design of an industrial heat-treatment furnace. Plasma-immersion ion
implantation (PI3), in which the workpiece is biased to high-voltage (20-50 kV) [8], can also
be conducted in this reactor. In the present work though, we deal with a negative bias voltage
of no more than a few hundred volts, and we have explored the efficiency of this reactor in
treating AISI 316 for the range of process temperatures 300-550°C.

2. Experimental Techniques

The samples consisted of discs of AISI 316 stainless steel (< 0.08% C, 17% Cr, 12% Ni,
2.5% Mo), of 25 mm diameter. The surfaces of the discs were ground and polished, with the
final step using 0.5 um diamond paste, giving a surface micro-roughness of less than 5 nm as
measured with a Tencor Alpha-Step 200 stylus profilometer.

The samples were treated in a recently developed industrial-style heat-treatment furnace or
hot-wall nitriding reactor at the Australian Nuclear Science and Technology Organisation [7].
In this device, the workpiece is heated by radiation from the hot walls of the vacuum retort.
The plasma is generated by rf power applied to a single-turn antenna situated at one end of the
chamber. Samples are positioned on a sample table and can be electrically floated or biased to
potentials of-30 kV for PI3 operation. Table I lists the process parameters used and the
process sequence.
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Table I. Process parameters and sequence used in this work.

(i) Sample loaded and chamber pumped to pressure of 0.2 mPa (2 nbar).

(ii) Preclean during heat up (2 h) in Ar-H2 (50:50 %) rf plasma at same bias, pressure, rf power as treatment.

(iii) Commence treatment with parameters

sample temperature

sample bias

rf power

rf frequency

process gas

gas pressure

gas flow rate

treatment time

300-550± 10°C

-250 V (with respect to chamber walls)

250 W

13.56 MHz

99.99% nitrogen (< 12 ppm H2O, < 10 ppm O2)

400 mPa (4 ubar)

11 j.imol s~* (15 seem)

3h

(iv) Cool in vacuum.

During the treatment, the plasma properties were examined with a SPEX 270 optical
spectrometer and a Langmuir probe. The surface hardness of the samples subsequent to
treatment were measured with a Nano Instruments Us microindenter. Structural changes in the
modified surface layer were examined using a Siemens D500 X-ray diffractometer (XRD) and
elemental profiles were measured with a Cameca IMS 5F secondary ion mass spectrometer
(SIMS) using the MCs+ technique [5].

3. Results

Samples were treated according to the
process sequence and parameters in Table I
for the range of process temperatures 300-
550°C. Figure 1 shows the measured
thickness of the nitrided layer (full circles)
as a function of process temperature. A
result obtained from our earlier
investigations in a cold-wall reactor (open
circle) [7] is also shown. The curve in
Figure 1 is indicative of layer growth being
the result of a square-law diffusion
controlled process. Microhardness
measurements made subsequent to
treatment reflect the thickness of the
nitrided layer. At the highest process
temperatures, the increase in surface
hardness was approximately a factor of 2
compared with an untreated sample.

)
C
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300 400 500
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600

Figure 1: Thickness of the nitrided layer, inferred
from SIMS data, as a function of process
temperature. The curve shows behaviour typical of
diffusion.

X-ray diffraction studies show increased amounts of the nitrogen-rich phase, commonly
referred to as expanded austenite, for treatment temperatures up to 450°C. However, above
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Figure 2: Probe electron current measurements as a
function of corrected potential for process temperatures
varying from 50-400°C

this temperature, evidence for the
precipitation of CrN is observed in
the X-ray diffraction patterns,
consistent with other experimental
studies [2,3].

It is important to note the
significant improvement in the layer
thickness obtained in the hot-wall
reactor compared to that obtained
using a nitriding reactor with cold-
walls. Our previous investigations
[7], showed evidence suggesting that
the hot walls of the furnace favour
production of higher densities of
electrons, molecular ions and
metastable energy levels of the
nitrogen molecule. We have explored
this further with the use of a
Langmuir probe. Figure 2 compares

a selection of current-voltage characteristics for various process temperatures in the hot-wall
reactor. The data shows the electron current only as a function of corrected potential, that is
the ion current has been subtracted and the abscissa represents probe bias with respect to the
plasma potential. The results indicate that, as the "temperature is increased, both the average •
electron energy (proportional to the reciprocal of the slope) and the number of collected
electrons increases. This is most distinct for the largest negative corrected potentials,
indicating a higher proportion of high energy electrons (above 10 eV) in the plasma. This
correlates with our previous data, which showed enhanced metastable-particle induced
secondary electron production from stainless steel surfaces with temperature [7].

The positive-ion N{~ and electron
Ne densities, were also inferred from
Langmuir probe measurements as a
function of temperature and are
shown in Figure 3. The electron
density was calculated from the
average electron energy (~4 eV)
using conventional probe theory.
However, the electron density shown
is only an approximation as the
electron energy distribution function
is not strictly Maxwellian. As the
temperature is increased to ~400°C
the positive-ion density decreases,
whereas the electron density
increases. With further increase in
temperature, the positive-ion density
begins again to increase and the
electron density decrease. However,
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Figure 3: Positive-ion density (closed triangles) and
electron density (open squares) as a function of process
temperature found from Langmuir probe measurements.
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Figure 4: Intensity of the N2+ (B->X) emission line at
391.4 nm, showing the decrease in the excited ion
emission as a function of process temperature.

spectroscopic data do not quite reflect this
trend. The intensity of the N2

+ (B-^-X) line
emission at 391.4 nm, shown in figure 4,
shows that as the temperature is increased
the density of excited ions gradually
decreases. The higher concentration of
energetic electrons in the plasma might be
responsible for maintaining the level of
excited ions with temperature.

4. Conclusions

An industrial styled hot-wall furnace
has been employed for low pressure rf
plasma nitriding of AISI 316 stainless steel.
This type of reactor overcomes the
limitations of its cold-wall counterparts, as
the entire volume of the reactor chamber is
at the process temperature.

The thickness of the nitrided-layer as a
function of process temperature agrees with

diffusion theory. However, comparison with a previous result obtained using a cold-wall
reactor show that the hot-wall reactor has a higher nitriding efficiency. Langmuir probe
measurements reveal that as the temperature of the .furnace is elevated, the average electron
energy and-proportion of higher energy electrons is increased. This might explain the
increased nitriding efficiency of the hot-wall reactor.
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HELICON WAVE MODES
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The axial wavelengths and azimuthal mode structures of a cylindrical Helicon plasma source
have been investigated over a broad range of input conditions (pressure 1-16 u.bar, field 0-
450G, rf power 0-2500W @13.56MHz) in an Argon plasma. Several distinct modes of
operation, separated by discontinuous jumps, have been identified: an electrostatic mode, an
m-Q wave mode and three m=\ Helicon wave modes. Two different types of mode jumps
have also been identified., A cavity mode transition has been identified in which a mode jump
occurs when the wavelength of standing waves governed by the length of the plasma vessel
leads to a node in the wave field at the centre of the antenna. Such a situation leads to
unfavourable wave excitation and the plasma becomes unstable, eventually jumping to a more
favourable wavelength (at higher density) with an anti-node under the antenna when more
power is applied. A radial mode transition has also been identified in which the favourable
condition that the axial wavelength should be equal to twice the length of the antenna for
efficient coupling of the rf power is maintained at high powers by the plasma making a
transition from the first to the second radial mode [1].

These experiments have all been carried out on a small plasma source PR-1 which had an
effective plasma length of about 0.4m. Unfortunately on this apparatus the favourable antenna
wavelength was 22cm and the favourable cavity mode wavelength was 27cm. The very close
values of these two wavelengths did not allow unambiguous identification of the various
modes and mode jumps. To properly test the idea of jumps between axial cavity modes the
source has been rebuilt with a much longer plasma and with movable conducting baffles that
will precisely define the length of the plasma allowing unambiguous identification of the
cavity modes. This new device is shown schematically in figure 1:

Axial wave field
detector array Moveable Baffles

Barairon

Lansymiir Probe

Precision
flow valve

Helicon Antenna
'BoswellType"

Effective Plasma Length
100.0 cm

m
Azimuthal wave field

detector array

Figure 1: The PR-3 Helicon Plasma Source
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The specifications of the new experiment commissioned in October 1998 are as follows:

Magnetic Field:
Pressure: Base

Working
Gas:
RF Power:
Frequency:
Plasma Radius:
Plasma Length:

<600
<io-6

I to50
Argon
<2~80
13.56
0.05
0.3 to 1.0

Gauss
mbar
jjBar

kWatts
MHz
m
m

Experimental results from the new source indicate that it behaves in a similar way to the
previous source. So far two, possibly three, Helicon modes have been identified. The
"Boswell type" Helicon antenna is now about 0.6 m from the endplate. In the absence of the
limiting baffles the plasma length is too long to allow well defined cavity modes to dominate.
It appears that the Helicon wave is launched at a wavelength defined by the antenna. Figure 2
shows a plot of ion saturation Langmuir probe current (proportional to electron density)
versus the magnetic field taken with constant input power of 1500W into an argon plasma
with a filling pressure of 2|j.Bar. In the region from 200 up to 550G the linear relationship
between the probe current and the magnetic field indicates a constant Helicon wavelength of
about 18cm assuming an electron temperature of 4eV. The axial length of the antenna is 11cm
which should therefore launch preferentially waves with a wavelength of ~22cm.
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Figure 2: Langmuir probe current Versus Magnetic field for Argon at 2uBar
with net input power to the plasma of 1500W.

In this paper results and analysis of further experiments will be presented. The plasma length
will be defined by the movable baffles and the wavelength of the Helicon waves supported by
the cavity will be measured and compared with the theory developed in [1]. It is anticipated
that unambiguous determination of the cavity modes can be made by setting the cavity mode
wavelength sufficiently different from the antenna wavelength.

[1] J P Rayner and A D Cheetham. Helicon Modes in a Cylindrical Plasma Source
Accepted for publication in Plasma Source Science and Technology, 1999.
Internal Report: PEL-J01-98.
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Much interest has been shown in the use of tetrahedral amorphous carbon (ta-C) de-
posited by filtered cathodic arc as an inexpensive, easily produced, wide band-gap semi-
conductor in the fabrication of electronic devices. Around the world much of this interest
has been in its potential use as a low electron-affinity field emitter for flat-screen displays.
Recent observations of a nonvolatile memory effect in nitrogen doped ta-C at the Univer-
sity of Sydney suggest that new possibilities may exist for its use as a means of non-volatile
digital information storage. Devices with switching times of 100 /zs, read times of 100 ns,
and effective memory retention times of the order of months have been fabricated.

INTRODUCTION
Tetrahedral amorphous carbon thin films (ta-C) with spz bonding fractions in excess of

60% can be produced by a variety of deposition techniques which involve medium-energy
ion bombardment such as filtered cathodic vacuum arc [1]. Such films are chemically inert,
have a high mechanical hardness, and are semiconducting with an optical band-gap of
around 2-2.5 eV [2]. As deposited ta-C is weakly p-type, can be doped n-type with the
introduction of nitrogen or phosphorous [3]. While these properties along with its ease of
deposition make ta-C an attractive candidate for use as a wide band-gap semiconductor
in electronic devices, a high density of localised trap states within the mobility gap of
ta-C [4] results in a very low carrier mobility, limiting its usefulness in many applications.
Nonvolatile memory phenomena observed in the electrical characteristics of nitrogen doped
ta-C thin films suggests such traps may be useful as a means of digital information storage.

SWITCHING EFFECTS IN ta-C:N
Switching effects in nitrogen doped ta-C films (ic-C:N) were first observed as hysteresis

in the current-voltage characteristics of gold-£a-C:N-aluminium sandwich structures [5, 6]
(see Figure 1).

0.04

0.03 -

0.02 "kink" appears in
forward direction...

... and disappears in
the reverse direction

-1 o 1
Voltage (V)

Figure 1: Typical hysteresis effects in the I-V characteristics of gold-fa-C:N-aluminium
devices.
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Further investigation found that upon the application of a negative bias voltage (to
the top contact with respect to the underlying contact) beyond a certain magnitude, the
small signal (< 0.5 V) resistance of a device decreased by a factor of around 3 to 5 times
(see Figure 2). This decrease was found to be persistent without the application of any
subsequent external bias, but switching back to its original higher resistance state with the
application of a positive bias voltage of similar magnitude (see Figure 3).
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By defining the high and low resistance state of these devices as OFF (or 0) and
ON (or 1) respectively, these effects have the potential for use as a means of nonvolatile
digital information storage. Indeed, single bit devices with switching times'of 100 /JS,
read times of 100 ns, and effective memory retention times of the order of months have
already been fabricated. The potential advantages of such devices over current silicon
nitride based memory technologies are their simpler device structure and consequently
higher information density, ease of fabrication, and inexpense.
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USING HIGH INTENSITY LASERS: PAST AND FUTURE

William J Hogan
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Inertial Confinement Fusion (ICF) research in the United States is in a dramatic upswing
based on the construction of the National Ignition Facility (NIF). The NIF is being built
as an essential component of the US Stockpile Stewardship Program, which has been
formulated to assure the continued safety, reliability and performance of the downsized
nuclear weapons stockpile in the absence of nuclear tests. However, experiments on
Nova have demonstrated that the NIF will be an important fundamental research tool that
will also be of great benefit to fusion energy development as well as opening new areas of
basic scientific research. •

The $1.2 billion NIF Project has made significant progress in the last two years. While
the basic requirements for NIF remain the same (e.g. 192 beams, 1.8 MJ, 500 TW of
0.35 ura. light), several new technical options have been added to make the facility more
flexible for a variety of fields. Experiments will begin with eight beams by the end of
2001, two years before the end of NIF construction.

More than 12,000 experiments have been conducted on the Nova laser facility at LLNL
since its doors opened in 1985. Data from these have provided the technical basis for the
NIF specifications. The laser energy, peak power, pulse shape, illumination symmetry,
uniformity, and other parameters necessary to achieve fusion ignition in indirectly or
directly driven ICF targets were examined.

Besides examining the conditions necessary for fusion ignition, targets were designed
without fusion capsules. The laser energy was used alone for basic physics studies.
Equilibrium temperatures of hundreds of electron volts and megabar pressures could be
used to study processes in materials and/or to measure equations of states or opacities
under conditions that only exist in stellar atmospheres or in exploding nuclear weapons.
For example, measurements of the opacity of iron at extreme temperatures and densities
were used to improve computer models of Cepheid variable stars. Other experiments on
the equation of state of hydrogen and carbon have successfully observed the transitions to
metallic behavior of both materials.

High intensity laser facilities such as Nova have proven to be very flexible and useful
tools with which to study high energy density physics. NIF, with 40 times the energy of
Nova and ten times the peak power, will be able to study even high atomic number
materials at extremes of temperature and density. Working groups of future users of NIF
have considered the types of experiments they will be able to do. This paper will
describe some of their proposed experiments in astrophysics, high energy density plasma
physics, hydrodynamic instability growth, and other basic science areas as well as the
experiments that will be done for national security and for fusion energy development.

The US Congress has appropriated more than two-thirds of the funds necessary to build
NIF. The NIF laser building shell is complete, the concrete structure for the target area
is rising above ground level, and contracts for producing the laser hardware are rapidly
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going into place. The entire facility will be complete by the end of 2003 with eight
beams becoming operational at the end of 2001 to begin experiments. All external
reviews have recommended that the DOE encourage international collaborations on NIF
and the DOE has directed the Project Team to design the facility so that is possible. The
DOE has begun expanding several bilateral agreements on fusion energy to include
inertial fusion energy (IFE). The DOE has also proposed to the International Energy
Agency that its fusion energy activities include IFE. This paper will describe how NIF
and the ICF Program intend to implement these changes.
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1. INTRODUCTION
The principal features of the stepped leader are well established by observation. The leader
channel, which is a precursor to the main lightning arc discharge, proceeds from the cloud to
the ground in a series of steps. The faintly luminous steps, 10 to 200m in length, but typically

50m, are a few meters in diameter. Each step becomes luminous in less than l(xs and is

followed by a period of darkness of between 10 and 120|xs. Then a further luminous step
forms at the end of the first step, but the preceding steps do not again become luminous. The
stepped leader extends towards the ground in many such steps, usually branching several
times on the way to the ground to form a series of steps. When one of the branches reaches
within a few hundred metres of the ground, an upward directed leader can be initiated from a
tall point, for example the tip of a tree, a church spire or a lightning air terminal, and move
towards the downward moving stepped leader. On joining the stepped leader, the lightning
return stroke, which is a high current arc discharge, proceeds from the ground to the cloud.
There is no generally accepted explanation of the stepped leader behaviour in terms of basic
physical processes. Existing theories generally involve significant gas heating within the
stepped leader.

In the present paper, the stepped nature of the leader is proposed to arise due to a combination
of two physical phenomena. (1) Electron transport is dominant over ion transport, during the
luminous step stage, because electron mobilities are about 100 times larger than ion
mobilities, and the streamer front velocity is determined by electron ionization effects.
During the dark time between steps, there are only ions and charge transport is very much
slower. (2) The second effect leading to stepped behaviour arises because the electric field
required for electric breakdown in air prior to a discharge is ~ 30kV/cm, and is very much
higher than the electric field of 5kV/cm that is required to sustain a glow discharge in air [1].
During the luminous step stage, electrons tend to produce space charges to make a uniform
field in the streamer of ~ 5kV/cm. During the dark time between steps, there are no electrons
but only ions. Time is required for ion drift to produce a space charge sheath of negative ions
at the head of the streamer to produce a field of ~30kV/cm sufficient for electron ionization to
produce a new luminous step.

2. CALCULATIONS.
Approximate numerical solutions have been obtained of the equations for the conservation of
electrons, negative ions and positive ions, coupled with Poisson's equation to account for
distortion of the electric field due to effects of space charge. Poisson's equation is given by

V.E = - ( n + - n e - n.) ( 1)
£0

where E is the electric field, e = 1.6x10'19 C is the electronic charge eo = 8.85xlO"14 CV"1

cm~l is a physical constant, n+ is the positive ion density, n. is the negative ion density and
ne is the electron density. The general features of leader development, ie (a) rapid growth of
a luminous step (b) stalling of the luminous step at a length of about 50m and (c) a dark
period before the development of the next step, are obtained from the numerical calculations.
However, these gross features can be obtained approximately from simple analytic
considerations.

(a) Growth of a luminous step.

The observed times for the formation of the luminous leader are less than 1 ys, which for a
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leader length of 50m implies that the velocity of the streamer front is 5 x 10^ cm/s, or 500
times the drift velocity of the electrons, which is 10^ cm/s for a field of 30kV/cm [1]. Such
high streamer velocities are indeed possible, due to the effects of rapid ionization [2]. The
rapid propagation is illustrated by the following physical argument. For a 5m radius
streamer, the field of more than 30kV/cm required at its tip will extend approximately 5m in
front of the tip. For a field of 50kV/cm, the ionisation coefficient a = 150/cm and the drift

velocity W = 2x10^ cm/s [1]. Then using ne = exp(ctWt), the time, t, for growth of n e from 1
to 10l3/cc is only 10ns. The time for electron flow from the resulting plasma to produce a
further sheath field of 30kV/cm, as for ions discussed in Section (c) below, is given by neWt

= 2x 10*0, giving t = 20 ns. Ten such stages, to span 50m, still result in a total transit time of

the streamer front of less than I \xs. This calculation assumes a background electron density
of 1/cc from sources such as cosmic rays.

