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Applied Mathematics

Colloid, Surface and Polymer Science.
Chemical engineering.
New frontiers of Physics and some Biology too

Research Summary

Despite the current gloom enveloping Australian academia, induced largely by
politicians, research at Applied Maths continues at full pace. The year has been an
almost embarrassingly successful one on the home and international fronts. Research
highlights are listed below. In tandem with those results, earlier this year we received
a long-needed boost of about 25% in funding from within the University via the largest
individual grant from the Institute-wide Performance and Planning Fund. The funding
increase has allowed us to set up a nominally new research area, "mesoscale physics".
The program is a natural extension of our work in the twin areas of self-assembly of
molecular materials and transport in porous media, and seeks to move beyond the
traditional domain of condensed matter physics into complex real world materials such
as rocks and wood. These offer some formidable obstacles to hard scientific analysis:
they are often spatially disordered, and are structured at a range of length scales, from
Angstréms to microns. The first stage of this program — already underway — is to
develop quantitative indices for characterisation of the topology and geometry of these
structures. The work is strongly collaborative, with Professor Steve Cox in Geology
and Dr Phil Evans in Forestry. We now have — for the first time in many years — the
financial means to attract the best young researchers in this new interdisciplinary area.
That effort is an add-on to our usual preoccupations: intermolecular forces, self-assembly
of soft matter, and novel materials, that have contributed handsomely to our research
output this year. Read on.

Surface Chemical Physics

Surface Phase Transitions of Near Frozen Liquids on Mica

Films of n-octadecane and n-hexadecane adsorbed on mica surfaces from vapour close
to their bulk melting points () have been studied in a Surface Force Apparatus. The
mobility and thickness of the adsorbed n-alkane films are found to undergo a transition

a few degrees above, T We suggest that the adsorbed films undergo a transition to a
more solid-like structure, akin to the postulated "surface freezing" or "surface ordering”

of long-chain liquid n-alkanes.

Experiments are also being carried out with neo-pentanol and menthol. Unlike the
case with long-chain alkanes, no freezing of liquid menthol is ever observed. It is
likely that the difference is due to differences in nucleation of the solid phase at the
vapour-liquid interface. The mica-liquid interface hinders nucleation of the solid phase
with all liquids. Neo-pentanol appears initially to condense as a liquid, but often very
rapid growth of the solid phase takes over, possibly due to direct nucleation from the
vapour. (H.K. Christenson, M. Kohonen, N. Maeda, Y. Qiao)

Preparation and Characterisation of Fluorocarbon Surfaces for Force
Measurements

Very hydrophobic heptadecafluoro-1,1,2,2,-tetrahydrodecyltriethoxysilane (FTE)
surfaces have been prepared in various ways. Langmuir-Blodgett deposition at a low
surface pressure yields an amorphous surface that is smooth homogeneous and has
optimal hydrophobicity and good stability, whereas deposition at higher pressures give
rougher surfaces with excess material. Adsorption from ggi@s smooth surfaces

with large amounts of loosely held material that contributes to a larger contact angle
hysteresis and lesser hydrophobicity. Adsorption from the neat fluorosilane yields a
surface that is significantly less stable and less hydrophobic than the other surfaces.
(H.K. Christenson; T. Ishida, [Joint Research Center for Atom Technology, National



Institute for Advanced Interdisciplinary Research, Tsukubaglaxation towards the equilibrium height also depends on

Japan]; S. Ohnishi, V.V. Yaminsky) concentration, with an increase in the relaxation rate at
concentrations above CMC. The effects are due to a reduce

Capillary Condensation between Rinsed Mica (non-equilibrium) adsorption at the liquid/vapor interface. A

Surfaces ‘pinning effect’, that leads to an abrupt cessation of capillary rise,

In previous studies of capillary condensation of water betweéﬁd'scu?‘sed In terms ,Of surfactant adsprp.tlor.l c!ose to the three
mica surfaces using the Surface Force Apparatus (SFA) it h%Igase Ilng at the solid/vapor and solld/hggld .|nterfac,es. .
not been possible to obtain agreement with the Kelvin equatio'ﬂf"l,mraquf [Centre dg Recherche en Modélisation Moléculaire
We have now carried out such experiments with mica surfacgglve,rs'te Mons.-Hamaut, Belgium]; K. Thuresson, T', Nylander
that have been rinsed in dilute acid solution prior to mounting #‘Dhysmal Chemistry 1, Lund U., Sweden,]; V.V. Yaminsky)

the SFA. Unlike previous experiments, the refractive indices of ) . . .

water condensates between such surfaces are equal to thff@FCrption Mechanisms of Dynamic (De-)Wetting

bulk water and no visible deposits of involatile material remainranSItlonS' Principles and observations

upon evaporation. The equilibrium meniscus curvatures of thfedsorption deposition by retraction from solution explains
condensates agree with theoretical values calculated from thetting/dewetting transitions induced by cationic surfactants on
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Kelvin equation.(H.K. Christenson, M. Kohonen) silica and mica surfaces. The theory of the hydrophobic
phenomenon that follows in terms of values of surface pressure
Wetting and De-wetting Dynamics and adsorption has been extended from equilibrium situations

S . L A t?wards kinetic effects. To confirm the underlying molecular
The kinetics of capillary rise in glass capillaries of water, ethang . . . . .
mechanisms we have carried out ellipsometric studies of

and mlxtures thereof, have been .StUd'Ed by a h,'gh speed Imagt'f'g‘tyltrimethylammonium Bromide (CTAB) adsorptiorfV.V.
technique. To adequately describe the experimental data a gte

dependent dynamic contact angle has to be added to ?%rzfr?;i,n]? Eskilsson, [Institute of Surface Chemistry, YKI,
Washburn-Lucas equation. This result is discussed in terms of a
molecular friction coefficient at the front of the liquid flowing . . . .

over the substrate. The kinetics of wetting and de-w.etlting 0f%§;%g%%?é|gg?fgﬁ1lrE)I’Sy[i)rl;Sag(I)T\geﬁ?g Deposition of
glass surface by an aqueous solution containing the

polyoxyethylene surfactant’l@E&v has also been investigated. During preparation of nanoparticle films, complex condensation
An overshoot of the liquid occurs before relaxation towards tHégures of two- and three-dimensional colloidal crystallisation
equilibrium height. At concentrations well below and above th&ay develop by interfacial instabilities. The Marangoni effect,
critical micellar concentration (CMC) of the surfactant thdesponsible for the fractal structures of these colloidal aggregates,
overshoot is small, while it is more pronounced in a range & due to surface tension gradients, induced by local cooling and/
intermediate concentrations (close to CMC). The kinetics of tHf surfactant concentration gradients in the evaporation process.
Macroscopically uniform nanoparticle layers self-assemble by
retracting the substrate in an atmosphere of the solvent vapour
maintained close to saturation. Surfactant-induced Marangoni
instabilities are suppressed in micellar solutions compared with
pure water. Layers of nanopatrticles with uniform optical density
over the entire area of the substrate have been prepared by slo
solvent evaporation, that can be transferred without violation of
the structure onto hydrophobic and hydrophilic surfaces using
adapted Langmuir—Blodgett technique@/.V. Yaminsky; L.
Motte, M. Maillard, M-P. Pileni, [Université P et M Curie
Laboratoire, Paris])

—=

Bridging Forces between Silica Surfaces in Cationic
Surfactant Solution

gineering 1999

Long-range hydrophobic forces observed between silica surfaceg;
in solutions of cationic surfactants are due to bridging betweens
the surfactant—polyelectrolyte complexes. The effect explains<§
the "hydrophobic attraction" observed in such systeifhd.
Persson, P. Claesson [Institute of Surface Chemistry YKI
Stockholm]; V.V. Yaminsky)

Scien

Active Control of Liquids on Sub-millimetre Scales

Methods have been demonstrated for pumping and positionin
- : of liquids on sub-millimetre scales using surface pressure
7 gradients. This is achieved using a redox active surfa¢Bus.

— - Gallardo [Dept. Chemical Engineering and Materials Science,

The worlds largest Atomic Force Microscope, set up in a tank @f California]; V.K. Gupta, [Dept. Chemical Engineering, U.
glycerine in the School's Mechanical Workshop, to test the

macroscopic behaviour of the device

ofof Physical
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llinois]; D. Eagerton, L.I. Jong, R.R. Shah, N.L. Abbott, [DeptAdsorption Kinetics of a Cationic Surfactant to the
Chemistry, U. Newcastle]; V.S.J. Craig) Silica-Water Interface

The adsorption kinetics of CTAB to the silica-water interface
was investigated using optical reflectometry. Analysis reveals
) . that the adsorption process is cooperative above the critical
in Aqueous Media micelle concentration, indicating that micelles adsorb directly

The effects of dissolved gas, surface approach velocity, alRythe silica_l-water interface. At the crit_ical surface aggrega.tion
neutron irradiation on the measured interaction betwedfPcentration (0.& 0.05 mM) adsorption proceeds slowly in
hydrophobic surfaces has been studied. Each of these paramé{g;gbsence of salt and takes hours to reach an equilibrium value.
was found to affect the magnitude of the force. The results b all other concentrations and when salt is present, adsorption
consistent with film instabilities playing a role in the long-rangdS complete within minutes(V.S.J. Craig; R. Atkin, S. Biggs
hydrophobic attraction.The mechanism by which restriction [P€Pt: Chemistry, U. Newcastle])

enzymes cut DNA has been resolved by extensive experiments

as a function of salt, salt type and concentration and dependsldyinamic Measurements Using Atomic Force

dissolved gas and hydrophobic cavitation. The surprising relecroscopy

is that the co-ion and buffer co-ion are crucial determinants e hydrodynamics developed as a sphere is driven towards a
activity. (V.S.J. Craig; B. Norden [Goteborg U., Sweden]; B.Wflat surface have been investigated experimentally using an

Dissolved Gas: Its Influence on Interactions

Ninham; R.M. Pashley [Chemistry, The Faculties]) atomic force microscope (AFM). The measured force in a range
of viscous liquids is compared with theoretical predictions and
Adhesion and Deformation of Polymers excellent agreement is found at separations of >100 nm. At

smaller separations the measured force is less than predicted due

Adhesion measurements between a range of substrates have e?ﬁ ;
gthe onset of slip at the surface

obtained using a commercial atomic force microscope. Th

results indicate that the geometry of interaction and the 10g¢.ommercial AFM has been modified to enable the stiffness of

applied between the interacting surfaces are critically importajperaction between surfaces to be measured concurrently with

in determining whether an elastic or plastic type of interaction {¢ 5 rface forces. The stiffness is described by the rheological

seen.(S. Biggs, M. Reitsma [Dept. Chemistry, U. Newcastlelyhase lag between the AFM tip and a driving oscillation of the

V.S.J. Craig) substrate. Silica surfaces bearing adsorbed polymers and
surfactants have been studig¥.S.J. Craig; S. Biggs, S. Notley
[Dept. Chemistry, U. Newcastle])

Two Tims, Senden and Sawkins, with their spherical bubble morphology chamber

ol



Lifshitz Theory of Molecular Interactions Wetting Properties of Grafted Flexible and

Semiflexible Polymers
By making use of the generalised multipolar gauge it has been y

shown that the matrix elements of the magnetic moment operafplymers are often grafted to surfaces in the presence of a poo
are independent of gauge origin for electromagnetic fields the@lvent. (The most notable example is air.) For the case of
are non-uniform in space and non-constant in time. This extergmi-flexible polymers we have shown that in a poor solvent the
a previously published derivation and gives for the first time ghains undergo a bending or tilting transition. For flexible

completely general proof of a contention made many years agelymers, we have shown that a uniform grafted layer is unstable

by Van Vleck. (A.M. Stewart) to the formation of holes, thus forming a "holey layer". We have

also shown that the surface can form "octopus surface micelles”,
Charged and Hydrophobic Surfaces in Aqueous where the chains bunch into groupgl.N. Bright, D.R.M.
Solvents Williams)

Many of the remaining fundamental problems in colloid scienc
are related to our inability to describe accurately specifi§urfaCtant Aggregate Shape and Topology
interactions and processes involving solutes in the water solve®ur Guinier small-angle X-ray scattering apparatus (SAXS) is
Recent advances in molecular level simulations have furnishadw in continuous use. We are looking at the possibility of
correlation functions and potentials of mean force for ions idetecting shape changes and topological defects in lypotropic
agueous solution. In the case of hydrophobic interactions, agamesophases induced by temperature and concentration changes,
there have been recent advances that provide simple analytisgltracking the variation of scattering peak position with those
methods for the description of small solutes. During this yeamriables. Results are encouraging, though conclusions remain
we established a formal basis for the technique and we have asmewhat dependent on the assumed behaviour of the surfactant
improved the accuracy of simulated potentials and double layehains during dilution/heating. Systems studied include
calculations. dihexadecyldimethylammonium bromide-tetradecane-water,

. o ) . novel steroidal surfactants in water, and proprietary novel
Work on hydrophobic solutes was initiated in Canberra this yealy ractant mixtures being developed for cosmetic applications.

with a view to obtaining information on the transition betweens 1. Hyde, T. Sawkins; B. Folmer [Institute for Surface Chemistry
the small solute behaviour and the macroscopic surface tensipr| stockholm]; M. Olla, S. Watanabe [KAO Corp])

of water. Initially we are investigating this transition in a

molecular-level simulation.(S. Marcelja; A. Lyubartsev Thin Diblock Copolymer Films on Striped Surfaces
[Stockholm U.]; R. Kjellander [Goteborg U.]; A.S. Barisic; R.

Sok [UNSW]) Symmetrical diblock copolymers are made up of two covalently
linked chemically immiscible blocks (of equal size) that are

McMillan-Mayer Theory of Aqueous Electrical predicted to microphase separate in the melt into layers of one

Double Layers block, followed by another block etc. Growth of these melts on

striped templates, promoting layering may reduce defect

We consider the formal task of reducing the problem Ofelewicf’drmation The competition between the two length scales in
double layers in agueous solvent to a simpler system where i '
0

int t with other i d with surf 2 th tential q 3pr0b|em i.e., bulk layer spacing and size of the stripes, leads
interact with other lons and with surfaces via th€ polentials gl ¢, me novel physics. So far we have shown in certain limits

mean forF:e. The exact.mapplng is achieved V_V'”‘ a nonumformis problem maps onto the Frenkel-Kontorowa model of solid-
fluid version of the McMillan-Mayer transformation. The results

indicate the additivity of short- and long-range effects in io
density and pressure, and elucidates the basis for commonly
approximations.(S. Marcelja)

Flocculation of Hydrophobic Colloids

A systematic study of flocculation as a function of salt and s4
kind, with and without dissolved gas, shows that the classig
DLVO theory of colloid science is erroneous by some orders
magnitude. The results are in agreement with the theoreti
predictions of Ninham.(S. Wall [Dept. Physical Chemistry,
Goteborg U., Sweden]; B.W. Ninham)

Casimir Forces

The Casimir force has now been calculated analytically in t
case of an intervening plasma at any temperature. The res
have a bearing on the nature of black body radiation and
present controversy on direct measurement of forces betwe
metal surfaces. They are also relevant to catalysis, metal adhe
and a number of practical problemgl. Daicic [Institute for

Surface Chemistry, YKI Stockholm]; B.W. Ninham)
Soap bubbles formed between spherical surfaces exhibi
strikingly different morphology from those commonly seen

Res€edrch School of Physical Sciences & Engineering 1999

[7)
€
[y
g0
s
=

)
€ c
oi—'
8=
o=
<35
=2
(St
se
o
5}
o

i



n
e
[Thery
Eo
53
n
=X
@
Ec
ovl-l
8=
o=
<o
=9
(=1
so
o
[+
24

12

Research School of Physical Sciences & Engineering 1999

state physics, where aperiodic layer spacing develops. Numericalcite ultrastructure(S.T. Hyde; F. Meldrum [Queen Mary and
simulations of these systems have also been carried outWestfield College, London]; A. Sakellariou [U. Melbourne])
determine the validity of our analytical results. In another

scenario, if the stripe width is much larger than the lamellaGel Crystallisation of Inorganic Carbonates
period, the substrate can induce a ridge-like surface topograp % have studied colloid aggregation of barium carbonate,

This is related to the formation of islands and holes in thin bloc wallised in sili Is (oH 9-10). that f d sheet ik
copolymer melts. We investigate this problem and consider ghoystalisedin si ica gels (pH 9-10), that forms curved sheet-like

possible grain boundaries in this syste(@. Pereira, D.R.M. and "spiral:‘ aggregates wh.ose fgrms anq d.imensionsf mimic those
Williams) of.the earliest known fossils. Field emission scanning glegtron
micrographs reveal the presence of very small prismatic single
crystals aggregated with smoothly varying orientation within the
aggregates, akin to the orientational order in molecular liquid
Rod-coil block copolymers differ from their coil-coil counterpartscrystals. The geometry of the spiral forms, from twisted ropes
by having one inflexible (or rigid) block connected to a flexibleo croissant-like blobs, has been modelled by a single intersecting-
part. We have been investigating the thin film morphology asurface —the twisted sphe(8.T. Hyde, N. Welham; J-M. Garcia-
symmetrical rod-coil melts. These systems may form eithdtuiz [U. Granada])
smectic-A (untilted rods) or smectic-C (tilted rods) layers. The
system is much more constrained than the coil-coil anglég. Computation of Three Dimensional Crystalline

Thin Films of Rod-Coil Diblock Copolymer

Pereira, D.R.M. Williams) Frameworks
We are in the process of deriving a catalogue of crystalline
Mesoscale Physics network topologies. Our approach is to construct graphs in the
2d hyperbolic plane (#, and then embed those graphs in 3d
Biomineralisation in Sea Urchins Euclidean space @ by wrapping H onto triply periodic

) . _hyperbolic surfaces. The hyperbolic nets are generated from
Work on the formation of ultrastructured magnesian calCitgacorations of arbitrary hyperbolic orbifolds. We have studied
crystals in sea urchin shells continues. Novel proton tomerapm'some depth the generation of "thickets" htkat are multiply

experiments (Physics, U. Melbourne) have yielded some usefylnecteqd interwoven graphs, generated from closed-packings
structural data on the crystal morphology that we are Processing.irees in A or hyperbolic “forests”. These thickets offer
in an attempt to precisely map the topology and geometry of the

Close-up of a Sea Urchin Shell



interesting models for novel polycontinuous structures in blocks a characterisation toghA.P. Sheppard, R.M. Sok, T.J. Senden;

copolymers and molecular crystal§.T. Hyde, S. Ramsden; C.W.V. Pinczewski [Petroleum Engineering, UNSW]; M.A.

Oguey [Université Cergy-Pontoise]) Knackstedt; W.B. Lindquist [SUNY Stony Brook]; M. Sahimi [U.
Southern California])

Surfactant-Polymer Interactions in Structured

Solutions (ii) Liquid Penetration into Timber Products and Paper: The

Using SAXS, small angle neutron scattering, neutron reflectivitjole of pore morphology

freeze-fracture electron microscopy and polarising opticgtgpijjary imbibition of liquids into complex materials controls
microscopy we focus on the lamellar, hexagonal and cubic phag@ny industrially important processes, from ink printing (that
regions of surfactant/polymer/water mixtures. Our data on theggjes on the removal of a pigment solvent) to gluing of timber
systems reveals the polymer position within a liquid CrySta”'”Broducts, including corrugated board and clay-coated paper.
hydrophobic-hydrophilic matrix and provides evidence of thQeyork models of porous media provide a rich testing ground
polymer-polymer interactions E(Z. Radlinska) for relating pore-scale morphology and surface chemistry to bulk

penetration behaviour. The mechanisms of droplet penetration
Lung Surfactants into porous media are being investigated in a range of 2D
The structure of the alveolar lining of lungs had been thought fBicromodels. The theoretical model we have developed offers
be “"tubular myelin”, a lamellar-type phase. A more comple® Microscopic description of different imbibition events at the
hyperbolic structure has been established. The results h&#© scale, and the time scale of the events. From a description
obvious application to sudden infant death syndrome diagno&k the basic imbibition mechanisms one can model liquid
and treatment, and for research into asthma and other mediegietration into complex two- and three-dimensional networks
conditions. (K. Larsson, [U. Lund & Malmo]; B.W. Ninham) of pores. Concurrently, we are collecting data (in three

dimensions) of the relevant network of a variety of papers using
Microstructured Fluids and Templating of X-ray CT imaging. (M.A. Knackstedt, T.J. Senden; M.B. Lyne
Nanoparticles [International Paper])
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The microstructure of the aerosol Aersol-OT-water-isooctal
phase diagram has been unravelled and yields to very simp
geometric analysis. New concepts that have emerged — and lrénany practical situations, most notably in biology and in
quite general properties of mesostructured fluids — are supeslloidal science, a polymer chain will be compressed by a small
aggregation, and interdigitised micelles. The results thro@bstacle. If this obstacle is not much bigger than the chain then
important light on the meaning of "phase", and allowan "escape transition" can occur, where part of the chain escapes
nanoparticles of any size and shape to be tuned up aMilp. ~ from under the obstacle. We have recently undertaken two new
Pileni [Université P et M Curie Laboratoire, Paris]; B.W. investigations of this problem in order to clear up some
Ninham) controversy regarding the existence and nature of the escape
transition. These studies presented exact statistical-mechanical

Mode”ing Fluid Flow in Natural and Model Porous solutions of the pl’Oblen’(DRM Wl”lamS, J. King, E.M. Sevick
Morphologies [RSC])

gcape Transitions of Compressed Polymers

(i) Oil Recovery from Rocks

Bulk Chemical Physics

We have continued with the development of a fast and efficient
simulator for describing the flow of several immiscible fluidsSemi-flexible Polymers in Poor Solvents

inside a porous material using the network model for two- anéj . . . . )
. ] . emi-flexible polymers are different to their more usual flexible o
three- phase fluid flow. We can now simulate flow in networks )

of general topology, including those describing the medial aXcounterparts in that they have a significant degree of rigidity. 3

I ) . .
. . §ome biological examples are DNA and F-actin. When theseS
of actual pore spaces in rocks, obtained from X-ray computer s

. S
tomographic (CT) data. The software is now unique in it olymers condense they form a toroidal rather than sphericalg

. . ) IS
capacity to calculate and present visually the effects of pore Spgéreucture. We have investigated the deformation of such asg,

heterogeneity, network topology and three-phase drainage, ;SatﬁUCtur_e:Nhendadsc:jrbed to aflat S_Urfa%e,tWhen Sftlrettcflle:i betwviag
on networks with up to several hundred million nodes. wo po!n s an un_ er compressm_n etween Tl plates. Ve,
determine phase diagrams and derive force laws for the systen®

. . IS

In collaboration with a group at SUNY at Stony Brook, we have

. . 2
made direct measurements of flow-relevant geometric propertiI sorder 10 placg a1 nanometre-long _plece of DNA In the nucleus 3
DNA must first be condensed using a protein. The collapsedy

of a number of sandstone samples. We have developed statlstﬁcgl . S
. . . . DNA forms a number of novel morphologies, the most notable 3

models that mimic the geometric and topological properties and . . . . . NS
eing the toroid. One major puzzle concerning these toroids hag

the spatial correlations, including correlated heterogeneity WI% R .
. . . en the fact that they are all almost the same size, irrespectivg
different cut-off length scales. We are also investigating the effec . .
the length of the DNA. We have explained this phenomenon,3

of correlated heterogeneity on two-phase flow. The simulatio dh | dicted th ist ; hol 3
results are consistent with the experimental data only if thaﬁn ave aiso predicted the exis gnce ot & hew T“.°”° ology

. . that of the hollow sphere(l.C.B. Miller, D.R.M. Williams, G.
heterogeneity of the pore space is correlated.

