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SUMMARY. Fusion reactions like those that power the stars have the potential of providing bulk
electricity generation with reduced emissions and low radioactive hazard, but pose many challenges in physics
and technology. The H-1 Heliac Major National Research Facility now being developed offers Australian
scientists and engineers an opportunity to participate in the collaborative international fusion research
program. Work on H- INF contributes not only to the realisation of fusion power, but offers the stimulus and
opportunity for advanced training and the development of spin-off technology.

1. Introduction.

Nuclear fusion, in which light elements in an ionised plasma combine to form heavier elements, is
the ultimate source of energy in the universe, as it powers stars. Research to develop a terrestrial
fusion reactor has been pursued since the 1950s in laboratories all over the world, including
Australia. Fusion is attractive as a means to generate bulk electricity with low greenhouse gas
emissions and low radioactive waste hazards, as its fuel cycle is based on hydrogen isotopes found
in water, and fusion confinement devices have intrinsically lower stored fuel in the reacting core.
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Conditions for fusion-temperatures of 10 keV
(100 million degrees C), densities of 1014

particles/cm3, and energy confinement times
of the order of 1 second-are difficult to achieve.
Nevertheless, recent experiments on large
toroidal magnetic fusion devices in the US,
Europe, and Japan have demonstrated plasma
conditions like those in a reactor. But much
further work is needed to develop toroidal
magnetic confinement schemes that are
attractive for commercial reactor applications,
and fusion power reactors could become
available sometime toward the middle of the 21st
century. This is the time scale over which for
climate effects and electricity supply problems are
expected to become serious. In this situation,
the present carbon-dominated production of
electricity (Fig. 1) cannot be sustained. Australia
has participated in fusion research with small,
and Australian scientists have longfundamental
experiments in universities for many years, worked on large fusion experiments all over the world.

In the 1995 Major National Research Facility funding round, the ANU and the Australian Fusion
Research Group (AFRG) won $8.7M to develop the H-l toroidal heliac experiment at the ANU
Research School of Physical Sciences and Engineering into the National Plasma Fusion Research
Facility. This funding is being used to build up the capabilities of H- 1 to

Fig. 1. Primary fuel consumption required to
generate the world's electricity supply. Data for
1995 from International Energy Agency, available
at http://www.iea.org/.
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allow Australian researchers to make world-lcass contributions to fusion research.

The AFRG is an organisation of six university research groups from around Australia acting
under the umbrella of the Australian Institute for Nuclear Science and Engineering (AINSE).
The Group was formed in late 1994 with the specific aim of consolidating fusion research in
Australia on the large Heliac device at the ANU. The AFRG acts with AINSE to coordinate
national collaboration on the Heliac, now recognised as an AINSE facility for the purpose of
AINSE Research Grants. At present the AFRG has participating members from the
Australian National University, Central Queensland University, Flinders University,
University of Canberra, University of New England and University of Sydney.

2. The H-INF Device.

The H-INF Heliac (shown with the vacuum
tank removed in Fig. 2) is a medium sized
device from the Stellarator family of toroidal
confinement devices. These devices use
external conductors to produce the helically-
twisted toroidal field needed to confine
plasma particles. They are closely related to
widely studied Tokamak, in which part of the
helical field is produced by an induced plasma
current, but have the advantage of steady-
state operation without current-driven plasma
instabilities that can disrupt the plasma
column.

There are many specific configurations which
use variations on these helical fields. These
include a number of heliotron and torsatron
systems developed in Japan (and sometimes
referred to together as helical systems),
advanced stellarators developed in Germany,
and helical-axis systems called heliacs which
have been studied in Australia, Spain, the US, and Japan.

Fig. 2. H-INF with the vacuum vessel removed.

The H-INF device1 has been operational at low powers for some three years and has already
produced some notable papers. >3 The MNRF funding is being used to upgrade the machine
systems to higher power levels to allow access to higher plasma temperatures and densities
enabling research into the stability and confinement of fusion relevant plasmas.

The Heliac design has a helical toroidal axis,
motivated by theoretical studies indicating
that such plasmas will have good stability
properties at high values of plasma pressure.
The strong breaking of axisymmetry,
combined with a highly non-circular plasma
cross section, means that designing a heliac
requires a theoretical effort combining the
development of new analytical tools and
advanced computational methods. The
H-INF device parameters are shown in
Table 1.