(b) Stalling of the luminous step.
Behind the high field region at the head of the streamer, there is a much lower field in the
streamer column, generally of the order of 5kV/cm. Then electron attachment is much greater
than electron ionisation and electrons are rapidly converted to negative ions. The much slower
drift velocity of the ions compared with electrons means that ion densities and the electric
field within the streamer column are frozen in time compared to electron transit times. As a
consequence the streamer ceases to propagate after all of the voltage initiating the streamer is
taken up with providing the electric field of the streamer column. The length of the luminous
streamer is largely determined by the requirement of ~ 5kV/cm in the luminous channel to
sustain electrons without attachment [1]. An estimate of streamer length is obtained by
calculating the voltage drop from the high field of 30 kV/cm at the head of the ion column,
which will extend over a distance of the order of 5m for a leader of radius 5m. Thus the
voltage drop:is ~ 15MV and the length would be expected to be 15MV/5kVcm'l or 30m, in
approximate;agreement with observations.

(c) The darkjperiod before formation of the next streamer.
In this dark period, the electric field is everywhere less than 5 kV/cm, and all electrons have
become attached to form negative ions. The previously luminous streamer channel has
become a column of positive and negative ions of approximately equal density. From detailed
calculations of streamer properties in air, this ion density is of the order of 10 ̂  cirr^ [2].
The residual field within this ion column causes ion motion, negative ions moving towards
the ground and positive ions toward the cloud. The principal result of this motion is to
produce a negative ion sheath and thus a strong local field at the head of the ion column.
When this field reaches the critical field of 30 kV/cm, ionization can again occur from any
residual electrons present, resulting, for example, from cosmic radiation. Then a new
streamer will form at the head of the ion column.

Thus the dark time is the time required for ions to flow to produce the critical electric field.
The integrated number of ions per unit area for a field change of AE = 30 kV/cm is directly
calculable from a one dimensional solution of Equation (1). For the large leader diameters of
several m, sheath thickness properties can be taken as linear. Thus Jh- dx = 2x10*0 cm~2,

where x is the distance. With ion mobility, \i. ~ 2 cm^s"* V~l, and equating Jh.dx = n. \i. Et,

we obtain a time t = 20 \xs required for the ion flow to produce a field of 30 kV/cm and thus a

new streamer. This time agrees well with typical dark times between stepped leaders of 50 \xs.

3. REFERENCES.
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molecules", J. Phys. D: Appl. Phys. 25,202-210 (1992).
[2] Morrow, R. and Lowke, J.J. : "Streamer propagation in air", J. Phys. D: Appl. Phys. 30,
614-627(1997).
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Plasma enhanced chemical vapor deposition (PECVD) of thin films such as
amorplious and microcrystalline silicon has widespread applications, especially in the field of
photovoltaic solar cells and thin film transistors for flat screen production. Industrial
applications require high deposition rates and uniform film thickness over large areas. The
most commonly used deposition technique uses silane as working gas at low pressure (mbar)
in a parallel plate reactor with 13.56 MHz excitation frequency to generate a plasma. The
silane is dissociated by electron impact collisions into hydrogen and radicals, which deposit
on the reactor walls. The choice of the excitation frequency is dictated by convention rather
than by optimization of the physical process in the discharge.

Since the previous work of Curtins et al. [1], Very High Frequency (VHF: 30 - 300
MHz) excitation has been demonstrated to be a good alternative to the conventional 13.56
MHz frequency for depositing good quality amorphous and microcrystalline silicon at high
deposition rates [2,3]. VHF plasmas are now the subject of a growing body of theoretical and
experimental studies, but the observed increase of the amorphous and microcrystalline silicon
deposition rate with the frequency at constant power is still not well understood. Generally,
high-frequency experiments are performed in small reactors and they need to be upscaled in
order to meet the large-area requirement for industrial applications.

We present two aspects of VHF plasma deposition in a large area reactor:
1) Interelectrode RF voltage uniformity across the electrode area.
2) Effects of the frequency on the plasma properties.
The final aim of this work is to identify the physical and practical factors determining the
choice of the excitation frequency for a given application.

The plasma reactor used for these experiments is a modified version of the industrial
KAI type reactor commercialized by Balzers SA for thin film deposition. It is shown in fig. 1
and described in more details in [4]. It consists of a rectangular plasma reactor (57 cm x 47
cm) installed inside a larger vacuum chamber. The RF power is capacitively coupled to the RF
electrode, which is suspended 24 mm above the reactor floor. The process gases are
introduced through a showerhead incorporated in the RF electrode and residual gases are
pumped out through the back wall designed as a coarse grid. The glass substrates used for
deposition were centrally placed on the reactor floor (grounded electrode). Large windows
positioned at the end of 10 cm long extension tubes were introduced into our reactor for
plasma diagnostics, and grids were placed at the reactor wall to preserve electrical continuity
and plasma confinement.

The interelectrode RF voltage distribution across the electrode surface in the plasma
zone was measured in the absence of plasma with a passive RF voltage probe connected to a
floating oscilloscope as shown in Fig l(b). In situ FTER. absorption spectroscopy technique,
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described in details in [5], was used to measure the silane gas concentration and the degree of
dissociation D defined by: D = (nSiH4 -n°SiH4)/n

0
SiH4, where nSiH and n°Sih,4 are respectively

the SiHU density with and without plasma at constant total pressure. A microwave resonant
cavity technique was used to measure the electron density as described in [6]. The film
thickness uniformity was measured by an ex situ global interferometry technique [7] and the
in situ deposition rate was measured at one point using a laser interferometer.
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laser inter-
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Figure 1. (a) Top view of the plasma reactor with the FTIR instrument for absorption
spectroscopy measurements and the microwave device for electron density measurements; (b)
front view of the plasma reactor with the central RF connection and the RF voltage probe used
for voltage uniformity measurement.

Plasma parameters relevant to the deposition of amorphous silicon were chosen for the
frequency study, namely, a 100 seem flow of silane with a pressure of 0.2 Torr and a reactor
temperature of 200°C. The excitation frequency was varied from 13.56 MHz to 70 MHz and
the power dissipated in the plasma was kept constant at 80 W.

1) Interelectrode RF voltage uniformity:

Since the plasma characteristics depend largely on the RF voltage, a uniform voltage
distribution across the electrode area is a prerequisite for obtaining a uniform film thickness.
Non-uniformity of the interelectrode voltage appears when the electrode dimensions approach
a quarter of the free-space wavelength associated with the excitation frequency QJ4,= 0.75 m
at 100 MHz). For RF frequencies, due to the skin effect, the RF current is confined to a
surface layer. The RF electrode is therefore a double-skinned electrode in which the RF
current continuity between the top and bottom surfaces is via the edge of the RF electrode.
The problem of calculating the RF voltage distribution across the electrode area in the
complex geometry of the real reactor is then reduced to a driven, two-dimensional Helmholtz
equation applied to an equivalent unfolded two-dimensional geometry with periodic boundary
conditions. An analytical solution based on the Green function technique was found for our
particular rectangular geometry [4]. The physical understanding afforded by the analytical
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approach shows that the principal non-uniformity-is due to a logarithmic singularity in the
vicinity of the RF and the ground connections. This singularity is a property of the two-
dimensional geometry and dominates the standing wave image of voltage distribution
obtained from a one-dimensional transmission line model.

Fig. 2 shows the measured and calculated RF voltage distributions across the electrode
area at 70 MHz for an RF connection located on the edge of the RF electrode and for an RF
connection centred on the top of the RF electrode. For these two geometries, the calculated RF
voltage distributions are in good agreement with the measurements. For the edge connection
(Fig. 2 i)), the RF voltage amplitude strongly decreases towards the electrical connection
location as predicted by the analytical two-dimensional model. For the central connection
(Fig. 2 ii)), a good RF voltage uniformity is obtained. This is due to the fact that in this
geometry the distance between the plasma zone and the singularity associated with the
electrical connections is maximized. At 13.56 MHz, the reactor dimensions are well below a
quarter of the wavelength and therefore the RF voltage was uniform even with the edge
connection.

In Fig. 2, the film interferograms show the different film thickness uniformity obtained
in each case. With the edge connection, the film thickness inhomogeneity was about ±38%
while with the central top connection, the inhomogeneity was reduced below ±5%. The
presence of a plasma does not short-circuit the voltage inhomogeneity and it was found that in
absence of any other inhomogeneity sources, a square power law between the local RF voltage
and the deposition rate for a-Si:H reproduces the measured film inhomogeneities to a good
agreement [4].

RF voltage distribution across the electrode
(a) measurements (b) calculations

i) 70 MHz
edge RF
connection

ii) 70 MHz
central RF
connection

Film thickness
uniformity

depth (cm) 0 0 w i d l h ( c m ) depth (cm)

40

width (cm)

Figure 2: Measured and calculated interelectrode RF voltage distribution at 70 MHz for the
edge and the central RF connection cases. The black point indicates the position of the RF and
ground connections. The film interferograms show for each case the uniformity of the film
thickness.

Effect of the frequency on the plasma properties:

Fig. 3(a) shows an increase of the degree of dissociation of SiH4 with the frequency.
This corresponds to an increase in the production of radicals (reactive species for the
deposition) which could be the direct source of the observed increase of the deposition rate
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with the frequency. These measurements shows clearly that the increase of the deposition rate
with the excitation frequency is not only due to an increase of the surface reactivity, as
proposed by Heintze [8,9], but is also due to an increase of the gas phase reactions.

3 I ' T 1 T i I ' I '

20 30 40 50 60
Frequency [MHz]

70 10 20 30 40 50 60
Frequency [MHz]

70

Figure 3. (a) SiH4 degree of dissociation D and deposition rate R versus frequency; (b)
electron density ne versus frequency.

Fig. 3(b) shows an increase of the electron density with the frequency. Since the
dissociation rate is the product of the electron density by the rate constant {K = ne k(Te)), the
higher dissociation rate at VHF is therefore principally due to the increase of the electron
density with the frequency.

CONCLUSIONS

Two:aspects of VHF plasma deposition in a large area reactor have been investigated.
From the point of view of plasma properties and deposition rate, it is favorable to increase the
frequency iri*: the VHF domain, but from the point of view of film thickness homogeneity,
there is an upper limit for the frequency depending on the substrate dimension and the
electrical connection geometry. The final choice of the excitation frequency for a given
application is therefore a compromise between these two tendencies.
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Plasma processing of materials is in many ways at a turning point in its development. On the
one hand, there are new opportunities arising from the environmental concerns associated with
conventional materials processing methods such as electroplating. On the other hand, there are
challenges associated with the large capital cost of plant and the demonstration that the new
techniques can deliver the quality and quantity required in the market place. An example of such
a challenge is the replacement of electroplated chromium by sputtered alternatives in the solar
absorber coatings industry.

Cathodic arc based processes also offer opportunities for advanced materials processing to
displace electroplating. The use of cathodic arcs to coat gold look-alike finishes for architectural
applications is well advanced. The challenges for other coatings are essentially dependent on the
quality of the adhesion. The combination of the cathodic arc with Plasma Immersion Ion
Implantation (PI3) technology gives significant improvements in film adhesion. The energy of
the incident ions from the cathodic arc may be readily increased to 20 KeV or so without serious
difficulties. We have been carrying out trials of a PI3 type power supply developed by ANSTO,
coupled to a continuous type cathodic arc fitted with a magnetic sector filter. The power supply
provides short pulses with an adjustable repetition rate and duty cycle. The pulses provide bursts
of energetic ions which can be used for assisting the deposition of coatings or for implantation
without coating, depending on the location and orientation of the substrate. The results for film
adhesion are promising on a number of substrates. The adhesion of metal films on polyimide
substrates for example is definitely improved.

The modification of polymers to improve their scratch resistance is becoming an important
opportunity for plasma processing. Polymers have some valuable properties such as strength to
weight ratio and in some cases optical transparency. However, they are usually lacking in
surface hardness, resulting in poor scratch resistance and low wear resistance. It is beneficial,
therefore, to develop surface hardening processes for polymers. We have shown that
implantation with hydrogen ions is particularly effective in producing a hardened layer,
providing scratch resistance in itself and also providing an excellent base for subsequent hard
coats. The hydrogen treatment is achieved in the cathodic arc chamber by admitting hydrogen
gas and operating the pulsed power supply.

Another area of interest is in the biomaterials field, where the cathodic arc with implantation
could produce metal and oxide coatings for various prosthetic applications. Adhesion is again
the most pressing issue. In trials using Mg implantation, it appears possible to use the cathodic
arc with the PIJ power supply to produce useful biocompatibility improvements on standard
surgical materials.
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High density, low pressure plasma sources utilizing modulated power have been attracting
much attention recently. By modulating the power it is possible to further optimize and control the
performance of processing plasmas by changing the pulse frequency and the duty ratio. Pulsing is
also of interest for studies of basic plasma physics and pulsed argon discharges are useful
benchmarks for a better understanding of the more complex mechanisms involved in pulsed plasma
processing with electronegative discharges. Experimental and analytical analyses of helicon
discharges in continuous and pulsed excitation using various gases (argon, oxygen) are used to
present the main features of pulsed plasma processing. Three phases can be distinguished in a
pulsed discharge, the breakdown phase, the steady-state phase and the post-discharge, which affect
the processing in various ways as a result of temporal changes in the ion energy distribution
function, plasma potential, plasma density and electron temperature.
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An electrode immersed in a plasma will usually take up a potential negative with respect to the
plasma as the plasma electrons have a greater mobility than the ions. This is true even when a
dc or radiofrequency voltage is applied to the electrodes. As a consequence a sheath of negative
net charge, of thickness comparable with the plasma Debye length, forms adjacent to the
electrode, which shields the plasma from the electrode potential. Sheath theory indicates that an
electric field will extend beyond this sheath into the quasineurral plasma to accelerate ions
towards the electrode: this field is such that the ions are accelerated toYhe Bohm velocity at the
edge of the sheath. This region where ions are still accelerated by the remanent electric field of
the electrode, but the plasma is quasi-neutral, is referred to as the pre-sheath region.

The energy of ions striking the substrate in plasma deposition processes is of crucial
importance in determining the morphology of the deposited film. Increasingly, the substrate is
biased relative to the plasma in order to control the ions' energy, usually by connecting a
radiofrequency source to the substrate. This practical application of the acceleration of ions in
the sheath and pre-sheath gives added incentive to (he investigation of this aspect of the plasma
surface interface.

Investigation of the sheath and pre-sheath regions adjacent to an electrode is extremely difficult
due to the small size of these regions, and as any mechanical probe inserted into the plasma
will significantly perturb the sheath and pre-sheath. To overcome these difficulties we are using
a non-perturbing technique, Laser Induced Fluorescence (LIF) to investigate the acceleration of
ions as they approach an unbiased electrode, and one to which both dc and if voltages have
been applied. In the LIF measurements reported here argon ions in the 3d' 2G9/2 metastable
state were excited to the 4p' 2F°/2 state by a dye laser tuned to this transition (611.5 nm).
Fluorescence at 461.0 nm resulting from the decay of this state to the 4s' 2D5/2 state was
observed as the dye laser was scanned through the 611.5 nm transition: the shape of the
resulting Doppier-broadened transition gives the distribution of the component of the velocity

/

460.956 nm / / /

/

4s'2D (3/2.5/2)

>̂  ^ 4p' ̂ F0 (5/2.7/2)

\ \ \ 611.492 nm

\ \ \

\ \ \

\

3d' 2G (9/2.7/2)

Fig 1. The energy levels and transitions for the LIF measurements on Ar+ .
The transitions used for these measurements are shown by thick
lines, and their wavelengths are indicated.
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of the metastable ions in the direction of the laser beam; the area under the broadened

fluorescence line is proportional to the metastable density. Figures 1 and 2 show the Ar
transitions of interest, and the geometry of the LIF experiment.

We have made measurements of thief the drift velocity of ions in the pre-sheath adjacent to a
substrate in the University of Sydney's HARE plasma deposition source. The laser used for
this experiment was a Lumonics SpectrumMaster HD500 grating-tuned dye laser, pumped
with a Lambda-Physik LEXtra 300 [iJ xenon chloride excimer laser. The LIF signal was
detected normal to the laser beam with a photomultiplier; an interference filter isolated the
461.0 fluorescence from other plasma emission. In this experiment the laser beam was
directed normal to the surface of the substrate, and LIF observed for both the incident beam
and that "reflected" from the substrate: the resulting signal exhibits two peaks, one red-shifted,
the other blue-shifted, corresponding to these counter-propagating bearns. These are separated
in this case due to the drift velocity of the ions toward the substrate; the separation of these
peaks enables a precise determination of the drift velocity without the necessity of a precision
calibration of the laser's wavelength. A typical LIF signal is shown in fig 3.

Laser beam
s

''"~ A
i

Interference filler

Photomultiplier

• Substrate

Fig 2. Geometry for the Ar+ metastable LIF experiment. Note that th'e
observed Doppler shift is due to the velocity of the ions in the
direction of the laser beam: those moving in the direction of
propagation of the laser beam will give a fluorescence signal when the
laser beam is blue-shifted relative to the 611.5 nm transition; those
moving towards the laser will give a signal when the laser is red-
shifted.

B11.4S t t 1.495 111.5 (11 .SOS C t U I
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Fig 3. A typical LIF signal (466.0 nm). Note the double peak which results
as the metastable Ar+ ions are excited by both the incident and
reflected laser beams.

We have used this system to measure the drift velocity of Ar+ ions towards both biased and
unbiased substrates. In both cases the decreased away from the edge of the sheath as expected
from pre-sheath theory, and the velocity at the edge of the sheath corresponded to the Bohm
velocity for the HARE plasma.
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A multi-channel microwave scattering diagnostic has recently been developed and installed on
the H-l heliac. The purpose of the new diagnostic is to study H-l plasma fluctuations and
turbulence, which are believed to be responsible for the loss of particles and energy from the
plasma in excess of neoclassical predictions.

Microwave scattering off plasma density fluctuations is similar to Bragg scattering of X-rays in a
crystal. The wavenumber of a microwave beam scattered at an angle 9 from an incident beam of
wavenumber ka is given, by:

A

k =2^:0 s i n -

Thus we can see that microwave radiation, which has a much lower frequency and subsequently

wavenumber than typical laser radiation, gives far better spatial resolution over similar laser

diagnostics. This makes them better suited to studying small-scale turbulence.

In our experiment, we use a 4-channel receiver system as shown in figure 1. Scattering angles of
23°, 36°, 50° and 62° were chosen and the frequency of the transmitted microwave beam was
131.8GHz. From the above equation, we see that the system is then sensitive to fluctuations
having wavenumbers 10.5cm"1, 17.1cm"1, 23.3cm"1 and 28.4cm"1.

To improve the spatial resolution of the system, quasi-optical focusing antennas are used inside
the vacuum tank. The bi-spherical mirrors are specially designed with differing radii of curvature
in the planes parallel and perpendicular to the radiation plane to achieve this focusing. If the
mirror requires a focal length, / , then the radii of curvature parallel to the plane of reflection, Rn

and perpendicular to the plane of reflection, RL are given by:

cos 9
Rx =2/cosO

The scattering volume, defined as the intersection of the radiation pattern of the transmitter horn
and the receiver horn, is positioned at rla ~ 0.6. This is a region where the gradient of the density
is high, leading to gradient-driven turbulence. For the current setup, the scattering volume is
about 4-5cm3 and the radial resolution is Aria ~ 0.2.

65



The diagnostic not only allows us to measure the
frequency spectra for the fluctuations, but also the
propagation direction of the fluctuation. This is
achieved by looking at the asymmetry in the
frequency spectra. This is able to be seen as a
result of the superheterodyne system employed on
the diagnostic as shown in figure 2.