Pereira)

Our software is also being employed to investigate the role of
topology in percolation processes, with the aim to use percolation

Research Sc
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Mixed Oxygen Electrolytes important applications such as, for example, hydrogen fuel cells,

Mixed oxygen electrolytes exhibit significant ionic and electroni®" containers for the lithium batterfE. Gamaly; A.V. Rode, B.
conductivity. Such materials have potential applications iuther-Davies [LPC]; S.T. Hyde; R.G. Elliman [EME]; A.S.
pressure-driven oxygen generators and partial oxidation reactdf&'€ifets [AMPL/TP]; D.R. MacKenzie, S. Balcock [U. Sydney])
The non-stoichiometric ferrite SrFg®(0.0< 3 < 0.5) is an ] ) ]

example of such a material that can be further chemically dopE@rmation of Single-wall Nanotubes with

with alkali and transition metals and rare earths. A series Qontlnuous—Wave CG, Laser Ablation

thermogravimetric and calorimetric experiments have enablétle applied our kinetic theory of carbon nanotube formation in
us to draw up a large part of a phase diagram and deritge gas phase to the analysis of experiments on nanotube
thermodynamic quantities that allow us to predict the compositidarmation at the Instituto de Carboquimica in Zaragoza, Spain.
of the oxide over a broad range of temperatures and oxygen parfiae influence of different experimental parameters on the
pressures. The crystal structure was studied using conventiogglictural features of the tubes formed has been elucidated. In
powder X-ray diffraction and high-resolution powder diffractionparticular, the theory predicts a simple dependence of nanotube
at the Australian National Beamline Facility in Tsukuba, Japafength on the ambient gas pressure: the length is proportional to
A series of preliminary neutron scattering experiments (carriglle mean free path of a single carbon in a carbon-gas mixture.
out with Professor S.J. Campbell of ADFA-UNSW) proved tqE. Gamaly; A.V. Rode [LPC]; W. Maser; E. Mu-0z, A.M. Benito,
be a very useful technique for investigation of structure ang.T. Martinez, G.F. de la Fuente [Instituto de Carboquimica,
magnetic properties of the oxidéM. Schmidt) Spain))

Cluster-assembled Carbon Nanofoam Produced by .
Ultra Fast Laser Ablation Instrumentation

Anew fractal amorphous carbon nanofoam with a large fractiqiapacitance Dilatometry in a Surface Force
of tetrahedrally-bonded atoms was produced by high-repetitioppparatus
rate laser ablation. Structural analysis of the foam has bege

performed with the help of Transmission Electron Microscop;{ He forces between colloidal surfaces that in general may be

X-ray scattering, and electron energy-loss spectra. Ithas reveard a4e have been measured with a capacitance dllatomet_ry
atfachment for the surface force apparatus. The method permits

that the foam is a novel fractal aggregate of near spherica s of f bet ; iod
clusters. The interior of such a cluster is a hyperbolic graphip%ea}suremen S 0 _orces_ © wee_n opaque surfaces over periods
time ranging in suitable circumstances from tens of

sponge generically called "schwarzites". This form of carbor?, i ds 1o d A valent circuit del for th
which has an extremely low density and rather high surface arén?', 'Sec‘_’“ S 0 days. An equivalent circuit mode . or the
. . o ._electronic system has been developed that allows linear and
is not only of particular academic interest, but also promises .

accurate measurement of displacement
over a large fraction of the separation
between the plates of the capacitor and
which may have applications in other
areas of transducer technologyA.M.

Stewart, T.J. Sawkins)

Friction Attachment

An attachment for the investigation of
friction in surfaces of defined geometry
in a surface force apparatus has been
assembled. The frictional force is applied
with a spring or magnet system, and
frictional motion is detected by a strain
gauge assembly(A.M. Stewart, A.M.
Hyde)

Comparison of mathematical model and actual micrograph of mineralisation deposit

14|—
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Adjunct Fellow

V.S.J. Craig, BSc(Hons) PhD (ARC PDF)

M.A. Knackstedt, BSc Columbia, PhD Rice (joint with
School Pet. Eng. UNSW) (ARC QEII)

T. Senden, BSc(Hons) PhD (ARC PDF)

D.R.M. Williams, BSc Sydney, PhD Camb (ARC
(o]=1]))

Computation & Visualisation Consultant
S. Ramsden, GradDip Film & Television Swinburne

Visiting Fellows

J-M. di Meglio, PhD Paris VI

E. Gamaly, PhD DSc Moscow (Professor)

B. Hyde, BSc Bristol, PhD DSc (Professor)
W.A. Kaczmarek, MSc PhD Poznan

B. Lindquist, BSc Manitoba, PhD Cornell

S.J. Marrink, School of Pet. Eng. UNSW

K. Mecke, DipPhys PhD Munchen

Y. Nagai, MSc and DSc Waseda, Japan (Professor)
S. Ohnishi, BSc SUT, Tokyo, PhD Saitama, Japan
(from Oct)

C. Oguey, PhD, Ecole Polytechnigque Federale
(Lausanne)

K.J. Osborn, MB, BSc, DRACR

G. Pereira, PhD Melb

J. Quirk, AO, DSc FTS, FAA, WA (Professor)
E. Radlinska, MSc Warsaw, PhD

A. Sheppard, BSc Adel PhD

R. Sok, BSc PhD Groningen

S. Wall, BSc PhD Géteborg

N. Welham, B.Eng(Hons) Leeds, PhD Imperial
College (jointly with EME)

Senior Technical Officers
Z.J. Derlacki
A.M. Hyde, AssoclE Aust
T.J. Sawkins

Departmental Administrator
D. Wallace (part-time)
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Accomplishments

Professor Stephen Buckman

Research School of Physical Sciences & Engineering 1999

ol

- Head of Atomic & Molecular
Physics Laboratories

http:/Irsphysse.anu.edu.au/ampl

Atomic & Molecular Physics Laboratories

Low energy atomic and molecular interactions lie at the heart of many everyday
phenomena and devices. For this reason, atomic and molecular physics is both a
fundamental and enabling science. Staff of these Laboratories pursue a broad
spectrum of experimental and theoretical research into the properties and
interactions of atoms, molecules and solids.

Research Summary

Atomic and molecular physics is a pervasive branch of science as its understanding
underpins almost all low energy chemical reactions, many of which are of fundamental
importance to our environment and to the technological devices and applications that
play such an important part in modern life. The Atomic and Molecular Physics
Laboratories are engaged in a broad range of experimental and theoretical studies of
the interaction of electrons and photons with atoms, molecules and solids, in order to
both further our understanding of the fundamental processes, and to provide information
that is critical to an understanding of the applications.

Recent years have witnessed substantial changes in the staffing of the laboratories and
also in the profile of our research activities. There have been marked successes in
obtaining external funding for new and exciting initiatives that are now coming on
line. These include the ultracold, metastable helium atom trap, the condensed matter
(e,2e) spectrometer and the photodetachment/photofragmentation spectrometer. In
addition, throughout this year there have been new experimental activities commencing
in electron scattering from molecular radicals (the subject of a joint RIEF grant with
Flinders University) and new UV laser sources (a joint RIEF grant with Macquarie
University), as well as theoretical support for the atmospheric modelling work in the
form of an ARC Large Grant (held jointly with the University of Adelaide). We were
also successful in obtaining an ARC International Fellowship (Professor Hyuck Cho)
for work in Electron Physics. Also, towards the end of the year, the UV Physics Unit
was successful in securing one of the five IAS Fellowships which were offered as a
result of the most recent round of strategic initiative funding. This was an extremely
competitive process and is an indicator of the strength of both the research proposal
and the successful candidate.

However, whilst the Department has shown that it is capable of generating new and
exciting ideas which can attract external support, the main challenge that we face in the
immediate future is how to staff these activities. We have maintained academic staff
numbers via ARC and other fellowships but the continuing success of our research
activities is critically dependent on graduate students and, unfortunately, their numbers
continue to slowly decline. The Department presently has less than half the graduate
student cohort that we boasted five or six years ago and the effects of this are starting to
be felt on the research effort. We remain committed to providing a first rate environment
for our graduate students and this year several students (Dean Alle, Jenny Gibson,
Dragana Milic, Phillip Palma, James Sullivan) graduated.

Once again there have been many personal achievements and recognition gained by
members of the Department during 1999. Emeritus Professor Robert Crompton was
awarded the Order of Australia in recognition of his outstanding services to science
and society; Dr Anatoli Kheifets was awarded a Fellowship by the Science and
Technology Agency of Japan to conduct collaborative research in Japan for two months;
Dr Julian Lower spent a month in Germany as a guest of the University of Freiburg;
Professor Stephen Buckman was awarded a Fellowship by the Japan Society for the
Promotion of Science for a one month visit to Japan.

A summary of the various research activities in the Department follows:



Low-energy Electron Scattering and Spectroscopy scattering angle8. must be determined by molecular structure

Low-energy electron collision studies remain at the heart of t1f'd dimensions, and work continues on the development of an
activities of the Electron Physics Group. As in previous yeaf1alytical explanation(L.T. Chadderton, S.J. Buckman)

these studies have involved the measurement of absolute electron

scattering cross sections, the spectroscopy and dynamiCSS&Jdiesloftransient negative ions (resonances). formedih electron
transient negative ion states formed in electron collisions af§attering from metal vapours have continued this year.

the development of new experimental techniques for the stulf{f@surements in cadmium were completed and analysed and 4
of these processes. new set of experiments on magnesium has commenced. In orde

to obtain a complete picture of the resonance structure in Group

Absolute cross section measurements have continued with th8{0mS: itis proposed that the next target will be merctiry.
study of elastic scattering from both nitrous oxide@Nand Sullivan, R. Panajatovic, D.S. Newman, S.J. Buckman)
benzene (gHy). The NO experiments have been conducted as ) ) )
part of a collaboration with Professor Tanaka’s group at SOloh_q:apnstructlon and assembly of the recoil atom spec_trometer, which
University in Tokyo. The main aims were to cross-check results to. be u_sed on .the metastabl_e atom be.am line, (see At_o
for absolute cross sections from two quite different electroMan'pwat'on Project) has corltlnued. ] It is hoped that this
spectrometers and to combine results for elastic scattering Apparatus _W'" be rG_‘ady for testing early in 2000 and attached to
vibrational excitation measured on the two different apparatu@.e beam line later in the same y¢ar. Uhimann, R.J. Gulley,
This project has also acted as a catalyst for an ongoir?g‘]' Buckman)

collaborative effort between the two grougd.C. Gibson, R.J.
Gulley; H. Tanaka [Sophia U., Japan]; S.J. Buckman)

Research Accomplishments
(AMPL)

A set of electron scattering cross sections for molecules is being
prepared for a new edition of the Landolt-Bornstein TalfMsT.

The benzene measurements represent the further extensiofr 6¢'d: M-J- Brunger [Flinders U.J; S.J. Buckman)

our measurements to studies of large molecules. Benzene is the
simplest of the stable aromatic hydrocarbons and representEl@ctron Momentum Spectroscopy of Solids

large molecule that is tractable for theoretical calculations. APhe construction of the new, high-energy electron momentum

extensive set of absolute elastic scattering cross sections have )
) - L Spectrometer has been completed and the first measurements have
been compiled and are being prepared for publication. Theg

e .
. o en performed. These reveal good count rates and resolution
results have also provided further insight into the structure o1$a pertor . 9 . .
n %omblnatlon with a low background due to multiple scattering.

veral low-energy n ive ion resonan hat mani .
several low-energy negative ion resonance states that ma ‘?ﬁls has led to a significant improvement of the energy-resolved

themselves stro_ngly in the scattering cross sectighis.Cho momentum densities that can be obtained with this spectrometer.

[Chungnam National U., Korea]; R.J. Gulley, L.J. Uhlmann; . . : )

S.J. Buckman) The sample preparation facility was extended to include ion
- sputtering and ion etching. The spectrometer is easy to use and

. . seems to operate with remarkable reliability. New insight into
In recent years our systematic studies of low energy elas%c . .

. . . . de electronic structure of different forms of carbon has already
scattering from diatomic and polyatomic molecules have reveal%

. . S en obtained and the measured energy-momentum distribution
an interesting, and apparently ubiquitous, structure at forwar )
of electrons in the valence band of carbon resembles those of

tteri I dl ies (3-7 eV) in the diff ti . . S
scattering angles and low energies (3-7 eV) in the differen Igﬂe many-body calculation quite well. The calculation is based

scattering cross section. The similarities in this structure (a ; I .

- . . . the novel technique utilizing the cumulant expansion to the

shoulder or minimum/secondary maximum in the cross section , S - .
S . .. ohe-electron Green's function in the realistic crystalline

between the many systems we have studied is quite striking and

. . . _..environment (see Theoretical Physics section for detail).
the process responsible for its formation apparently pays I|ttFe ( 4 )

heed to molecular structure, polarizability or dipole momenk/lore solid state targets will be investigated next year, bothgg

We are approaching this effect as a likely manifestation of classic_ . .
) ] ) ) _experimentally and theoretically. These measurements shoul@
rainbow (multiple) scattering from the (aligned) atomic . .
constituents of the molecule. The corresponding critical rainbol\?ve able to validate our theoretical approach to the many-electrorg
' P 9 correlation in solids (M. Vos, A.S. Kheifets, E. Weigold) |

=

Atoms, Molecules, Radiation, and the Nanoworld

es & Engineer

At the heart of this group of projects is a planned progressivec,
extension of the Department's overall research coverage in aR
least three specific ways. First, we are investigating the-3
interaction of radiation with matter at far higher energies (for 9
example 4.5 GeV heavy uranium ions with crystals). Secondly,,g
we are studying the fundamental act in nanomolecular selfg
assembly of the 'new' and in general larger nanostructures
including for example the fullereng{mnolecular family, and
corresponding nanotubes. Finally, we are carrying out a varietyQ
of experiments using various electron microscopic techniques
directed at three-dimensional nano quantum dot arrays ong
superlattices in crystals.

ol of

ch

The new electron momentum spectrometer
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For the interaction of general ionizing radiation (electrons, XNew work on the formation of carbon and boron nitride nanotubes
andy-rays, GeV ions, MeV g cluster projectiles etc.) in what (with J.S. Williams and Chen Ying [EME]) has been extended
will be a long study, we have started to lay down an atomi&nd generalized. It has been shown that ball-milling of a powder
selection rule theory for macroscopic crystal target respong®ogenitor produces seed material rich in homogenous and/or
based on the explicit bonding properties of the atomibeterogeneous nucleation sites for nanotube growth during
constituents. It has been conclusively shown, for example, lsybsequent controlled anneal. Nanotube growth is due to surface
both experiment and theory that Bragg's rule of additivity foself-diffusion of atomic species and is more readily controlled
compound stopping powers generally does apply, being than other current methods, such as in laser ablation or arc
grossly violated by detailed and material specific atomistic (poimtischarges of graphitgL.T. Chadderton)
defect) energy absorbing processes. Similarly the ability of an
9nerg.etic single atom or cIustgr ion to register as a particle "tracKiom Manipulation Project
is entirely dependent on detailed target response. Track models
based on instantaneous energy deposition from projectile to lattie&Periments using the metastable helium, magneto-optic trap
therefore fail and, because of specific recovery processdMOT) were the focus of work in the Atom Manipulation Project
measured track widths are in general meaningless. this year. The trap is loaded using metastable helium atoms
produced by the bright beam machine (which was also used for
The new 40 MeV ¢, cluster ions continue to prove themselve€Xperiments on conducting atoms through hollow optical fibres
the most remarkable of atomic projectiles, barely studied as yetsee Laser Physics Centre report). The MOT has been improved
The huge effective charge gives them a huge energy depositr@rconﬁne in excess of ten million atoms in a cloud, approximately
density, and there is "steric electronic stopping" — a completefyMm in diameter, at temperatures below one milliKelvin. A
new phenomenon due to the first 'half of the molecular projectiReW trap density diagnostic (based on the differential phase shift
creating a 'plasma’ through which the second half must pdgtween two phase modulation side bands on a probe laser) was
(non"near Stopping power)' In certain SO“d& Eluster ions deVelOped in our collaboration with the Atom OpthS group in
can generate long, regularly intermittent tracks demarked Bfe Department of Physics, The Faculties, and now enables
sharp polyhedral metallic colloid clusters each no more than 65gnsitive, non-destructive measurement of changes in the trap
nm in size. The detailed electronic properties of these quant§tnsity.
dot arrays are under investigation.
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Andrew Daley (Vac Scholar), Dr Robert Gulley and Stephen Battisson by one of the Department's crossed beam spectrometers
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The improved MOT and its diagnostics were employed in a serié§ieory of Atomic Double lonization

of novel experiments on electron scattering from the excitegy,mic double photoionization is one of the most fundamental
(2°S)) state helium atoms. An electron gun producing a high 4 intriguing problems of atomic collision physics. Driven
flux, pulsed electron beam is used to scatter electrons from t@ﬁt

trap contents. The total scattering cross section is determinr(ﬁ hest degree of sophistication from theoretical models.
by monitoring the trap loss rate and the electron beam curreqjication of the convergent close-coupling (CCC) theory to
density, that is measured using a combination of crossed wirgs i gouble ionization has been a spectacular success. Angula
and a Faraday cup. Preliminary measurements show promisiigt e ation and energy sharing between the two photoelectrons
results, which should improve upon existing total cross sectiQfy el as the circular dichroism in helium double photoionization
measurements that have inherently large uncertainties. were predicted by the CCC model with high accuracy, and

o ) ) subsequently confirmed in a large number of recent experiments
The trap has also been used for initial studies of sub-recoil COO“ngarious synchrotron radiation sources in Japan, UK and USA.

of trapped metastable helium atoms using velocity selecti\{?urther development of the theory, based on Bepline
coherent population trapping (VSCPT). This technique ernplc’¥l§chnique, is currently underway. It will allow the description

two counterpropagating and oppositely circularly polarised laSS'f double photoionization from closed-shell atomic targets such

beams to create two superposition states of the degenerggenome gas atomgA.S. Kheifets: I. Bray [Flinders U.]; A.
magnetic sublevels of thég state. Cooling below the photon 1.0 [st. petersburg Technical U’.]) '

recoil temperature can occur as the atoms randomly walk into
the "dark" superposition states following successive interactions .
with the laser, after which they remain at zero velocity becaudBVerse Scattering Theory

the "dark” state no longer interacts with the light field. The twqrhis year, we continued the development of a new technique for
dark states are also separated in momentum by two units of #igase-shift analysis in multi-channel scattering. This technique
photon recoil velocity, which results in an "atomic beamsplittermakes use of the unitarity condition on the scattering matrix.
since the atomic centre-of-mass wavefunction is separated il89 solving coupled nonlinear equations, the complete scattering
two partial waves (the superposition states). Work is continuingatrix can be extracted from the experimental differential cross
on this experiment, which will use light tuned to both the 1083ection. The technique will be applied initially to electron
nm trapping transition and 389 nm radiation produced by agtattering. The scattering energy will be chosen such that only
improved frequency doubled Ti:Sapphire laser, to create weHle ground state and the first excited state are open channels.

separated coherent wavepackets with applications to atqm. purwanto, D.R. Lun, R.P. McEachran, S.J. Buckman)
interferometry. (M.D. Hoogerland, M. Colla, R.G. Dall, R.J.

Gulley, L.A.W. Robinson, J. Swansson, L.J. Uhlmann, S.&
Buckman; K.G.H. Baldwin [LPC])

irely by many-electron correlations, this process requires the

Research Accomplishments
(AMPL)

tomic Scattering Theory

There have been several calculations of elastic electron scattering
Spin Resolved (e-2e) Studies on Laser Excited Atoms from hegvy atoms pased on the Dirac equations. H_owever, these

calculations have included only the lowest-order interelectron
This research focuses on uncovering the reaction mechanisiig@raction, the Coulomb interaction. In a recent calculation for
underlying electron-atom scattering processes through tlestic scattering from Xe and Hg, the next lowest two-body
performance of highly specific collision experiments. The maiferm, the frequency independent Breit interaction has been added.
focus of this research is the investigation of the process f@fthough the effect of including this term on the differential cross
electron-impact ionization, its dependence on the kinematics géction was minimal, small changes were found in the parameter
the reaction and upon target structure. By using beams of spiat describe the spin polarization of the scattered electfon.
polarized electrons and spin polarized and oriented atoms, Wemise [York U.]; R.P. McEachran; J.W. Darewych, A.D.
are able to focus on, and individually highlight, the effects oftauffer [York U.])
electron exchange and spin orbit coupling acting on bound and
free electrons, target orientation and the effects of electrame relativistic distorted-wave method has been used to study®
correlation in the final state. the electron impact excitation of the heavy noble gases Ar, Kr§

and Xe. Results for spin polarization parameters, electron-photorg
This year significant refinements in our measurements on lasebherence parameters, as well as differential cross sections we
excited, spin-polarized sodium atoms have been achievegbtermined and compared with previous semi-relativistic
Working closely with our theoretical colleagues our latest resultsalculations and experiment. Overall good agreement with Q
reveal the conditions under which exchange scattering playsgperimental measurements of the differential cross section an
significant role in the break-up process and provide insight infpe coherence parameters were obtained. Notably differents
the way angular momentum transfer from the target the fin@sults for spin polarization parameters are predicted comparesk
electron pair affects the result of experiment. Such measuremefith previous semi-relativistic calculationéR.P. McEachran;

present a severe test to scattering theory and thereby significam{lp. Stauffer [York U.]; R. Srivastava [Roorkee U.])
contribute to further progress being made in this direction.

1999

Development is continuing on the technical front in th(fosmon Interactions with Atoms

development of a new generation electron spectrometer whithe elastic cross sections for positron scattering from both Arey
is anticipated to yield three to four orders of magnitudand Kr have been determined by the polarized-orbital method§
improvement in data collection capabilities, and enable thghile the corresponding excitation and ionization cross sectionsg
measurement of subtle effects beyond the capability of existitigive been determined within a distorted-wave framework in an§

devices. (J.C.A. Lower, E. Weigold)
i
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energy range up to 200 eV. The relative contributions of thesiee fixed core SVM. A later test calculation upon positronium
individual cross sections to the total cross section were analyzegtiride (PsH) obtained 85% of the binding energy. In addition,
and compared to recent experimental measurements. The ovepdtht calculations on copper positride (CuPs) and positronic
agreement with experiment is quite satisfactory except in tleadmium (éCd) gave strong evidence (predictions were rigorous
threshold region.(R.P. McEachran; L.A. Parcell [Macquarie with respect to the underlying fixed core Hamiltonians) of
U.]; R.l. Campeanu [Seneca College, Toronto]; A.D. Stauffepositron binding.
[York U.])

The stability of some exotic atoms with two positrons was
In a similar type of calculation, the elastic and ionization crossstablished. Following communications from Dr K. Varga
sections for positron scattering from Kr and Xe were determingérgonne National Laboratory, USA), it was established that the
in an energy range up to 400 eV. A new model for treatingositronium molecule (Bscould be bound to the lithium and
ionization was developed and the overall agreement witodium cations. Analysis of the electron-positron correlation
experiment is again quite satisfactor§R.P. McEachran; R.l. functions was used to establish that the structures could be best
Campeanu [Seneca College, Toronto]; A.D. Stauffer [York U.jlescribed as a Pmolecule orbiting the Eiand Na ion cores.