The resulting plasma has a bean-shaped cross
section and a helical axis with 3 periods about
the major axis as shown in Fig. 3. Although

Major Radius:
Avg. Minor radius:
Toroidal Field:

RF Heating:

Microwave Heating:
Vacuum Vessel:

Gas Feed:

R= 1.0 m
<a> = 0.2 m
B T < 1 . 0 T
(< 0.2 T DC)
4-26 MHz
500 kW
28 GHz, 200 kW
Diameter = 4 m
Height = 4 m
Ar, H, He and Ne
< 300 Torr-l/s

Table 1. Parameters of the H-INF device.
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this geometry seems rather complicated and difficult to model; most of the coils can be
circular, which greatly simplifies construction. There is a central conducting ring coil, and
simple circular toroidal field coils arranged, offset, around the ring to generate the plasma
shape shown in Fig. 3. An additional helical winding is wrapped around the central ring coil.
The major constructional difficulty in this geometry is the threading of the central current
conductor through all the toroidal coils and the accurate positioning of the components.

The main advantage of this geometry is that it
offers good physics properties with relative ease
in construction. It is flexible4 in that changing the
relative currents in the various coil sets can vary
the magnetic geometry. From a physics point of
view, the geometry has an inherent "magnetic
well" that has a stabilising influence on the
plasma. Theoretical studies of a linear Heliac
model have shown that high normalised plasma
pressures (3 = p/(B2/2|U,o) ~ 30% can be stably
confined. Values of p > 5% are needed for an
attractive fusion reactor, and the pressure limit in
a toroidal heliac is expected to be set by pressure-

Fig. 3. The H-INF hehcal-axis plasma. d r i y e n «b a l l o o n i n g» instabilities which cause the
plasma energy to leak across the magnetic field to
the wall.

The H-1NF device was designed using state-of-the-art, three-dimensional, computer design
tools, and the magnets and supporting structure were constructed and assembled with compo-
nent location tolerances of ±1 mm using the facilities available in the Research School of
Physical Sciences and Engineering at the Australian National University.

3. Research Program.

The facility objectives are fourfold:
- To provide a high temperature plasma National Facility of international standing on a scale

appropriate to Australia's research budget.
- To provide a focus for national and international collaborative research, to make significant

contributions to the global fusion research effort and to increase Australia's presence in the
field of plasma fusion power into the next century.

- To gain detailed understanding of the basic plasma physics of hot plasma confined in the
helical axis Stellarator configuration.

- To develop advanced plasma and fusion measurement systems, integrating real-time
processing and multi-dimensional visualisation of data.

The first two of these objectives emphasise national and international collaboration. Such
collaboration is already well under way in the form of the AFRG nationally and in the formal
agreement between H-1NF and the Japanese National Institute for Fusion Science (NIFS),
which operates the very large LHD fusion experiment.

Connection to larger research programs abroad is important because H-1NF itself is designed
for fundamental physics experiments and not for "parameter pushing" to temperatures and
densities where fusion power is actually produced. H-1NF will be used to gain understanding
of the fundamental physics of plasma (particle and energy) transport and confinement in the
Heliac geometry as well as a test bed for the development of advanced diagnostics for which
Australian plasma physicists are justifiably renowned. Collaboration with large programs
outside Australia gives Australian researchers opportunities to apply their ideas and
equipment on large machines with reactor-grade plasma parameters.
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The facility has three regimes of operation that depend broadly on the plasma heating used.
Scheduling of experimental work in these different regimes depends therefore on the
installation program of the different heating systems:

- High-temperature plasma heated by Electron Cyclotron Heating (ECH). Only fixed
frequencies are available (28 GHz) which restricts operation to high field (0.5 to 1.0T)and
hence moderate plasma pressure.

- High-pressure plasma heated by high power RF in the MHz range giving moderate
temperatures and high densities and thus higher beta.

- Low-temperature plasmas in the edge of the discharge, an important region where probes
can be used. Experiments carried out in this regime link well to studies of the plasma
processing of materials that are carried out in Australia.

These different operating regimes will support investigations in the following research areas:

- Finite pressure equilibrium and stability

- Transport in high temperature plasmas (-500 eV)

- Plasma heating and formation

- Instabilities and turbulence

- Edge plasma physics

- Advanced diagnostic development.

4. International Collaboration

The most developed international collaboration for H-1NF is with the Japanese fusion
research program. The National Institute for Fusion Science (NIFS) in Toki operates the
medium-sized (R = 0.9 m), the CHS (Compact Helical System) experiment, and is
constructing a large (R = 4 m) experiment, the LHD (Large Helical System), which is the
largest magnetic fusion experiment in the world. Kyoto University operates the Heliotron-E
experiment (R = 2.2 m) and is designing a new device that is related to H-1NF by virtue of
having a strongly helical magnetic axis.