The synchroniser has two local oscillators: the
first, a transistor oscillator with a frequency of
7.22GHz; the second, a reference crystal oscillator
of 100MHz. The two signals are upconverted to
produce 7.32GHz. This signal is amplified,
passed through an 18x-frequency multiplier
(making 131.8GHz) and amplified again to
achieve 50mW output power. Both the original
7.22GHz and 100MHz signals are also passed
through an 18x-frequency multiplier (giving

Figure 1 - Scattering Geometry 130GHZ and 1.8GHz) which are fed into the first
and second stages of the heterodyne detection

respectively. With this design, the system had an expected sensitivity down to -60dB, and
experimentally it has been shown to be better than -50dB. The system is also designed to
measure fluctuations having frequencies between 1kHz and 1MHz.

Scattered
Microwave

131.8GHZ j F

— • ] Digitisers

Ecos(2*Ft) Esln(2*FI)

Video
Amplifiers

Y
Transmitter j 1 ^

. t LJ

Figure 2 - Principle behind microwave scattering diagnostic

The diagnostic has been setup and installed on H-l, and has been tested during the recent
campaign in October 1998. The current low plasma temperature and magnetic field strength will
allow correlation and calibration of the microwave scattering diagnostic with the probes, which
have been used extensively on H-l and are well documented. At higher plasma temperatures,
where probes will no longer be useable in the inner plasma regions, the microwave scattering
diagnostic will be suitable as a standalone diagnostic on H-l for fluctuation studies.
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The early experiments on a spherical rotamak [1] showed that a rotating magnetic field

could be used to drive substantial currents and create a compact torus magnetic field con-

figuration. The theoretical analysis of the spherical rotamak [2,3^4] has been essentially

confined to this class. Recent experiments on the Flinders Rotamak-ST [5] have included

a toroidal field, produced by a current-carrying central rod, with encouraging results; for

it has been shown that an enhanced current can be driven with this configuration which

is the equivalent of a spherical tokamak. This paper will be devoted to a theoretical and

computational analysis of this situation.

We use a model where the rotating magnetic field is applied to a spherical plasma,

with the rotating field oriented parallel to the equatorial plane, taken to be the x—y plane.

In our model the ions form a uniform background and the frequency of the rotating field

is very much less than the electron cyclotron frequency (with respect to the rotating

field strength) and very much greater than the ion cyclotron frequency. This condition is

satisfied by the rotamak experiments.

The basic model equations are Maxwell's equations (without the displacement term)

and Ohm's law

E - »]Ji-JxB (1)
ne

where r\ is the resistivity and n the electron number density. The current drive comes

from the introduction of the non-linear Hall term : J x B . The externally applied field is

B a p P = -Bw[sin#cos(<^> — w£)f + cos#cos(</> — u>t)0 — sin(</> — u;t)(f>}

+ BJcos Or - sin 60) + Bt-?—4>. (2)
rsinO

where u is the angular frequency of the applied field and Bt is the toroidal field at a radius

a from the central rod. We express the equations in non-dimensional form by introducing

the dimensionless parameters A, which is the ratio of the plasma radius a and the classical

skin depth <5, and 7, which is the ratio between the electron cyclotron frequency, tOce, and

the electron-ion collision frequency, ve{. The magnetic field parameters, bz and bt, are

scaled with respect to the amplitude of the rotating field B^.

For the steady state
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Figure 1: Driven current as a function of strength of rotating field

The solutions of this equation in the plasma region have to be matched through the

vacuum region outside r = a to the externally applied fields at infinity. The final term

includes the interaction of the toroidal field with the plasma currents. Following the

previous analysis [2] we express the magnetic field in terms of two sets of scalar functions

of r , atm(r) and btm(r), which are the coefficients of the expansion of B in vector spherical

harmonics. The vector equations can then be expressed as a set of scalar equations and

thse can be solved by using an iterative process coupled with a finite difference analysis.

A significant parameter is as, which describes the ratio of actual toroidal current driven

to the maximum possible toroidal current.

Fig 1 shows the driven current in terms of the parameter as for bz = 0.0, A = 4 and

bt — 0.0,1.0 and 2.0. The current increases significantly as the rotating field is increased

and for this case (bz = 0) increasing bt leads to increasing driven current.
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§1. Introduction.
Diagnostic techniques developed for discharge and plasma study, including electric and
magnetic probes, optical and mass spectrometry, laser scattering, optical and microwave
interferometry, schlieren analysis, and laser Doppler anemometry (Huddlestone and Leonard,
1965) have limitations either with their range of application, their spatial resolution, or their
disturbance of the discharge environment.

Optical fibre sensors possess several attributes that make them attractive for probing electrical
discharges and plasmas, including their insulating-nature, their small dimensions, and their
immunity to high voltage and electromagnetic radiation. As insulators, optical fibres create
none of the electrical disturbance or breakdown problems often associated with metal probes,
and their small dimensions mean that distortion of discharge structure is minimised. With
many discharges occurring in environments which are electromagnetically noisy and which
involve high voltages and large inductive fields, signal transfer and processing through
optical fibres provides significant benefits.

§2. Optical Fibre Interferometers.
Single-mode optical fibres carry coherent monochromatic light without altering coherence
characteristics, and can therefore be used to assemble optical interferometers. All of the

Laser

Microscope
objective

Finger splice

Fibre Fabry-Perot
resonant cavity

Photodiode
Arms terminated in index matching gel

Figure 1. Schematic diagram of optical fibre Fabry-Perot interferometer.
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common unbound-beam interferometric configurations have corresponding optical fibre
versions which can be readily assembled using couplers, splices, and other fibre components
which have become commercially available due to their application in optical
telecommunications.

With a fibre Fabry-Perot interferometer, as depicted in Fig. 1, the resonant cavity, which is
the sensing region, consists of a section of single-mode fibre which has been carefully
cleaved at the two ends to provide optically flat surfaces normal to the fibre core axis.
Optical fibre interferometric sensors rely on intrinsic sensitivity to the physical parameter that
affects the optical characteristics of the fibre. For example, with temperature sensing, the
change in fibre temperature affects the optical path length of the fibre by altering both its
physical length and the index of refraction of the fibre core material (Lagakos, Mohr, and El-
Bayoumi, 1981). For a typical single mode fused silica fibre Fabry-Perot interferometer the
photo-thermal sensitivity is 204.8 radians m'1 K"1 (Priest, et al, 1997). The Fabry-Perot
configuration offers a considerable advantage, as the interferometer sensitive section can be
tailored to the size of the region to be monitored. Any change in temperature taking place
within the optical fibre coupler or any of its four arms does not affect the interferometer
output signal, and therefore no particular shielding is needed. In addition, the Fabry-Perot
resonator can be placed remotely from the detection system, since the leading fibre does not
play any role in the performance of the device.

§3. Optical fibre plasma diagnostics in H-l
A Fabry-Perot interferometer probe 13.5 mm long protruding from a thin ceramic cylinder
housed at the end of a 13 mm diameter stainless steel tube was introduced into H-l. The fibre
was vacuum sealed at the inner end of the ceramic rube, which was in turn vacuum sealed at
the entry to the stainless tube. The interferometer assembly was placed in a vacuum tight
support mechanism which allowed axial movement of the sensor.

The average temperature change of the fibre along the length of the probe during the plasma
pulse can be deduced from the phase change of the guided laser light returned from both ends
of the optical cavity.

The heat flux across the surface, or power, P, transferred to the fibre is given by

P = g n <v><eV> 2 n r L 1

where g is the ratio of elastic to inelastic collisions, <eV> is the average ion energy, n is the
ion density, 2 n r L is the surface area of the fibre cavity, and <v> is the average thermal
velocity of the particles. The average temperature rise, AT, of a fibre of mass M, per unit
time, Ax , is given by

AT P ' „

Ax Me

Taking the density of fused silica to be 2.21 x 10J Kg m"3, the specific heat of fused silica to
be 840 J kg"1 K"1, the average energy of argon ions to be 50 eV, g to be 1, n to be 1018 m"3,
and the pulse length, Ax , to be 30 ms; the theoretical expected temperature increase, AT, of
the fibre is 64 °C. This equates to a phase change of 177 radians or about 28 fringes. This
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simple theory quite accurately predicts the measured phase changes which range from 10 to
40 fringes depending on the plasma conditions and the position of the fibre within the plasma.

A spatial scan of an argon plasma at a pressure of 1.2 x 10* torr, 900 A field current and 10%
helical current in H-l produced the temperature distribution shown in Fig. 2. In order to
investigate the processes responsible for the fibre heating, and for the rather significant
localised plasma heating near the last closed flux surface, a hybrid probe with a 63 fim
aperture woven stainless steel mesh screen surrounding the fibre interferometer was
constructed. The aperture size was chosen to be less than twice the Debye length of a typical
low pressure plasma in H-l. The mesh screen could be biased positively or negatively with
respect to the plasma to selectively screen out ions or electrons respectively. A measure of the
fibre heating rate allowed identification of the particular species responsible for heating the
fibre, and also gave an estimate of the energy distribution of that species.

Temperature
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Probe position in plasma (mm from Helical conductor)

Figure 2. Fibre temperature as a function of position in plasma.

With the probe remaining in a fixed location, a bias scan produced the temperature
distribution shown in Fig. 3 for the argon plasma in H-l. The probe was 120 mm away from
the helical conductor, the pressure was 2.0 x 10"5 torr, and the field current was 1800 A.
These position and discharge parameters were chosen to give stable, repeatable plasma
conditions from shot to shot.
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Figure 3. Fibre temperature as a function of screen bias voltage.

From these results it is evident that positive ions are the major species responsible for heating
the fibre probe. Since the plasma in H-l is magnetically confined it was decided to try to
obtain information on any anisotropic component of the ion energy distribution. A fibre
interferometer was constructed with a cylindrical mesh that shielded the fibre from particles
over an angle of about 90°. Spatial and electrically biased scans of argon plasmas were
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conducted in a similar manner to those with the full shielded probe. Preliminary results show
significant anisotropy, and a complete analysis of the data is still progressing.

To obtain more detailed information from several directions simultaneously, a fibre
interferometer probe consisting of four Fabry-Perot interferometers lying in the valleys of a
four pointed ceramic cross was constructed as depicted in Fig. 4. Spatial scans of both argon
and hydrogen plasmas were obtained. Detailed analysis is still progressing but early results
show significant anisotropy and also quite widely varying rates of heating that are
directionally dependent.

Fibre Fabry-Perot

/interferometers

2.45 mm

10.5 mm

Machined ceramic guide

Figure 4. Optic fibre sensor with four Fabry-Perot fibre interferometers.

It is worth noting that detailed temporal development of H-l plasma temperature with good
spatial resolution is possible with fibre probes because of the very short thermal time
constant, 0.6 ms, of the fibre. Operating at relatively low pressures and short pulse times
allows high temperature plasmas to be studied because of low thermal energy transfer to the
fibre. It is also worth noting that fibre probes are robust, with one probe having survived
almost a thousand shots with no noticeable deterioration of sensing response, although the
fibre surface appeared etched, evidently from ion bombardment.

There remains great potential for further optical fibre interferometer investigation on H-l
with new designs of standard and hybrid probes.
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We have made electrical, optical and spectroscopic measurements on a dielectric
barrier discharge cell, similar to the cells in an ac plasma display panel. A plasma display
panel (PDP) is an array of discharge cells, where each cell is one pixel. The array lies
between two parallel sheets of glass separated by a small uniform gap. Each sheet has a set
of parallel electrodes, oriented horizontally on one sheet and vertically on the other. The
resulting two sets of electrodes become an x and y addressable grid. The electrodes are
coated with a thin layer of dielectric material in the case of an ac-PDP. The space is filled
with a gas or gas-mixture. The development of plasma display panels is being driven by the
imminent introduction of HDTV technology.

If a sufficient voltage is applied to one electrode, the current that flows produces a
breakdown in the gas. However while there is a voltage across the cell, a charge builds up
on the dielectric material, providing a voltage which opposes the applied voltage so the
current stops and the discharge is extinguished When the voltage is reversed, or switched
to the other electrode, this wall voltage adds to the applied voltage and thus a lower applied
voltage is required to produce a discharge. So an alternating voltage can be supplied which
is sufficient to sustain the discharge but not large, enough to initiate it. If the plasma is off,
then a small addition to the applied voltage will start it. It will stay on until it gets an applied

-1.25 t.00
Time (us)

1.25

Figure 1
Leading Edge of Voltage Pulse (bottom) and

Resulting Current (top) and Light Pulse (middle)
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opposing voltage and it will turn off. Hence a dielectric barrier discharge can act as a
display cell and memory cell that switches on or off only when addressed. This is
particularly useful for its application in plasma display panels (PDPs).

Our cell consists of two 5 mm square electrodes covered by glass microscope cover
slips, and separated by a gap of 2 mm. The dimensions of the cell are approximately lOx
larger than those of a PDP cell. The cell is driven by square voltage pulses variable up to
400V, which are alternately supplied to each electrode. Figure 1 shows the leading edge of
the voltage pulse applied to this cell, and the resulting transient current pulse.

We have measured the breakdown voltage and the sustain voltage - the voltage at
which the discharge extinguishes when the pulse amplitude is reduced - a s a function of the
argon filling pressure for this discharge. Both the breakdown voltage and the sustain voltage
exhibit a variation with pressure which are similar to the breakdown characteristics of a gas
between conducting electrodes (Paschen curves) - see Figure 2.
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Figure 2
Threshold and Sustain Voltage vs Pressure

• Threshold + Sustain

We have obtained time-resolved optical images of the plasma from the side of the
cell (i.e. looking at the gap between the electrodes, rather than through the electrodes) using
an image intensifier coupled to a CCD as a framing camera. This shows most light is
emitted from the regions adjacent to the electrodes and it is emitted from the plasma during
the current pulse, however there is some light emitted during the time when the current
should not be flowing and the plasma should be off.
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Plasma assisted chemical vapour deposition (PECVD) is commonly used in
semiconductor fabrication plants for depositing layers of dielectric materials. Reactive
gasses are admitted to a chamber at low pressure and applying an electric field,
usually a RF field, generates a plasma. The gasses react to form a solid material on the
walls of the chamber and substrates. In this project we are exploring the possibility of
applying this method to the growth of multilayer optical thin films. A small prototype
system was constructed and optical multi layers of up to 24 layers were deposited
over a diameter of 90 mm. The system uses 13.56 MHz RF to generate the plasma in a
simple capacitive plate chamber. The gasses used were silane, oxygen and nitrogen.
This allows SiO2 (RI 1.45) and Si3N4 (RI 1.93) to be deposited. Multilayer coatings
were designed using these materials on TFCalc. The required thickness for the various
layers were tabulated and fed into a computer controlling the gas flow during
deposition. In this way the structures were deposited semi-automatically. The
growing films were monitored using a spectrometer looking at light reflected from the
growing film over a range from 400 - 800 nm simultaneously. This data was then
used to reconstruct the deposition and analyze deviations from the design. An SEM
micrograph of the cross-section of the multilayers was used to obtain relative
thicknesses of the individual layers. Other structures deposited include rugate notch
filters, coloured filters and broad band anti-reflection layers.

Running the prototype has proved the concept and the project has moved to a scale up
stage in which a larger version is being constructed at Avtronics Pty Ltd. This aims to
coat uniformly over a diameter of 600 mm. Initially, the same materials will be used
to produce coatings but future work will increase the refractive index range of
materials which can be deposited and fully automate the coating process.
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A novel antifuse structure with double dielectric layers, AlN(lOnm)/ SiN(lOnm),
is presented in this paper. The SiN and SiO2 for insulating are deposited by low
temperature PECVD. Experimental results show this antifuse has excellent characteristics.
Comparing to other antifuses, the thicker insulator layer of this antifuse improves its
reliability and also offers a low off-state leakage current while still keeping the
breakdown voltage below 15 V. The breakdown mechanism is discussed, and the
breakdown link is observed directly by SEM.

1. Introduction

Metal to Metal antifuse technology is becoming increasingly popular and has been
successfully applied in Field Programmable Gate Arrays (FPGA), which allows one
multichip to be programmed for many individual applications[1,2]. Antifuse device offers
significant size and performance improvements in comparison with other programmable
elements. The structure of the antifuse device studied here is three layers, metal-
dielectric-metal. To make a permanent connection between the two metal electrodes, a
programmable voltage is used to breakdown the dielectric. A thin dielectric layer, less
than 15 nm, is required to limit the programming voltage below 15V. However the thin
dielectric layer may not provide sufficient off-sate reliability, because the surface
microroughness of the electrode material can degrade the insulating property of the
dielectric, and hillocks or other interfacial structure maybe grow between the two layers
during the heating processes used in manufacture [3, 4 J.

In this paper, results for a novel antifuse structure with double dielectric layers,
AlN(lOnm)/ SiN(lOnm), are presented. The A1N is deposited by a cathodic arc method
under 100 °C [5], and the SiN layer is deposited by PECVD under 100 °C. Also, the
insulator, SiO2, between the metal lines is deposited by low temperature PECVD. The
low temperature deposition of the thin films is important to avoid the interaction between
the metal and dielectric layers, and this is benefit to the reliability of the antifuse. The
thicker insulator in the antifuse not only improves its reliability but can also decrease its
parasitic capacitance per unit area, allowing for higher speed operation. In the following
sections, the fabrication process, characteristics of the antifuse, and breakdown
Mechanism are described and discussed in detail.
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AlN(lOnm)

Al

2.Experiment ' y

As shown in fig. 1, the structure of the
antifuse consists of two dielectric layers,
AlN(10nm)/SiN(10nm), sandwiched
between two Al metal layers. The
window size in the antifuse is 4jj.mx4p,m.
Al and AIN layers are' deposited in a filtered Fig. 1. Structure of the antifuse
cathodic arc vacuum system, which can provide a convenient plasma source. The
substrate temperature is less than 100 °C during AIN deposition. SiN and SiO2 are
deposited in one system by PECVD. The RF power for both of them is about 100W. The
temperatures are about 80 °C and 300 °C during SiN and SiO2 deposition respectively.

3.Experimental Results and Discusses
The antufuses are programmed with a 4145B Semiconductor Parameter Analyzer.

Fig.2 shows the I-V characteristics of an antifuse with a area of 4jimx4(xm . The
breakdown occurs at about 8V. The leakage current before breakdown is about lpA.
Although not all of them have such low off-state leakage current, their range is 10'10A
~10'13A, which is much better than the range of 10'7A~10*uA that we have observed for
the antifuses with single lOnm SiN or 20nm AIN layers. The distribution of resistances
after programming of this kind of antifuse was shown in fig.3, in which the programming
current was 20 mA. Compared to those antifuses with single insulator layer, we found the
thicker insulator does not obviously increase the programmed resistance.

Fig. 4 shows the distributions of breakdown voltage for three antifuse groups. Each
statistical group has about 160 antifuses with insulator layers of 20nm AIN, lOnm SiN
and lOnmAIN / lOnm SiN respectively. The probability of less than 3V breakdown is
near zero for the last kind of antifuse while the former two have much higher
probabilities. This means the reliability and uniformity of the last kind of antifuse is
much better than the others. This may be due to its double insulator layers.
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Fig.3.The distribution of programmed resistance

of 160 antifuses with lOnm AIN/lOnm SiN
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Fig.5. shows the distribution of breakdown
voltage Vb for the same kind of antifuse shown in
fig.4a, but the 20nm AIN is deposited just after
the first 300nm Al deposition was done while the
substrate was still very hot. Its low voltage
breakdown probability is obviously increased in
comparison with that of fig.4a. This means a low
temperature deposition of the insulator layer is
important to avoid the interaction between the metal
and dielectric layers, and has advantage for
reliability of the antifuse.
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temperature

4.Breakdown Mechanism
Thermal breakdown [6] is believed to be the mechanism of antifuse breakdown.