(J. Mitroy, G. Ryzhikh, M.J. Bromley)
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Positron Binding to Atoms

The investigations into the existence and structure of positron’i:?:)(pt:mmental Detection of Positronic Atoms

atoms continued to provide unique insights into the behavio@ur calculations indicate that the positron affinity for copper

of positrons with atoms and molecules. (and silver) is less than the electron affinity. This makes the
experimental measurement of the positron affinity a possibility.

An investigation into positron binding to a model alkali atom/\e have therefore proposed an experimental protocol where a

(based on sodium) provided a great deal of information aboGur beam is scattered with a positron beam and iGos

the nature of the positronic atom bound state. One notable featdoevnstream of the interaction region are measured. Neglecting

of this research was the realisation that there is a competiogllisions of Cuions with the background gas, the only reaction

attraction between the positron and residual ion core to attrabfat can produce Cuons for centre-of-mass collision energies

the valence electron that has a major impact upon the structilges than 1.8 eV involves the prior formation t€e. Besides

of the positronic atom. In addition, the results of the modelerifying the stability of positronic copper, the experimental

calculations showed why positron binding was possible in lithiumrotocol could be applied to other atoms (such as tin) which are

and sodium, but not possible for potassium, rubidium and cesiupromising candidates to bind a positr@h.Mitroy, G. Ryzhikh)

A calculation of positron binding to atomic zinc was successfully

carried out with the F.ixed Core Sto_chasti_c Variational Methoq-he Dynamics of Positron Annihilation

(SVM). This calculation was very intensive and consumed a

year of computer time. Even then, it is likely that the positrof detailed investigation was carried out of the electron-positron

binding energy of 0.039 eV could easily be uncertain (too lowgnnihilation process in the light systems PsHeaHe(°S). This

by as much as a factor of two. was a pilot investigation setting the ground work for more
extensive studies of the annihilation process in larger systems

This technique was also used to establish that positronium co@ad ultimately the condensed matter phase. This also provided

bind to potassium. It was also demonstrated that the structurelfeg foundation for a study of electron-positron annihilation during

HPs, LiPs, NaPs and KPs could be thought of as a positronit@sitron-hydrogen collisions.

atom loosely bound to the parent atom. The LiPs, NaPs and

KPs systems all had annihilation rates within 5% of the (spir-he insight gained from our investigation of bound states was

averaged) annihilation rate of the Ps ground state. This resufied to render an existing explanation of the electron-positron

and plots of the electron-positron correlation function

demonstrated that these systems could be

roughly described as Ps bound to th

neutral atom. The calculation for KPs wasg

also very expensive and took almost a yeg

to complete.

The widely used Configuration Interaction
(CI) method was applied to the proble
of positron-atom binding. Although the
Cl basis is not the best basis with whic
to investigate positron binding, the initial
series of calculations indicated that the
method could be used to predict positro
binding in a modest time, and also predic
the positron binding energy to an accurac
of about 10%. The first Cl calculation
performed was on positronic copper
(erCu) and was able to verify an earlier

prediction of positron binding made with
20 l—
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annihilation process in positron-atom(molecule) collision&kesonance-enhanced Multiphoton lonization

untenable(G. Ryzhikh, J. Mitroy) (REMPI)

Our analysis of the (2+1)-photon REMPI spectra of the 3
Computational Techniques for Atomic Structure Rydberg states of £has been completed. The results of this
Calculations collaborative study have shown that the analyzed spectra are of

L rf'—hther poor quality, and have led to the measurement of new,
Of essential importance to our research has been the use of the . . . . .
. better-calibrated spectra in several international laboratories. By
orthogonal pseudo-potential (OPP) to represent the electrons in - - .
) 8 . .~ the application of our coupled-channel Schrédinger-equation
the core of bigger atoms. The first detailed computational ) . .
technique to the interpretation of the strong Rydberg-valence

investigation of the behaviour of the OPP was presented for - ) ; s
publication perturbations in these spectra, we hope to gain a definitive insight
' into the molecular structure of,@ this energy region(B.R.

. . Lewis, S.T. Gibson; R.A. Copeland [SRI International
A Hartree-Fock program written and used extensively by the” .=’ . . . ’
program wri us xiensively by alifornia]; M.L. Ginter [U. Maryland]; J.S. Morrill [Naval

author has been published. This program should be usefuISo .
other researchers in atomic physigs.Mitroy, G. Ryzhikh) esearch Lab, Washington DC])

. . _ New measurements on the (3+1)-photon REMPI spectrg of O
Diffusion of Meteor Trails in the region of the[BRydberg states have been completed. The

The study of the diffusion of electrons in meteor trails tha€Sults show a number of very interesting, pressure-dependent,
commenced in 1997 has continued during 1999. The Stug)uantum-lnterference effects which are in the process of

represents a collaboration between the ANU, the University &terpretat_ion.. We now.believe. that, contrary to our initial

Adelaide and James Cook Universitj.T. Elford: K. Kumar interpretation in terms of intracollisional interference, these are

[TP]; W.G. Elford [U. Adelaide]; R. Robson [James Cook U_])nonlinear effects arising due to interference between the (1+1)
and (3+1) transition amplitude@.R. Lewis, S.T. Gibson; K.G.H.

Baldwin [LPC]; R.A. Copeland [SRI International, California])
VUV Spectroscopy

Work has continued on the measurement of phOtOdissomati%otofragmentation

cross sections of relevance to various atmospheric, aeronomic

and astrophysical processes, using both conventional and hié}p_nstruction of the MEC-funded Coincidence Photodetachment/
resolution laser-spectroscopic techniques. Photofragment Spectrometer is progressing. This instrument

combines a number of technologies, including plasma, ion,

Measurements are continuing of collision-induced features f{€Ctron and laser physics, for the purpose of studying the
the spectrum of molecular oxygen, in the energy range ofthe ghotodissociation dynamics of molecular radicals. The beamline
Rydberg states. The previously unsegp state has been of this instrument has been established and the crucial ability to

identified and indications of interesting quantum-interferenciS0laté anions of a specific mass has been verified. The
effects unearthed(B.R. Lewis, S.T. Gibson, E.H. Robrts photodetachment stage will be completed with the installation
of a time-of-flight photoelectron detector. A successful RIEF
While experimental work in high-resolution VUV laser Proposal in 1999 has led to the acquisition of a YAG pump laser,
spectroscopy has been limited during the year by constructithe final piece of apparatus necessary to enable operation of the
of the Photofragment Spectrometer and significant laser failuré€ctrometer in photofragment mog8.T. Gibson, E.H. Roberts,
work has continued on the measurement of cross sections in th&: Lewis, S.J. Buckman; K.G.H. Baldwin [LPC])
Schumann-Runge system of @ear the first dissociation limit
at 175 nm. Analysis of these spectra, which are complicated Bymospheric Computation

many perturbations, is continuing, some significant progre%*lork has continued on an ARC-funded project involving

gaémfe\?v?fnsn;ag?bzgnt_hf éh: ll;;ﬁ;:ﬁnp[z_olfcl:e](r)m. Waring, guantum-mechanical modelling of the transmission of solar VUV &
o T T radiation through the Earth's atmosphere. This study has

. . . incidentally resulted in the discovery of a new sum rule involving .
The measurements just discussed were performed using narr?hwé lineshape asymmetry in cases of weak molecula

bandwidth coherent radiation generated by the four-wave

. . ) . 'ﬁ)redlssomatlon by optically-inactive continua. The main aim of
difference-frequency mixing of high-power dye-laser radiatior), . . : . .
. ; g ) . {his project remains to provide a comprehensive database to b@
in a nonlinear medium (Xe). The best resolution routinel

. ; ; 10bg
available using this technique in the VUV is ~0. Hdol-width tised extensively by the community of atmospheric geophysicists2

at half-maximum. We have recently embarked on a collaborati in their photochemical models. In this respect, it is encouraginga

) . : . : . tﬁat our initial reports of this work have led to an invitation to —
project with Professor Brian Orr, Macquarie University, to .

S . present the research at the XXV Symposium of the European®
develop an injection-seeded solid-state laser system that |s

intended to yield a significantly increased resolving power in eophysical Society in 2000.

such VUV studies. Following a successful RIEF proposal fo'Fhe atmospheric transmission calculations will be tested again
1999, we have recently acquired the YAG pump laser for this P g

project. In addition, a successful ARC Large-Grant proposal 1‘(?)rleJ \;VCgs'rfassoéurt_fnecggsoss'izc“OT;Ei?;%?irgzmsfﬁ;?erm::v\i@;
2000 will help to facilitate the development of this new high- b Py ' 9
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spectroscopic capabilitie$K.G.H. Baldwin [LPC]; B.R. Lewis;

B.J. Orr [Macquarie U.]) Lewis, S.T. Gibson; L.W. Torop, F.T. Hawes [U. Adelaide])

Researc

Research Accomplishments
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Research
Accomplishments

Dr Rob Elliman
- Head of Electronic Materials
Engineering

http:/Irsphysse.anu.edu.au/eme

Electronic Materials Engineering

The Department of Electronic Materials Engineering conducts interdisciplinary
research on the physics and engineering of electronic and optoelectronic materials
and devices.

Research Summary

EME's research covers a full spectrum, from fundamental to applied projects, and c4
be broadly classified into four pursuits: lon-Beam Modification and Analysis of
Materials, MOCVD Growth of llI-V Semiconductors, Electronic and Optoelectronic
Devices, and Materials Characterization.

Research Accomplishments

Department staff and students published in excess of 122 papers in peer-reviewed
journals and domestic and international conferences, including seven invited or keynote
presentations — an outstanding performance. Additional cross-collaborative
publications not included above are included in Section 5. Much of the research was
collaborative, with more than 75% involving co-authors external to the ANU. More
than 25 scientists/students (national and overseas) visited the School to use EME's
facilities as part of such collaborations. Staff also made major contributions to the
administration of the School, the University, and professional societies, and served on
the editorial boards of several key international journals, as highlighted in latter sections
of this report. The Department's contribution in the key fields of semiconductor
processing and ion beam analysis was also recognised by the international community,
with international conferences in each of these areas to be chaired by EME staff within
the next two years. In addition, an international workshop on semiconductor
optoelectronics was held in the School in March.

In terms of staff achievements, the highlight of the year was the promotion of Dr C.
Jagadish to full Professor, a well-deserved promotion. Our students were also very
successful again this year. Three students were awarded PhD degrees in 1999 and all
received outstanding referee reports from national and international reviewers. The
Department's Founder's Day presentation was given by C. Lobo, and A. Dowd
represented the Department in the competition for the John Carver Prize. Four new
students commenced their PhD studies in the Department this year, one of whom —T.
Weijers (joint Honours and PhD student with Nuclear Physics) — was awarded
University Medal for her Honours project undertaken in the Department. The
Department also hosted one Honours student and two undergraduate project students.

External income continued to be an essential ingredient for the success of the Departmgnt
and several new opportunities have emerged this year. One of the most exciti&’g
opportunities was the announcement by a major Taiwanese semiconductor manufactuger
(LEDEX) of their intention to establish a development laboratory, "BlueLab" in'%
Canberra. The proposed investment is around $US11M and it is anticipated that tRe
laboratory will contain a suite of facilities for growth and processing of GaN and relate@
materials. The international reputation of EME's optoelectronic devices program ad
the unique cluster of growth, processing and characterization facilities were majoé
reasons for this decision. Indeed, LEDEX has already established R&D links witlg
EME — two engineers from LEDEX visited EME for three months in 1999 — and the2
company intends to apply for a major "START" grant (jointly with EME) in early 9
2000. Another significant industry interaction involved a research contract ($0.5|v[§
over two years) with Aixtron, the supplier of the new MOCVD reactor, to be installedg\
early in 2000. This contract involves the growth and characterization of a number Qj
indium phosphide-based structures with applications in advanced fibre communicatiors.
In addition, the semiconductor device achievements in EME, such as the specificatioas
of the high power 980 nm laser, have generated significant international interest angza
grant has recently been obtained from the Department of Industry, Science and Resources
(DISR) to develop a business model for commercialising semiconductor devices i

. e . ) [}
Australia. Other significant R&D contracts with the Australian company AMBRI for §
x

AZI’J



biosensors, and with DSTO for infrared photodetectors are alBbOCVD Growth and Device Fabrication in 11I-V
currently in progress. The Department was also very successkfmiconductors

in competing for funds and was awarded an ARC postdoctorgbth the MOCVD growth and optoelectronic device activities
fellowship (jointly with NP), an international research fellowshipgre |ed by Professor C. Jagadish. One of the highlights of research
DIST Bilateral Science and Technology Grants, an internationgliring this year was the growth of indium phosphide based
collaborative program grant with Sweden, ANTSO grants fafuantum-well structures particularly with lattice matched InGaAs
access to major international facilities, an Australia-Koreand inGaAsP layers. A new research program which involves
Foundation Grant, as well as the research contracts outling deposition of self assembled monolayers of organic molecules
above. The Department also participated in ARC Large Grangfy semiconductor surfaces was initiated in collaboration with
(Or RIEF grants) to be held at the Universities of Canberr@;ano, and brings together biomimetic engineering and
Melbourne, New South Wales, Wollongong and Newcastle. semiconductor physics. Studies on quantum dots have shown

The uniaue arrav of research equinment and facilities housed?rt]eresting and distinctly different carrier transfer mechanisms
q y quip in_high-density and low-density dot structures. In the area of

the Department continues to be one of its strengths. This yegL s . . .
- . ._devices, reactive ion etching studies of GaN epitaxial layers under
funding of more than $1.8M was received for two new major

S . : various plasma conditions led to etch rates as high as 130 nm/
facilities, an MOCVD reactor and an ion-accelerator for ion beam. . L .
. - . . e min. Quantum well intermixing of quantum well infrared
analysis. The existing MOCVD laboratory is being modified to e :
detectors has produced large shifts in detection wavelength
accommodate the new reactor and a new laboratory has been. . "
s o énabling the fabrication of two-colour detectors. Photodetectors
constructed for the accelerator. The reliability and utility of our

L - ) ) operating at 1.5m were successfully grown as part of a defence
existing facilities, and the installation and development of ne%’sntract. The fabrication of the highest power (1.8 Watt) quantum

facilities, depends heavily on the professionalism, skill an\(/j\/ell laser operating at 980 nm, in collaboration with colleagues
dedication of EME's technical staff (T. Halstead, M. Aggett, A, P 9 ' 9

. at Eindhoven University of Technology, was one of major

Hayes, A. Watt, B. King, D. Llewellyn) and externally funded, . . Sy ) gy, wa . J
. ) . \“highlights of research in the device area. Vertical cavity surface
technical assistants (M. Conway, A. Williams). EME's_". . . . .
_ emitting lasers were also fabricated using novel processing
departmental administrator, L. Walmsley has also made an , . . :
. L g echniques developed in the Department. All these areas involved
outstanding contribution to the smooth running of the department

L Xtensive collaboration (for example, with seven other Australian
The Department also acknowledges the contribution made E ( P

- . - . . . Ofiversities and more than 10 overseas laboratories). Progress
School administrative and technical staff, including those in the ot . . . ) 9

. - . .. In specific research projects is outlined below.
electronic and mechanical workshops, and plumbing and joinery
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shops. Lattice matched epitaxial structures based on InP/InGaAs and
InP/InGaAsP grown by MOCVD have shown excellent electrical
and optical properties. This material system is of particular
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significance as it allows access to the optical communicatiof®esearch on vertical-cavity-surface-emitting-lasers (VCSELS)
wavelengths of 1.8m and 1.55m. Quantum well intermixing continued with further improvements in the processing
studies were initiated using both Sihduced and ion techniques. Thermal oxidation of high Al-containing AIGaAs
implantation-induced interdiffusion. Large energy shifts weréayers was optimised, and enhanced interdiffusion of quantum
observed without any degradation in optical properties of theells below the oxide layers during subsequent thermal
structures.(H.H. Tan, C. Carmody processing was observed. For certain Al thicknesses
interdiffusion was suppressed, whereas thick Al layers led to
In the area of quantum dots (QDs), the photoluminescence (Rf}her enhancement in PL energy shifts, suggesting enhanced
temperature dependence of high density QD samples (Arrhenjggerdiffusion. Modelling of these results is underway. VCSELs
behaviour) is attributed to carrier thermal emission angere fapricated using an oxide for electrical confinement giving
recapturing into neighbouring QDs. Conversely, in low densityycellent threshold and light emission characteris(igsl.

QD samples non-Arrhenius behaviour is observed, and therm@hnen, H.H. Tan; A.A. Allerman [Sandia National Labs])
transfer of carriers between neighbouring QDs plays no

significant role. Furthermore, the efficiency of carrier transfein collaboration with colleagues from the University of Canberra,
into isolated dots is found to be limited by the rate of carriea wide variety of semiconductor lasers were fabricated with the
transport in the InGaAs wetting layefC. Lobo) goal of achieving low noise lasers. To achieve this goal, it is

necessary to obtain high internal and external quantum efficiency
The properties of dielectric layers of Siend S|N, deposited ang ow-threshold current densities. The requirement to
by the new Plasma Enhanced Chemical Vapour DepositiQpdertake the noise measurement at low temperature necessitated
(PECVD) reactor have been studied. Process parameters Wggg gevelopment of suitable mounting techniques. This was
found to significantly influence the composition, porosity, and,ccessfully achieved and mounted devices are currently under
H content of the layers. For example, the porosity was found {Qestigation.(J. Hazel, L. Fu, H.H. Tan, A. Uddin, P.J. Edwards,

increase with decreasing deposition temperature whereas oX{§€cheung; G. French, R. Gill, G. Kumar [U. Canberra])
composition and deposition rate were found to be dependent on

nitrous oxide flow. P.N.K. Deenapanray, L. Fu, H.H. Tan, K. In a joint effort with the Laser Physics Centre and the Optical
Gaff [OSC]) Sciences Centre, semiconductor saturable absorber modulators

were developed. These were grown by MOCVD and
Quantum-Well-Intermixing studies on GaAs/AlGaAs andyypsequently irradiated with high-energy ions to achieve sub-
InGaAs/AlGaAs structures were carried out using,SEIN,  picosecond carrier lifetimes. Transmission electron microscopy
cap layers. For the first time, a correlation between the dlelectltrﬁEM) in conjunction with optical characterization provided an
layer properties and interdiffusion in quantum well structure§nderstanding of the role of defects in controlling the modulation
was found. In particular, porosity in the deposited layers wag,aracteristics of these saturable absorb@vsJ. Lederer, B.

found to enhance the interdiffusion in quantum wells, leading §Qther-Davies [LPC]; N. Akhmediev [OSC]; H.H. Tan, C.
enhanced PL energy shifts. Time-resolved PL measuremegggadish)

have shown that the carrier transfer is much faster in interdiffused
quantum wells, which has been attributed to changes in trpgn Beam Modification and Analysis of Materials
composition gradients introduced by the impurity-free

interdiffusion process(PlN.Kl Deenapanray, L. Fu, H.H. Tan) The lon Beam Modification and Analysis of Materials Group is
led by Dr R.G. Elliman and employs world class facilities,

In the area of 980 nm high power lasers, work in collaboratidncluding three ion-accelerators, to undertake and support a wide
with Eindhoven University of Technology, resulted in a recor@dange of research projects ranging from fundamental studies of
output power of 1.8 Watts. These lasers are widely used in optigatiation effects in materials to the fabrication of electronic and
communication systems as pump sources for optical amplifiegptoelectronic devices. It also supports a broad range of national
Novel designs, based on low optical confinement along withnd international collaborations involving for example CSIRO,
optical trap layers, and novel growth processing led to this recoMNSTO and five state universities in Australia and more than 3
output power. Further efforts are underway to improve powel0 overseas laboratories. Research highlights have been qui@
output by the creation of non-absorbing mirrors using selectiviiverse. Of particular note is the ongoing collaboration with the g
area interdiffusion. Dual wavelength lasers were successfulyuclear Physics Department in the area of high-energy, heavy%
developed using novel MOCVD growth techniques. Thes@n beam analysis of materials. This work has received
structures required the growth of current-blocking layers angbnsiderable national and international attention, with threecy
etching, followed by a subsequent growth of active regionsvited talks presented at international conferences on a newd
(H.H. Tan, L. Fu, M. Buda; G. lordache, G.A. Acket, T. van ddetector and its applications. Other highlights have involved an%
Roer, F. Karouta [Eindhoven UT]) understanding of irradiation-induced defect evolution inrSi,

. situ Transmission Electron Microscopy (TEM) observations of
Research on quantum well infrared photodetectors (QWIPS) WaStet interactions with, and shrinking of, cavities in Si

very fruitful, leading to the fabrication of two-colour QW|Ps'production and study of properties of implantation-induced

Multiple energy implantation produced excellent intermixing, 54 icles in Signon-equilibrium processes associated with
results, leading to a clear shift in the detector photocurrent special, ., gettering in Si, understanding of compound formation S
' )

response. Interestingly, bound-to-quasrbqund as-grown QV\_/”(DOQXide and nitride layers) in Si during SIMS, major insights into £
changed |nt9 bound-to-bound QWIPs after mterdﬁfusmn, Ieadlnigm and photon-induced desorption processes and local bondin$
to a narrowing of spectral respongé. Fu, N. Li, H.H. Tan) arrangements in ion-irradiated semiconductors. With regard to§
major facilities, the most significant development this year was @
the purchase of a new ion-accelerator to replace the ageing Va@
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de Graaff accelerator currently used for ion beam analysis. Theown by MOCVD and irradiated with both keV and MeV ions.
new accelerator will extend existing capabilities by providingnitial Rutherford Back Scattering (RBS) and channelling
higher-energy beams. Research progress in projects involvingeasurements are providing interesting insights into disordering/
ion-beam modification and analysis are summarised below. Theordering processes in these materigsH. Tan, C. Jagadish)

ion beam analysis work includes research using the Riber

secondary ion mass spectrometry (SIMS) apparatus led by Beep level transient spectroscopy (DLTS) and TEM studies have
M. Petravic. been carried out to study defect evolution in ion irradiated and

annealed n-type Si and p-type Si. Below the threshold dose for
extended defect formation, DLTS revealed no point defect
signatures in n-type Si, whereas, point defects were observed in
The potential causes of defective recrystallisation in amorphisgdtype Si. Under majority carrier injection, DLTS could detect
111-V semiconductors continued to be inVeStigated. In pal’tiCUlabmy vacancy_re|ated levels in n-type Si but both vacancy and
the influence of macroscopic non-stoichiometry on the solidnterstitial-related levels in p-type Si. These results suggest that
phase epitaxial growth (SPEG) of amorphised GaAs has begisidual defects are interstitial in nature in n-type Si, hence their
studied with TEM. This technique has also been utilised to ima%sence under majority carrier injection. From TEM, extended
the excess Ga precipitate depth distributions to identififefects were found to be rod like {311} defects for Siimplantation
constituent element diffusion during the annealing pro¢#sB.  and both {311} defects and {111} loops were found in Ge and
Belay, D.J. Llewellyn, M.C. Ridgway Sn implanted and annealed samples above the threshold dose.