NIFS and Kyoto University have joined together to collaborate with the Australian fusion
program by loaning a 28 GHz gyrotron for use in electron-cyclotron heating experiments on
H-1NF. This system, which is worth about A$l M, has been installed and tested at the ANU,
and awaits the upgrade of the H-1NF magnetic field system to be used in plasma experiments.
Japanese researchers will also contribute to the planning and analysis of heating experiments
on H-1NF.

NIFS and Australian fusion researchers are also collaborating on diagnostics for LHD and H-
1NF, low frequency plasma heating, equilibrium, stability, and transport theory, and 3-D
computation. Australian researchers also collaborate on the theory and design of new stellarator
configurations and plasma diagnostic development with scientists at the Princeton Plasma
Physics Laboratory in the US.

5. Recent experimental results

During the low-temperature phase of operation before the magnetic field and heating power,
the temperature and energy content of the H-1NF plasma are low enough that small metal
probes can be inserted into the plasma. By measuring the current-voltage characteristics of
these probes, the plasma density, temperature and electric field can be determined.
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Fig. 4. Radial profiles of plasma density («e) and
radial electric field (ET) in an H-1NF plasma.
Profiles taken before (dotted) and after (solid)
transition to improved confinement.

Experiments on H-1NF in this regime have
already revealed interesting plasma confinement
phenomena. For discharges in which the
magnetic field exceeds a critical value that
depends on the pressure and the magnetic
configuration, the density suddenly increases by
a factor ~2, the profiles of density and electric
field change (Fig. 4), and the energy of the ions
increases. The outward transport of particles due
to plasma turbulence decreases. This is evidence
of a transition to an improved mode of plasma
confinement; one model for this transition
involves reduction of turbulence and transport
due to shear in the plasma drift induced by the
radial electric field. Such transitions are of
critical interest in magnetic fusion research
because improvements in confinement directly
affect the overall size (and therefore cost) of a
magnetic fusion reactor that produces electric
power. Typically, the transitions to improved
confinement occur in large devices with
megawatts of heating power.5 In H-1NF,
qualitatively similar regimes can be attained at
low powers -50 kW and low temperatures,
which permits detailed measurements with
relatively simple diagnostics.

6. Industrial connections and spin-offs.

The many technical problems that must be solved in doing fusion experiments provide a
stimulus to develop new techniques and instruments that can be applied in other fields.
Historically, the most important spin-offs have been in the areas of computation and the
plasma processing of semiconductors, but fusion experiments also offer opportunities in the
areas of high vacuum technology, power engineering, communications, and instrumentation
and remote sensing.

The capital program to improve the capabilities of H-INF has resulted in considerable R & D
contracting with Australian industry. The new magnetic field power supply, a 14 MW unit
using the latest in computer controlled switching technology, was built by an industrial
consortium consisting of ABB-Australia, Transformer Mfg. Co, Ltd, CEGELEC, ACTEW,
and several smaller companies, and has a net contract value of over $2M. Installation of new
plasma heating equipment was carried out by the Australian subsidiary of British Aerospace
for -$300,000. Smaller contracts for modifications to the vacuum vessel and to the
experimental hall were executed by Cowan Engineering, Ltd. and Pierson & Sullivan, Ltd,
respectively.

In 1998, two spin-off activities developed as a result of research on H-1NF. A new electro-
optically modulated solid-state spectrometer (MOSS) was developed for the measurement of
line emissions from excited species in plasma discharges. This device is much smaller, more
rugged, and less expensive than the spectrometers typically used for these measurements, and
has potential commercial applications in semiconductor materials processing, plasma
chemistry, and related fields. An industrial version of the MOSS is being developed and
marketed by Australian Scientific Instruments Pry Ltd.

Members of the H-1NF team worked with the Defence Science and Technology Organisation
(DSTO) in Salisbury to develop schemes for using plasma tubes (Fig. 5) as antennas in the HF
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through UHF frequency ranges. These antennas have
the advantage of low radar cross section when not in
operation, and may make possible the development of
novel directional arrays for communications and radar
use. Under the aegis the Rapid Engineering
Development Centre (REDcentre), we are exploring
possibilities for commercial development of this concept
in collaborative efforts with three companies from the
Canberra-Sydney area.

7. Conclusions.

The Australian fusion program is centred around the H-
1NF heliac, an innovative and flexible experimental
facility located at the ANU. Promising experimental
results are being obtained in low-power operation, work
to increase the heating power and magnetic field is
under way, and a network of research collaborations
involving Australian and overseas scientists is being
developed. Work on H-1NF has already produced
several inventions whose commercial exploitation is
being pursued.

Further information concerning the H-1 National Facility and the AFRG collaborative research
can be found on the World-Wide Web at:

http://rsphvsse.anu.edu.au/prl/

Fig.5 Prototype plasma antenna
constructed with fluorescent tube.
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