When a certain voltage is applied on an antifuse, the current flows mainly through a
tiny weak area of the insulator. Local accumulated Joule heat is larger than that
dissipated, thus the local temperature increases to certain critical value Tc, at which the
resistivity of the insulator can decrease greatly, ihcrefore inducing relatively larger
current and generating more local heat quickly, so the local melting of both metal and
insulator can happen, and a conductive link is formed after programming. To
investigate the link, the wafer was cleaved along a line on which very dense antifuse
devices were fabricated and programmed, then the cross-section of the wafer was
observed directly under Field Emission Scanning Electron Microscope (FESEM). As
shown in fig.5, the breakdown link in the 40 nm AIN layer between the two Al metal
electrodes has a diameter of about lOOnm, which is in agreement with the theoretical
estimate[7,8]. Although the top Al layer is damaged and its thickness is reduced after
cleaving, we still can see there is a relative material reduction in the top Al layer near
the link.
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5.ConcIusion

Low temperature cathodic arc and
PECVD methods are benefit to the reliability of
the antifuse. The antifuse with double insulator
layers of AIN/SiN exhibits better characteristics
than those antifuses with a single insulator
layer. The breakdown link of antifuse was
observed by FESEM.
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DEVELOPMENTS IN REMOTE PARTICIPATION IN PLASMA PHYSICS EXPERIMENTS

Boyd Blackwell
H-l National Facility, Plasma Research Laboratory, RSPhysSE, ANU.

Recent growth in the size of plasma experiments and developments in network based software
have:contributed to a high level of interest in remote participation. Highlights of the recent
conference1 on this subject, and the ensuing "white paper" are presented, with demonstrations
of various Data Server/Web/Java based remote access techniques. These not only allow
AINSE/AFRG users convenient access to H-INF data from their home laboratory, but are (or
soon will be) available to and from many overseas laboratories with similar systems.

Many large plasma laboratories predict a large increase in remote access in the next two
years. Several demonstrations of remote experiment control2 have been performed over
medium speed networks, and several new experiments are planning on remote access from the
beginning. In this paper we consider data access rights and security, access to common
documents, and access to processed and raw data.

Data Access Privileges
A spectrum of data access rules exists, from the 6 month data embargo of JET to the
sentiment of many at the 1998 workshop to remove artificial barriers and delays to accessing
data, replacing those with simple clear formal agreements about consultation before
publication of data. There was also support for the principle that those given access, to data
might be expected to put something back into the database, assuming sensible restrictions on
overwriting existing data.

Web Data Access
The simplest form of data access is through web "forms", which are submitted to a web
server, and by means of a cgi script running a local program, produce a response in the form
of numeric, tabulated data, or graphically in the form of an image (e.g. GIF) file. An example
of this is the Gourdon/Heliac code puncture plot viewer.

Alternatively, (a reduced set of) "raw data" may be returned to the viewer, to be displayed by
a program running on the viewer at the remote site, typically in Java code. This may take
longer to transmit than a compressed image, but more interactive manipulation is possible,
without returning to the data server. The Java language facilitates high level graphical
display, and intuitive point and click controls with quite simple coding by virtue of the
inheritance and defaulting features of object-oriented languages3.

The user does not need to program , install nor even update the code, as it is downloaded
automatically at the beginning of the browsing session. Although interpreted, the Java code is
efficient (thread and network classes are native, operations on whole arrays at once: vl.l) ,
concise (no allocation, deallocation), secure, and platform independent. Plotting speeds of
thousands of points per second are typical of Netscape 3 running on an Alpha workstation,
even without native array classes. The resulting programming sophistication allows
optimizations which may run faster than simpler compiled code. Another programming
simplification is that the data access code (running on the server) requires very little
modification: most changes affect only the Java code.

The ultimate extension of this is that the server becomes simply a raw data server. Stillerman5

has implemented a direct TCP data server with a simple access protocol which serves as a
common data interface for different experiments on different continents running different
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data systems. In this case, IDL was used as the viewer application, demonstrating how such a
simple interface readily allows viewing software from one laboratory to access data from
another. Although this data access method is independent of the web, it is readily integrated
into it, and would benefit from access through a web page, which could make the details of
addressing transparent to the user, and provide access to documentation, and machine
readable dictionaries to translate diagnostic naming conventions from one data system to
another. This level of interface is appropriate for analysis at any level, in contrast to Java
access, which is more appropriate for viewing and simple analysis, such as smoothing,
spectral analysis or downloading data into a spreadsheet.

X-Windows, VNC
X windows is the environment used internally in most large plasma research laboratories6,
and therefore offers the widest range of access and analysis possibilities. Access requires
local accounts and passwords, and may require firewall security exemptions when accessed
remotely7. The "Virtual Network Computer" software8 overcomes most of these problems
by running a server local to the data system, and viewing over the Web using standard Java-
enabled browser technology. Native viewers for PCs and Macintoshes are also available, cut
and paste more conveniently, and run faster in some cases. Two users, at separate web
locations, can connect to their keyboards and mice to the same screen if a password is shared,
in such a way that a new user can be guided when learning how to use the system. A local
account is still needed for occasionally re-starting the desktop session, but only at telnet level.
VNC is also useful when X-Windows applications, running at large distances (e.g. latencies
of ~ 1 second) make frequent queries about display parameters, such as when displaying
many small windows or buttons9.

Electronic Logbooks
In order to make sense of the raw data available, explanatory information must be provided.
Basic information is readily supplied on Web pages (e.g. H-1NF10), but the need for access to
detailed logs, and for collaborators to share information, leads to the concept of Groupware.
Many options exist, both in the public domain and commercial. Several European
Laboratories are considering the BSCW system (Basic Support for Cooperative Work),
http://bscw.gmd.de. The MIT MDSPlus logbook is organised as a large number of separate
text entries in an SQL server database, each with time and author stamps and subject
keywords. This information is merged to appear as a continuous stream by an DDL widget
program, which also allows the original author to correct and add to entries, and others to
create new independent entries by simply placing the cursor on the merged text page. The
MIT logbook shares the same database as the machine global data database, making the
logbook accessible in the same way as any other machine data.

The H-1NF logbook is a operates under the emacs "info" hypertext subsystem, and provides
multiple user access to a distributed set of text files which appear as one file, with context
sensitive editing, outline levels, and other smart editing features. In addition to the running

[procMatd January 26, 1998]

; date is automatic ' ' , -' ~
\title{Rogowski Run\#4: Angular Rogowski Run # 4 : Angular dependence
dependence part I) - - ^ j
Note: New batteries in rog 33 integrator make
all the difference = no lockup', "'< • K ' N o t e : N e w b a t t e r i e s in roS 33 integrator make all the
27903,4,5 no rf to check I h e l ' " ; . d i f f e r e m c e = n o IockuP 27903,4,5 no rf to check IHel

beginverbatim ' •- . ' 6 rf<;rir« oo - » tm «•>»•

6 rfdrive 00:
7 rfdrive 05

7 rfdriv. OS

6 rfdnve 00:- still some if e rfdrir. io

Fig la. H-1NF logbook entries, and draft quality printed output
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; an IDL line ready to paste - automatically in
verbatim mode, but here we explicitly set the mode
anyway > • s < , s \ *-^

beginverbatim <

restore,'ecc$dir:rog797.stp' v,v

stpl,27939,xr=[-10,80],/sav A^' ^ -"' '^-\

end verbatim" ,-* ' ' " „', ' ' - ^

; simple IDL line produces the graph, caption and

reference s " * / %" " *""•>"!••%•'*'.

graph,[0,l,2],' Probe at 45 degrees to B field1"
shotscan1dia=1j_p'1from=27939,to=279621xdia='rog_Os_r',i,
nt=.0615+[0,.014],ps=1, *- , .. "* " '

•»

-10
-12
-0.02

Lp shot 27962 at > . 65,00

-

4 |1 .1 :

. i. ..Jill1

0.00 0.02 004 0.06 0.08 0.10

Lp: HI (de) 0.042T 11.83% A^on 7MHz. »hol 27939-27962

8

e

150- - 200
ROG_0S_R |MM)

N Quite large currents, might be as big as at 0 degrees,
but we don't have results right near the helical ;"' F iSure 1; prol>e at 45 degrees to B field

'~~ , ' restore.'ecctfir : rog797.stp'stpl, 27939, xr -
"' ~' ~ - ' [-10,80],/sav

tee fig. 1 ( Probe at 45 de...)

Quite large currents, might be as big as at 0 degrees,
but we don't have results rieht near the helical.

Fig lb . H-1NF logbook entries, and graphical output from IDL lines.

commentary normally entered, in a log book, many lines are cut and pasted "one-line" IDL
commands which can re-create graphs displaying analysed data. These lines are executed by
an IDL to LaTeX converter which creates a draft quality output including the figures
generated by those commands, complete with captions and context. The text database so '
generated is compact, portable, (Macs, PCs, unix) and is text searchable.

Security
Highly secure connections traditionally made via proprietary terminal emulators can be
replaced by a Virtual Private Network, running on a wide area network with open access,
using encrypted packets. However, for most purposes, the 'secure shell' (ssh) is more than
sufficient, and the built-in compression may speed-up transmission to very remote sites. The
simplest alternative, Web access, inherently protects the server site and data, and presents no
administrative barriers to the collaborator. Data access can be controlled by password if
desired, at a lower level of security, because even password holders are prevented at a very
low level from writing to or breaking into the server.

Conclusion
Remote access to experimental data is becoming more desirable as experiments grow larger
more expensive and fewer in number. Methods or access are developing very rapidly, and
many of the software tools are available now. Most of the remote access tools are proving"
very useful for internal use, and are becoming the standard way of providing information for
internal and external use.
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Summary of Options for AINSE/AFRG Collaborators
As illustrations of the above, the viewers available on the H-1NF are listed in table 1, with
varying cost, complexity level and type of communications used. Three are available now,
those marked * under MDSPlus (full installation in February/March. 1999).

Table 1: Data access methods for H-1NF

Data Viewing Access
Method

X-Windows
(remote desktop)

TCP/IP data servers *

VNC server
(remote view of local
desktop)

World Wide Web:

(applies to cgi/Java)

Forms/cgi

Java Viewers*

advantages

Most powerful: access to all existing
applications

Very fast local processing, common
interface to multiple laboratories.

-' As for X, but Netscape only needed

- unrestricted remote access to local X
windows

- "Dual controls" - "learner/teacher"

- faster than X at very distant sites?

Very simple, secure, use any browser.
No account needed
Software is local, automatically updated

Simple, familiar interface

Any recent browser (e.g. Netscape 3,4)
More powerful, very interactive
Fast: only return to server when new
data needed.

Disadvantages

need a local account, security barriers?
(firewalls etc)

need remote IDL license, TCPIP stack
interface

Security: a little less secure than a local
login account

Startup requires local login access

Less interactive - need to re-submit to
server to change view of data.

No advanced data editors yet such as
DataPlot11 which can process data and
write it back.

(For consistency, "local" refers to the vicinity of the experiment, "remote" the site accessing the experiment.)

(Note: the extended electronic version of this document: htip://rsphysse.anu.edu.au/~bdb112/h-lnf/remacc.html
is a convenient way to access the web pages in the text and footnotes below, and will contain a reference to the
remote collaboration white paper when released.)

1 Workshop on Remote Participation in Fusion Experiments held a the Czech Technical University in Prague, June
28-29, 1998 (referred to below as Prague98)

2 T.A.Casper, B.Howard et al. Remote experimental environment: Building a collaboratory for fusion scientific
research Comp. in Phys., 12 220-226, (May 1998) http://www.fusionscience.org/collab/REE/
MIT single window Java Data Viewer (JAVAScope) http:ZAyww.pfc.mit.edu/mdsplus/scope/popup scope.html
(see also the code for graphics routines in JavaScope: A huge file by Java standards, but fairly comprehensible to
physicists) http://www.pfc.mit.edu/mdsplus/classes/Source/Scope/WaveformCanvas.iava')

4 G. Mandate : The JAVA Environment for Remote Control and Data Display in Nuclear Fusion Experiments
(Prague98): also discusses CORBA: Common Object Request Broker Architecture for interfacing object
oriented systems such as Java.

5 Uniform Data Access for Remote Participation: J. Stillerman, PSFC, MIT, Prague98
6 The main internal access method in the RFX lab in Padua is being changed form X-windows to Java/Web access.

For example, the demonstration of data access for the AINSE 97 plasma conference required a breach of the
ANSTO firewall.
Olivetti Research Laboratories, http://www.orl.co.uk/vnc/

9 e.g VNC was more effective than a remote X-windows connection in running the MDSPlus Data Tree Traverser
across the Pacific.

10 The H-1NF user information page: http://rsphysse.anu.edu.au/~bdbll2/h-lnf/usinfo.html
11 The DataPIot IDL Widget Application, an extensible data viewing and editing Point and Click application

designed to view large quantities of data, optionally in subgroups. mailto://John.Howard@anu.edu.au/
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CAVITY MODE RESONANCES OF A HELICON DISCHARGE

K.-K. Chi,* T. E. Sheridan, and R. W. Boswell

Plasma Research Laboratory, Research School of Physical Sciences and Engineering,
Australian National University, Canberra, Australian Capital Territory 0200, Australia

Permanent address: Semiconductor R & D Center, Samsung Electronics Co., Kyungki-Do,
449-900, Korea

Five distinct discharge modes (Fig. 1) have been observed in a cylindrically-symmetric
helicon reactor [1]. Each mode has been characterized by its plasma impedance, wave mode
structure, density distribution and floating potential structure. The lowest two modes are
capacitive (E) and inductive (H), while higher modes are helicon wave modes (Wj, W2, W3).
Successive wave modes are found to correspond to helicon wave cavity resonances of the
plasma-filled vacuum vessel, each with a well-defined wavevector, density and impedance.
Measured wavevectors and densities agree with the helicon wave dispersion relation. The first
helicon discharge mode is found to be an m = ±1 mode, as expected for a double saddle field
antenna. The second and third helicon modes have an m = 0 azimuthal symmetry.

In a uniform plasma, a helicon wave with a frequency co such that coin < (O< (£>ce

« (Ope> follows the dispersion relation [2]
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Figure 1. Ion saturation current (i.e. plasma density) as a function of rf power for 0.9 mtorr
Ar. Discharge modes are: capacitive (E), inductive (H), and helicon modes Wi, W2 and W3.
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Figure 2. Comparison of helicon wave modes to the dispersion relation (Eq. (1)). Dispersion
relations are plotted for ne = 1011 cm"3 to 1012 cm"3 in steps of 1011 cm"3 for a frequency of
13.56 MHz and BQ = 55 G.

where the second term on the left is a correction for finite electron mass, thus admitting the
Trivelpiece-Gould (TG) wave. (For our experiments Q)/0)ce ~ 0.09.) In an unbounded
system the wave vector k can vary continuously. However, in a bounded system, the
wavenumbers k\\ and k± must take on eigenvalues as determined by the boundary conditions.
For a cylindrical geometry, k± is determined by the radial boundary condition, while in an
axially-short system of length L with reflecting boundaries and weak damping, axial standing
waves can form and k\\ must satisfy the condition k\\L = pK. Consequently, every cavity
mode has a well-defined k and therefore, through the dispersion relation, a well-defined plasma
density, in agreement with the results presented in Fig. 1.

As shown in Fig. 2, the measured wavevectors lie on the helicon branch of the
dispersion relation. The W1-W2 transition is a change only of k± (m = +1 to m = 0), while
k\\ remains constant, with a value corresponding to X ~ 29 cm. In addition, the W1-W2
transition moves the helicon closer to its TG partner by increasing the angle between k and Bo
from * 60° to « 70°. (The TG wave propagates at « 85°.) In the transition W2-W3, both kn

and k± change simultaneously, while keeping the angle between k and Bo nearly constant.
Interestingly, a change of only k± or only £n would result in a smaller density jump,
indicating that these intermediate modes are either inaccessible or unstable.

REFERENCES
[1] K.-K. Chi, T. E. Sheridan and R. W. Boswell, Plasma Sources Sci. Technol. (in press).
[2] J. P. Klozenberg, B. McNamara and P. C. Thonemann, J. Fluid Mech. 21, 545 (1965).
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THE MULTIPLE CRYSTAL MOSS SPECTROMETER FOR MEASURING
DISTRIBUTION FUNCTIONS OF IONS AND ATOMS IN HIGH TEMPERATURE

PLASMAS

Clive Michael, John Howard

Plasma Research Laboratory
Research School of Physical Sciences and Engineering

: Australian National University
Canberra, A.C.T. 0200

A device for spectroscopically measuring six points on the line-averaged ion/atom distribution
function of a plasma with temperatures of order lOeV is presented, by measuring the
coherence of a particular spectral line corresponding to either an atomic or ionic transition.
The technique used is an extension of the principle of the Modulated Optical solid-state
Spectrometer (MOSS)1

In all H-1NF plasma conditions, by far the most dominant spectral line broadening
mechanism is Doppler broadening. Thus, a line's shape is representative of the 1-D
distribution function along that line of sight, with the line's centre shift corresponding to the
averaged plasma flow speed: When the light is interfered with itself, after a delay x, the
fringe contrast is proportional to the coherence of the light, which is the Fourier transform of
the line shape. The MOSS spectrometer uses this to-measure the temperature by assuming a
Gaussian lirieshape, and measuring the fringe contrast of the light which can then be turned
into a temperature. The multiple-crystal MOSS spectrometer measures six fringe contrasts
corresponding to six delays, giving the coherence profile, which can then be Fourier
transformed to yield the lineshape, which is related to the distribution function, and does not
assume a Gaussian lineshape.

Lithium Niobate
Crystals

Polariser

Plasma Light
To Photomultiplier
tube

A.C. High
voltage

Figure 1: Diagram of MOSS multiple-crystal spectrometer

1 MOSS spectrometer Applications in Plasma Diagnostics, J. Howard. Accepted for
publication Rev. Sci. Instrum. (1999)
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The system is shown in figure 1, and consists of collection optics, which is fiber coupled
system, a polarising cube, a series of Lithium Niobate crystals, then another polarising cube.
The light is then detected by a photo-multiplier tube. The Lithium Niobate crystals have their
fast axes oriented at 45° with respect to each other and with respect to the polarising cubes,
each one having different thicknesses. An oscillating high voltage is applied across two
electrodes on each crystal. The MOSS system is the same except that it only has one Lithium
Niobate crystal.

A single Lithium Niobate crystal (oriented at 45°) acts as an interferometer by retarding the
fast and slow axes differently, according to the birefringence, and recombining these
independent polarisations back into one polarisation state using a polarising cube. By
applying a sinusoidal high voltage (~l-5kV) to the electrodes, the. birefringence oscillates,
moving the operating point across a fringe, from which the contrast can be measured.

When there is more than one crystal, the output light signal is a superposition of the
interferometer signals corresponding to six delays %\ ... %$, each with its own fringe contrast
^i ... ^5, weights ai ... a$ and driving strength <j>n ... <j>i6. v is the frequency of the line and CDs
is the angular frequency of the applied voltage.

Such a signal contains the fundamental and many high-order harmonics of GV The larger the
driving voltage, the higher the harmonic spectrum extends. Linear matrix equations relate the
intensities of the various harmonics to the visbilities.
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IMAGING MOSS TOMOGRAPHIC SYSTEM FOR H-1NF

F. Glass J. Howard
Plasma Research Laboratory

Australian National University
Canberra ACT 0200

A tomographic diagnostic utilising the Modulated Optical Solid-State spectrometer
(MOSS) is planned for the H-1NF stellerator at the ANU. It is designed to create two-
dimensional temperature or velocity maps of a poloidal cross-section of the high tempera-
ture plasma of H-1NF.