L . TEM characterization of {111} loops suggested they were formed
Extended X-ray absorption fine structure (EXAFS) studies Off”}om amorphous pockets during Ge and Sn implantatign.

vanet.y of amorphised semiconductors have yielded the f'ra{ﬁ)ng-Leung, S. Fatima, J. Fitz Gerald [RSES]; C. Jagadish)
atomic-scale structural parameter measurements for suc

materials. Experiments were performed at both the Phot@fignificant advances were made in the understanding of the
Factory, Japan and the Stanford Synchrotron Radiatigfbnlinear optical response of Ge-implanted silica. In particular,
Laboratory, USA. The coordination number of Ga and As atomfe magnitude and temporal response of the nonlinearity were
in amorphous GaAs decreased whilst the opposite was appargigwn to be similar for samples implanted at 77K and room
for In atoms in amorphous InP. The presence of chemical disordgfmperature, and in samples annealed to®@ODEM confirmed
(In-In bonding) was verified for amorphous InP. The structurghe presence of nanocrystals in samples irradiated at room
evolution of irradiated Ge, prior to the onset of porosity, wagemperature and those annealed to 260But showed no
attributed to the production and retention of defectiv@vidence for crystallites in samples as-implanted at 77K. This
configurations within the amorphous phase. Such changes wg(gygests, for the first time, that the nonlinear response does not
only apparent through the use of advanced EXAFS anal@sk.  depend on the presence of nanocrystalline Ge. Studies are
Glover, M.C. Ridgway, G.J. Foran [ANSTO]; K.M. Yu [Lawrenca nderway to elucidate the role of Ge. The PL intensity from
Berkeley National Lab]; A. Nylandsted Larsen [Aarhus U.])  sjlicon nanocrystals embedded in silica was shown to increase

| laborati ith the D ; t of Nucl Physi \gith increasing nanocrystal concentration up to a critical value
n cotiaboration wi € Department of uciear FnysICs anf, 1 gecrease for higher concentrations. It has been speculated
the University of Bonn, perturbed angular correlation (PAC) w.

tilised to ch terise | b int defect | 7 “that the reduction in intensity at high concentrations is due
9 rised fo charac erlse.n_pro c-pomn e.ec compiexes in Iorr11'amocrystal-nanocrystal interactions that transfer energy from
implanted Ge. Two distinct probe environments have be

. diative t -radiative fracti f tallites. Hyd
observed to datgC.J. Glover, M.C. Ridgway, A.P. Byrne [NP]; © rg |§ Ve 1o hon-radiative frac |on_o crystatites. Hy roge_n
passivation of the nanocrystals, which enhances the emission
R. Vianden [U. Bonn))

intensity by more than an order of magnitude, was also shown to

Further progress has been achieved in the understanding of preduce an irreversible red-shift in the PL emission, consistent
implantation-induced phenomena resulting from ion irradiatioith H induced growth of the nanocrystals during the low-
of silica as appropriate for optical waveguide formation. Los§Mmperature passivation treatmefA. Dowd, S. Cheylan, R.G.
measurements, as a function of ion mass, dose, energy &léman; M. Samoc, B. Luther-Davies, N. Manson [LPC])

annealing temperature, have been performed. Thereaftg\rnew project commenced on the fabrication of a Si nanocrystal-

Chemlfl?l edtihmg n combi:natlon \_Nlt_h a':orrllct-_forgedmlcrgsdcop)énhanced optical amplifier. This project is based on the fact that
was ut |se. ° measure ¢ an_ges in Implantation-induce enSI'We PL emission from Er-doped silica can be increased by more
and refractive index as functions of degt.M. Johnson, M.C. . . .
Ridgway, T.D. Thompson: V. Gurarie [U. Melbourne]) than an order of magnitude in the presence of Si nanocrystals.

gway, 1.D. pson, V. ' Preliminary modelling has shown that the increase in refractive
In a new initiative, synthesis of long wavelength N-containing‘dex caused by the Si nanocrystals acts to confine the optical
lI-V semiconductors was achieved using N implantationmdes to the active region of the waveguide. This should further
Recently, N was found to decrease the band gap of |11-{ncrease the gain of the amplifiglR.G. Elliman, A. Ankiewicz
semiconductors grown by MOCVD. N implantations werdOSC]; B. Stritzker)
carried into GaAs, AlGaAs, InGaAs, InP to achieve up to 5% . . . .

harge transport was investigated in metal-insulator-

PL studies have shown emissions atlong wavelength, SuggeStIré'(%]niconductor (MIS) structures that were ion-implanted and

reduction in the band.gap of these matena?s, as confirmed EXnealed to produce Si crystallites in the insulating, &iger.
photoreflectance studiegH.H. Tan, C. Jagadigh

Shifts in current-voltage and capacitance-voltage curves were
lon implantation studies have been initiated to stud@Pserved after the application of a forward-biased voltage stress

amorphisation processes in InP and InGaAs-based epitaxfdi €xposure to ultra-violet (UV) light. ~ Negative
structures. Custom structures of InP and InGaAs layers wdpBotoconductivity (i.e. the conductivity reduces by exposure to

lon Beam Modification of Materials
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UV light) was also observed for the first time. These effectsascade effects (ie, interface displacements from Si recoils) in
were explained by photoionisation and charging of SIBIEC. To date all results strongly support irradiation-induced

nanocrystals and charge transport in the,Sifllm. PL and atomic displacements within a few atom layers of the interface
electron-spin resonance (ESR) were also used to study intrinagthe major determinant of IBIEQ.S. Williams, M.J Conway,
defects in fused silica during ion-implantation and annealiny Young; A. Kinomura [ONRI])

procedures designed to form H-passivated Si nanocrystals. lon

implantation reduced the PL emission from 288 and 390 ntudies of ion implantation damage in GaN have accelerated in
diamagnetic oxygen-deficient defects and produced nonradiativ@29 With the availability of good quality material from LEDEX

paramagnetic defects, as measured by ESRI. Choi; J. Martin in Taiwan and a new PhD project. Detailed studies have been
[LPC], S. Cheylan, R.G. Elliman) undertaken on damage build-up under irradiation with several

ions. Preferential surface disordering is observed in all cases,
In a collaborative project involving the CNRS in Paris and theven at liquid nitrogen irradiation temperatures. This process is
University of Melbourne, crystalline Si containing a band ofssociated with surface trapping of mobile defects but leads to
nanocavities has been irradiated with Si at various temperatusevere dissociation and loss of nitrogen at higher dq§e®.
to study the interaction of defects with cavities. A range dfucheyev, J.S. Williams, C. Jagadish, G. Li [LEDEX]; S.J.
interesting phenomena were studiedrbgituandex-situTEM  Pearton [Florida])
and ion channelling. At and slightly above room temperature,
the cavities are observed to be preferential nucleation sites f@aterials Preparation, Analysis and
amorphisation of Si under ion irradiation. The explanation foacharacterisation

this behaviour is that the cavities can provide free volume f%ork has continued on the development and application of the
Io_cal expansion qf Si necessary to form less dense amorph%ésavy-ion elastic recoil detection (HI-ERD) system. This
Si. At an irradiation temperature of 3@ where amorphous technique, which employs high-energy heavy ions, such as 210

layers are not formed, cavities are efficient sinks for Sl{/IeV 197au, provides quantitative compositional analysis of the

interstitials, thus giving rise to a zone around cavities that i‘?‘laterial, including low atomic number elements such as H. This

denuded of residual defects. It is also found that cavities Sh”%llaborative project between EME and Nuclear Physics has led

and disappear at higher irradiation doses either via plastic flof\g the development of an advanced position-sensitive gas-

of amorph(_)us Stinto caV|t|§§, or at_ hlgher tempgratures, via trbqﬂsation detector, incorporating several novel design features
accumulation of excess Si interstitials at caviti€x.F. Zhu, S . . . o
i ) I b ) Will to simplify data collection and analysis. These include a modified
mg E' gwa){,';J.'(::. McCaHurré[Me Og::;su']’ J.S. Wi 1aMS, gjectrode structure to reduce distortion of the electrostatic field
-C. Conway; F. Fortuna, H. Bernas [ D used to collect electrons and the incorporation of a second grid
lectrode for measurement of the total ion enefigy.Timmers,
R Ophel [NP]; T. Weijers, S. Jones, R.G. Elliman)

Research Accomplishments

Two aspects of ion beam induced epitaxial crystallisation (IBIE
have been examined with an attempt to understand the proc

in more detail, Specific_a_lly, the erendence of IBIEC on i0I£f’he correlation between energy loss and collected charge for
mass and energy deposmon density has §hown the process qﬂﬁﬁ/idual ions traversing 7.im self-supporting Si p-i-AE
not scale exactly with the number of displaced atoms at ﬂ?]%tectors has been studied using the Enge spectrometer in the

interface as the energy densily is increased. This implies tIﬁlﬁclear Physics Department. In this work the simultaneous

defect interactions at an amorphous-crystalline interface can .
o oo - ) ) Mmeasurements of thEE signal and energy loss were made for
inhibit crystallisation. Further experiments involving IBIEC

i - _ 49 MeV28Sj and 103 Me\#8Si and 147 MeV4Ge incident ions
under channelling conditions for both buried and Surfacgbtained by 10° scattering of a primary beam from a thin gold
amorphous layers have clearly indicated the crucial role of target supported on a carbon foil. The
results show that there exists a strong
correlation between the individual ion
energy loss and the collected charge signal.
(H.J. Whitlow, Yanwen Zhang [Lund
Institute of Technology], D.J. O'Connor,
Minmei Li [U. Newcastle], H. Timmers,
T.R. Ophel [NP], R.G. Elliman)

A cluster-assembled carbon nanofoam was
fabricated in the Laser Physics Centre
using a novel high-repetition-rate laser
ablation technique. The characterisation
of this material included measurements of
the foam density, its surface area, its
electronic structure and its electrical
conductivity. Such analysis showed the
foam to be of extremely low density (2-
20-16° g/cn?) with its surface area in the
range 300—400 #fg. The measured high
sp-bonding fraction at the edges of the

b - - - - foam, and at the edges of the cluster, are a
End of an era, after 37 years service, the Van de Graalff accelerator is about to be replagegl ingication in favour of the proposal
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Jody Bradby loading samples into the microhardness tester

based on high resistivity of the foam, that thelspnding atoms  microscopy) around the critical angle for surface oxide formation.
are located mostly at the surface of the clusters, and that thigrogen bombardment does not show any such dramatic change
connections between the clusters are duebepdings.(A.V. in angular dependence due to the extremely low mobilities of
Rode; E.G. Gamaly, S.T. Hyde [AM]; R.G. Elliman, N. Welhamgifferent impurities in silicon nitride. However, observed small
B. Luther-Davies [LPC]; D.R. McKenzie, S. Bulcock [U.changes in depth resolution have been found to closely follow
Sydney]) the changes in silicon nitride stoichiometfyl. Petravic, P.N.K.

) _ ) _ Deenapanray, C.M.Demanet, D.W. Moon)
The use of reactive oxygen and nitrogen ions in SIMS analysis

constitutes an interesting area for investigation of fundamentaesearch into the mechanisms and applications of the gettering
ion-induced near-surface chemical reactions. The differenf metals to cavities in Si continued apace. This study involves
segregation behaviour of impurities during oxygen bombardmeimternational collaboration with researchers in Japan and USA
of Si (under conditions favouring formation of thin surfaceand has employed a number of characterisation methods
oxides) has been studied for a number of ion implanted metalscluding neutron activation analysis (NAA), RBS/ion
We have demonstrated, for the first time, the antisegregationdfiannelling, TEM and SIMS. A major thrust has been in
F into the oxide as an electric field builds up across the surfagaderstanding the non-equilibrium (defect-mediated) processes
oxide during ion bombardment. Further, we have shown thdtat lead to super-efficient accumulation of metals at cavities
the electric field plays the dominant role in segregation of Land the pathways (and bottlenecks) to thermal equilibrium during
and K out of the oxide and have identified the thermodynamtbermal annealing(J.S. Williams, J. Wong-Leung, M. Petravic,
component of the segregation driving force. We have aldd.J. Conway, B. Stritzker; A. Kinomura [ONRI]; D.J. Eaglesham
explained the controversial segregation behaviour of Ca reportidicent])

in the literature by taking into account two components of driving

force for segregation: the electric field and the larger soligtudies began in 1999 (in collaboration with USA scientists) to

solubility of Ca in amorphous Si than in Si oxid¢P.N.K. assess the stability of metal trapping to open volume defects in
Deenapanray, M. Petravic) Si. Two types of open volume defects are being studied, namely

nanometre sized cavities and vacancy clusters, the latter being
Within the angular interval favouring formation of surfaceassociated with so-callquAR defects obtained after energetic
compounds under reactive ion bombardment, we have identifiezh irradiation, particularly at room temperature and above.
several different types of angular dependence for the broadeniRgsults indicate that oxygen (if present in the wafer) can result
of SIMS profiles. For the first time we have shown that a ranga ejection of metals from the walls of open volume defects and
of impurities in Si, such as Ga, B, Ge and Sh, exhibit a dramatiss of efficient gettering for metals during annealing. For Au,
degradation in depth resolution around a "magic" impact angigs observed that the number of Au atoms trapped in open volume
of 27 from the surface normal. We have explained this behaviodefects scales with the magnitude of the open volume. Interesting
by enhanced surface roughening (confirmed by atomic for¢eapping and release phenomena have been observed when

28|—
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different types of defects (at different depths) are present in thad varying yields of hollow nanotubes have also been observed.
Si. SIMS has been the major analysis technique but TEM afithese range in diameter from 100 nm (for the BN — complex
RBS/channelling have also been usdgd.S. Williams, M.J. segmented tubes) down to 5 nm (for C — probably single-walled
Conway, J. Wong-Leung, M. Petravic, P.N.K. Deenapanray; R.Aanotubes). The most interesting observation is that nanotub
Brown [NJIT]; D.J. Eaglesham [Lucent]) growth of C and BN appears to occur at relatively low
temperatures by a solid state process rather than via vapour phas
A new student project began in 1999 involving nanoindentatiogy liquid phase transpor(Y. Chen; L.T. Chadderton [AMPL],

of a range of semiconductor structures using EME's UMI§ g \jlliams, M.J. Conway, M. Bruckard: J. Fitz Gerald [RSES])
machine. To date the indentation load/unload curves have been

measured for crystalline and amorphous Si and the residudtanium diboride can be made by ball milling for between 10
indentations studied by AFM and Scanning Electron Microscopgnd 15h, with the valuable high purity powder obtained by
(SEM). (J. Bradby, J.S. Williams; M.V. Swain (U. Sydney]) selectively leaching the unwanted residue. The same synthesig

route can be used to make a large range of transition metal

Photoemission and photodesorption of positive hydrogen i0p§pige, nitride and boride phases that are much sought after a
from hydrogenated GaAs surfaces has been studied usifigystrial materials in cutting tools and high temperature
synchrotron radiation in collaboration with colleagues in Francg aterials. The final particle size is invariably sub-micron and
(Synchrotron Research Facility in Orsay). It was shown, for thgystallographic studies indicate that they are single crystal,
first time in a covalent_system, thgt a striking similarity eX'St_?naking them ideal for manufacturing purposes. A second area
between the shape of ion-desorption curves and correspondyinyestigation has been the enhanced dissolution of minerals
photoelectron spectra around core-level binding energies of Ager extended milling. Recent work has shown that a tantalum/

and Ga. This correspondence suggests that the excitation of Gghium ore undergoes a dramatic dissolution rate increase
electrons in As and Ga atoms plays a dominant role in thgjowing milling. (N. Welham)

desorption of K. Anew method has been introduced in order to

determine the contribution from different desorption channeldhe relationship between crystal structure and stoichiometry
We have shown that a comparison of desorption yields frofexygen content) is an important issue for mixed oxides such as
hydrogenated surfaces of different termination (polar and nostrontium-iron oxide, which is a material used for oxygen
polar surfaces) can provide evidence for a particular desorptionnductors (sensors) and fuel cells. Thermal analysis, X-ray
channel (a direct process in our case). Further, by tunimiffraction (also at elevated temperature) and neutron diffraction
synchrotron radiation to a particular energy, hydrogen atontave been used to provide new understanding for such material
bonded to a specific site may be selectively removed from tlsgstems for compound powders prepared by ball millifhd.
surface. (M. Petravic, P.N.K. Deenapanray; G. Comtet, L.Schmidt)

Hellner, G. Dujardin, B.F. Usher [U. Paris-Sud])

Research Accomplishments

DLTS studies on low dose ion implanted p-Si examined t
generation rate of point defects as a function of ion mass.
generation rate of the divacancy was found to deviate from
linear dependence for high-mass ions, particularly Sn. In or
to understand this behaviour, high temperature Sn implants w
carried out, giving an increase in divacancy concentration fo
fixed dose. This suggests that suppression of amorphous poc
at high temperatures may lead to changes in divacan
concentration.(S. Fatima, C. Jagadish, B.G. Svensson)

A fundamentally new solid-state process has been developed
the formation of C and BN nanotubes. This synthesis meth
involves two separate steps: a cold mechanical milling follow
by a relatively low temperature (< 14@) thermal anneal. Ball
milling of both graphite and crystalline BN compound firs !
produces nanosized particles or clusters with a microporo %
structure. After annealing, the material has reorderec;

predominantly to the hexagonal crystal form in both C and BNihe microscopic diamond tip of the microhardness tester
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Research
Accomplishments

Professor Barry Luther-Davies
- Head of Laser Physics Centre

http:/llaserspark.anu.edu.au

Laser Physics Centre

The Laser Physics Centre is engaged in laser-based research on topics spanning
both fundamental and applied physics and engineering.

Research Summary

Much of the research of the Centre involves some aspect of materials science, such
the development of linear and nonlinear materials for photonics, or laser-based metho
for the production of new materials or unusual states of matter. Almost all of the
projects undertaken in the Centre involve extensive collaboration with local and oversed
groups. Within the School we have strong interactions with the Department of Electroni
Materials Engineering; Applied Mathematics; the Optical Sciences Centre; the Atomic
and Molecular Physics Laboratories, and the Plasma Research Laboratory. A
collaboration involving Professor Luther-Davies and Dr Krolikowski,with members

of the Optical Sciences Centre, resulted in a successful application to the University's
Performance and Planning Fund (PPF) for work on Nonlinear Science and Solitons.
Outside the School we have projects with the Departments of Chemistry and Physics
and Theoretical Physics at the ANU; ADFA; James Cook University; University of
Sydney; and overseas groups in USA, Germany, UK, Poland, France, Switzerland and
Russia.

Research Aczomplishments
(Laser Physics)

The Centre remains a significant contributor to the expanded Australian Photonics
Cooperative Research Centre which was funded by the Government for a further seven
year period early in the year. Professor Luther-Davies was reappointed as Research
Director for the CRC and as one of the Directors of Australian Photonics Pty Ltd that is
the Commercial and Management agent for the CRC. The CRC is expected to fund
expansion of the Department's work on novel photonic materials and devices including
an ongoing commercially sponsored project on fibre optic voltage sensors (FOVS).

Two new staff members joined the Centre during the year. In June Dr Max Lederer
took up an ARC funded SPIRT Post Doctoral Fellowship, supported by Electro Optic
Systems Pty Ltd, and Dr Robbie Charters took up a SPIRT funded PDF, with support
from AOFR Pty Ltd. Therese Martin joined the FOVS project as a part-time research
assistant, and Daniela Werner joined the Centre from the FH Aalen University of Applied
Sciences, Germany, to undertake practical training also on the FOVS project. A cohort
of PhD students, some with historical links to the Centre, completed their PhDs. The|
included Doug Body, Jason Christou, Hugo Giordano, Max Lederer, Wengian Yu, Geo
Pryde, Bruce Stenlake and Weijian Lu. A further significant personal achievement wa
Anita Smith's selection to represent the ANU at tHel@ernational Women in
Leadership Conference at Edith Cowan University in November. §

1

We were pleased to welcome a number of visitors during the year. Professor Byeorg-
Soo Bae from KAIST Korea is spending twelve months in the Centre supported by &g
IREX grant to work on silica-zirconia sol-gel glasses. Dr Abdolnassar Zakery frorrE
Shiraz University in Iran joined the Centre in October to work on pulsed laser depositi

of chalcogenide glasses. Alex Boiko from Electro Optic Systems Pty Ltd continues tg
produce high quality optical coatings in support of the research as well as servicing tife
needs of the company. Dr Yanjie Wang and Dr Yue Gao, also from Electro Opti€
Systems remain as long term visitors. Short-term overseas visitors included Profes%r
Eric Van Stryland from CREOL at the University of Central Florida, Dr Christian%
Bosshard from ETH Zurich, and Dr Nick Zheludev from the University of Southampton-t%
UK. Dr Graham Atkins from the Optical Fibre Technology Centre at the University of
Sydney is a regular visitor working on organically modified silicate (ORMOSIL) 9;
materials for photonics. >

A summary of the various research activities in the Department follows:

\\ Research School

31



(7]
@
c
(]
=

—

(7]
Lo
g2
Ez
oo
O =

(]
<m
L @©
o
S S
©
(]
(7]
(]
14

Research School of Physical Sciences & Engineering 1999

Nonlinear Optical Materials and Structures determination of nonlinear optical properties of a family of

We continue to study the nonlinear optical properties of materiaf{ganometallic dendrimers: compounds with finely crafted spatial
for applications in photonics as well as developing models §fructures and with vgw _strong nonlinear apsorptlon properties.
substances important for the understanding of the microscopig€ &ffects of subsitution and the resulting changes of the
origin of nonlinear optical effects. In addition to the classes Jpultipolar electror.uc structure on the nonlinear optlc.al properties
materials studied previously, of particular interest this year h{@Ve been studied.M( Samoc, B. Luther-Davies, M.G.
been the nonlinear properties of gallium-silica interfaces, arfd!MPhrey [Chemistry, The Facultigs]
the behaviour of polyenes with different chain length.

Development of Plastic Optical Fibres for Voltage Sensing

Third-order NLO Properties of Conjugated Polymers and Applications
Model Molecules We have been involved via the Australian Photonics CRC in a

We have established that soreonjugated polymers have large Project sponsored by ABB and Transgrid to make plastic optical
but complex third-order nonlinear optical properties. ExampldiPres as distributed voltage sensors for the power industry. The
of such materials are poly(indenofluorene) which exhibits ver{/’TeS rély on a novel mechanical alignment process acting on a
strong absorption saturation for femtosecond laser pulses at SR§CifiC structure of an electro-optic molecule in the fibre to create
nm, and polymers of the poly(phenylenevinylene) family, whict? Sensitivity to voltage. The work this year was centred on
exhibit both very strong self-focussing and/or self-defocussirfgPt@ining single-mode optical fibres from a polymethacrylate
effects and nonlinear absorption. In collaboration with overse&daterial containing a specially designed electro-optically-active
groups we have investigated several polymersesahjugated p_olymerlc dopant |n_ the fibre core. This resegrch mvolvgd a
molecules with the aim of finding materials with both thed“’erse range.of topics, frc_)m quantum mechanical cal_lculathns,
optimized nonlinear properties and good processability to garough chemlgal synthes.ls |_n the two-stage preparation of.flbre
useable for low loss planar waveguide structures. While sevePéPforms_’ drawmg of plastic flpres andto mgasurements_of linear
polymers offer promise as good materials for nonlinea?nd n_onlln.ear optical properties of the fabrlcat_ed materials, and
waveguides with low loss nonlinear merit factors, the real pa?f‘ optical fibres madg from then@B. Luther—Dawes: A. Samoc,
of the electronic third-order susceptibilities are not among tHd- Samoc, R.M. Krolikowska, C. McLeod, T. Martin, J. Bottega,
highest measured at 800 nm. Finding a good compromisdIcRae)
between factors such as the low optical loss and high nonlinearity
at a useful operating wavelength, as well as good environmenbégnlinear Optical Effects at Gallium/silica Interface
stability, remains a challenge in this field. Both the fundamentq,lhe reflectivity of a gallium-silica interface held close to, but
and technological aspects of this research will be immens low, the gallium melting point of 298 can be changed
ermched next. year with the acquisition of a tunaple source gf‘gnificantly (> 40%) by light over a very broad spectral range
high-power mid-IR femtosecond pulses with the aid of a RIEgqq_1500 nm, The effect has been attributed to a surface-assisted
grant (A. Samoc, M. Samoc, B. Luther-Davies) phase transition from the staliegallium phase to a phase of
metallic nature. We have investigated the nonlinear switching
Nonlinear Properties of Organometallic Compounds phenomena occurring at the interface between a thin film of

We have continued investigations of NLO properties o#allium and a silica substrate. In collaboration with Dr N.
organometallic compounds in collaboration with the group of€ludev of the University of Southampton we are studying these
Dr M.G. Humphrey of the Chemistry Department in the Facult?ﬂeds on samples obtained at the Laser Physics Centre using

of Science. A highlight of this year's research has been tmgllsed laser ablation. The preliminary results indicate that
gallium mirrors can show relatively fast (2 picosecond risetime

and nanosecond relaxation time) switching for short laser pulses.
(B. Luther-Davies, A.V. Rode, M. Samoc, N. Zheludev [U.
Southampton])

Semiconductor Nonlinear Optics and Applications

We have demonstrated for the first time that ion-implantation
can be used to generate semiconductor optical materials with
ultra-fast response (28-101%s) and well-preserved absorption
modulation. The outcome of the study can serve as a guideline
for ion-implantation in GaAs devices for applications such as
ultra-fast all-optical switching and laser mode-locking using
semiconductor saturable absorber mirrors (SESAMs). Work has
begun to investigate beryllium or zinc doping of ion-implanted
GaAs as a promising method to further increase the nonlinear
modulation of implanted GaAs devices. We are also currently
working on device design (SESAMSs, all-optical switches and
wavelength converters) incorporating quantum well structures
of InGaAs/InP and other compounds suitable to extend passive
modulator applications towards the communications wavelengths

Doped optical fibre fluoresces under UV light (i.e. 1.3um and 1.55um). The work involves collaboration
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with both the Department of Electronic Materials Engineerin
and ETH Zurich (M. Lederer, B. Luther-Davies; H. Tan, C.
Jagadish [EME]; M. Haiml, U. Siegner, U. Keller [ETH Zurich])

A picosecond SESAM mode-locked Nd:YY@ser has been
developed which provides variable output pulse duration throu
a simple and user friendly "on-the-fly" adjustment. A very lo
repetition rate (7MHz), SESAM mode-locked high power diod
pumped laser is currently under development for use in ult
fast laser ablation experiments. We have also continued w
the design of an oscillator-amplifier combination for th
picosecond satellite laser ranging systems for Electro Op
Systems Pty Ltd. A novel and efficient thermal manageme
scheme for diode side-pumped high power lasers and amplifi
has been developed. Incorporated in a laser amplifier the schefrl@se-up of the end of a fibre blank prior to drawing, clearly
was shown to result in superior thermal management especiafly°Wing the yellow doped core

for laser crystals with poor thermal conductivity and strong pump

absorption such as Nd:YV(O (M. Lederer, V. Kolev, B. Luther-
Davies) device operating principle is based on the adiabatic evolution of

a single local normal mode along the device length, DDCs display
such desirable characteristics as wavelength independent and

polarization insensitive operation. These features make them
We have continued to work orx2 thermo-optic space switches wel|l suited to wavelength division multiplexed

created by the laser writing of single mode channel waveguigglecommunications systems.

devices in a photosensitized form of poly-methylmethacrylate

(PMMA). In particular, we have concentrated on a new class f collaboration with researchers from the Centre of Electronics
switching device, the mode evolution or digital directionabnd Microelectronics, University of Montpellier, an Organically
coupler (DDC), in which adiabatic refractive index tapers arblodified Silicate (ORMOSIL) exhibiting low loss at
created along the guide length, by continuously varying the lagetecommunications wavelengths and a much-improved thermal
scanning speed in a smooth, precise manner. Since the writhgbility compared to PMMA has been investigated. The laser
system is under direct software control, a large range of tapafiting process has been equally successful in this material
functions is accessible, resulting in high-performance modystem, resulting in the demonstration of many types of guided
evolution couplers with crosstalk levels better than —30 dBvave devices. In particular, multimode interference (MMI)
Working from this optimized passive device design, it has beeplitter-based arrayed waveguide gratings with a wavelength
demonstrated that complete switching can be achieved in digigglectivity of 2.0 nm have been routinely produced, and devices
directional couplers through the thermo-optic effect. Since trexhibiting 0.8 nm selectivity are under development.
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Photonic Materials and Devices

Members of the photonic materials group
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Work on new waveguide materials is proceeding througpulse width, at repetition rates from 2 to 20 kHz. Up to 45 W
collaboration with Professor Byeong-Soo Bae from KAIST iraverage power was available after amplification providing up to
Korea to develop photosensitive silica-zirconia ORMOSIL$ x 10 W/cn? on the target surface. Conversion of the laser
suitable for use with our laser direct write technology. In additiotnoeam into second harmonic (532 nm) light has allowed us to use
collaboration with Dr Graham Atkins, University of Sydney,UFPLD with a variety of dielectric materials with high absorption
several new photosensitive sol-gel material systems have besrihis laser frequencyA.V. Rode, B. Luther-Davies)
developed. Preliminary investigations of laser written

waveguides formed in these films have given excellent resul{s|,ster-assembled Carbon Nanofoam

(R. Charters, A. Samoc, M. Samoc, B. Luther-Davies; G. Atkins ) )
[U. Sydney]: B. Bae, O. Park [KAIST, Korea]) Anew fractal amorphous carbon nanofoam with a large fraction

of tetrahedrally-bonded atoms was produced by UFPLD. The
efficient evaporation of carbon, which is beyond reach with other
evaporation methods, resulted in a diffusion-limited aggregation
Experiments on spatial solitons in photorefractive media agf carbon atoms into clusters. The resistivity, measured in a
carried out within the Laser Physics Centre, whilst theoreticabllaboration with Dr R. Elliman EME, of (1 — 810° Ohm-cm
analyses of the observed phenomena involve close collaborati@groom temperature and (1 — 2010 Ohm-cm at 80 K, is
with members of the Optical Sciences Centre. This year th®mparable with the RF-sputtered amorphous diamond-like
major interest has been in a new class of partially coherent spagigtbon (DLC) film, while the density of the carbon foam is about
solitons that can have variable shape. These exist in media wittbrders of magnitude lower than that of DLC. The current-
Kerr-like response when a beam consisting of a superpositionafltage (I-V) characteristics of the foam at various temperatures
mutually incoherent beams is present in the medium. Thef®m 85-130 K are nonlinear and demonstrate a voltage-
solitons undergo shape transformation during collisions. Thfependent resistivity. The differential resistivity is approximately
phenomenon has been observed experimentally ip times higher in the low-voltage region#30 V) than in the
photorefractive media that, although deviating from Kerr-likehigh voltage region (100 V).

behaviour, can mimic the Kerr response at least for short

propagation distances(W. Krolikowski; N. Akmediev, A. Structural analysis of the foam performed using Transmission

Soliton Physics

Ankiewicz A. Snyder [OSC]) Electron Microscopy, X-ray scattering (in collaboration with
Professor S. Hyde, AM) and electron energy-loss (in
Pulsed Laser Deposition of Novel Materials collaboration with Professor D. MacKenzie, University of

) Sydney) revealed that the foam has the following peculiar features
We continue to develop our patented ultra-fast pulsed lasglat have not been observed before:

deposition (UFPLD) process for the creation of new materials

including high quality thin films. We have upgraded our lasesThe ablated carbon clusters which are ~6 nm in diameter, have
facilities to better approach the optimum for UFPLD. The a novel structure with well-defined structural units with a
upgraded laser generates trains of 25 — 35 laser pulses of 60 pearacteristic length of 560.4 A. The data indicate that the

Bronwen Taylor and Dr Andrei Rodé with the high power laser ablation equipment



resulting in a few high-energy ions, until the hydrodynamic
expansion begins at the later stagée skin-effect interaction

at the initial stage of the UV laser pulse gives, to our knowledge,
the first explanation for acceleration of ions up to ~100 eV at
low laser intensities of $01(° W/cn?, and ns-range pulse
duration. (E.G. Gamaly [AM]; A.V. Rode, B. Luther-Davies)

Formation of Single-wall Nanotubes by High-repetition-rate
and Continuous-wave Laser Ablation

We performed a theoretical analysis of the continuous waye CO
laser and the high-repetition-rate Nd:YAG vaporization processes
that leads to the formation of single-wall nanotubes (SWNTSs).

After a simulation of the experimental details we model the

The pulsed laser group continue to investigate a variety of Neyqqrntion mechanism, evaporation rate, collision rates, scanning
applications of femtosecond laser pulses, shown here: Ias&

. . . tes, and then focus on the gas and heat diffusion processes.
dentistry, note the accurately milled square in the human tooth. . . . o .
. ith these basic considerations we can qualitatively explain the
and the purple plumes of plasma from the laser hits

experimental results under static and dynamic conditions,

including the influence of the buffer gas, and the gas pressure on
structure is likely to be a graphite polymorph, generically calleghe formation of SWNTs. We also found that the heat transport,
"schwarzites", which can be accomplished by warping Qfinetic and diffusion processes explain seemingly different
graphitic carbon sheets onto a random, isotropic hyperbokgrmation conditions in qualitative and semi-quantitative
sheet. agreement with the experimental results. A self-consistent

. scenario for nanotube formation in the gas phase has been
« In the larger micron-length scale the cluster-assembled carbgn gas p

foam demonstrates a fractal ordering with the estimated fracig ntlfl.ed and suggests future experlm(.ents for checking the
dimension of 2.4. ormation mechanism(E.G. Gamaly [AM]; A.V. Rode)

- The measured highfraction at the edges of the foam and aSolid State Laser Spectroscopy

the edges of the clusters are a clear indication in favour of theere are two major research efforts within the Solid State Laser
proposal, based on high resistivity of the foam, that the SPspectroscopy Group. One is directed towards optical processing
bonding atoms are located mostly at the surface of the Clustetsy computing. This is an experimental project involving a novel

and that the connections between the clusters are dué to §gser facility developed by the Group, which comprises a special

bondings. laser with very good frequency stability. New measurements

All these unusual features of this novel form of carbon, togethgph,'eved durlng the year mclgde demonstrat!on of time f’oma'”
with an extremely low density of 2-20 mg/end rather high optical prO(.:essm.g and the fl!’St demonstratlon of multi-pulse
surface area of 300—40C/g, are not only of particular academic NMR t.echnlques n th? aII-optlc.aI regime. Thg second resgarch
interest, but also promise important applications, such fLea mvoIveg st.udylng nonlinear absorption of multiple
hydrogen supercapacitoréA.V. Rode; E.G. Gamaly, S.T. Hyoleelectromagneyc flelds.by quantum sys.tems. All measuremgnts
[AM]: B. Luther-Davies; R.G. Elliman [EME]; A.S. Kheifets p_erformed this year involved a particular colour centre _|n
[AMPL]: D.R. MacKenzie and S. Balcock [U. Sydney]) dlamqnd that h.as proven to be a model system. The optical
pumping cycle in the colour centre is not well understood, but
significant progress in quantitative fitting of spectra has been
made this year in phenomenological modelling of the optical§
spin polarization process. The most spectacular use of thed
lonisation of the laser-ablated vapours with lasers producing fiamond centre, however, continues to be the observation ofS
and ps duration pulses at various wavelengths has been studfighy fundamental nonlinear quantum optics effects that haved
in order to understand the mechanisms of the vapour-plasmat previously been seen experimentally. :
transition. It has been established that there are several regimes

characterising the laser-target interaction that depend on lag®stical Computing and Processing

intensity, wavelength, and pulse duration. The range of laser . . . . .
intensities for optimal laser evaporation is determined by tH4any optical transitions of rare earth ions in solids have long &

condition of transparent vapours. The intensity range is uppéirt_aphasmg times of the order of milliseconds and may be of valuég

limited by the opaque plasma formation due to vapour Opticg?r coherent optical processing. With this in mlnd, oyeraperlod(\g
breakdown. of many years we have developed a special optical systemi

including a laser with a stability at least matching the transitioné_:~
The results are illustrated on laser evaporation of graphite wiiRe width, and optical phase sensitive detection. With thesey
Nd:YAG laser (1.0641m), KrF laser (248 nm) and ArF laser two attributes we now have capabilities beyond that of any otherg
(193 nm). For the UV-laser wavelength the regime of skin-effefboratory working in this area.

interaction was proposed as the mechanism of ion acceleratiorﬂl, h » q K h ol
and the range of validity of the skin-effect mode was establisheaef rare eart materlas used are known to ave pc_>te_nt|a a§
tical storage media. Optical pulses occurring within the s

For UV lasers the interaction has a bi-modal nature: '[h(%D hasi ; h Vi ; q
interaction may proceed initially in the skin-effect regime ephasing time 90 erent_y intertere, _an _as a consequence.thg
pulse sequence is stored in the material via spectral holeburnin

Acceleration of lons in the Skin-effect Laser-target
Interaction Regime
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as a long-lived frequency grating. In other laboratories thmeasurements can be made at this wavelength. These
information can only be stored once. However, because of theleburning and coherent measurements have been observed to
superior phase stability of our laser we can change or reversy with magnetic field strength and alignment particularly
the stored information. Phase sensitive detection also enabddrmut an avoided ground state level crossing. Quantitative
us to store the information in two orthogonal phases immediatgihenomenological modelling of the spin polarization process this
doubling the storage capacity of the material. More importantlyear has highlighted the characteristics and dominance of this
we have shown that the orthogonal phases can be used to avo&thanism in determining the holeburning and coherence
crosstalk between stored information, a problem that previoustygnals. This has enabled us to obtain a better understanding of
made the technique invalid when striving for better signal-tadhe centre properties, but the singlet electronic states involved
noise ratio at higher light levels. We have, therefore, been aliethe spin crossover remains to be established.

to show extra capabilities of time domain optical memories and _ _ _
demonstrated the coherent optical processing. The Raman heterodyne magnetic resonance signals associated

with the nitrogen-vacancy centre is also used in an entirely
In a further demonstration of the capability of the laser systedifferent study. The signals are used to study the effects of a
we have used it to burn a narrow spectral hole over a periodsifong near-resonance electromagnetic field on an absorbing
one second in a thin (5 mm) section of highly absorbing (80%jansition where we capitalize on the exceptional sensitivity of
material. Subsequent measurement of the absorption amat detection technique. Normally a strong driving field will
dispersion associated with this narrow transparency determirgturate the system, and measurements of absorption are then
that the group velocity of light over the narrow bandwidth is 6600 weak to detect. However, in this case we are easily able to
m/s, which is the second slowest on record. The slow growgetect optical signals in the presence of strong radiofrequency
velocity implies a high nonlinearity, and it is this nonlinearitydriving fields and we have used this capability for various
which is employed in the above time-domain optical processirgituations. This year our work centred around experiments where
where larger bandwidths are achieved by burning over a widirere was more than one saturating field. We concluded a study
range of frequencies. where there were two driving fields, and also showed that it was

possible to get informative data using up to four driving fields.

The experimental system has also attraction for morfhe experiments are in excellent agreement with calculations.
sophisticated spectroscopic investigations of the rare earth

transitions themselves. For example, implementation of NMRFhe most recent study involving the same colour centre in
like pulse sequences for optical spectroscopy has been diamond illustrated the phenomenon of electromagnetic induced
important goal of many groups in Physics and Chemistry fdransparency. Here application of an electromagnetic field
several decades, and we have been able to demonstrate thesefamant with one transition can change the absorption of another
the first time. The essential component of the success of thiansition. It is a topic of considerable current interest as it can
work is the preparation of a narrow spectral feature. This @nable lasing action to be achieved without inversion. Our
generated by the application of two overlapped pulses of oppositéerest is in the fundamentals of the phenomenon, and our system
optical phase. The result is a sharp line of width 25 kHz in @rovides one of the clearest examples of this effect. We have
wide spectral hole. Low optical absorption features within thiseen able to show further that the transparency feature can be
prepared spectral feature are eliminated by the application ofglit by applying a coherent perturbing field. Electromagnetic
train of tpulses. The consequence of this approach is to enaleluced transparency normally only involves three energy levels
use of a gated low power frequency stabilized cw laser fa@nd two fields. The transparency can then be split by applying a
successful multi-pulse measurement of the re-formed (imadeld at the third transition of such a three level system or by
echo) pulse train to obtain dephasing times. The results all@pplying a field resonant with a transition between one of these
investigation of ion-ion interactions and in the present case halewels and a third level. These effects are shown to have parallels
highlighted the effects of the instantaneous spectral diffusiomith the Mollow effect and the Autler-Townes effect for driven
ion dynamics. More importantly the experiments demonstrasystems probed by more conventional weak fields. We have
that sophisticated NMR-like pulse sequences for isolatingxperimental data of each of these cases that compare well with
specific interactions can be applied to the study of rare earthlculations of a model system. The calculations can also be
optical systems (N. Manson, M. Sellars, G. Pryde) extended beyond the range of parameters that can be accessed
experimentally.(N. Manson, J. Martin, C. Wei, E. Wilson)

Diamond Colour Centre Studies

Natural type 2b diamonds contain single substitutional nitrogeSrPeCtrOSCOpy

atoms. If such a diamond is subjected to radiation damage ahdvide range of other specialised optical spectroscopic
then annealed, the carbon vacancies created by the radiation teithniques are employed to study materials. These include laser
be trapped by the nitrogen impurities to form a nitrogen-vacansglective excitation and emission and we have recently completed
centre. This centre has been the subject of our studies. Thera &udy of a potential microlaser material Er doped KLiFhis

a ground state spin triplet, and an excited-state spin triplet whiglork was conducted in conjunction with Professor B. Henderson,
gives rise to absorption in the red. The unusual aspect of tliambridge University, UK and Professor A. Silversmith,
centre is that when light is absorbed the ground state beconttamilton College, NY, USA.

spin polarized. This is now considered to arise through a spin

selective cross over from the triplet system to a singlet and batggether with Dr E. Krausz and Ms R. Purchase (both of the
to the triplet. The longest wavelength where spin polarizatidR€S€arch School of Chemistry) we have studied electric field
occurs is with excitation at the sharp zero-phonon line, 638 nind magnetic field effects of zinc phthalocyanine. The particular
Various holeburning and coherent (Raman heterodyngjeasurements done in our laboratories were high-resolution

-



Atom reduced to around 100 atoms/second when the fibre is perfectly|
transmission aligned with the atomic beam, and to zero when the capillary is

(dots) as a slightly curved.
function of laser

detuning from the  However, it was difficult to improve the transmission efficiency

atomic resonance  in the presence of laser light above a few percent. This is probablyJi2
(line-saturated aresult of multimode propagation of the laser through the uniform [
absorption glass capillary, which results in interference on the inside walls [ -
profile) of the fibre that allows atoms to strike the wall in the darker %_‘a’
regions. To avoid this problem, a single mode fibre was gE‘
developed that has a stepped refractive index profile around the 8;
-1000 0 1000 2000 hole. This fibre was manufactured using special techniques i O
frequency (MHz) developed by the Optical Fibre Technology Centre in Sydney, %d
part of the Photonics CRC. lItis anticipated that the more uniform §
light field created in this unique hollow fibre will enable much 3

spectral hole burning which complemented lower resolutio

holeburning and conventional spectroscopy investigations mampre efficient transmission of the atoms for future experiments

in RSC. The studies established that there was a significant dipBle2{omic waveguiding.(M. Colla, R. Dall, L. Robinson, J.
sson, K.G.H. Baldwin; M.D. Hoogerland, S.J. Buckman

induced in the plane of the molecule that was contrary to previo§¥v an
understanding that the only dipole was in the plane. [AMPL])

A holeburning study of rare earth triple chain soaps has al&V Laser Spectroscopy
been concluded during the year. The rare earth ion acts as a . . . . .
. u ! I. 9 Y . . ! . Experlments continued this year on high resolution VUV cross-
probe of its local environment and in this study highlighted thgection measurements of the oxvaen Schumann-Runde svstem
glassy structures created by different methods of cooling the ye ge sy

soaps. This work was in conjunction with Mr R. Corkery (AM)ziarlothioilfi\?:\llaeugi?fe“rr:r:tcgiz tZ?lcnmrﬁiXiTnhez? éerrlothzr:ts
who obtained his doctorate during 1998. ploy q y 9 ghp

dye laser radiation in a nonlinear medium (xenon), which we
Another holeburning study has been with Dr H. ReiseRave demonstrated in an international comparison of
(Australian Defence Force Academy) and Dr V. Bursian (lofféPectroscopic techniques to yield the most accurate available
Institute, St Petersburg). Together we have been investigatifitgh resolution cross section measurements for these systems.
the holeburning process in cobalt doped strontium oxide. Tielrrently our bestlaser resolution is 0.06'gmthe VUV, which
dopant in this material substitutes for a host crystal ion but i limited primarily by the bandwidth of the dye lasers employed.
displaced from the substitutional position. The orientation caR

. - - ) A significant improvement in resolution can be achieved b
be changed by optical excitation and it is considered that this g . .p . ) y
. ) . ) . moving to cw injection-seeded pulsed laser systems, which can
reorientation may provide the basis for a memory device.

yield Fourier transform limited laser bandwidths. Such a system
We have also been involved with electron spin resonance studf#8PIoying a seeded dye laser amplifier system was employed in
of Si nanocrystals in amorphous silica with Dr S. Choi (Kyundh€ collaboration between this laboratory and the US National
Hee U., South Korea) and Dr R, Elliman (EME). Martin, N. Institute for Standards and Technology which measured the

Manson, A. Smith, M. Sellars) helium 1S-2S two-photon (at 120 nm) transition for the first time.
However, even these experiments are limited by chirp induced
Atom Manipulation in the dye pumping process.

This year the bright metastable helium beam line has been us#d have embarked on a collaborative project with Professor%
to extend experiments on atomic wave guiding, as well as beiBgian Orr at Macquarie University to develop an injection seeded@|
used to load experiments using the magneto-optic trap (see AMBlid state laser system that may yield improved bandwidth Iase@
report). The beam line delivers overld@toms/second in the radiation for such high resolution spectroscopy studies. Thisg
helium 2S, excited state in an area of several square millimetre ;

longitudinal direction, and a few metres per second in t
transverse direction.

Following the first demonstration of atomic wave guiding fo
metastable helium atoms in our experiments last year, we h
extended these studies to include a range of different hollg
fibre geometries and conditions. Using commercially availabl
fused silica capillaries with both round and square cross-secti
holes ranging from 50 to 10 microns across (see figure 1),
have succeeded in transmitting up to 10,000 atoms/seca
through the capillaries by using laser light focused into the glas
The evanescent light field thus created on the inside of the fil
wall repels the atoms via the dipole force when the las8
frequency is detuned above the atomic resonance frequency (E&stron micrograph of glass capillaries with 40 and 10 micron
figure). Without the light field present, the transmitted flux id10le diameters

Research School of Physical Sciences & Engine
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system uses a cw diode laser to injection-seed an Optieale commencing development of the OPO/OPA system.
Parametric Oscillator (OPO) followed by an optical parametriEstablishment of this new high-resolution source should
amplifier (OPA) which uses periodically poled lithium niobatesignificantly enhance the spectroscopic capabilities of this
pumped by the second harmonic of a Nd:YAG laser. Followinkgboratory.(K. Waring, K.G.H. Baldwin; B.R. Lewis, S.T. Gibson
a successful RIEF proposal with Macquarie University for 1999AMPLY])

we have recently acquired the pump laser for this project and
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Research
Accomplishments

Professor George Dracoulis
- Head of Nuclear Physics

http:/lrsphysse.anu.edu.au/nuclear

Nuclear Physics

The Nuclear Physics Department operates the premier laboratory in
Australia for accelerator-based research in nuclear physics, providing
facilities for national and international users, as well as being the major
practitioners in Australia.