The introduction of the MOSS spectrometer1 has enabled the development of several
diagnostics to be used on the H-1NF stellerator. The MOSS spectrometer allows calcula-
tions of the plasma temperature and bulk velocity based on a line-integrated measurement
of light emitted from electronic transitions withing the plasma. A tomographic system
utilising a rotatable multi-view ring apparatus and spatial multiplexing through a MOSS
spectrometer is currently being developed.

The ring apparatus is placed inside the H-1NF vessel and encircles the plasma (see
Figure 1). Multiple line-of-sight views collect light through a poloidal cross-section of the
plasma (see Figure 2) and the emitted light is coupled into large core optical fibres. The
transmitted light, via the optical fibre bundle, is then imaged through a large aperture
MOSS spectrometer and onto another optical fibre array. Each fibre is then fed into a
photomultiplier tube for signal detection.

Characterisation of the properties of the lithium niobate (LiNbOa) crystal used for
modulation in the MOSS spectrometer is being undertaken to account for ray divergence
in the imaging system.

Tomographic techniques enable the construction of a temperature or velocity map of the
poloidal cross-section. Rotating the ring apparatus to a new viewing position for the next
pulse of plasma should allow an accurate picture to be built up based on the reproducibility
of the plasma pulses.

It is expected that initial testing of the system will begin in May when H-1NF begins
operations at 0.5 Telsa field strength.

1MOSS Spectrometer Applications in Plasma Diagnostics, J. Howard. Accepted for publication Rev.
Sci. Instrum. (1999)
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Figure 2: Rotatable Ring around Plasma and Schematic of Views through Plasma
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HIGH POWER MICROWAVE TRANSMISSION AND LAUNCHING SYSTEM FOR
ECR HEATING ON H-l NF

M. G. Shats, K. Nagasaki, H. Punzmann
Plasma Research Laboratory, Australian National University, Canberra ACT 0200

The electron cyclotron resonance heating (ECRH) is one of the most reliable
methods of electron heating in magnetic fusion devices. This technique features
advantages like localised power deposition in the plasma, reduced impurities due
to the. remote antenna beam launching and high heating efficiency. The paper
describes the technology, the ECRH setup on H-l NF and the experimental plan
for the operation in 1999.

As part of the upgrade of the Hl-NF heliac the
ECRH system will be installed on the machine.
ECR heating is used for plasma production
(ionisation) as well as plasma heating (electron
resonance). In this experiment ECRH will also
be used to modify the plasma profiles1)2) to
study the resulting particle and energy transport
in the plasma.
This project is a topic of international collabora-
tions.

Microwave Source

28GHzECFH waveguide THE to HE11 mods radation pattern

- 3 5 - 3 0 - 2 5 - 2 3 - 1 5 - 1 0 - 5 0 5 10 15 20 25 3D 35

A high power gyrotron microwave source
(VGA-8050A Varian/CPI), on loan from
National Institute for Fusion Science (NIFS)
and Kyoto University (Japan), provides a
typical output power of 200kW at 28GHz. It
will be operated up to 40 ms pulse length. This
duration is long enough compared with the
expected energy confinement time (TE = 4ms) to
guarantee steady-state plasma operation.

Mode conversion system

The output mode from the gyrotron, TE02 (see
Fig. 1), has higher intensity near the waveguide
wall. This causes power loss during
transmission along the waveguide. An efficient
mode converter designed by General Atomics
(USA) converts the gyrotron output from the
TE02 to the HE 11 mode. The HE 11 mode has
an advantage of nearly gaussian distribution of
the intensity across the circular waveguide. Fig.
1 shows first experimental results in the low-
power test measurements of the mode
conversion.

Fig. 1: experimental results of the conversion of TE02
mode to HE11 mode

The advantages of HE 11 mode are low ohmic
(wall) loss along the transmission line, nearly
gaussian beam intensity distribution and linear
polarisation of the beam resulting in a good
coupling to the free space TEMoo mode. Quasi-
optical mirrors are used to focus the beam.

Transmission line

After converting the mode into HE11 the power
is transmitted through corrugated waveguides
designed by General Atomics. The inside wall
corrugations of the waveguide act like shorted
radial transmission lines leading to very small
power loss along the line. The Fig. 2 shows
parts of the laboratory test setup in the low-
power tests.
Two miter bends are used to redirect the
microwave beam. The use of the corrugated
polarisers as the miter bend mirrors (designed in
collaboration with Kyoto University) makes it
possible to control the polarisation of the
microwave beam.
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This allows an exact alignment of the beam The launching geometry as shown in Fig. 3
polarisation plane with respect to the magnetic defines the input for a ray tracing code, which is
field lines in H-l (EJJB in case of X-mode and
E|iB for O-mode heating).

Fig. 2: 28GHz transmission line assembly

Beam launching system

The microwave transmission line ends at a
vacuum window. The window ceramics (made
of Silicon Nitride) was designed by NEFS
(Toki/Japan). This microwave window has very
low absorption and reflection coefficients for
28GHz.
Two mirrors have been designed to redirect and
focus the microwave beam in the desired
direction. The distance between two adjacent
toroidal field coils limits the size of focusing
mirrors. Fig. 3 shows the contour of the
constant magnetic field as well as the flux
surfaces.

currently under development for calculating the
power absorption profile. The code is based on
geometrical optics approximation and linear
absorption theory. The three dimensional
structures of magnetic field and flux surfaces
are taken into account.

Experimental Plans

The gyrotron microwave ECR heating system is
expected to be a powerful tool for localised
plasma heating on Hl-NF. The main goal is to
gain a deeper understanding in the physics of
the plasma electron transport by variation of the
power and its deposition region. ECRH may
provide a possibility to force particle loss in
certain regions of the plasma leading to a
modified radial electrical field in the plasma3).

References

1) K. Nagasaki, et al., J. Phys. Soc. Jpn, 67 (1998) 1625
21V. Erckmann, WVII-A Team, NI-Team and ECRH
Team, Plasma Phys. Control. Fusion 28 (1986) 1277
3) M. G. Shats, et al., Phys. Plasmas 5 (1998) 2390
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Fig. 3: Microwave beam launching system in HI
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COLLISIONLESS ION ACOUSTIC SHOCKS IN A NEGATIVE-ION PLASMA

T. E. Sheridan

Plasma Research Laboratory, Research School of Physical Sciences and Engineering,
Australian National University, Canberra, Australian Capital Territory 0200, Australia

E-mail: terry.sheridan@anu.edu.au

Plasmas containing positive ions and electrons together with an additional negative
component (e.g. negative ions or particulates) are of interest in subfields of plasma physics
ranging from basic plasma physics (solitons and shocks, dusty plasmas) to ionospheric and
space plasmas to plasma processing (electronegative discharges and particulate contamination).
Such plasmas support two modes of the ion acoustic wave [1], a "slow" mode where positive
ions, negative ions and electrons oscillate in phase, and a "fast" mode where negative ions
oscillate out of phase with the other two components. When nonlinear steepening is
considered, the fast wave may form a negative-potential solitary wave (NPSW) [2,3], which,
with the addition of dissipation (e.g. ion reflection, collisions, turbulence, electron Landau
damping), will either disperse, or, more interestingly, form a shock [4].

Recently, two experiments [5,6] on the formation of shocks in a Q-machine plasma
with negative ions have'been reported. A low-temperature, negative-ion component was
created when electrons attached to added SF6 molecules. In such a plasma, the electron and
positive ion temperatures are comparable (~ 0.2 eV), so that when the negative ion
concentration is small (< 50%), ion waves are strongly Landau damped since their phase
velocity is comparable to the positive ion thermal velocity. However, a large negative ion
concentration increases the phase velocity to a point where damping is weak. Conditions are
then right for the formation of a shock. We have simulated shock formation in such a plasma.

We consider a one-dimensional, planar, electrostatic model with collisionless, kinetic
(i.e. Vlasov) ions and Boltzmann electrons. The positive ions have mass M+, density n+ and
temperature T+, negative ions have mass M_, density n_ and temperature 71, and electrons
have a density ne and temperature Te. Initially, the plasma potential <}) = 0, and the plasma is
uniform, so that charge neutrality requires n+o = «_o + "e0- The plasma is source free and
abuts an absorbing electrode at x = 0, while the boundary at x = L is a symmetry plane
(d$/dx = 0, ions are reflected). At t = 0, the potential on the electrode is ramped from zero to
a negative bias §max with a rise time tr,

<K* = 0) = W l - e x p ( - f / f r ) ] . (1)
The plasma responds self-consistently to this excitation, and a shock may form.

The model is nondimensionalized in the following way: potential is scaled by the
electron temperature kTe/e, distance by the electron Debye length XeQ, velocity by the ion
acoustic speed cs and time by the the inverse ion plasma frequency co~.. That is,

(2)

where -•l(kTe/M+) is the ion acoustic speed in the absence of negative ions and v{h is the
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Figure 1. Potential vs time for five distances from the electrode for (a) e = 1/3 and (b) e = 2/3.

positive ion thermal speed. (The expression for cs is only approximate when T+, 71 > 0.)
The plasma is parameterized by the negative ion concentration s and mass ratio |i,

8 = n_0/n+0, \i = MJM+, (3)

for 0 < e < 1. When Te ~ T+ and 8 is small, the ion wave Landau damps on the positive ions
since cs ~ v'+h. However, cs grows as e is increased, so that at some point cs » vih,
allowing weakly-damped acoustic waves to propagate.

For our simulations we use the following physical parameters. The mass ratio ]1 =
3.74, as appropriate for SF6~ and K+. Initially, the positive ion temperature equals the electron
temperature, T+ = Te, while 71 = 1/8 T+ (assuming T+ = 0.2 eV and T_ = 0.025 eV {i.e.
room temperature)). The electrode bias is §mcx - ~2 kTJe, and the rise time is tr(S3pi = 20.
Simulation parameters are: time step At co ,̂ = 1/32 and grid spacing Ax/XeQ = 1/4. We
solve the ion Vlasov equations using the particle-in-cell (PIC) method with 256 particles for
each species initially placed in each simulation cell with random Maxwellian velocities.

The effect of negative ion concentration on shock formation is shown in Fig. 1. Here
the dimensionless potential e§/kTe is plotted as a function of time at a number of distances
from the exciting electrode. When 8 = 1/3 [Fig. l(a)], the initial shock-like structure broadens
with increasing distance from the electrode, and no ion waves are seen. For this case, the
acoustic speed predicted by Eq. (2) is 1.28 vj/1 so that ion waves are strongly Landau damped.
(The dip in Fig. l(a) is traveling at 1.2 vjA) When the negative ion concentration is increased
to 8 = 2/3, [Fig. l(b)] a laminar, oscillatory shock forms. Here cs is predicted to be 1.88 v|/l,
and under-damped waves are seen on the downstream {i.e. low-potential) side of the shock, as
expected [4] when the phase velocity decreases with increasing k. The potential drop across
the shock is comparable to the positive ion temperature. (The structure seen in Fig. l(b) bears
a striking resemblance to the experimentally measured positive-potential shocks in Ref. 7.)
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Figure 2. Effect of negative ion concentration on shock formation. The time history of the
dimensionless potential is shown at x/XeQ = 250.

In Fig. 2 we plot the time history of the potential at xfk^ = 250 for eight values of the
negative ion concentration. For £ = 0, we recover expanding presheath solutions [8]—when
the speed of the sheath edge falls below the ion acoustic speed an expanding presheath is
formed that travels into the ambient plasma at the acoustic speed feeding ions to the stationary
sheath. If the negative ion concentration is increased slightly to e = 1/5, a transition layer is
formed that broadens as it travels into the plasma. The plasma parameters are approximately
constant on the downstream side of the layer. Further increasing 8 (e = 1/3 and 1/2) leads to
the formation of a prominent negative dip on the downstream side of the transition region.
However, ion waves are strongly damped, while the speed of the dip is apparently subsonic.
Finally, for e = 3/5, we see small-amplitude waves behind the shock:, together with the growth
of a narrow, negative-potential pulse, the front half of which resembles a soliton. For s = 2/3
and 3/4, we observe an oscillatory shock, with damped waves on the downstream side. From
this data, we conclude that shocks definitely do not form for e < 1/2, while they definitely do
form for £ > 2/3. The case £ = 3/5 is more difficult to decide. We observe the growth of a
solitonic pulse, but spreading at its foot. This appears to be a case where nonlinearity for large
amplitudes causes steepening, but dispersion or dissipation for small amplitudes leads to
broadening. Consequently, we conclude that the threshold for shock formation lies in the
range 0.60 < £ < 0.67, which is in good agreement with the experimental value of £ = 0.65
reporting in Ref. 6.
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Figure 3. Effect of negative ion concentration on shock formation for a positive ion thermal
velocity half that of Fig. 2. The dashed lines show results from Fig. 2 for comparison.

It was suggested in Ref. 6 that the threshold negative ion concentration for shock
formation is that for the formation of Korteweg-deVries (KdV) solitons. In particular, £ = 2/3
for |J. -» °o, which agrees well with the reported value £ = 0.65. (Unfortunately, for ji. = 3.74
the correct value of £ is 0.55.) To test this proposal, we reduced the positive ion thermal
velocity by half, as shown in Fig. 3. Reducing the positive ion temperature is seen to reduce
the speed of the shock, as well as decreasing the potential drop across it. Importantly, ion
waves are more weakly damped, and a shock now clearly forms for £ < 0.6. Of course,
negative-potential solitary waves exist for values of £ well below that required for KdV solitons
[2]. (For |i = 3.74, large-amplitude NPSW's exist for £ > 0.15.) Note that our model does
not include particle-particle collisions or electron Landau damping and that turbulent
fluctuations are minimal. Further, the amplitude of the leading peak is much too low to reflect
negative ions [3]. From these considerations, we conclude that Landau damping on the
positive ions is responsible for breaking the symmetry of the negative-potential solitary wave to
produce an oscillatory shock (or, if you prefer, a travelling, collisionless double layer).
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THE ENHANCED TOMOGRAPHIC ELECTRON DENSITY
INTERFEROMETER FOR THE H-1NF HELIAC

George B. Warr and John Howard
Plasma Research Laboratory, Research School of Physical Sciences and Engineering,

Australian National University, Canberra, ACT 0200, Australia.

A tomographic three-view 39-beam far-infrared (^=433 Jim) interferometer has been installed
and operated on the H-1NF heliac [1-3]. The system has unprecedented tomographic
capability allowing the distinction of global modes of different helicity and rotation frequency.

A number of enhancements are in progress to upgrade the existing system to enable it to be
used as a powerful routine diagnostic on H-1NF. These include:

• Use of longer wavelength (A,=743 |im) far-infrared radiation for greater
sensitivity for low plasma density studies.

• Improved reconstruction of the plasma profile by increasing the number, of views
of the plasma and the coverage of the plasma within each view.

• Independent mounting of the rotating grating wheel to eliminate vibrational noise.

• Integration of the tomographic reconstruction algorithm with the H-1NF data
viewing software.

Initial tests of the OPFIR laser operating on the 743 p.m line have confirmed the suitability of
this wavelength for use in the interferometer. A ray trace of the current interferometer
arrangement at this wavelength is shown in Figure 1. Figure 2 shows the Gaussian beam
profiles parallel and perpendicular to the optics for the interferometer beams entering the lower
port of the H-1NF vacuum vessel and probing the plasma diagonally. Changing the
interferometer from the 433 Jim line to the 743 Jim line required only minor adjustment of the
position of the lens focusing the radiation onto the grating and fabrication of a grating disc with
grating constants based on the 743 Jim wavelength.

Balancing and dampening the grating wheel has significantly reduced the vibrations it produces
however the reduction is insufficient to allow it to share the interferometer optical support
structure. It will be mounted independently from this structure to further reduce the vibrational
noise in the support structure. Servo motor drive rather than air-turbine drive of the grating
wheel is also being investigated.

Work has commenced on upgrading and integrating the tomographic reconstruction programs
with the H-1NF data acquisition programs. The ray trace program will be used to design the
new beam arrangement for greater plasma coverage.

It is a pleasure to acknowledge the excellent facilities provided by J. H. Harris in the Plasma
Research Laboratory, the help of all the members of the laboratory and the expertise of
L. Whitbourn in designing the 743 |im FIR laser output coupler.

[1] First results from the three-view far-infrared interferometer for the HI heliac. G. B. Warr, B. D. Blackwell,
J. Wach and J. Howard. Fusion Engineering and Design, 387-391, 34-35, 1997.

[2] The Tomographic Three-View FIR Interferometer for the H-1NF Heliac. G. B. Warr and J. Howard. Paper
No. 39, Proceedings of the 21st AINSE Plasma Science and Technology Conference, ISSN 1324-6313, Lucas
Heights, Sydney, 17-18 Feb. 1997.

[3] A Multi-View Interferometer for Electron Density Tomography on the H-1NF Heliac. G. B. Warr, ANU
PhD thesis 1998.
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Finite-Larmor-Radius Effects on Ballooning Modes and Alfven
Waves in Stellarators

R. L. Dewar & P. Cuthbert
Dept. of Theoretical Physics & Plasma Research Lab.,

Research School of Physical Sciences & Engineering,

The Australian National University,
Canberra, A.C.T. 0200, Australia.

1. Introduction
The calculation of the spectrum of linear modes in stellarators is a challenging prob-

lem due to the coupling of both toroidal and poloidal Fourier harmonics. In a spectral
approach, this leads to very large matrices.

An alternative approach to this problem for low-frequency, short-wavelength waves and
instabilities is to use the WKB-ballooning [1] formalism to construct local approximate
solutions, using ray tracing and a "semiclassical quantization" formula to give the global
eigenfrequencies/growth rates.

By WKB-ballooning formalism we mean an asymptotic expansion using a WKB or
eikonal ansatz, such that a local wavevector k is defined and is asymptotically perpendic-
ular the magnetic field, B (the flute ordering). That is, h±L is O(e~l), where e —>• 0 is the
WKB expansion parameter, L is a typical machine dimension and k i is the projection
of k in the plane locally perpendicular to B. The" parallel component of k, on the other
hand, is 0(1), and can set to zero by absorbing any phase variation along the lines into the
amplitude..-Then, at leading nontrivial order, the dispersion relation is found by solving
a one-dimensional ODE eigenvalue problem along each magnetic field line.

For the semiclassical quantization approach to succeed, we need the rays to lie on
topological tori. The quantization formulae are then in terms of loop integrals around the
topologically distinct circuits of the torus, which is known as Einstein-Brillouin-Keller
(EBK) quantization.

In axisymmetric devices, such as tokamaks, EBK quantization gives global ideal-MHD
eigenvalues that agree well with full spectral-code calculations [2]. Also, for interchange-
like modes in stellarators, for which the local dispersion relation depends only weakly on
field line within a magnetic surface [3], EBK quantization also works well [4].

However, for modes in stellarators such that the local dispersion relation depends
strongly on field line within a magnetic surface (called the ballooning branch by Cuthbert
et al. [3]), EBK quantization breaks down [1] due to the phase-space rays escaping to
infinity in the |kj.| direction. Numerical studies of both broad and peaked pressure profiles
[5] show that this ballooning branch occurs ubiquitously at high-/? in LHD, so the problem
of finding the true nature of the spectrum of these modes is an important one.

The problem with ideal MHD is that there is no upper cutoff to |kj.|, whereas physically
we know that finite-Larmor-radius (FLR) effects will limit the maximum |kj_| for any low-
frequency mode. Thus the k x —> oo singularity can be removed by correcting the local
ballooning growth rate to take FLR into account.