Research Summary

The Department's accelerators and other facilities are used for postgraduate a
postdoctoral training over a wide range of research, from basic to applied.

(Nuclear Physics)

Research Accomplishments

The 14UD electrostatic accelerator can provide nuclear beams of a range of masse
precisely defined in energy and time. These characteristics result in an efficient and
flexible tool for colliding nuclei, and creating new nuclear species, thus enabling
comprehensive studies of both nuclear structure and nuclear dynamics. The accelerator
itself, and many of the techniques and instruments developed are used in high-sensitivity
applications. This year has seen consistent activity in all research using a variety of
beams ranging from deuteronsi¥éu. Higher energies for heavier ions are available
from the Linac booster which is being developed to deliver beams to all experimental
stations.

The imperatives for basic studies of the nucleus derive from its properties as a quantal,
many-body system. Some properties have analogues in macroscopic (classical) systems,
whilst others do not. The nucleus is special because while it contains only relatively
few particles, it can exhibit both single particle and collective properties from competing
motions that are often delicately balanced. The characteristic states can be at comparable
energies and in regions of low level density and are thus observable as individual
quantum states, which in many cases interfere and mix. The study of such properties
falls generally into the province of nuclear spectroscopy whereas the wide range of
complex interactions between colliding nuclei is the subject of nuclear reaction dynamics
studies. In the latter, since the varied internal nuclear degrees of freedom couple to the
relative motion, by both selecting nuclei of different structure and also by tailoring the
collision conditions, different aspects of the physical processes can be highlighted.
Studies of nuclear dynamics therefore have a unique role to play in understanding the
interactions between complex objects.

Given these imperatives and the opportunity to apply new accelerator and detectidn
techniques to benefit other areas of science, the research program has been developed
to span a broad range currently including:

_.8_0'_

« Fusion and Fission Dynamics with Heavy lons
* Nuclear Spectroscopy
* Nuclear Moments and Hyperfine Fields

 Perturbed Angular Correlations and Hyperfine Interactions applied to Materials
(PACM)

» Accelerator Mass Spectrometry (AMS)

* Heavy lon Elastic Recoil Detection Analysis (ERDA)

i&csica/ Sciences & Engineering 1999

The spectrum of research extends from fundamental studies in nuclei to materi
analysis, much of it collaborative involving other departments, research school
universities and institutions. This year again saw extensive use of the facilities
outside users including UK scientists who have formal access through the ANU-EPS
Agreement.

P

h Schgoko

The ability to carry out such a broad range of research and to maintain internation%l
competitiveness, at the same time as providing facilities for other users, relies ondh
continuing investment in detector instrumentation and accelerator and ion sourée
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technology. As part of the enhancement of research capabilit]
and accessibility of the facility to outside users, particularly thog
who may need to install complex detector instrumentation, a md
flexible system data acquisition system capable of handling larg
multiple-element high-resolution detector arrays and th
concomitant high count rates is being developed. This followd
successful bid for funding to the Research Infrastructur
Equipment and Facilities Program (RIEF).

A new fusion product separator based on a superconduct
solenoid, is under construction, and should be commission
late in 2000. The majority of funding for this project was als
through an earlier bid to the RIEF scheme. That device will 1
the basis of extensive measurements by the fission/fusion gro
Augmentation of thg-ray arrayCAESARwhich is the central
tool of the spectroscopy pursuit, will also occur over the ne
two years following support this year from the University Majo
Equipment Committee.

Considerable disruption occurred during the year as all staff we
located in temporary accommodation during a majo
refurbishment of the department office block. Funding for thi
and also improvements to some of the technical areas in "~
Accelerator Building was provided through the Universityf. : T s,
Capital Management Plan. - 1 .
P ° ¥ | AN

The office block was re-occupied in December. In the longd?r Mahananda Dasgupta with the fission spectrometer
term, there will also be restructuring of the Accelerator Building

to meet the needs of users for detector development and testing, ) ) )
and sample preparation etc. The first "official” function to p&ne area of current interest addresses the question of suppression

held in the new seminar room was a series of scientific talgfusion in reactions initiated by light, loosely-bound projectile

presented by department staff to mark the retirement of Profes&§clei. Experimental data had been obtained in 1998 to compare
Trevor Ophel. Trevor joined the Department in 1955 as an ANJ€ break-up of the loosely-bound nucléusto its more
Scholar and after submitting a PhD thesis in April 1958, spefifrondly-bound nelghbodl'_l.m reactions orfOBi targets. The
about eighteen months as a Research Fellow at the Cyclotf&iyulting fusion cross-sections, which were this year analysed
Laboratory at Harvard, returning to the ANU in late 1959 as By Doth ourselves and by our collaborators in Brazil who
Research Fellow. Except for a number of periods of extend@@'ticipated in the measurements, indicate a surprisingly large
leave since then, he has been with the Department since, serfii§2kuP Probability even fofLi, due to the considerable
as its Head for four years, from July 1988 to July 1992. TrevgPPression of fusion observed. To complement these results,
will continue in the Department as a Visiting Fellow, frommeasurements were carried out this year for a reaction forming
January , 2000. the same compound nucleus, but using a projectile that should
not be susceptible to break up. This should allow confirmation
Details of all aspects of the Department's activities and resea@hthe fusion suppression féki. This work has implications
studies, some of which are sketched out below, are containeddn fusion reactions with unstable nuclei, being planned for new
the Department Annual Report for 1999 (ANU-P/1420), availableadioactive beam facilities.
on request. As well as experiments carried out on the local o
facilities, each of the research groups has active collaboratiof80ther aspect of recent studies involves the measurement of

with outside groups. In a number of cases, use is made fission angular anisotropies. These give a unique insight into
EHsion and fission reactions because the anisotropy is determined

instrumentation at overseas facilities, complementing our loc ; ) .

by the most compact shape in which the combined nuclear system
program. . . g o .

finds itself, after the decision to fission. It is the observable
most influenced by the dynamical processes occurring during
the fission of hot nuclei. Systematic measurements of
Studies of the dynamical interactions which couple internainisotropies for reactions with targets having significant ground-
nuclear properties to collective motion, either weakly through gtate spins were also initiated, and a detailed study on the
few states, as in fusion, or very strongly, as in the stochastigfluence of entrance channel mass-asymmetry on fission
process of fission. dynamics has almost been completed. Precise measurements of

h K thi h K | . b anisotropies were carried out to investigate the suggestion that
Research work this year has taken place in a number gf; .o may be a memory of the shape of the target nuclei

cpmp .Iemeptary areas. These studies art_a planned to Iead_ tI‘cr)u':l&llntained throughout the reaction process. The results have

significant improvement in the understanding of nuclear fusnog.nown that such memory effects (as we anticipated) are restricted

and fission dynamics, and the interaction between them. to collisions forming very heavy compound nuclei, where there
is a high Coulomb potential.

Fusion and Fission Dynamics with Heavy lons

-



Even in more conventional cases, some surprises have emergeAESAR It has now been used for the first of an extensive

Drawing on a comprehensive analysis of our precisget of measurements aimed at exploiting angular correlation
measurements of the fusion cross-sections for the reactionte€hniques for the in-beam measurement of the g-factors of short
160 with 208Ph, we have shown decisively that the standard shafeed states, implanted into ferromagnetic hosts.

of the nucleus-nucleus potential cannot describe the data at both

near-barrier and sub-barrier energies. Measurements Magnetic Moments and In-beam Hyperfine

investigate this effect were carried out by the Group last year lateractions

the Argonne National Laboratory. Vital follow-up meas.urement§he large angular and linear momenta involved in heavy ion

at thl? 'fANU we.reljuccejsfully c;r;ed ,OUt this ygar, of ,eXtreme%actions is used to facilitate various techniques to study nuclear
small fusion yie s,_at eep sub-barrier energies, _to_'nves“gaéﬁucture o to probe atomic environments.
the quantum-tunnelling probabilities. Data analysis is in progress.
Further measurements designed to probe in more detail the sh@iggs research program has continued to study a broad range o
of the nucleus-nucleus potential are in progress. physical phenomena related by the theme of in-beam hyperfine
Part of th h | dfor th tf irhteractions, with the completion of long-term projects and the

art of the researc progrgm planned for the nex .ew yearswill - b ¢ hew projects.
use the RIEF funded Unique Separator for Fusion Products,
currently being constructed. Considerable work this year wegine aspect that has come to fruition follows the measurements,
into a close collaboration with the manufacturer to obtain a devieger a number of years, of the magnetic moments and lifetimes
matching our requirements. Delivery is expected early in 2008f low-excitation states in the iridium isotopt¥ir and 193r.

Two aims were in view: firstly, the use of these nuclei to probe

Nuclear Spectroscopy the time-variation (on the picosecond timescale) in the fields

Focussing on the properties of individual quantum states in nuc[%ﬁound implanted nuclei; and secondly, the exploration of the

and the identification of new nuclei usipgay, electron, particle mtellrnatlj ;trrhcture olft th? trr‘]UCI? Ctihems]:elves. Tlhs f Irst aflfm ENa,IS
and time-correlated techniques. realised in the results of the studies of pre-equilibrium effects in

hyperfine fields due to the implantation of iridium into iron,
The broad program of spectroscopic studies over a wide rariygich were completed this year and published in Physical Review
of nuclei has continued this year, including the study of relativellyetters. The second aim has resulted in collaboration with
neutron-rich well-deformed nuclei. The main emphasis in the§®lleagues in the Department of Theoretical Physics and at
was on the completion of experimental studies on the lutetiuANIL, in France, to interpret the structures of the nuéfei
nuclei whose spectroscopy will contribute to the understandir@id *%3r in terms of supersymmetry models. Although the
of the systematics of single-particle states and the competitig¥citation energies of these nuclei can be described by simple
between single- and multi-quasiparticle states and their collectiggd elegant supersymmetry schemes, the measured magnetic
motions. This work, as well as new studies of ytterbium nucleproperties show that the nuclei are in fact much more complex.
and results on hafnium nuclei, sucH&if, have exploited the
particle-detector-ball and incomplete fusion reactions wit
relatively light projectiles.
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Studies of the coupling between rotational and intrinsic degre
of freedom have also been pursued in the guise of t
measurement and interpretation of the rotational motion in mul
quasiparticle states, in which orbital blocking affects quantiti
such as the collective magnetic moments, because of a reduc
in pairing. Searches have also begun for the predicted "chir
bands iny-asymmetric nuclei, and further studies are bein
carried out, initially in the odd-odd iridium nuclei, to elucidatg
the role of residual proton-neutron interactions in causi
anomalous signature splittings.

Our activities in the study of shape co-existence in very neutrg
deficient lead nuclei have also continued with the identificatio
and characterisation of isomers!f#Pb and related studies of
1877, carried out in collaboration with the Jyvaskyla Group. Th
18%Pp case includes a proposed two-quasiparticle =k8-
excitation whose existence provides independent evidence t|
the potential sub-minimum is prolate in shape.

In the area of instrumentation we have continued developmd
of the electron-detector arrdyONEYwhich will be used in the
superconducting solenoid for broad-range electron-electrg
coincidences, particularly of very heavy nuclei. Following {
number of evaluation runs, further technical improvements afgandered view of the entrance cone of the superconductin

planned. Improvements were also made to a new compagfienoid separator, machined by Miro Peric in the School's §
electromagnet commissioned for in-beam g-factor measurememechanical Workshop T
A 41
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A composite image of
the Linac, forming a
complete bird's eye
view of the accelerator,
the scale of which is
illustrated by the two
people near the yellow

gantry

42‘—

Research School of Physical Sciences & Engineering 1999

ir. .

i

On the experimental side, the major focus
this year has been on the implementation
of a new technique to measure magnetic
moments in unstable nuclei. The
technique exploits the perturbations of
Directionaly-y Correlations from reaction
Oriented (DCO) nuclei measured by the
CAESARarray. It is new in that it uses
the coincidence relations between
correlatedy-rays emitted from excited
nuclei to select a state of interest from a
complex spectrum of states populated
following a heavy ion induced reaction.
Following preliminary measurements in
1998, data have now been taken for the
neutron-deficient platinum isotop&8Pt,
182pt and8Pt and for several nuclei in
the mass-80 region. The theory required
to evaluate the data has been formulated,
and computer programs are being written
to analyze the cases of immediate interest.
This work is being performed in
association with the Nuclear Spectroscopy
Program.

Perturbed Angular Correlations
and Hyperfine Interactions in
Materials

Implantation of long-lived nuclear species
with known nuclear moments into special
materials can be used to probe the
properties of special materials through the
perturbation of the nuclear ensemble by
the electric and magnetic fields.

The emphasis of current work in the
application of the Perturbed Angular
Correlation (PAC) method to the study of
semiconductor materials has been in the
area of ion-beam induced amorphization
of Ge. This work follows on from
measurements of amorphization and
relaxation processes in indium phosphide
that have been published this year in
Applied Physics Letters. The PAC
measurements have been performed as
part of a broader study that includes both
Rutherford Backscattering (RBS) and
Extended X-ray Fine Structure (EXAFS)
measurements.

In the PAC measurements samples were
prepared by pre-implantatirigtin via a
direct production/implantation technique
using beams from the 14 UD accelerator.
Following rapid thermal annealing,
amorphization was achieved using Ge
beams from the EME Implanter at
energies chosen to reproduce the depth
distribution of thellyn. Implantation
doses were betweerx2L012 and 5x 105
ions/cnft.



As in the measurements with InP, a differentiation into fractionisighlighted the need for a better understanding of the mechanism|
associated with highly damaged amorphous and disorderefiplutonium transport in river water. Further studies this year
environments could be achieved. In addition, the measuremeintgollaboration with the Agricultural University of Norway have
also distinguished two well-defined interaction frequencieshown that most of the plutonium is carried by fine suspended
resulting from point defects being attracted to the In ion. Whilsediment, and only a small fraction is actually in solution. In
these frequencies have been seen in previous studies of damedgition, the isotope ratios of this plutonium are not consistent
induced in Ge, the fractions of defects at probe sites are notviith the previously postulated source, indicating that plutonium
accord with previous descriptions. Work is continuing in thiss coming from areas other than that contaminated by the
area. extensive early releases from the plant. Biomedical applications
of plutonium include a study of the long-term retention by

Accelerator Mass Spectrometry (AMS) humans and measurement of the uptake of plutonium from

- . - . inhaled dust. The former, which is a collaboration with AEA
Uses the combination of a high efficiency (small sample) i

. ) . chnology at Harwell and Middlesex University, is showing
source, tandem acceleration, and heavy-ion detection a §

NRat Pu levels fall for the first year after dosing but are
identification techniques only possible with relatively high-energg y g

. . . roximatel nstant thereafter. Recommen limi f
ions, to make highly-sensitive measurements of low abundanzfep O. ately constant the ea_tt_a . eco . ended ts o
plttonium uptake may need revision in the light of the present

isotopes. results.

Demand for AMS measurements continued unabated through%lt . . .
. onsiderable effort also went inttBe in the course of the year
1999, and was spread across a broad spectrum of isotopes .

fields of anplication. The latt d bi dicine. d t.lﬁ% ding a new project on landscape denudation and sediment
1elds ofapplication. The 1atier ranged across biomedicine, a'g?orage, initiated in collaboration with RSES. This project

of a.n cient human gites inA'ustraIia, meteoritics and a variety céxploits thel®Be produced in quartz at the Earth's surface. In
environmental tracing applications. contrast, another project in collaboration with CRES uses the
The collaboration with the University of Manchester was<Be produced in the atmosphere and washed out in rainfall in a
concentrated on exploitation of the new technetium-99 capabilijetailed study of an undisturbed hill slope south of Canberra.
Three different projects are underway: a gut uptake study onl 8IS Study aims to estimate historical rates of erosion in this
human subject in order to define the long-term retention dandscape. In addition, measurements on glacial moraines in
technetium, a time-series of seaweeds obtained from the archi§fd¢ Snowy Mountains and Tasmania (a collaboration with the
of an alginate producer in Norway in order to study the impaHniversity of Washington and RSES) have been completed and
at this Scandinavian site of release€%¢, and finally, a pilot 2'€ Providing important data on the timing of the last glacial
study of the distribution o¥*Tc among different molecular- Maximum in the southern hemisphere.

weight components of seaweed, whose aim is the determinathHere has also been considerable activity oitheating front

?;‘sztir:nichamsm through which seaweeds concentra\}v%ere the highlight has been the first secure radiocarbon date of

greater than 40 ka for human occupation of Australia. Dates
Another pilot study last year of plutonium releases from thE0m other techniques such as Optically Stimulated
Mayak plutonium production plant in the Urals region of Russiguminescence (OSL), Electron Spin Resonance (ESR) and U/

The control room for the 14UD and Linac accelerators
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Th dating have been pointing for some time to earlier occupatiofpllowing instrumentation developments in the previous year,
but this is the first positive confirmation from radiocarbon datinghe ERDA program operated routinely, embracing a wide variety
The site is Devil's Lair, a cave in the Margaret River region aff samples provided both by sections of the School and by
Western Australia, and dates on charcoal associated with hunextiernal laboratories. Considerable emphasis was directed
artefacts point to human occupation of the area from at least #&vard demonstrating that hydrogen could be detected with the
ka before present. This work is a collaboration with RSES, aiarge acceptance gas ionization detector, rather than by the usual,
builds on new procedures for reducing contamination of charcdalit less satisfactory, method involving small surface barrier
which have been developed over the past 18 months. detectors. Hydrogen depth profiles were obtained either by using
_ _ _ _ incident beam energies low enough to allow the recoil protons
Chlorine-36 continues to be one of the more important iSotop&§: pe stopped in the detector, or from the energy loss distributions
The year has seen the publication of two papers on groundwai@kyansmitted protons where higher beam energies were used.
resources in arid central Australia. One shows that deep watg{e former method provides superior depth resolution for
in the Mereenie sandstone aquifer, which supplies Alice Sprin%drogen, though identification and separation of the heavier
is older than 500 ka, indicating that flow rates in this aquifer atf§ements is somewhat poorer at the lower beam energies required.
extremely low. The other was a component of the Western Walgf, 1yhjes measured included nitrided stainless steel from the
Study which has been determining the size and quality of t'ﬂﬁniversity of New England and a series of high temperature

groundwater resources in traditional Aboriginal lands in thgperconducting films prepared by the CSIRO at Lindfield.
southwest of the Northern Territory. It appears that major

recharge of the aquifers in this region occurs only at times @he same superconducting films were investigated to examine
relatively high rainfall such as the Holocene and the previolmam-induced sample modifications and to compare the Y/Ba/
interglacial period at 120 ka before present. A major report ddu stoichiometries found using ERDA with those from RBS
the Great Artesian Basin has also been completed. Thigasurements made with 2 MeV alpha particles and 56 MeV
incorporates 308Cl measurements that have been accumulatédSi ions. Structural modifications of the superconducting films
over several years. by the'®’Au beams used for the ERDA measurements are evident

from RBS channelling measurements. More obviously, the

New developments inclgdeq the first measurements by AMS gfrmally opaque films become transparent after bombardment.
325iin natural samples, in this case rain, snow and ice from NeWynetheless. it was found that compositional changes, in
Zealand. This work, which is a collaboration with Geologicahaticular that of oxygen, were insignificant. Consistency was

and Nuclear Sciences in New Zealand and aims to date ice in §ifzined for the three analysis techniques that were used.
difficult 100-1000 year time range, breaks new ground in

handling and measuring fewer than a million atom$28f.  On the technical side, a major effort has been made to establish
lodine-129 measurements have also been revived in order to stieeimagnitude and nature of the pulse height defect for very heavy
light on the origins of the wide variability among differentions in the detector stopping gas. The fraction of the energy lost
laboratories in a recent inter-laboratory comparison exercise.by ions in the gas that is detectable as electron-ion pairs, varies
significantly with ion mass. Almost constant for masses up to
Heavy lon Elastic Recoil Detection Analysis (ERDA) about 40, this fraction decreases for larger masses so that the

measured energy/MeV for 100 Mé¥%Au ions is about 12.5%

Toward absolute and complete compositional depth-profiling ?éss than that for 50 Me¥Si. Extensive data have been obtained
materials by exploitation of the large scattering cross-section]%r a number of ion species betwelt and197Au with

and stopping powers for high energy heavy ions in solids. measurements spanning a wide range of energies. Careful

Heavy ion Elastic Recoil Detection Analysis (ERDA) is ameasurements of the energy lost by the various ions in the
technique whereby constituent elements of thin films, eject&ptrance window were an essential part of the study. Preliminary
by the scattering of high energy, heavy ion beams, are deteciBgications are that the pulse height defects in gases are little
and identified to provide direct stoichiometric composition andifférent from those previously found for silicon, even though
the depth profiles of each of the elements. Under favoradifae linear ionization density is much lower.

circumstances, elements ranging between hydrogen and gold can

be analyzed simultaneously.
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http:/irsphysse.anu.edu.aulosc

Optical Sciences Centre

The Centre performs both fundamental and applied research in the exciting and
rapidly expanding fields of nonlinear physics and nonlinear optics, including:
light-guiding-light. spatial solitons. creating optical components with light. linear
and nonlinear guided wave optics. nonlinear properties of magnetic films.
photonic crystals and waveguides. the dynamics of nonlinear lattices. Bose
Einstein condensates. optical nanostructures.

These subjects are at the hub of contemporary science with a multitude of
potential spin-offs to the latest technologies.

Research Summary

This was a fruitful year with research commencing in many new directions, and a
number of great achievements. Firstly, Professor Synder and Dr Ladouceur's dream of
virtual circuitry; a transparent cube with a myriad of interconnections, created,
maintained and arranged by light itself, became the March cover story in Optics and
Photonics News. Secondly, the Optical Sciences Centre (OSC) had eight papers
published this year in Physical Review Letters. Finally, for the fourth year in a row,
three projects of our research were chosen for publication in the special December
issue of Optics and Photonics News to represent the important advances of the year in
optics across the globe. This is really a great achievement that confirms our world-
leading position in the field of guided wave optics and nonlinear physics.

This year due to recent changes in our global strategy of research activities in nonlinear
physics at OSC, and our success in gaining additional funding ($600k) via the
Performance and Planning Fund (PPF) scheme of the Institute of Advanced Studies,
the OSC has extended the frontiers of its research into exciting new areas of nonlinear
physics. In addition, because of the leading international role of our group and following
a number of key results published in previous years, we have attracted many international
visitors and students this year. In 1999 the Centre hosted four long-term visitors (from
Japan, Spain, Ukraine, and Indonesia) and four international research students (from
France, Sweden, and Germany).

Current OSC research projects are devoted to new concepts in linear and nonlinear
guided wave optics; light guiding light; long-distance optical communication and
wavelength division multiplexed (WDM) systems; bit-parallel optical fibre networks
and systems; linear and nonlinear photonic crystals; nonlinear spin dynamics in magnetic
films; pulse propagation in active optical fibers; self-trapping and guided waves in
nonlinear optical wave guides; the theory of frequency mixing and parametric processes
in waveguides; the dynamics of atom lasers; and Bose-Einstein condensation.

Our work provides the basis for new experimental studies carried out both here at ANU

and elsewhere in close collaboration with other leading national and international groups.

Several important projects were carried out either together with experimental groups,

or were closely connected with experimental results and their theoretical explanation.

The Centre is one of the key players in the Australian Photonics Cooperative Research
Centre.

Below we mention only some of our recent activities and collaborations.

Spatial Optical Solitons and Light Guiding Light

Spatial optical solitons is one of our traditional topics of research, with a number of
different projects involving collaborations with overseas institutions including CREOL
(USA), Princeton University (USA), University of Glasgow (UK) and Technion (Israel).
This research includes the analysis of the existence and stability of solitons, the self-
trapping effect, transverse instabilities and other problems of light guiding light. This



results are in the theory of quasi-phase-matched structures wher
phase matching and enhancement of the parametric effects i

achieved by the manufactured periodic systems of domains
(grating). This year, our major results include the new concept
of parametrically enhanced nonlinearities — multi-step cascading;
the first prediction of a new object in physics — the quasi-periodic
solitary wave; and a comprehensive theory of parametric optical

ey e —— vortices. (Yu.S. Kivshar, A.A. Sukhorukov, T.J. Alexander; O.
Bang, P. Christiansen [Technical U. Denmark]; S. Saltiel [Sofia
u.l)

Pulse Propagation in Optical Fibres
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Stable polarisation-locked temporal vector solitons in optical
fibres have been analysed in the context of mode-locked fibre
|- I.t h t lasers with a saturable absorber. The phase-locked temporal
E I“ solitons have been a subject of several theoretical works and
h “-w as ru they have been recently observed experimentally by a
collaborative research team from Bell Labs, Colorado, and
t5 wn DEShH]l Australia. (N. Akhmediev; S.T. Cundiff, B.C. Collings [U.
il et Colorado]; W.H. Knox [Bell Labs])
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ol et it st Nonlinear Effects in Magnetic Films
i

Our long-term collaboration with several research groups
working on the nonlinear dynamics of magnetic systems (e.g.
magnetic YIG films) resulted this year in several important
Cover story of Optics and Photonics News, featurlng the wofliscoveries, such as the first analytical explanation of the
of the Centre anomalous generation of spin-wave dark solitons in magnetic
films, and the first observation of the spin-wave self-focusing

year, among our major highlights is the cover story of Optics
and Photonics News on the dream of virtual circuitry, the stabilit
theory for multi-component vector solitary waves and the fird®
demonstration of stability of multi-hump solitons, the theoretica
explanation of soliton spiralling in a bulk, further confirmed by
experiments, the prediction and observation of multi-solito
bound states and finally a comprehensive theory of solitc
transverse effects. A major review paper has been comple’
during 1999,Self-Focusing and Transverse Instabilities of .
Solltary Waveby Yu. Kivshar and D. Pelinovsky, and will appeargs

Snyder; D. Skryabln W Firth [U. Glasgow] M. Sege .‘
[Princeton U.)

Incoherent Solitons

After the recent discovery of self-trapping of incoherent lig
and the so-called incoherent spatial solitons, the study of se
trapped incoherent beams became one of the hottest resed
topics in nonlinear guided-wave optics. Recent achieveme
of the members of our group include the analysis of classes
exact solutions of multi-component nonlinear systems and t
study of incoherent effects in collapse dynamics. In part, t
work was carried out in close collaboration with the researg
team of the Laser Physics Centfd. Akhmediev, A. Ankiewicz,

Bang [Technical U. Denmark]

Cascaded Nonlinearities and Quasi-phase-matching

After the discovery of cascaded nonlinearities of no
centrosymmetric optical materials several years ago, the OSX Elena Ostrovskaya, winner of the inaugural Jagadishwar
remains among the leading groups in this field. Our most recédgthanty Prize for her thesis, Optical Vector Solitons
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carried out by different experimental methods in Germany arfdovel Silica-based Materials

the US, where our role was the development of the corresponding; o ahoration with the Space and Plasma Processing Group in
nonlinear theory(Yu.S. Klvshgr, E.A. Ostrovskaya; A.Slavin [U'the Plasma Research Laboratory (PRL) and the Laser Physics
Oakland]; O. Buttner [Technical U. Darmstadt]; H. Bener, B.cengre 4 new range of doped silica materials with particularly
Hillebrands [U. Kaiserslanten]). low hydrogen content is being developed. The material is
produced in the PRL Helicon Activated Reactive Evaporation
Nonlinear Photonic Crystals and Discrete Models machine and characterized as the precursor to the fabrication of

The concept of photonic band gap materials was first sugges@nge of planar devices which are predicted to exhibit low loss
about 10 years ago and, due to recent progress in technoldgye! the whole available spectrum for optical fibre
such photonic band gap materials are now considered as a ri@munications(K. Gaff, R.A. Jarvis, J.D. Love; R.W. Boswell
generation of optical materials — "the semiconductors of tH&RL])

future", that offer a number of unique properties in wave

trans_,mission._ So far, thgse propertie_s have peen analyzed I*—flﬁture Directions

the linear regime assuming that the field amplitudes are small.

Howevgr, ph_otonic band gap mat.erial that involves non_"ne"i\rlonlinear models of Biophysics

properties will be the most attractive of the next generation of

nonlinear materials and nonlinear all-optical switching deviceSupported by PPF funds, we have started to pursue our research
The properties of nonlinear photonic band gap crystals can 88 nonlinear systems into new exciting areas, including
manipu|a’[ed by introducing defects due to impuritiesl Recenﬂp,iophysics. It is naive to think that such research can be started
we have revealed a number of intriguing properties of nonlinedfithout proper expertise. That is why, to achieve our goals, we
impurity modes in photonic crystals with quadratic nonlineafave invited several experts to present lecture courses. Our
response of nonlinear interfaces. These results have be¥gsible research direction might be the dynamics of proteins
highlighted in a special issue of Optics and Photonics Nev@d nonlinear models for molecular motors. The first visitor,
(Optics '99). (A.A. Sukhorukov, Yu.S. Kivshar; O. BangProfessor J.A. Tuszynski, will give three lectures in March 2000.

Technical U. Denmark
[ L During the last months we have developed collaborative links

with several research groups in biophysics in order to correctly
identify possible directions for our research in the future. Our
expertise seems to be very compatible with the current research
Since 1995, when Bose-Einstein Condensation (BEC) was firgttivities in biophysics and we observe a mutual interest in such
demonstrated experimentally, the number of interestingollaborations. In particular, Professor Kivshar has been invited
phenomena to be explored in this field is still growing rapidifto present an overview of nonlinear lattice dynamics and self-
We started a completely new direction in this field, applying outapping in discrete nonlinear chains at the meeting "Biophysics
expertise gained in guided-wave optics to analyze the dynamigsd Biochemistry of Motor Proteins” (Banff, Canada, August
of matter waves in a trap. We entered the BEC field severay-September 1, 2000).

months ago, and already have three papers accepted or submitted.

In collaboration with the group from Dept. Physics in TheBit—paraIIeI Wavelength Division Multiplexed

Faculties (Dr Craig Savage), our team also works on the thqu\WDm) Fibre Optics Links

of atomic lasers, and organized an international workshop in

November.(T.J. Alexander, Yu.S. Kivshar, E.A. Ostrovskaya; CF.Qecent_ rapid progress in high-speed cgmmunlcatlon and
. N . f(:omputlng calls for the development of a radically new approach
Savage [Physics, The Faculties]; D. Anderson, M. LisaK™", .
to increase the speed of computer interconnects. We have
[Chalmers U. Technology]).

developed new concepts for bit-parallel WDM pulse transmission
for a fibre optic supercomputer interconnect, which is a single-

Bose-Einstein Condensates and Nonlinear Atom-
optics

Linear Optical Devices

A wide range of devices for manipulating and processing lig
has been investigated, including tapered multimode plan
waveguide taps, multi-wavelength add/drop planar gratin
assisted couplers, metal-clad tapered fibres for microscopy, a
multimode liquid-core fibres for sensing applications. Transie
effects in buried channel waveguides have been quantified a|
photonic crystal effects on propagation modelled. The radiati
behaviour of tapered fibres has been investigated bo
theoretically and experimentally, and the profile of fused tap
couplers measured and modelled. Sophisticated software n
enables the accurate modelling and design of either single devi
of a chain of devices, as a service to groups in the School
within the Australian Photonics Cooperative Research Centr|
(J.D. Love, A. Ankiewicz, S. Ashby, R. Jarvis, S. Tomljenovi
Hanic, K. Gaff; P. Moar, B. Gibson, J. Katsifolis, [La Trobe U.];
A. Ash [RMIT]).

Computer model of an incoherent soliton

-



mode analogue of the optical ribbon cable, based on multianoscale systems such as nanotubes, microtubules, electroni
frequency pulse-alignment in single-mode optical fiber linksand photonic waveguide structures, and other mesoscale physic
This concept will be further developed (and also verifie@dnd biophysical systems. Geometry in such systems manifest
experimentally) in collaboration with the Jet Propulsioritselfin creating linear quasi-localized or bound states. We wish
Laboratory of NASA (Pasadena, USA) and is expected to brirtig pursue another concept analyzing the geometry-induced
commercial partners and patents. enhancement of nonlinear properties. Indeed, nonlinearity itself
usually leads to energy localization. Acting together, these two
mechanisms are expected to bring many interesting and
unexpected effects that we hope will explain many new properties

Condensed matter systems of nontrivial geometry are becomin]g . ; .
ornonlinear mesoscale physics. One of our current visitors, Dr

increasingly prevalent as we move to study Iow-dimension@ Mingaleey, is currently working in this direction

Nonlinear Physics and Geometry
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Plasma Research Laboratory

The Plasma Research Laboratory investigates the physics of the fourth state of
matter, a subject of fundamental significance as well as of immense practical
benefit to humankind

Research Summary

The Plasma Research Laboratory (PRL) as a Department consists administratively of
two groups: the Toroidal Group and the Space Plasma and Plasma Processing Group
(SP). Its research also directly involves the Plasma Theory group, through affiliations
with the Department of Theoretical Physics, and the Department of Computer Science,
Faculty of Engineering and Information Technology. Professor J.H. Harris is Head of
the Laboratory and the Toroidal Group, Professor R.W. Boswell leads tpdip,

and Professor R.L. Dewar leads the Plasma Theory group.

The Laboratory conducts both fundamental and applied research into the properties of
ionized gases (plasmas) constrained by magnetic fields in a variety of geometries, and
interacting with electromagnetic radiation over a wide range of frequencies. A feature
of the Laboratory is the collaborative linkages among its three component groups. Its
facilities for the study of high- and low-temperature plasmas combined with an integrated
theoretical program make it a national resource and place it among the leading university-
based plasma physics laboratories in the world.

The understanding of the behaviour of plasmas, which are complex systems far from
thermodynamic equilibrium, poses a fundamental challenge in experimental and
theoretical physics. A great range of physical expertise is called upon to produce,
diagnose and model magnetically confined plasmas, making it a fruitful area for research.
The Laboratory has thus attracted a large number of students and collaborative
researchers from Australia and overseas.

The Laboratory works in several areas of plasma physics. The longest established of
these research areas is in fusion energy and plasma processing of materials. Fusion
power offers the potential for large-scale electricity generation using reactions like
those that power the sun and stars, in which light nuclei, particularly hydrogen isotopes,
combine to form heavier nuclei. The attraction of fusion is its light atom fuel cycle
(based ultimately on water) and low emissions of atmospheric pollutants and gases
such as C@which contribute to global warming. In the long term, fusion could be
important in base load power generation, but it poses challenging problems both in
plasma physics and materials science. These are being addressed in a worldwide research
program, with the largest experimental devices in Japan, the United States, and the
European Union. The Plasma Research Laboratory has pioneered the development of
the heliac concept, for containing hot plasma in an externally produced helical magnetic
field. It has built a large experimental realization of this concept, the H-1NF heliac,
which became a Major National Research Facility in 1997. Experiments on this flexible
device have already produced results that provide insight into the underlying physics
of particle and energy confinement operative in both H-1NF and larger, less accessible
experimental plasmas.

The second major thrust of PRL is in applications of plasma processing such as the
production of computer chips and planar optical waveguides. PRL has developed and
patented a novel plasma processing system, known as the Helicon Reactor, which has
now been adopted by university laboratories and the plasma processing industry around
the world. The Laboratory has made important contributions to the understanding of
the basic physics of the helicon-wave source by the careful comparison of experimental
results with computer simulation of the nonlinear interaction of helicon waves with
plasmas.



Plasma science is by nature multi-disciplinary, and plasnramaining upgrades to heating and launching systems and
researchers are always on the lookout for new and interestindnging the machine up to full magnetic field (1 Tesla) will
things to do. The Modulated Solid-State (MOSS) spectrometegsult in much smaller interruptions to operation over the next
developed for the H-1NF by PRL staff and commercialised bigvo years.

Australian Scientific Instruments Pty Ltd has now been installed

in overseas laboratories. A provisional patent has been grantgg new power supply will increase the magnetic field of the H-
for a newly built spectrometer extending the MOSS conceplc,NF device from its present operating value of 0.2 T to its design
and a demonstration plasma antenna system developed by pfjue of 1 T, and was successfully tested up to 0.6 Tesla into the
in collaboration with the Australian Defence Science anféliac coil set, in preparation for operation at 0.5 Tesla for the
Technology Organization has been constructed. FurthffSt year. Comprehensive tests showed very stable

development of the plasma antenna for ship-borne applicatioR€grammable constant current into H-1INF up to 8,500 A, with
will now proceed. variations of a small fraction of one ampere. This ensures highly

accurate magnetic geometry as well as avoiding interference with
The Webce low-cost virtual reality theatre continues to enjoymeasurement systems, and any induction of current into this
great popular success (aWée is installed in the Powerhouse inherently current-free plasma configuration. These tests applied
Museum in Sydney) and numerous inquiries are received frolarge electromechanical forces to each magnetic field coil (of
organizations interested in setting up virtual environments fahe order of tonnes) but the subsequent motion of the coils was

Research Accomplishments
(Plasma Research Lab.)

research and education. limited to 1 mm, in general agreement with finite element stress
calculations.

These developments and others are described in more detail in

the sections below and on the PRL web site. A secondary supply powers the control windings and allows the
plasma shape to be varied under computer control over a much

Development of the H-1 National Facility wider range than other plasma configurations, with the option

of varying the current during a plasma pulse. The supplies
The major activity for the Toroidal Group in 1999 marked the V ving . tring a p pu . Hppt .

. . . ... delivered full rated current (14,000 A) and voltage (Main supply:
completion of the main upgrades to the H-1 National Facmt)g3

oV, S d ly: 100 V) int test load, and
This, the second round of upgrades, included installation an(? econdary supply ) into a test load, an

commissioning of a new maanetic field power suoply. switch edemonstrated controlled switch "on" and "off" to minimize mains

g g .p . PRY; . 9%isturbances. The connections between these supplies and the
and patch panel, vacuum upgrades including 26 ad'dlt.lon.al ﬁ’\p? windings of the heliac are made in a very flexible and
upgraded access ports and a cryopump, and commissionin Shvenient manner through a "patch panel" capable of carrying

the electron cyclotron heating system as part of the coIIaboratigﬂ 000 A for two seconds. Relevant information including total

with Kyoto University and the Japanese National Institute fovrvinding inductance, mutual inductance and resistance is passed

Fusion Science (NIFS). Because the facility now has a degr fto the power supply controller. This enables full exploitation

of redundancy in power, heating and vacuum systems, the

. 5 mmeEL

=l I

The outer vacuum jacket is carefully lowered onto the H1-NF after an upgrade
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of the wide range of magnetic characteristics accessible to tbiplasmas. Instabilities and turbulence contribute to the particle
H-1NF. and energy loss across the magnetic fields in the H-1NF heliac

) ) N ) ~as well as in other toroidal plasmas. Sheared plasma flows are
Credit for the success of this ambitious and unique projeghought to modify the turbulence, although the details of this

combining a power plant similar to that powering a "very fashqgification at the microscopic level are not yet understood.
train", with the precision and flexibility of a laboratory

instrument, is due to a wide range of Australian and internation@ecent results from H-1NF indicate that shearing only the flow
companies. These include: Walsh & Associates; Consultirgf the electron fluid in the plasma, without any significant mass
Engineers, Sydney; ABB-Melbourne; Technocon AG(ion) flow being present, can modify the turbulence-driven
Switzerland; TMC Ltd of Melbourne (transformer); CEGELECparticle transport. This conclusion makes the prospects of
of Sydney (AC-DC converter); A-Force Switchboards, Sydnegchieving efficient high confinement in stellarators more
(14 kA patch panel); and HOLEC Engineering of Sydneyptimistic. A high "magnetic viscosity" of the stellarator plasmas
(switchgear). slows down the bulk plasma rotation, but this does not seem to

) ) ) ) ) be a problem for the turbulence reduction.
The main benefit of the vacuum upgrade is the installation of 16

additional ports for users to connect experiments to the H-1N&nother important result is that the sign of the shear (radial
Many of these have gate valves allowing changeover withoderivative) in the radial electric field is crucial for the way in
vacuum interruption. The modifications to the vessel, including/hich the turbulent transport is modified. It has been shown
the welding of several large vacuum ports (up to 600 mm), wetleat under certain conditions the particle flux can even be radially
performed very professionally by Cowan Engineering ofeversed improving the particle confinement. To take advantage
Gosford. A cryopump will allow rapid pumpdown after a vacuunof this practically important result, several new experiments on
break, and the vacuum test stand will be useful for preparirige formation of the radial electric field in H-1INF and a number
new experiments for connection to the facility, especially foof the fluctuation-related plasma diagnostics (see below) are
visiting experimentalists. Many modifications for high powerbeing set up on the H-1NF helia@1.G. Shats, W. Solomon, H.
operations were made, including protective electricaPunzmann, D.L. Rudakov, J.H. Harris)

components, fixed plasma limiters and a fast moveable tubulaitp:/rsphysse.anu.edu.au/~mgs112/html/transport.htm

limiter. This device will be automatically inserted into the plasma

volume to prevent the generation of runaway electrons when th@sctron-Cyclotron-Resonance Heating (ECRH) of Plasma
magnetic field is changed quickly. The development of the Hy H-1NF

1INF heating system is also progressing. The waveguide line ) ] )

and vacuum transmission window connecting the 200 kw, ZBdyrotron, a high power microwave source, generating 200 kw
GHz, Kyoto/NIFS gyrotron to H-1NF have been assembled arfth 28 GHz is used in the H-1NF heliac for plasma production

tested prior to the first heating experiments. A new RF anten#@d heating at higher magnetic fields (0.5 and 1.0 T). The
and DC block have also been manufactured. microwave power is absorbed by the plasma electrons that gyrate

in the strong magnetic field in resonance with the oscillating
Many diagnostic systems were installed or upgraded when Hlectric field produced by the gyrotron.
1NF was shut down, including a 55 channel fibre-optic rotating
wheel for vector tomography; a 2-mm scattering system to ganong the advantages of this heating method is good spatial
used for turbulence studies; a MOSS camera for ultra-higfc@lisation of the power deposition. The heating region can

resolution spectroscopic imaging; and a "camera” for imagirfaso be easily and finely controlled by tuning the magnetic field
soft X-ray emission. in H-1INF. This gives a number of new experimental

opportunities to study fundamental plasma effects, including the
electron transport in H-1NF and the formation of radial electric

Toroidal Plasma Physics fields.

Turbulence, Transport and Effects of the Electric Field A microwave transmission line that connects the gyrotron with
Fluctuations and the turbulence-driven particle and enerdfe Plasmaincludes mode converters, transforming the circularly

transport within the plasma are among the most importaﬁplarised microwave radiation of the gyrotron into a linearly
fundamental problems in the physics of the magnetic confinemdi@larised Gaussian beam. The beam then propagates quasi-

3 o h - :'. s
[ E
A composite panorama of the interior of H1-NF, this is viewable as an animated virtual reality panorama at
http://rsphysse.anu.edu.au/admin/photos/Plasmamovie.html - the closest thing to standing inside H1-NF

I



optically inside a corrugated waveguide. Two reflectindNF electron cyclotron heating group. Professor K. Toi and Dr
polarisers supplied by Kyoto University, Japan, finely controK. Kawahata from the National Institute for Fusion Science
the polarisation of the microwave beam. The microwave beafNIFS) made visits in February and March respectively.
is then launched into the H-1NF vacuum tank and focussed irfwofessor Toi worked with PRL on improved plasma confinement
the plasma using in-vacuum quasi-optical mirrors. Thand Dr Kawahata on plasma diagnostic development. Dr T.
transmission line has been bench-tested and will shortly Weatari, also from NIFS, visited PRL in February to collaborate
commissioned in a high power test on the H-1NF heliac. on the H-1NF ion cyclotron resonance heating of plasma. Dr
http://rsphysse.anu.edu.au/~hop112/ECRH.htm Howard visited NIFS to install and test MOSS spectrometers on

the Large Helical Device (LHD) fusion experiment.
A new ray tracing code has been developed to study the

propagation, absorption and the power deposition profiles durifRyofessor J. Harris continued to serve on the Stellarator Physics
ECRH in the H-1NF. Initial modelling results indicate that aAdvisory Committee at the Princeton Plasma Physics Laboratory
single pass absorption can reach up to 90% of the launched poimethe United States.

and the power deposition profiles are narrow (less than 0.2 of

the plasma radius). The expected plasma parameters with ECRAsma Diagnostic Systems

at 0.5 T are as follows: electron densigxrx138 m3; electron

temperature J~ 500 eV; and an energy confinement tip&) 3 Interferometry

ms (M.G. Shats, H. Punzmann, K. Nagasaki, H.B. Smith) ] ) )
The swept frequency 2 mm interferometer is being upgraded to

provide four spatially distinct probing chords for the
measurement of the plasma electron density profile. This
Experimental Java based remote viewers for the H-1NF magneitistrument measures the line-of-sight integrated electron number
field and power supply data were developed. Initial resul@ensity in the H-1NF plasma and is of crucial importance to
indicate that the processing load can be successfully moved fronachine operation. The new system will use temporal frequency
the H-1NF server computer to a client PC. Work continues omaultiplexing techniques to halve the number of detectors. The
more comprehensive Java viewer combining the above withfar-infrared scanning interferometer has also been successfully
local Java MDSPIus viewer from the University of Padua, Italynodified to operate at longer wavelengths (743 microns) in order
Remote access using "Virtual Network Computer (VNC)" remotto give greater sensitivity to low density plasmas produced during
"virtual desktop" software has proven very useful foECRH plasma generatiorf). Howard)

collaborators and facility users at remote si{&sD. Blackwell,
D. Price)

Remote Data Access

Diagnostics for Fluctuation Studies

Several new diagnostics devices have been set up on H-1NF to
study plasma instabilities and turbulence. These are based on
The MDSPIlus data system, jointly developed by severahicrowave scattering, and consist of electrostatic and magnetic
international plasma fusion laboratories was implemented as thmbes and a twenty-channel correlation spectroscopy detector.
main H-1NF database during a visit by Thomas Fredian from