The ideal-MHD dispersion relation is w^HD = A, where A is the lowest eigenvalue of
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the ideal-MHD ballooning equation. (For ballooning instability we require A < 0, so that
k>MHD is pure imaginary.) In appropriate limits it can be shown [6] that FLR effects can
be incorporated very simply by changing only the left-hand-side of the dispersion relation,
to give

w(w - w.pi) = A , (1)

where CJ*P-, = k*viy, is the Doppler shift caused by the ion diamagnetic drift, VD;. Thus
we can continue to solve the ideal-MHD ballooning equation as the first step — it is
only when we come to the next stage of doing the ray tracing that the FLR effect of
diamagnetic drift comes in.

This simple model was used by Tang, Dewar and Manickam [7] to calculate the FLR-
corrected global ballooning spectrum in a tokamak. The present "paper presents prelimi-
nary studies for the stellarator problem. In this case, although FLR removes the problem
of unbounded rays, it appears that in some cases the rays can be chaotic, which also
makes EBK quantization inapplicable (the "quantum chaos" problem).

2. WKB-Ballooning Formalism
As in [1] we write the magnetic field as B = V(xV^> - qVOxVtp = V a X V ^ ,

where the field-line label a — ( — qO, with 9 and Q being the poloidal and toroidal angles,
respectively, and q(ip) the inverse of the rotational transform.

We assume the plasma displacement to be given by

Z = lexT?(iS-iut), (2)

where £(-i/>,8, £) is assumed to vary on the equilibrium scale, whereas the phase variation
is taken to be rapid, k = VS" = O(e~1), with e the WKB expansion parameter. The
frequency to is assumed 0(1), which requires that the wave vector satisfies k-B = 0: the
modes are flutelike to lowest order.

It immediately follows that the eikonal is constant on each field line: 5" = S(a,iJ)).
From the definition of the wave vector,

k = kaVa + kqVq = kQ(Va + 6kVq) (3)

where ka = dS/da and kq = dS/dq (treating q as the radial coordinate, rather than ifi).
Here the angle-like ballooning parameter Ok appears naturally as the ratio kqjka [2].

The ballooning equation emerges as a solubility condition in an asymptotic expansion
in e [1], or it can be derived from a flute-reduced MHD Lagrangian [8]. Because of the
scale invariance of the ideal-MHD equations, the ballooning-equation eigenvalue depends
only on the direction of k, not on its magnitude: A = A(a, q, Ok).

3. FLR-corrected ray equations
Taking the diamagnetic drift to be VDJ = B x V p / e n 5 2 , where p is the pressure, n is

the number density and e is the ion charge, we have from eq. (3)

w,pi = fcawipi , (4)

where the equilibrium parameter o^pi = —p'(y)/en(rp).
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4. Numerical Study « m o d u l a t ed tokamak" modef equations
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Figure 1: Rays in the cases a = +1 (left plot) and - 1 (right plot).
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ray jumps from one 2?r range of Ok to another during the integration period and generally
looks rather random. Other plots confirm the chaotic character of the ray in this case.
Thus EBK quantization cannot be used for this branch.

On the other hand, integration of the ray equations for the lower frequency branch
(7 = — 1 yields very regular behaviour, as illustrated in the right-hand plot of Fig. 1.

In this case we can use EBK quantization. It remains to be seen whether parameters
modelling a real device like LHD will give regular or chaotic ray orbits, or a combination
of the two as found in this study.
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THE DEVELOPMENT OF A DSP BASED SYSTEM FOR PROCESSING
THE SPECTROSCOPY DATA ON H-INF

Shu Zhang and Xuehua Shi
Faculty of Engineering and Physical Systems, Central Queensland University
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This paper describes a Digital Signal Processor (DSP) based fast data acquisition and
processing system for the. spectroscopy diagnostic on H-INF. For argon plasmas, the
diagnostic monitors the singly ionized argon spectral line emitted from the plasma along
various viewing chords (see figure 1). It has been shown that the three lowest moments of
the spectral line carry the information of the line integral of the argon ion emission
intensity, argon ion temperature, and argon ion flow velocity along the line of sight
respectively. The measurement of the three moments is realized by an electro-optically
modulated solid-state spectrometer (MOSS spectrometer) [1]. The MOSS spectrometer
receives the light emission along one chord in each plasma shot, and scans the plasma
region on a shot to shot basis.

Figure 1

The MOSS spectrometer has two outputs, both can be used to extract the desired
information. To reduce the measurement error, both outputs are used, and the results
obtained from the two outputs are then averaged. A quadrature sampling scheme is used
to sample the two outputs at a rate which is four times the modulation frequency of the
MOSS spectrometer.

The DSP based system and its links with the H-INF control system, the RF heating system,
and the spectroscopy diagnostic system are shown in figure 2. The system consists of a
custom designed interface (the Pre-count Board and the. Data acquisition Board), the main
processing unit (the DSP Board), and a host PC. The Pre-count Board synchronizes the
DSP based system with the diagnostic system and the H-INF, while the Data Acquisition
Board, containing an analog interface circuitry, a digital interface circuitry and a fast 12 bit
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ADC, acts as the main interface between the MOSS spectrometer and the DSP Board. The
control logic for the two boards is implemented by Programmable Logic Devices from
Altera MAX 7000 family. The DSP board has a TIM-40 module with two TMS320C44
(C44) processors on module. The two C44 processors analyze the data from the two
outputs of MOSS spectrometer (after conversion to digital data) in parallel. The host PC
displays the results graphically and saves the data into files on the hard disk in each plasma
shot
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r

RF System

Time ref Generator
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Generator

handshake signals

processed data.
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digitized data. downloading
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Figure 2

The software for this system consists of two major programs. A DSP application program
and a USER_END program. The DSP program is running on the two C44 processors, and
was developed in Parallel C environment. The main function is to analyze the diagnostic
data. The USER_END program is running on the PC, which is a windows server program
developed in Excel Visual Basic Application (Excel-VBA) environment. A windows server
library provides functions for both programs to communicate with each other. The
graphical user interface of the USER_END program (see figure 3) enables easy control of
the operation of the DSP based system, and provides the researchers with a graphical
display of the processed results in each plasma shot on H-1NF.

The hardware configuration of the DSP based system can be easily expanded to a larger
system for the simultaneous processing of multi-channel spectroscopy data on H-1NF in a
plasma shot. The efficiency of the DSP application program needs to be further improved
to meet the challenge of processing multi-channel diagnostic data in a fast time scale.
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§1. Introduction
Sulphur hexafluoride (SF6) is a chemically inert gas (Schumb, 1947) and has high dielectric
strength, 3 times greater than air (Morrison and Robins, 1994). InWgh voltage systems, it
is used both as a dielectric and an arc-quenching medium. An electrical breakdown event
such as a partial discharge (corona) or arc will dissociate SF6 into sulphur fluorides, sulphur
and fluorine. In a contaminant-free environment, the dissociation products recombine back
to SF6 after extinction of the electrical discharge. Otherwise, some of the products will react
with contaminants such as water vapour and oxygen, and with the metal surfaces and
electrodes of the discharge chamber, to produce by-products including gaseous sulphur
oxyfluorides and solid by-products (Van Brunt, 1985; Griffin et al, 1990 and Vukovic,
1997). As a consequence, a reduction in SF6 concentration takes place, and the insulating
efficiency of the system is degraded. If the SF6 is not renewed, failure of the high voltage
system is likely to eventually occur. One method of monitoring a system is to look for the
presence of partial discharges, using techniques such as ultrasonic wave detection (Auckland
et al, 1996) or fluorescent plastic fibre (Kurosawa et al., 1997). More directly, the integrity
of the SF6 may be examined using techniques such as mass spectrometry, gas
chromatography-mass spectrometry and Fourier Transform Infra-Red Spectroscopy. Such
techniques, however, are bulky and require gas samples to be extracted, and so they are
unsuited to field use. Since SF6 insulating systems involve high voltages and a high level of
electromagnetic interference, direct in-situ optical monitoring appears to provide the best
approach. This paper describes the development of such an optical sensing technique,
specifically for continuous monitoring of SF6 degradation in partial or corona discharges.

§2. Principle of the Sensor
The dominant dissociation product of the SF6 discharge is atomic fluorine and it is also the
most reactive product (Cotton and Wilkinson, 1988). Because fluorine reacts rapidly with
the immediate surrounding surfaces, it never appears on the mass spectra of the discharge
gas samples. This reactivity is utilised in our optical fibre sensor, where etching of a glass
fibre surface by fluorine modifies the transmission characteristics of the fibre. Etching
causes an increase in light scattering from the fibre and hence a reduction in transmission.
By monitoring the transmitted signal, it is possible to obtain information on fluorine
production and hence SF6 dissociation.

§3. Experiment
The corona chamber of volume 2.9 litres was manufactured from a single cylinder of
aluminum alloy type 6351. Discharges were produced between point and plane stainless
steel electrodes placed 1.5 cm apart. Four 10-cm diameter ports allowed windows and
probes to be attached. In this work, two of the ports were used, one with a glass window
and one supporting the optical fibre sensor shown in figure 1. The other ports were sealed
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with aluminium plates. Light transmitted through the fibre was monitored using a UDT
photodiode PIN-6DPI. Four different light sources were used; a white light source, a
Uniphase He-Ne laser, with wavelength 633 ran, a Ledtronics super-bright blue LED with
central wavelength 450 nm and a Toshiba ultrahigh bright red LED with central wavelength
644 nm. An AEI MS 10 magnetic sector mass spectrometer was used to examine gas
samples taken from the discharge volume. The U-shaped sensor was a lmm-diameter glass
fibre made of Corning 7740 borosilicate glass. It is important to choose a glass type for
which the etching process produces a high degree of light scattering. Several types of glass
were examined before choosing this particular glass, and the reasons for the choice are
discussed in §5.

aluminum
flange

light
sources

screws and
o-rin° seals
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glass rod and 11
chuck II
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Figure 1. Structure of the optical fibre sensor for SF6 dissociation

Prior to each experiment, the corona chamber was evacuated to 10"5 Torr and then filled
with SF6 gas to a pressure of 100 kPa. The corona discharge current was continuously
monitored and maintained at 75 uA. At one or two-hourly intervals, the light intensity at the
optical sensor output was measured and a discharge gas sample was examined using the
mass spectrometer.

§4. Experimental results
Figure 2 shows curves of SF6 and discharge-product concentration as functions of the
discharge time through the corona, as obtained from the mass spectrometric data. Three
major gaseous discharge products, SiF4, SOF2 and SO2F2 were detected. A small amount of
HF was also detected at later times. The oxyfluorides indicate the presence of some water
vapour in the original SF6 gas, while the SiF4 is produced by etching of the glass chamber
windows and optical fibre. Possible reactions producing SiF4 are:

(1)
(2)
(3)
(4)
(5)

Reaction (5) has the fastest rate (Cotton and Wilkinson, 1988), and is likely to be the main
contributor to SiF4 production.
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Figure 3 shows transmission through the
U-shaped fibre as a function of discharge
time for three different light sources. The
bulk of the light transmitted through the
sensor is incident on the boundary of the
fibre at angles greater than the critical angle
for total internal reflection, and so reaches
the detector. During the discharge,
however, as a result of etching, the surface
of the fibre becomes increasingly uneven so
that more and more light is scattered out of
the fibre. The degree of scattering therefore
provides a measure of the production of
etching gas, most probably fluorine, and
hence the rate of dissociation of SF6. The
use of a white-light source and
monochromator showed that, as expected,
the scattering loss increases with decreasing
wavelength, and this is seen in figure 3 with
the faster fall in transmission for the blue
LED.

e(S) 3D

Figure 3. % transmission through the sensor
as a function of discharge time.

§5. Discussion
Several different types of glass were
examined in order to determine which was
the best choice for the sensing fibre. For
example, it was found that a pure silica fibre
was unsuitable because the etching process
produced such an even degree of etching
over the whole fibre surface that little or no

scattering of light out of the fibre took place, even after a discharge exposure of 50 hours.
This conclusion was supported by electron- microscope analysis of the exposed fibre, which
showed a very uniform etching pattern. On the other hand, an electron-microscope analysis
of Corning 7740 borosilicate glass exposed to a 50-hour discharge revealed very uneven
etching. Indeed, the electron microscope pictures suggest that etching is due primarily to the
reaction between fluorine and silica (SiO2), with other non-silica species being relatively
unaffected by the discharge. As seen in Table 1, the Corning glass contains substantial
amounts of B2O3 and Na2O, and it is regions of these unetched species that essentially
provide a distribution of scattering centres at the fibre surface. The non-silica species
essentially mask the silica surface in an irregular manner during the etching process.

Chemical
Percentage

SiO,
80.5

Na,0
3.8

B,O,
12.9

CaO
0.10

AM),
2.2

MgO
0.05

K7O
0.4

Fe,O,
0.04

Cl
0.10

Table 1. Chemical content of Corning 7740 glass (Hart, 1992).

The sensor shows promise as a monitor for SF6 degradation in high-voltage systems. It can
be assembled with an LED as light source, a pin photodiode as photodetector and a small
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U-shaped glass rod. The sensor is relatively cheap, is easy to use, can be readily retrofitted;
and it is suitable for continuous monitoring.
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Abstract
This paper presents a numerical and theoretical study of the generation and propagation of
oscillation in the semiclassical limit x->0 of the Nonlinear Paraxial "Equation. In a general
setting of both dimension and nonlinearity, the essential differences between the defocusing
and focusing cases is identified due to the nonlinearity, and dispersion effects involved in the
propagation of solitons. A sequence of code has been developed in mathematica to explore
the focusing and defocusing of the soliton formation and propagation.

1. Introduction
Wave propagation in materials with substantial dispersion or diffraction and a significant
nonlinearity can be described by the nonlinear paraxial equation. The nonlinear paraxial
equation has exact soliton solutions that correspond to a balance between nonlinearity and
dispersion in the case of temporal solitons or between nonlinearity and diffraction in the case
of spatial solitons. The soliton concept is a sophisticated mathematical construct based on the
integrability of a class of nonlinear differential equations. Integrable nonlinear differential
equations have one feature in common; they are all conservative and thus derivable from a
Hamiltonian. The integration is performed via the method of inverse scattering (Zakharov
and Shabat, 62, 1973). A numerical study of the semiclassical limit of linear and nonlinear
paraxial equation, in both defocusing and focusing cases is explored. Along this, an
analytical study of the semiclassical limit of the defocusing cases will also be investigated.
Comparisons of both dimension and nonlinearity are observed for the defocusing and
focusing cases respectively (Osman, 1998).

2. Nonlinear Paraxial Equation
One of the simplest nonlinear equations is the nonlinear paraxial equation for a complex

valued field <p(x,t) over a spatial domain Q c R D (Osman, 1998):

du 1 d2

— + u T-K[\u Ju = O (2.1)
% 2dt2

Where K' is the first derivative of a twice-differentiable nonlinear real-valued function and r
is a positive parameter. The parameter r is analogous to Planck's constant, which in the
quantum setting is usually very small when evaluated in the natural dimensional scales of the
equation as determined by it's initial and boundary conditions. For the moment, the precise
specification of the domain Q and the nature of the boundary conditions are left vague in
order to make some general statements regarding the structure of Eqn (2.1). This Hamiltonian
structure plays a major role in our analysis. Associated with the nonlinear paraxial equation
(2.1) are the D+2 local conservation laws corresponding to mass momentum, and energy
conservation. Their densities,p,u. and s respectively, are given by:
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p = u

. x (_ du duy

u--i—\u u —
2l dr dr,

(2.2)

2 Vl

3. Semiclassical Limit
The "semiclassical limit" of the nonlinear paraxial equation can be described as follows.

Consider the family, parameterised by r > 0, of solutions (p^z\x,t) to the Cauchy problems:

du

3%

<
r u

1 d2u

2 dr2

•K' V=0 (3.1a)

(3.1b)

Where the (non-negative) amplitude A{x) and (real) phase S{x) are assumed to be smooth
and independent of r. The initial conserved densities are then:

(3.2a)

(3.2b)

The general problem of the semiclassical limit is to determine the limiting behaviour of any

function of the field <p^ as r -> 0.
4. Weak Nonlinearity Before Breaking
Numerics are to be used in order to illustrate the breakdown of the "Euler" description of the
semiclassical limit for the defocusing nonlinear paraxial equation (Fornberg and Whitham,
289, 1978). The problem is cast in one spatial dimension with a cubic nonlinearity (Osman,
1998):

idu 1 d2u 1

8% 2 8x2 '

u(x,0) = Ain(x)exp\ -Sin(x)

(4.1a)

(4.1b)

Where y here is a positive constant. For this one-dimensional case, the Euler system in
Equation (3.2a), describing the formal semiclassical limit, reduces to the initial value
problem:

dt dx

dt dx{p )

p(xfl) = A2,(x), ju{x,Q) = A2,(x)ASin(x)
ox

(4.2a)

(4.2b)

5. Nonlinear Simulations of Defocusing and Focusing Cases
Numerical results which illustrate the contrast formations of oscillations (Indik and Wolfson)

in solutions of Eqn (4.1a) (Osman, 1998) for the linear (y = 0) the nonlinear defocusing

(y > 0) and the nonlinear focusing (y < 0) cases are shown in this section.
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Figure 1: The amplitude uT for the linear paraxial equation.

Figure (1) shows u(x,t)\ as a surface over the (x,t) plane, clearly contains one focus of that
theory, from which two caustics emanate. Figure (2a) shows that the defocusing case is
treated here with a repulsive nonlinearity (y > 0). As in the linear case, oscillation intensity
forms at specific points in space and time, and then persists.

Figure 2a: The amplitude uT for the defocusing nonlinear paraxial equation.

In the defocusing case these oscillations form two packets, one travelling to the right and the
other to the left. The central region of the spatial profile that separates the two oscillatory
regions is a quiescent plateau at times beyond the focus. However when compared with the
linear case, several distinguishing features arise from the nonlinearity.

Figure 2b: The comparison result for the linear paraxial equation.
The response in the focusing case is treated here with an attractive nonlinearity (y < 0),
Figure (3a). Indeed, the defocusing case had the mildest response, followed the linear case,
with the most extreme behaviour found with focusing nonlinearity.
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Figure 3a: The amplitude u(T> for the focusing nonlinear paraxial equation.

The blow up of a portion of the oscillatory region shown in Figure (3b) admits the intriguing
interpretation of these oscillations as a dense "sea of solitons", located near the centre of the
spatial profile, with a sharp boundary separating the oscillatory from the quiescent regions of
space.

Figure 3b: An enlargement for the focusing nonlinear paraxial equation.
6. Conclusion
In conclusion, this paper investigated a numerical and theoretical study of the generation, and
propagation, of oscillations in the semiclassical limit (r —> 0) of the nonlinear paraxial
equation. In a general setting of both dimension and nonlinearity, the essential differences
between the defocusing and focusing cases were investigated. Numerical comparisons of the
oscillations are made between the solutions of linear and nonlinear paraxial equation. This
paper has presented several numerical simulations, which illustrate and contrast the formation
of oscillations in solutions of Eqn (4.1a), for the linear (/ = 0), the nonlinear defocusing

(y > 0), and the nonlinear focusing (y < 0) cases.
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The usefulness of microwave interferometry for the measurement of plasma density is well
established. By and large, existing systems utilise waveguide components in a Mach-Zhender
configuration. After the plasma is fired, a calibrated phase shifter and attenuator in the
reference arm are manually adjusted to restore a null at the detector output. For a given
frequency, the amount of additional phase shift introduced by the plasma is proportional to the
number density of the plasma. This poster describes a microprocessor controlled Microwave
stripline interferometer (MSI) in which the attenuator and phase shifter are adjusted
electronically while a feedback arrangement automatically nulls the system.
The MSI was to be rugged, small, portable, operate at X Band (~10GHz giving a plasma
density of 1.2 x 1012cm'3 at cut-off) and was to feature an electronically adjustable phase
shifter and attenuator, essential for the MSI to be controlled by a microprocessor. With
reference to figure 1 , the MSI consists of:

1. A source module which supplies the microwave signal to the transmit antenna and the
reference signal via the electronically controllable phase shifter and attenuator.

2. A detector module which receives the signal transmitted via the plasma, the reference
signal via the coaxial reference arm and multiplies these signals in a balanced detector.
The dc output of the detector depends on the phase shift between the two signals.

3. A microprocessor unit which maximises the detector output after the plasma is fired and
indicates the phase/plasma density on a display.

Microstripline Interferometer (10 GHz)
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Figure 1: Microwave Stripline Interferometer

The microwave source is an inexpensive commercial Gunn module, modified to
accommodate the transition from waveguide to microstripline.

The branchline hybrid (figure 2) was used as the basic circuit element to provide the functions
of power division, phase shifting and attenuation. This hybrid comprises four quarter-wave
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transmission lines connected in a closed square formation, with one pair of opposite arms
having a characteristic impedance of 50Q. and the other pair 35.35Q. The input signal power
to any port (say #1) of this hybrid is divided equally in amplitude, but in phase quadrature,
between the two opposite ports (#2, #3). The remaining adjacent port (#4) is isolated.
Similarly an input signal in this isolated port divides equally and in phase quadrature into the
opposite ports.

Varactor (Phase) or
Input ̂  ^ _ ^ m m 4 ^ FIN (Attenuator) diodes

.: ir
Figure 2:
Details of the Basic Hybrid Module
used in figure 1

Normally for a hybrid the output (opposite) ports are terminated in a matched (50Q) load. If
however, these ports are terminated in equal and pure reactances, the signal into #1 is routed
unattenuated but shifted in phase into the (normally) isolated port #3. The value of the phase
shift depends upon the terminating reactances, which in the present case are varactor diodes,
externally reverse-biased via a low-pass filter. Thus #4 becomes the output port for an input at
#1. The magnitude of phase shift is determined by the reverse bias voltage. The final version
of the phase shifter consists of 3 hybrids connected in cascade to produce a required overall
phase shift of at least 360°.

The attenuator also consists of a- hybrid with inputs and output at #1 and #4 respectively.
However, ports #2 and #3 are terminated with electronically variable resistances (PIN diodes)
instead of pure reactances as in the phase shift module. The attenuation between #1 and #4
depends on the value of resistance at these ports. When the port resistances are 50Q (the
characteristic impedance of the system), the attenuation is infinite (this is the isolation
condition). When they become open or short circuits, the attenuation is zero (the purely
reactive condition). Thus by adjusting the bias current through the PIN diodes such that their
resistance varies from 50Q. to the lowest possible value, the possible attenuation range
becomes large.

The microstripline circuits for the source and detector modules were fabricated on 0.254mm
RT Duroid. The thin substrate was required to maintain a small width of the transmission line
compared with the length of the quarter-wave sections of the hybrids. The varactors in the
phase-shifter are the mini-pill package variety, bonded with indium.solder and low inductance
strips. For a bias range of 20V, the phase shift produced was 400 degrees, making it suitable
for microcomputer control via a DAC. The PIN diodes for the attenuator are the low-parasitic
beam-lead variety which were silver-epoxy bonded to the circuit. The electronic adjustment
was 20dB for a current range of 3.5mA. -

Microcomputer Controller

The heart of the controller is the 68HC11 microprocessor on an interface board featuring both
an ADC and two DACs. The ADC is connected to the detector outputs while the DACs
service the phase shifter and attenuator inputs. Before the plasma is fired, the system is
initialised by the controller adjusting the phase-shifter bias until a maximum output is
obtained. After firing, the bias is adjusted and the difference translated into phase shift by
means of the look-up table downloaded into the HC11 after initial calibration of the phase
shifter.
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This poster describes the design and operation of an automatic matching network for a Helicon
plasma source. The driving point impedance of an antenna used to couple RF power into a
Helicon plasma source has a typical resistance of a few ohms and a significant inductive
reactance. A matching network is therefore required to match an RF generator with its output
impedance of 50 Ohms to the antenna. If the matching network is correctly adjusted the
forward power to the plasma is maximised while minimising the power reflected back to the
generator.

Traditional matching networks use an L-section matching network together with a series
capacitor to null out the reactance of the antenna. The network employed in this Laboratory
however uses a balun wired as a step-down transformer as it provides a partial impedance
match and reduces the sensitivity of the match to the values of the matching components and
thus simplifies the tuning process [1].

Figure 1 shows a matching network employing a balun. The series capacitor Cs nulls the
antenna reactance and also any reflected reactance from the plasma. The parallel capacitor CB
tunes the L-section matching network formed by CB, the leakage inductance Le and any
residual reactance reflected back across the balun. In practice it is found when using this
network that CB requires virtually no adjustment while Cs needs continuous adjustment as the
conditions change in the plasma.

Source Generator
1.25 kW

Balun Antenna Plasma

Figure 1: Matching circuit using a Balun to perform the gross matching
of the generator to the antenna impedance.

A major objective of the Plasma Instrumentation Laboratory is to devise automatic systems
that control all aspects of the operation of Helicon plasma sources. As part of this objective a
system has been developed to control the tuning of the matching network. Figure 2 shows the
physical layout of the system. Cs is a 10 turn vacuum capacitor while CB is a large single turn
air gap capacitor. DC motors Ml and M2 have been connected to the shafts of Cs and CB. The
motors are connected to reduction gear boxes and provide a maximum tuning rate of one turn
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in about 4 seconds. Sensor SI is a precision 10 turn potentiometer fed by a 10V DC source
connected by a belt drive to the shaft of Ml. S2 is a single turn potentiometer connected
directly to the shaft of CB.

RFBalua Voltage

RF Antenna Current

Figure 2: Layout of the microprocessor
controlled matching circuit

RF Power
from Generator

A driver system has been developed to control the matching network. This system consists of
two high power operational amplifiers for driving the motors in either direction and analog
signalling conditioning for the signals coming from the sensors. The system is run using a
Motorola HCll-based controller card developed in this laboratory [2]. The card accepts the
conditioned sensor signal via a multiplexed ADC to provide input information proportional to
the position of the capacitors and hence, through appropriate calibration, the values of their
capacitance;;"Two further inputs from the RF generator provide information about the values of
the forward and reflected power to the antenna. The HC11 provides analog output- signals to
the power amplifiers that determine in which direction the motors should turn while pulse
width modulation of the motor currents controls the rate at which the motors turn. Further
output signals control the power levels delivered by the RF generator. Communication with the
central control computer is provided via a GPIB interface built into the HC11 card. Front panel
displays provide visual readout of the capacitance values while a set of toggle switches allows
manual operation of the system.

The system can be run in either an open loop or closed loop configuration. In the open loop
mode commands can be sent over the GPIB link which instruct the controller to move the
capacitors to a nominated, value. Software end stops that prevent the capacitors being wound
beyond their limits are included in the HCll 's firmware. Further commands specify the RF
power to be delivered and whether it should be applied as a step function or ramped in time to
a particular value.

In the closed loop mode the capacitors are adjusted automatically in such a way as to minimise
the reflected RF power at any operating condition based on the reflected power signal received
from the generator. Because of the insensitivity of the network to the value of CB the software
initially sets CB to a predetermined value and then adjusts Cs using a binary search algorithm to
minimise the reflected power. Typical results will be presented in the poster illustrating the
operation of the system.

[1] Rayner J P, Cheetham A D and French G N, 1996, J Vac Sci Technol, A14 2048-2055

[2] Cheetham A D, Rayner J P, Lund T, Davidson L, and McGuire J, 1995, Proc 20th AINSIE
Plasma Science and Technology Conference, Adelaide, ISBN 0 9598472-4-3 pp25.

116



AU0019471

THE FLINDERS SPHERICAL TOKAMAK- A TARGET PLASMA FOR TESTING
ROTATING MAGNETIC FIELD CURRENT DRIVE

Lance McCarthy
Department of Physics, The Flinders University of South Australia

GPO Box 2100, Adelaide, SA 5001, Australia.

The Flinders Spherical Tokamak program aims to make an inductively coupled fully ionised,
hot, target plasma carrying substantial toroidal current, and then apply a rotating magnetic
field (RMF) to attempt to maintain that current. This approach to testing RMF current drive
is an alternative to that of substantially increasing the applied RMF power. For all tokamak
devices, the power required for plasma formation and for the establishment of plasma current
exceeds that required for flat top current operation, in some cases by a factor of four or more.
Models of RMF current drive applied to a fully ionised plasma at 50 eV show that it will
require substantially less RF power to maintain the current than that needed during the start-
up phase.

In addition one can consider a distribution of the total input RF power into that accepted as
screening current power and that accepted as power associated with the steady driven plasma
toroidal current. Models show that the screening current power for a given plasma is
essentially independent of the driven current, but that the power associated with the steady
driven plasma current increases strongly as the driven electrons approach an angular velocity
close to that of the rotating magnetic field. For this reason a larger fraction of the applied RF
power could become available for current drive if the inductively prepared target plasma has a
current close to Nef, where N is the total number of electrons in the plasma vessel and f is the
RMF frequency. This means there will be greater efficiency of power usage for current drive.

As well as a target plasma for RMF current drive testing, the Flinders Spherical Tokamak will
provide a plasma test facility for the collaboration between Flinders University and the
National Fusion Facility on diagnostic techniques.

The information on this poster demonstrates that the Flinders Spherical Tokamak project has
been constructed and is operational.

RMF for current drive will be applied when the Flinders University RF power sources
become available.

Acknowledgements: The contribution of Alan Sykes of Culham in making calculations for
the poloidal fields, and suggestions for the placement of coils to produce poloidal nulls has
been invaluable. Contributions from staff in the Flinders Electronic and Mechanical
workshops are gratefully acknowledged.
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Toroidal plasmas respond to external driving fields in a way which is determined by
the coupling of these fields to the spectrum of the plasma. We have extended the toroidal
resistive magnetohydro dynamic spectral code, SPECTOR [1,2], to include the effects of
external fields on tokamak-like plasmas. The code is capable of determining both the
stable and unstable modes and also the response to helical applied fields with arbitary
mode structure. Resistivity changes the continuous regions of the Ideal MHD spectrum
into a set of discrete eigenvalues lying along lines in the complex frequency plane with
a spacing which is related to the inverse of the square root of the magnetic Reynolds
number. Further studies have shown that poloidal coupling due to toroidicity breaks up
the line-like structure. The mode structure has a particular character which is related to
the position of the eigenvalue on the complex frequency plane and its proximity to the
endpoints of the Alfven ideal continuum. For example, the wave forms are large near
the surface of the plasma if the mode is near the surface-related end-point of the Alfven
continuum. If the plasma is driven by external magnetic fields one may expect that the
plasma response is related to the spectral distribution, particularly to the eigenvalues
close to positive real axis.

Breaking the velocity into into a part depending on incompressible flows, via a vector
potential u, and compressible flows, via a scalar potential w, so that v = V x u + Vw,
and introducing a magnetic vector potential a, leads to the resistive MHD equations:

a (VxVxu)=Vx[(VxB)x(Vxa) + (VxVxa)xB], (1)
dt

d (v V)
at

-V2p + V • I(V x B) x (V x a) + (V x V x a) x B], (2)

da
- = (Vxu + Vto) x B - r] (V x V x a) + V/, (3)
(JT,

^ = - ( V x u + Vw))-VP-r?VV, (4)

where the resistivity rj can either be a constant or non-constant function. ( The units
have been chosen so that the time scale is the toroidal Alfven transit time, where a, the
plasma radius, and BQ, the magnitude of the equilibrium toroidal field at the magnetic
axis, are used as length and magnetic field scales.)
To find the effect of externally imposed perturbations at the plasma boundary, the equa-
tions are cast in the form

(V + iu7L)u = d, (5)

where the vector d has components only at the boundary, which reflect the driving fields in
both character (e.g. magnetic field perturbations), frequency (u>) and poloidal harmonic
composition. The response of the plasma is given then by the vector u and in the following
this is characterised by its norm \\u\\.
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We could 'drive' the plasma in various ways and measure the plasma response. In order
to model this we have chosen to calculate the plasma response by integrating the absolute
value squared of the field Fourier components across the plasma region. This will roughly
simulate the antenna or coil loading, for example, when the plasma is driven by external
coils. One feature of interest is the 'resonance-like' structure of the response. These exhibit
considerable poloidal coupling and a structure which does not bear a strong relation to
the individual eigenmodes. Further studies are planned to investigate systematic features
of such responses.

Acknowledgements-Financial support was provided through the Australian Research Grants Scheme,
AINSE and the Australian National University Supercomputer Facility.
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Dusty plasmas are plasmas containing small particles ranging in size from nanometres
to micrometres. The particles acquire negative charge by attachment of the fast plasma
electrons; in order to achieve electrostatic equilibrium with respect to the plasma. With a
sufficient" density of particles it is possible that these negatively-charged particles, rather
than free electrons, account for most of the negative charge of the plasma. Dusty plas-
mas are common in space, occuring in such diverse environments as interstellar clouds,
interplanetary dust, comets, planetary rings, and the earth's magnetosphere. In the lab-
oratory dusty plasmas can occur naturally in processing plasmas, such as those used for
etching semiconductors. Particles form and grow over hours of operation reaching sizes
of ~ lOOnm, and accumulate in sheath regions where electrostatic forces balance those
due to gravity, ion drag and gas flow. The accumulation of dust in a processing plasma
is undesirable as it creates a risk of contamination of the workpiece. The circumstances
which encourage dust formation, the growth kinetics of the particles, and possible means
for their removal from the discharge are recent active areas of investigation.

A dusty plasma is characterised by the value of the coupling parameter F which is
the ratio of the average Coulomb potential energy between dust particles to the average
kinetic energy of a particle,

r - Q2

where Q is the charge on the dust particle, T is the temperature of the dust particles, and a
is the distance between the particles. Although space plasmas are usually weakly coupled
(F << 1), laboratory dusty plasmas are usually strongly coupled (F >> 1). In the latter
case, as first shown theoretically by Ikezi [1], dust particles can form a crystal structure
known as a Coulomb solid. Such structures have been observed directly for the case of
dust particles added to the plasma [2]. The crystal spacing can be large (of the order of
millimetres), so the dust crystal provides a macroscopic, classical model of a solid state
crystal. The crystallization process can be studied, and possible diffraction and localization
effects on microwaves can be investigated. At present, there is no satisfactory theory of the
dust crystallization process in a plasma. The collective properties of the strongly coupled
dust-plasma system can be assumed to play a significant role in the system. The dispersion
relations and damping of the usual electrostatic and electromagnetic waves in the plasma
are affected [3, 4], but there are also new mechanical-electrostatic modes associated with
the dust motion [5, 6, 7]. The mutual interaction of the dust-particles, and thus the
crystallization process, is affected by the plasma environment and its collective effects.
An important point in understanding dust-plasm systems is their open character: there
are fluxes of plasma particles onto dust surfaces, even in the steady state. Thus dusty
plasmas are well suited to serve as model systems in studies of self-organisation and phase
transitions in nonequilibrium, open, dissipative systems.

A novel feature of dust grain attraction in plasmas is the interaction of a static test
dust particle with the low-frequency collective perturbations of plasma ions flowing toward
the negatively charged electrodes [8]. Physically, the mechanism is similar to that which
is responsible for the Cooper pairing of electrons in metals. For the dust grains, the result
may be their alignment around certain positions in a wake downstream of the test dust
particulate, with the moving ions of the flow creating the polarization necessary for the
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resulting attraction. It has also been demonstrated [9] that collective effects can provide
the oscillating potential not only along the line of flow but also in the plane perpendicular
to the direction of the ion flow downstream of the dust particle.

We report here on theoretical investigations of the mechanical-electrostatic modes of
vibration of a dust-plasma crystal, extending earlier work on the transverse modes of a
horizontal line of grains (where the ions flow vertically downward to a plane horizontal
cathode) [5], the modes of two such lines of grains [6], and the modes of a vertical string
of grains [7]. The last two arrangements have the unique feature that the effect of the
background plasma on the mutual grain interaction is asymmetric because of the wake
downstream of the grains studied in [8, 9]. The characteristic frequencies of the vibra-
tions are dependent on the parameters of the plasma and the dust grains, such as the
Debye length and the grain charge, and so measurement of the frequencies could provide
diagnostics of these quantities.

Although the current boom in dusty plasma research is driven" mainly by such in-
dustrial applications as'plasma etching, sputtering and deposition, the physical outcomes
of investigations in this rapidly expanding field cover many important topics in space
physics and astrophysics as well. Examples are the interaction of dust with spacecraft,
the structure of planetary rings, star formation, supernova explosions and shock waves.
In addition, the study of the influence of dust in environmental research, such as in the
Earth's ionosphere and atmosphere, is important. The unique binding of dust particles
in a plasma opens possibilities for so-called super-chemistry, where the interacting bound
elements are not atoms but dust grains.
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SOME ASPECTS OF THEORY AND MATHEMATICS

O F THERMAL RUNAWAY IN REACTING

CHEMICAL SYSTEMS THAT MAY BE RELEVANT

TO CRITICAL BEHAVIOUR IN CONFINED

PLASMAS

R. Ball*

Abstract

The concept of an endothermally stabilized chemical reactor as an enthalpy-
coupled thermokinetic system is introduced, and given precise mathematical ex-
pression in the form of a four-dimensional dynamical system. Criteria are defined
for which the system is free of all kinds of thermal misbehaviour. This important
dynamical result defines bounds for a large region of the parameter space within
which the reactor may be operated safely. The formalism of singularity theory
is extended to bifurcation surfaces in a study of multiplicity and stability in the
CSTR problem.

Incidents involving the thermal runaway of chemical reactions occur frequently and
disastrously in the chemical industry; sometimes with tragic loss of human lives and
injuries to present and unborn generations, and always with considerable damage to the
environment, property and other economic losses. To appreciate the need for strategic
research in this area, one has only to be reminded of the tragedy that occurred at
Bhopal, India, in 1984, where many thousands of people lost their lives in horrific
circumstances after a thermal runaway reaction occurred in- a storage tank at the
Union Carbide plant. Although the magnitude of the effect of this accident has no
antecedent, the frequency of qualitatively similar incidents is such that the causes and
consequences of thermal runaway are of great concern to the chemical industry and
the wider community.

Investigations of such incidents usually report on the diverse external, secondary,
or putative causes. However, the primary dynamical cause of thermal runaway is that
the rate of heat generation by reaction is exponential, while the rate of heat removal by

'Department of Theoretical Physics, R.S. Phys. Sci k Eng., ANU Canberra ACT 0200 e-mail:
fuerbal@sun.leeds.ac.uk
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conventional cooling systems is only linear. It is not difficult to see that the exponential
rate of self-heating of a reacting mass can rapidly overtake the linear rate of cooling
and become uncontrollable.

In the ENDEX project (Gray & Ball (1999), Ball & Gray (1999)), novel determin-
istic dynamical models have been developed for chemically reacting systems in which
exothermal and endothermal reactions are coupled thermokinetically, so that the rate
at which one reaction self-heats is counterpoised by the rate at which the other self-
cools. However, dynamical behaviour of formidable complexity may be expected from
even the simplest array of coupled nonlinear systems. In mapping the bifurcation be-
haviour of a prototypic ENDEX system over a dynamical state space of four variables
and a parameter space of 12 dimensions, it is best to grow it from a related simpler
system that can be^characterized fully. Thus a complete study of multiplicity and sta-
blity in the single-reaction CSTR problem has been carried out (Ball (1999)), which
provides the conceptual and operational base for a singularity theory analysis of the
ENDEX system.

The formalism of singularity theory is extended to bifurcation surfaces, and some
outstanding questions regarding the structure of the parameter space are answered.
The multiplicity boundaries of the adiabatic CSTR model are shown to form a three
dimensional surface, an irreducible object which is fundamental to our understanding of
this model and its more complex gradientless perturbations. Extension of the analysis
to the diabatic model reveals the need for finite coupling between feed and coolant
temperatures in order to achieve a smooth embedding of the diabatic into the adiabatic
parameter space. This resolves a paradox previously unreported in the singularity
theory treatment of the CSTR; the existence of which leads to a subtle problem of
overdetermination at the theoretical level, and prevents the smooth application of
singularity theory to reactor design at the applied level. It is shown that the highest
order singularity, the winged cusp, is present only for zero or finitely coupled feed and
coolant temperatures; otherwise it is trapped at infinity. Evidence is presented that
indicates a correspondence between the number of physically different quantities in a
system and the highest codimension of degeneracy in the mathematical model.

A careful interpretation of the parameter dependence of oscillatory instabilities as
well as the steady-state bifurcations help to explain the physical origins of thermal
misbehaviour such as hysteresis and non-classical thermal runaway. In many liquid-
phase reacting systems, such as the contaminated tank of methyl isocyanate at Bhopal,
thermal runaway can be shown to be the consequence of a switch in stability of a
branch of limit cycles, rather than classical hysteretic ignition. In this work, particular
attention is drawn to the fundamental differences between hysteretic and double limit-
cycle ignition (figure 1).

The bifurcation set of the CSTR problem can be considered to be a subset of the
bifurcation set of the ENDEX system. Consideration is given to the effects on the
on the bifurcation structure of the parameter space of thermal mismatching, kinetic
mismatching, and of variations in the thermal exchange, mass flux, and heat loss rate
parameters in turn. The qualitative equivalence between the kinetically matched adi-
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Figure 1: (a) Ignition at a point of no return, or limit point, and extinction via a
homoclinic terminus, (b) Double limit-cycle ignition occurs when there is a dissipative
coupling mechanism.

abatic ENDEX scheme and the single-reaction adiabatic CSTR is demonstrated, with
reference to the role of the specific enthalpy ratio. Numerical analysis shows that either
kinetic mismatching of the reactions or imperfect heat exchange may introduce Hopf
bifurcations into the adiabatic system, a result that is both philosophically and prac-
tically important because it shows that limit cycles are not restricted to nonadiabatic
thermokinetic systems. The coefficients of thermal exchange, mass flux, and heat loss
are found.to induce distortions of the surface of saddle-node bifurcations (the limit-
point shell) through codimension 2 bifurcations. The steady-state and oscillatory-state
degeneracies are discussed with reference to the design and operational implications
for a working system.

The dynamical states of the ENDEX system have also been studied. If we apply
"perfect matching conditions" and a comparison theorem of differential inequalities, a
result is obtained that defines unequivocally a broad range of thermokinetic param-
eter values over which the ENDEX CSTR remains free of thermal excursions. It is a
rare dynamical result of considerable generality in the area of thermokinetic systems
analysis.
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1. Introduction

Spark discharges have been widely used for ignitions in industries, cars and homes.

However, the discharges sometimes lead to electrostatic hazards, e.g., fault operation of elec-

tronic equipment due to high frequency noise and explosion of gases, liquid vapours and pow-

ders. It is well known that OH radicals play an important role in maintaining combustion,

because the radicals produce the chain reaction for maintaining the combustion. However it is

not well understood how the OH radicals affect ignition.

We have measured spatial and temporal evolution of light emissions from different

atoms and molecules and OH radicals during spark ignition. The objectives of this study are to

make clear how the spark discharge initiates ignition and to understand the energy transfer mecha-

nism of electrons. When a spark discharge occurs, most of the input electrical energy is trans-

ferred to electrons in very short period and then a discharge occurs. Moreover the discharge

initiates an ignition when the energy is high enough to ignite combustible gases. Since the

energy for ignition first accumulates in electron energies, understanding the ignition mecha-

nism requires a knowledge of the mechanism by which energy is transferred from the electrons

into ignition process.

2. Experiment

A schematic diagram of the experimental apparatus is shown in figure 1. The chamber

(W: 30 mm x D: 25 mm x H: 100 mm) has a quartz window on each wall for optical diagnostics

of the spark ignitions. The electrodes used in this paper are stainless steel (SUS306) rods with

diameter 2.4 mm and distance 0.4 mm. One electrode is grounded. A methane (85 Torr) and

oxygen (165 Torr) mixture is used to produce ignitions and explosions. A voltage of 8 kV is

applied to the electrode through high voltage fast switching element (HTS 151). The current

and voltage waveforms are measured by current and high voltage probes. Moreover the ignition

energy has also been measured by these waveforms. A LIF (Laser Induced Fluorescence) sys-

tem consisting of a pulsed tunable laser and a gate-intensified CCD camera is used to measure
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the spatio-temporal evolution of OH radicals during ignition. The laser system consists of a

YAG laser, a dye laser and doubler. The laser beam is transformed into a laser sheet by two

cylindrical lenses. This laser sheet is passed through an ignition chamber and the fluorescence

is detected at right angle by the CCD camera. For the measurement of optical emissions from

different atoms and molecules, a band-pass filter or a monochromator and a photomultiplier are

used.

3. Results and discussions

The period that energy for ignition is supplied between electrodes is very short 0.7 |is

in these conditions. The ignition energy derived from the time integral of electrical power is 5.1

mJ.

Figure 2 shows the typical waveforms of the optical emission at the centre of the gap

(a) total emission and (b) with band-pass filter tuned to OH (306.4 nm). The optical emissions

from C2, CO, CO2, CH, CH^ CH3, CH2O, H, Hy OH, H2O, 0, O3 are also observed. The profiles

of the waveforms of these emissions do not differ significantly from those in figure 2, although

the intensities are different. The first sharp peak at time t=0 corresponds to the emission from

jhe spark discharge. Since light emission from many different atoms and molecules are ob-

served, it is clear that in this stage electron energy is transferred to excitation and ionization

energies, although heating of gases due to elastic collisions between electrons and neutrals also

occur. After this peak the light intensity decreases with time and from about 0.7 ms the light
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Figure 3 Spatio-temporal evolution of the light emisson from discharge to explosion.

emission gradually increases, reaching on a secondary peak, which it ocsillates and then de-

creases with time. The secondary peak corresponds to the explosion. The oscillation is caused

by shock waves reflected at walls. The velocity of the oscillation derived from the interval

between nearest two peaks and the dimension of the chamber is approximately equal to sound

velocity. From the fact that the light emissions from many species are observed, if such radicals,

were important for ignition, an ignition could occur immediately during the spark discharge.

However we have not observed such an ignition. The result, therefore, seems to imply that the

presence of radicals, even OH radicals, are riot sufficient for ignition to take place.

The spatio-temporal evolution of the light emission during spark ignition, used to de-

termine an ignition time, is shown in figure 3. Figure 3(a) corresponds to the spark discharge.

The light emission gradually decreases after the spark discharge and at r=80 (is the light emis-

sion disappears. We tried to do many measurements at 80 |is, but no light emission was ob-

served. From 100 (is we can observe the light emission again and a kernel evolves as shown in

figure 3. Finally, the kernel reaches near the wall at r=800 jis. Therefore we can say at least that

the ignition time lies between 80 and 100 (is.

Figure 4 shows the spatio-temporal evolution of OH radicals during spark ignition,

measured using the laser induced fluorescence technique. Since the intensity of the light emis-

sion from the spark discharge is too high, the fluorescence from OH has been measured from 30

(is. Note that the reflected light of the laser sheet for the electrodes is included. No fluorescences

were observed at 30 and 40 JIS. The fluorescence was detected from 50 \is, before ignition and
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Figure 4 Spatio-temporal evolution of OH radicals during spark ignition.

(d) 100 us

the spatial extent increased with time. The production of the OH radicals before ignition seems

to be caused by thermal chemical reactions, because the discharge had already disappeared and

higher energy electrons might have also disappeared in this stage. Namely, it is considered that

the increase of gas temperature due to electron collisions induces the thermal chemical reac-

tions. Therefore, elevated gas temperature is essential for ignition, because the production of

OH radiacals strongly depends on the gas temperature. Moreover the ignition delay time seems

to relate closely to electron temperature relaxation time and gas temperature equilibrium time.

4. Summary :,.

We have measured spatial and temporal evolution of the light emissions from different

atoms and molecules and OH radicals during spark ignition in a methane and oxygen mixture ,

in order to understand ignition and energy transfer mechanism of electrons.

It was found that the OH radicals produced by the spark discharge itself do not directly

initiate ignition. The OH radicals are produced again just before ignition and spatially extended

with time. We can predict from the results that the increase of gas temperature with time due to

electron-neutral and neutral-neutral collisions may induce thermal chemical reaction. More-

over if the increase of gas temperature which originates from the high energy electrons is high

enough to maintain the thermal reaction, an ignition would occur. The ignition delay seems to

relate to the thermal equilibration time.
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In recent times, the radio frequency (RF) sheath has been intensively studied under a
variety of conditions. Models have been developed to formulate an understanding of power
flow into capacitive and inductive discharges [1], to model sputtering from Faraday antenna
screens in high power applications, and to explain fast swept probe characteristics in strongly
magnetized plasmas. The aim of the work presented here is to extend the RF sheath analysis
to a different regime where ion heating is possible, and to deal with the conditions where the
electrode voltage is very positive with respect to the adjacent bulk plasma potential. This
work has been motivated by the results and experimental arrangement found on the H-l
device. H-l exhibits unexpectedly high bulk ion temperatures (50-100eV) in both argon and
helium plasmas. The high ion temperature for each gas species is non-resonant, occurring over
a wide range of magnetic field strength, but is generally observed during quiescent H-mode
phases of the discharge. The high temperatures are unusual since the RF driving frequency
(7MHz) corresponds to the excitation of helicon waves, which do not significantly couple to
ion motions. Several ion heating mechanisms have been explored, including the coupling
of lower hybrid slow waves. However, observations suggest the absence of such propagating
modes in H-l. Here the special case of ion interaction with a largely evanescent field is treated
theoretically, with the evanescence modulated over an RF period. Sheath electric fields may
be large enough to provide significant effects on the ion dynamics. The model in its present
form is not self consistent, but aims to show the underlying features that may well occur in
a self consistent treatment. Because the sheath electric field is arbitrarily imposed in this
model all results are decoupled from the density and the field is generally inconsistent with
Poisson's equation. Nevertheless, the model can for instance describe strong transit time
effects by suitable choice of frequency and sheath width. This is equivalent to describing
conditions where u> « ujpi for a real plasma.

In H-l all power (total 80kW) is coupled to the plasma by a pair of saddle coil antennas
positioned at the top and bottom of the plasma. Each antenna is made of unshielded solid
copper bar of 12.5mm diameter, with approximate loop dimension of 400mmx200mm. The
antennas make direct contact with the plasma near the last closed flux surface, or under certain
circumstances, define a scrape off layer themselves. One side of each antenna is connected
directly to machine earth, thus precluding the possibility of DC self biasing. The antenna
voltage can therefore swing very positive with respect to the plasma potential. Typical
measurements reveal an antenna RF peak voltage of 6-7kV (DC voltage is zero) and an
antenna sheath current of 20-30A peak. Since the bulk (RF and DC) plasma potential near
the edge downstream from the antenna are measured to be near zero potential, a transition
must occur between high positive antenna voltages and the low bulk potential. The results
show that if the scale length for an evanescent transition is of the order of a few centimetres
then ion heating effects may occur for the antenna voltages and conditions found on H-l.

In this analysis, collisions are ignored in the sheath region and particles are assumed to
be unmagnetized. The model is one dimensional, with the energized electrode constituting
a wall at x = 0. Any particles reaching the electrode are assumed to be fully absorbed,
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with no secondary emission occurring. The major conceptual component of the model is
the existence of a layer separated a distance x = smax from the antenna in the bulk plasma
where the electrode voltage is screened completely from the plasma. At this layer a 1-D
Maxwellian ion (or electron) distribution /g, stationary in time, is directed towards the
electrode. A functional form for the electric field E(x, t) (to be discussed below) is imposed
non-self, consistently throughout the sheath between x = 0 and x = smax-

Thejdistribution function f(x, v, t) is obtained at an arbitrary point (x, t) inside the sheath
by establishing a grid of velocities {v,-} for particles at the point (x,i), which determine a
set of initial conditions {x, Vi,t} for subsequent integrations through phase space. Particle
trajectories are integrated numerically backwards in time, starting from these initial condi-
tions, according to the equation of motion, d?x/dt2 = (q/m)E(x,t), where q/m is the particle
charge to mass ratio. The trajectories are traced until one of three things happen:

(i) the particle reaches the layer x = Smaz with velocity Vf, whereupon f(x,Vi,t) is as-
signed the value /s(v/).

(ii) The particle reaches the layer x = 0 (electrode). This case corresponds to (disallowed)
particles that must have emanated from the electrode earlier in time, and f(x,V{,t) = 0.

(iii) The time spent in the sheath is too long to be accurately traced. Trajectories are
calculated in double precision but the final conditions may not be accurate after many integra-
tion steps. "Trapped" particles in the sheath for too many steps are removed from the model,
and f(x,Vi,t) = 0. This affects only a small fraction (typically <C 0.1%) of all particles.

Once f(x, v, t) is determined on the grid {«,-}, the j th moment Mj of the distribution can
be obtained by integration over {vi},

: Mj{x't)= fZ
where each moment is normalized to the incident distribution. The moments Mj(x,t), j —
0. . .3 , correspond to the normalized particle number density n(x,t), particle flux J(x,t),
energy density W(x, t) and energy flux P(x,i), respectively. Of particular interest, however,
will be the value of PB^) — 1 + -P(s»naz> *)> the energy flux at the sheath boundary associated
with particles reflected in the sheath.

Simplifying assumptions are made in specifying E(x,t). The electrode voltage Vo is as-
sumed to be a pure sinusoid while the boundary voltage is identified with the plasma potential
V̂ ,, which for simplicity is usually assumed to be zero. A parabolic potential profile (linear
electric field) is assumed throughout the sheath. The most difficult component to specify is
the sheath width behaviour s(t) over an RF cycle. In the usual analysis s(t) has its main
component at the fundamental (assuming a sinusoidal applied voltage), a result borne out by
analytic [2] and numerical [3] modelling. In this analysis however, a positive sheath potential
(Vjj, = Vo — Vp) should be accommodated by variations in sheath width. A strong second
harmonic component is therefore expected for the function s(t), which may be parameterized
in the following way;

sn\ _ f max(smin,so[sina;£|) Vsh<0 ^
\ Vsh > 0

The parameter sm,-n is introduced to represent the minimum sheath width obtained for Vsh ~
0, when the sheath is close to collapse (generally in effect for only a small fraction of the RF
cycle). The parameter s0 represents the maximum sheath width for V$h < 0. The parameter
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7 controls the maximum expansion of the sheath, in terms of s0, for Vsh > 0. Large values of
7 provide for possibly large expansions of the sheath into the plasma, with rapid sheath edge
speed. The maximum value of s(t) over all times is identified with the boundary position

Figure l(a) shows the results for the time averaged normalized energy flux {PB) for argon,
displayed as a grey-scale image over the range 2mm< so < 8mm and 0.2 < 7 < 2.5, giving
2mm< smax < 20mm. Here T{ = 50eV Vo — 5k V and u>j2ir = 7MHz. Strong ion heating is
localized around s0 = 5mm and 7 « 1.3, although reasonable levels {{PB) ~ 10) are apparent
for most of the region s0 < 5mm and 7 > 1. A similar scan is also shown in figure l(b) but
with T{ = lOeV. Values of (Pg) are almost an order of magnitude higher than for T{ = 50eV.
This is because similar-energies are imparted to the reflected ions as for the high Tj case,
but the incident energy flux is about 10 times lower, providing an increase in the normalized
energy flux. The main result is that appreciable power transfer to argon ions occurs only if
the electric field is localized over a distance less than a few centimeters.

Figure 2(a) shows PB{t) at 7MHZ for argon with Tj = 50eV, Vo = 5kV, so = 5mm, and
with 7 =0.5, 1, 1.3 and 2. These values of 7 are selected as representatives of different regions
of figure 1. Figure 2(b)-(e) show instantaneous reflected distributions f{vr) corresponding to
the 7 values used in figure 2(a). In each case, f{vr) is calculated at the time t = tmax for
maximum PB over the cycle, as calculated in figure 2(a). Figure 2(f)-(i) show the distributions
for a later time t = t^ji in the cycle when PB has fallen to half the maximum value. Beam- •
like distributions are apparent to a varying extent in all cases, which contribute mostly to
the energy flux. With increasing 7 the trend is for narrower beam generation, with fewer
ions reflected. Each distribution in figure 2 exhibits "noisy" structure. This noise is not a
numerical artifact, but reflects the near-stochastic dynamics possible in this system. The
extreme sensitivity to initial conditions is related to the mode structure of the fields in which
the ions participate. A well known result in plasma dynamics [4] is the onset of stochasticity
when multiple propagating modes have sufficient amplitude so as to cause the overlap of
trapped particle islands in phase space. In this case however, the underlying field structure
is largely evanescent. Presumably, the stochastic behaviour observed here owes its existence
to the decomposition of numerous modes of different spatial and temporal frequency that
must be employed to construct the modulated field evanescence. The reduction in stochastic
behaviour at 7 = 1 may be related to the reduction in the number of modes required to
construct this fairly symmetric case.

Further calculations show that, due to the small antenna area, {PB) is too low by about
an order of magnitude to account for the total H-l ion heating. Furthermore, power flow into
electrons dominates the sheath dissipation, restricting the available power for ions. Both of
these effects may be mitigated if particle flows are restricted to the flux tubes connecting the
antennas. The behaviour of positively charged flux tubes at RF is less well understood than
the DC case, but large localized potential gradients may be set up perpendicular to field lines
over some extended region. If the interaction area or volume is enlarged over the physical
antenna area then sheath effects may explain a significant fraction of the ion heating on H-
1. Other questions relating to the thermalisation or collisionless relaxation of the reflected
distributions are outside the scope of this work, but would need to be appraised in order to
obtain a better understanding of the ion dynamics on H-l.
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Figure 1. (a) Grey-scale image of (PB)
over a portion of the two dimensional
space (so,7), for argon ions, T{ = 50eV,
Vo = 5kV, frequency 7MHz. (b) Same as
(a), but with T{ =
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Figure 2. PB(t) for 7 =0.5, 1,
1.3 and 2, 7MHz, T< = 50eV and
Vo = 5kV. (b)-(e) Distribution func-
tions corresponding to the time of
maximum Pg for each value of 7
in (a), (f)-(i) Distribution functions
corresponding to the time of half-
maximum Pg for each value of 7 in
(a). Each distribution function is
normalized to the maximum value of
the incident distribution, /B(V = 0).
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MODELLING MAGNETIC ISLANDS IN THE H-INF HELIAC
WITH THE HINT CODE

Sally S Lloyd and Henry J Gardner
Department of Theoretical Physics, RSPhysSE
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Recent progress in the theoretical modelling of the effects of plasma pressure on the
growth and change in geometry of magnetic islands in the H-INF Heliac will be
reviewed. The HINT magnetohydrodynamic equilibrium code, which has become a
standard workhorse in the stellarator community for problems of this type, has been
modified to incorporate- ah interpolation algorithm which significantly accelerates its
convergence. This has enabled the critical evaluation of earlier results, and of some
conventional wisdom. In many ways the treatment of magnetic islands in low shear
fusion reactors, such as H-INF, is an ideal case study in computational science - the devil
is in the details and the devil is important: the existence or otherwise of island, self-
healing at reactor pressures could significantly affect the design of future experiments.
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