MIT. MDSPIlus is a powerful self-describing hierarchicalThe microwave scattering diagnostic is based on afour—lchannel
database particularly suited to time series data. The system, uS#ger-heterodyne detection system that measures the microwave
in many large laboratories, runs under OVMS, Unix and oROWer scattered from plasma density fluctuations. A microwave
personal computers, has transparent lossless data compresdigi/er of about 50 mw at frequency 132 GHz is scattered over a
and a convenient graphical interface. About two gigabytes §n9€ of angles determined by the wave number of the plasm

data in 2,000 pulses have been taken this year in tests, pogpsity fluctuations. This scattered power is collected by four
tests and plasma pulse®.D. Blackwell, J. Howard) quasi-optical antennas placed inside the vacuum tank of H-1NF%

The diagnostic measures the frequency spectra and th&
wavelength content of the plasma turbulence as well as theg
propagation direction of the fluctuations in the plasma. The §
An object oriented vacuum magnetic field line tracing code witeystem has been modified in 1999 to improve its spatial resolutio@
real time stereoscopic display of field lines and conductdo about 0.2 of the minor plasma radius for all channels.
elements was implemented this year. Using a model of the heliaitp://rsphysse.anu.edu.au/~wms112/mscat

H-1NF, comprising 5000 finite filament elements, a ] 4
computational step rate of 23,000 steps/second was achieJdtf correlation spectroscopy detector complements theg
integrating along the magnetic field lines, with a 3D cubic splinglicrowave scattering by monitoring a range of plasma turbulence®
array size of 64 MB, while maintaining a stereo display refresffavelengths above ~1 cm. The system consists of two lineaf”
rate of 30 frames/second on a personal compu¢BiD. optical fibre arrays (10 channels each) which are imaged intoJ

Blackwell, A. Searle) the plasma from two orthogonal views. Fluctuations in the 2,

plasma density and electron temperature contribute to thex
fluctuations in the measured intensity of the spectral Iine“\5
emission. By cross-correlating chord-average line intensities it
Exchanges with PRL's overseas collaborative partners in Japapossible in some cases to obtain spatially localised fluctuatiorﬁ
and the USA continued during the year. Dr K. Nagasaki frofimtensity, frequency spectra and the fluctuation correlation%
Kyoto University, Japan, spent the period September 1998 lengths. i1.G. Shats, W. Solomon, H. Punzmann, D.L. Rudakov g
March 1999 in the Laboratory to continue his work with the Hhttp://rsphysse.anu.edu.au/~mgs112/html/corspec.htm

H-1NF Data System

Visualisation of Magnetic Design of Plasma Fusion Devices
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Other Activities

Rese

Research Accomplishments
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Spectroscopy Digital Signal Processing (Central Queensland University)

Most work this year has focussed on the development of advancggke use of wavelet transforms in time-frequency analysis of
diagnostic instrumentation based on the Modulated Optical Soligasma diagnostic data has been investigated. The plasma density
State (MOSS) spectrometer. The instrument is a modulated fixethd potential fluctuations from the Langmuir probe diagnostics
delay polarization interferometer based on electro-optigere analysed using wavelets and their effect on particle transport
birefringent components. Itis used for polarization and Doppleyas studied. This work is led by Central Queensland University,
spectroscopy of radiation emanating from the neutral atoms agfld funded by an AINSE travel grantX-H. Shi, J. Boman
ions present in the plasma. Apart from significant instrumentgtQUJ; M. Shats)

advantages over grating spectrometers, we have formally

demonstrated that for Iine-integra_l measu_reme_nts of exte_ndgﬁjsma Theory (Flinders University)

sources (such as plasmas), the information yielded by time-

domain instruments bears a particularly simple relationship #resistive magnetohydrodymanic (MHD) stability and spectral
line integrals of the spectral moments. The latter can be inverté@de, SPECTOR-3D, is being developed for 3D helical
to obtain spatially resolved information about local distributiogonfigurations to be applicable to stellarators and, in particular,
functions or other plasma parameters that influence the specfi@tthe H-1INF. The collaboration began this year and will be
line-shape. funded by an AINSE travel grant in 200@R. Storer [FU]; H.J.

Gardner)
We have used the interlude provided by the H-1NF power supply

upgrade to develop and install a number of new diagnostic toadg X-ray Measurement System (University of Canberra)
based on MOSS technology. This program is summarized below:

Soft X-ray systems for measuring plasma pressure, the effects
* Installation of a rotatable array of 55 lens-coupled optical fibresf impurities and the electron temperature are currently being
for tomography of the ion flow and temperature profiles in thinstalled. Assoc. Professor Cheetham from the University of
H-INF. The system will be commissioned by the end of theanberra has been working at the facility for six months as a
year. Visiting Fellow while on study leave. A 16 channel single chip
http://rsphysse.anu.edu.au/~jnh112/MOSS/TOMOSS.html  X-ray detector is being installed. Viewing the plasma through a

beryllium covered slit, the system will allow up to 16 chord

* Construction and characterisation of a 16 channel MOSRoqrated measurements of the X-ray flux across the plasma.
camera for studies of plasma transport using heating pOW@’.D_ Blackwell: A.D. Cheetham [UC])
perturbation techniques. http://rsphysse.anu.edu.au/~jnh112/ ’

MOSS/camera.html . .

Laser Induced Fluorescence (University of Sydney)
* Development of a LabVIEW driver for PCI-MIO-16E-4 datap |aser induced fluorescence system has been purchased from
acquisition card, PC-based operation of a single channel MOBSeE funds for measurement of electric fields and particle
system. This system is being tested on the LHD stellarator @{|qcity distribution functions in the H-INF plasma. An
the National Institute for Fusion Science in Japan in Decembey, sy ajian Research Council Large Grant application has been
« Theory, simulation and construction of multiple fixed dela)fuccessful and will support a three-year postdoctoral position to

Spread-spectrum Optical Fourier Transform spectrometémplemem and_ use th_'s system. T_he position Is al?"”t .to be
(SOFT), an extension of the MOSS concept. This system Whi%jvertlsed. This work is being coordinated by the University of
has been granted a provisional patent, allows time-resolved hig%%fdney' 0. Howard; B.W. James [U. Sydney])

resolution study of spectral lineshape details. The information _ _

is encoded on a number of discrete carriers (channels) in thore Sensors (University of New England)

temporal frequency domain.. The University of New England is involved in developing,
http://rsphysse.anu.edu.au/~jnh112/MOSS/SOFT.html constructing and installing novel optical fibre sensors and
« In-vacuum installation of a number of fixed Iens-coupleé’ommeters for electric field and thermal measurements in the

optical fibres for MOSS/SOFT study of ion distribution functionsedge and body of the H-INF plasma. The insulating nature and

and plasma toroidal flow$J. Howard, F. Glass, C. Michael, A. |mmunity o high voltag(? and electromagnetic noise of these

Cheetham, A. Last, J. Wach, M. Blacksell, R. Davies) devices mgkes them_ partlculgrly attractive for plagmawork. T_hey
are providing new information on H-1NF that is not readily

available from more conventional probegl. Howard, B.D.

Blackwell, J.H. Harris; V. Everett, G.B. Scelsi, G.A. Woolsey

[UNE])

The AFRG meets regularly to coordinate a wide range of

collaborative activities on H-1NF involving both professionalp|zsma Antennas

staff and postgraduate students at universities around Australia.

These programs are summarized below. The Group is curreWanuary 1998, the Plasma Research Laboratory won a contract

planning an intensive undergraduate level course in Plasfi§ered for tender by the Defence Science and Technology

Physics in order to expose potential graduate students to the fi¢tiganisation (DSTO) to investigate the feasibility of plasma

This course is seen to be necessary as there are only trﬁggennas as low radar cross-section radiating elements. This

universities in Australia that teach formal courses in plasnySt Stage of the contract was successfully completed last year.

physics. The course will run for the first time in 2000. The second stage of the contract to develop a concept

demonstrator plasma antenna was successfully completed in

November this year. Four ANU Honours engineering students

Australian Fusion Research Group (AFRG)
Collaborations.



Optical Waveguides

In collaboration with Professor John Love from the Optical
Sciences Centre, the Group was the first in Australia to design
and fabricate silica planar waveguides. This work has been
continued with the improvement of the fabrication of passive
splitters for use in Local Area Networks. A new direction has
been opened using the Helicon Activated Reactive Evaporation
(HARE) for doping of silica films with germanium, for
applications in active and nonlinear devices. The Group has
reported the first UV-induced refractive index change in germano-
silicate glass containing no detectable level of hydrogen. This
work is continuing with the design and fabrication of multimode
waveguides, involving the deposition and etching of thick silica
films, and with further investigation of doping of silica for
photosensitivity effect(R.W. Boswell, K. Gaff, R.A. Jarvis; F.
Ladouceur, J.D. Love[OSC])

Breakdown in Continuous and Pulsed Radiofrequency
Plasmas

Breakdown in a parallel plate rf system has been studied using
experimental, computational and analytic techniques in the 1-
500 mTorr pressure (p) range and for electrode separation (d) of
2-20 cm. A Particle-In-Cell (PIC) simulation has been used to
investigate the effect of the secondary emission coefficient on
the rf breakdown curve, particularly at low pd values. A zero-
dimensional global (volume averaged) model has also been
developed to compare with experimental and simulated
measurements of breakdown.

Development of these experimental and computational studies
has also been made for much lower pressures where additional
processes involving metastable atoms and ions have to be taken
into account when modelling the breakdow(@. Charles, H.
Smith)

Plasma Etching with SE

The plasma and gas phase species in gBBEma have been
measured for pressures between 0.3 and 7.5 mTorr in a helico
reactor. Two different regimes have been observed. At low power
Second prototype plasma antennae for all pressures the ionization takes place in the diffusion
chamber due to capacitive coupling, the main ionic species being,

have now completed their projects on the plasma antenna, ar§|§+_ At high power, the plasma is highly dissociated with the 3
relevant publication has appeared in Applied Physics Letters. . -in ionic species being*Fnd S created in the source and

In November, a SPIRT grant was won by the Laboratory Witﬂiffusing into the diffusion chamber. The dissociation mode -
CEA Technologies (Canberra) and Neolite Neon (Sydney) fPends both on the gas flow and pressure. These studies a
develop a commercial plasma antenna for ship-borne radar affly important for the efching of silicon based semiconductors
communications. The grant will be used to fund a PhD schol4{€"® SEis @ common etch gagT.E. Sheridan, P. Chabert,
to work on the project. An invited paper on the plasma antemﬁ%w Boswell)

was presented at thes8American Physical Society Conference

held in Seattle, Washington in Novembd(G.G. Borg, J.H. Helicon Assisted Reactive Evaporation (HARE)

Harris, D.G. Miljak)
http://rsphysse.anu.edu.au/~ggbh112

girgering 1

| Sciences & En

Helicon Assisted Reactive Evaporation (HARE) is a plasma S
assisted reactive evaporation system that combines ar'§
] evaporation source (electron beam) and a high density helicorf
Space Plasma and Plasma Processing Group plasma source in a configuration where the evaporant materias

The SP group is primarily concerned with the basic physics ofs transported through the plasma source. This technique allowsg
gaseous discharges and their application in the processingd§Position of a large variety of materials without requiring the ‘5
thin films. Plasma modification of surfaces is one of the faste§@ndling of hazardous chemical precursors. The performanc

growing areas of scientific research and industrial developme®fthe system has been greatly improved by the installation of a5

in the world. Highlights of the current research program aré-crucible electron beam system from JEOL allowing the §
described in the following paragraphs. independent evaporation of silicon and two dopants. Present
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research is focussing on the hydrogen free films and the machfoebasic helicon and plasma phenomena. Aretarding field energy
conditions that allow its growth(R. W. Boswell, K. Gaff, S. analyser has been used on "Chi Kung" to test its responses and

Hatch) to start an experimental design for the 9 channel multiple
retarding field energy analyser before it is placed into the H-
Large Volume Helicon Source Experiments INF. The first experiments concerned an expanding plasma as

) ) __ there remains considerable interest in the evolution of the ion
A series of experiments were conducted to launch Trivelpiecgpergy distribution function. The self-consistent field created
Gould modes in a 9 cm radius, 50 cm length helicon sourggy the gradient in the axial density can be considerably greater
Waves were excited using a small electrostatically couplgflap the difference between the plasma and floating potentials.

auxiliary antenna, scanning frequencies from 110 30 MHz. Map§ rge oscillating rf potential was also detected by floating

of the wave amplitude and phase were made within the SOUTCEngmuir probes, together with a two-humped ion energy

by scanning the position of a dog-leg electrostatic probe and igtribution function. A number of models are being developed

dot probe. Atlow densities, the amplitude maxima corresponding exiract the actual rf potential and eventually the rf field along
to the group velocity resonance cone angle were found to deGay, axis of the machine.

as the distance from the antenna was increased with some
!ndlcatlons of reflgctlons when the resonance cone pea ree Dimensional and Stereo Data Visualisation
intersected the radial boundary of the source. The observgdstems

radiation pattern in most cases was consistent with that of a point o ) ]
source in an unbounded plasma. No global eigenmoé\eRObOI Command Station is being designed and constructed

resonances were found as predicted theoretically by a numlﬁ%rrthe remote operation of a mobile robot us.ing qstergosgopic
of authors. As the density was increased, the amplitude maxim@ligPlay system. As part of this command station, investigations
along the resonance cone angle became less distinct as the m;a%the processing of 9“9'ta| stereo Vld§0 will be undgrtaken

became more electromagnetic (helicon-likél\.W. Degeling, with particular emphasis on near real-time compression and
R.W. Boswell, G.G. Borg) transmission of this data.

) - Data visualization plays an increasingly important role in
Helicon Mode Transitions interpreting scientific experiments and computer simulations. A

The helicon wave-heated plasma can produce a very high_den%nsiderable proportion of a research degree involves developing
plasma for low gas pressures and a weak magnetic figigchniques to manipulate and view large sets of multi-
configuration. Three categories of plasma heating exist for tmgmensmn_al datfal and often this is dn‘flc‘ult Wlthlr‘l.the confines
system: capacitive (E-), inductive (H-), and helicon wave drivefif @ two-dimensional screen. Theebée virtual reality theatre

(W-) modes. The development of a particular mode depends W&S developed in collaboration with the ANU Supercomputer
the external parameters such as pressure, magnetic field, anﬁar?!"tyn and opened n Aprll 1998. I.t IS Fhe first walk-in virtual
power. Much work has gone into understanding the transitiokgality theatre in Australia and the first in the world to be based
between these modes. on PC technology.

The mode transitions have been primarily studied using electricdt® WepcE has two large screens at right angles on which the
measurements. We have experimentally observed afgtaimages are back projected. A powerful PC with fast graphics
characterised five distinct discharge modes in an axially-shof@Pability is used to generate the two images in stereo for each
weakly-magnetised helicon discharge. The helicon wave vectdigeen and the resultant 3-d image seems to float in the space
were shown to correspond to cavity-mode resonances of thgtween the screens when viewed with special liquid crystal
plasma-filled vessel. Increasing the electron collisionality b§iSPlay glasses. The&hGe has been used to model the H-1NF
raising the neutral gas pressure was found to decrease thél@Jiac and collaborative efforts with groups in Biology,
(quality factor) of the resonances. The first unambiguougs”onomyv Earth Sciences and Psychology are being developed.
evidence of a propagating m = -1 mode (long predicted by theor'f/)”ther information about the 8¥ce can be found at the web

has now been observe.K. Chi, R.W. Boswell, T.E. Sheridan) @ddress: http://WEDGE.anu.edu.au/

) ) ) ) Asimilar system to the @bGE, but using only a single screen, is
Retarding Field Energy Analyser and Multiple Retarding located in the H-1NF control room. The system is set up to
Field Energy Analyser display video and computer-generated slide presentations, as well
The helicon system "Chi Kung" comprises a 15 cm diamet&s 3-D images, and will be used for talks and outreach programs

pyrex source tube 30 cm long attached to a 30 cm diameter, @dWell as .for research purposeR.W. Boswell, H.J. Gardner,
cm long aluminium diffusion chamber and is a research reactB¢P- Hawkins
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Theoretical Physics

The Department of Theoretical Physics performs research at the highest
international levels in selected areas of theoretical, mathematical and
computational physics in partnership with experimental groups working in related
areas of physics. Through the Centre for Theoretical Physics it fosters multi-
disciplinary research by organising topical research workshops, and plays an
important national role in postgraduate education by holding annual graduate-
level Physics Summer Schools.

Research Summary

A new trend in physics known as tGemplex Systenapproach is characterised by the
idea that the fundamental goal of physics is to build a rigorous intellectual framework
that leads to a quantitative understanding of nature on all scales, by working upwards
from the laws of nature at the microscopic scale. This view of physics contrasts with,
but is complementary to, the traditional reductionist approach, in which it is assumed
that ultimately nature will be understood if we study matter at ever finer scales

Fundamental aspects of physics on all scales are covered in the research interests of the
Department. Although the boundaries can (and, according t0dhmlex Systems
paradigm, should) overlap, for convenience the research is reported here under the
headings oMicroscale Physic6rom the atomic scale downwards)esoscale Physics
(assemblies of atoms into lattices and small structures, inclotisgscopisystems,

where quantum mechanics is still important), Blatroscale Physicgrom the scales

of everyday experience to those of the universe). Many mathematical and numerical
techniques are common to all scales and the development of such knowledge provides
a unifying theme throughout the activities of the Department.

The Department's research strength in areas relevant to practical applications has been
recognised this year through the award of two grants from the Department of Industry,
Science and Resources (DISR) under its Industrial Research Alliances Program (IRAP):
$14,000 for an international workshopldigh Performance Computing and Advanced
Visualisation in Plasma Physics ResedRrofessor Dewar, and $20,000 to Dr Gulacsi

to assist international collaboration lempurity Effects in Mesoscopic Systems.

The Department is host to The Australian National University Centre for Theoretical
Physics, which fosters cross-disciplinary research and graduate education through annual
summer schools and topical workshops (see page 89). This year's successful summer
school oQuantum and Classical Chawss organised by department members Dr S.

Y. Kun and Dr M. Gulacsi, and covered a wide range of interesting topics, from nuclear
physics to modes in microwave cavities.

Mesoscale Physics

Condensed Matter Physics

Electron Correlations in Solids

Strong electronic correlations seem to influence the physical properties of solids,
resulting in peculiar anomalies. Using the Hubbard model we have studied the metal-
insulator transition, various aspects of the normal state of higluperconductors,

and the effect of substitutional impurities for Cu within the CuO planes of theThigh-
materials. By doping with non-magnetic impurities such as zinc at copper sites, we
have obtained information on the local moments near impurities. The relevance of this
model on copper-site substitution in highmaterials is being examined, using the
experimental results of the Wollongong gropl.P. Das)

Ab initio calculations of excited states of solids have gained a lot of interest due to the
advent of high-performance computers making such calculations feasible.
Experimentally, a wealth of information about such states can be obtained by means of



near equilibrium from the microscopic level to the bulk. We
have studied within a microscopic kinetic approach how
degeneracy determines non-equilibrium current noise over a wide
range of length scales, even at high fields, raising some important
issues on the currently used semiclassical diffusive theory for
the shot noise, thermal noise and their crossofMrP. Das; F.
Green [CSIRQ])

DISORDER

CHAOTIC

Density Functional Theory of Super-phenomena

Experience shows that, at low enough temperature, the lowest
energy state of a many body quantum system is not really a
normal state. Inter-particle correlations in conjunction with

statistics connive to form condensates, which exhibit super-
Measured microwave intensity distributions for three "quanturahenomena (superconductivity and superfluidity). In the realm
billiard" experiments. (Courtesy Professor S. Sridhar, inviteaf density functional theory we are studying the occurrence of
lecturer, Summer School in Quantum and Classical Chaos, 1999¢rmi and Bose condensates in appropriate situations as
fundamental processes. Our aim has been to obtain a pairing

potential that sustains an order parameter due to broken
ionisation spectroscopy after removing an electron from thg mmetry. (M.P. Das)

correlated electron ensemble in a solid. A suitable method for

studying the effect of many-electron correlations on the exc'teg{esonant Solitons in Semiconductors

state properties of extended systems is the Green function

method. The simplest approximation for the self-energy beyordumerical work on the dynamics of resonant solitons in the

the Hartree-Fock approximation that takes into account screeni@citonic spectral region of semiconductors has been continued

is the so-called GW approximation (Green/screened Coulonith a focus on potential applications in ultrafast optical signal

interaction), which can incorporate a realistic crystallingprocessing. In addition to recent results that demonstrated the

structure. Further vertex corrections to the GW approximatigeossibility of highly efficient, low-latency, optical switching in

in the form of the cumulant expansion are now also possibla.semiconductor nonlinear directional coupler (NLDC) in the

On this basis, the satellite structure in the ionisation spectra Bpit/s regime, the operation of a variety of resonant soliton logic

solids was simulated and found to be in excellent agreemegates has been investigated. Using the resonant soliton logic

with the recent experimental data from the Electron Momentugates, the feasibility of optical packet processing in time-division-

Spectroscopy group in AMPL(A.S. Kheifets; F. Aryasetiawan multiplexed (TDM) networks at Thit/s bit rates has been

[Lund]) demonstrated numerically. The operation of key components in
TDM receiver nodes with functionalities such as packet address

In theoretical physics unitary transformations are used to Obt?#'@cognition, buffering, and packet routing has been modelled

a deeper insight into physical phenomena, the aim being ¢ Talanina [supported by the US Air Force Office of Scientific
transform the Hamiltonian for a system so as to reveal thgesearch)

appropriate independent subsystems. A method has been

develgp(_ed_ by which a u_nitary transformation can be performeéiose-Einstein Condensation

up to infinite order. This exact method was successfully used

for three-dimensional interacting (non-integrable) quantum fielecent experiments on ultracold dilute vapours of hydrogen and

theory models of Anderson type and two- and/or three-barfdkali atoms in electromagnetic traps reveal Bose-Einstein

Hubbard models(M. Gulacsi, R. Chan) condensation (BEC) in the nano-Kelvin range of temperatures &
This will be the topic of the Centre for Theoretical Physics 3

A new Density Matrix Renormalisation Group (DMRG) metho(tummer School being organised for January 2000.
has been developed which conserves all the quantum numbers,

most importantly the total spin. This new method wadhe Gross-Pitaevskii formalism allows two- and three-body
successfully applied to several strongly correlated electrditeractions to be explicitly included. It is found that, for low-
systems, in particular to the one-dimensional Kondo lattice moddimensional systems, interplay between attractive and repulsivey
where the exact phase boundaries and the extent of the Feliftgractions among the atoms can lead to the formation of thep
surface were determined. This clarified the controversy ov&EC. The kinematics of Bose-Einstein condensates in a:
the extent of the Fermi surface, the central issue for much resea@iindrical geometry has been studied using a time-dependents
in impurity models. This new DMRG method was applied tdully three-dimensional numerical code. Numerical results show%
several other models in collaboration with co-workers ithat periodic, aperiodic or quasi-chaotic behaviours in the.2
Stockholm, Los Alamos and Stuttgart(M. Gulacsi, . condensate wavefunction can be observed depending on the
McCulloch) number of trapped atomgM.P. Das, N. Akhmediev [OSC], M.

Gulacsi, J.L.V. Lewandowski)
High-field transport and noise in degenerate conductors still lacks

a systematic theoretical description, despite its importance for
microelectronics. We study a practical theory of non-equilibrium
fluctuations in metallic mesoscopic systems, accounting for the
dominant Fermi liquid behaviour of the electrons. The Pauli
exclusion principle determines electronic properties of a metal
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Mathematical Physics Biophysics

Statistical Mechanics and Related Field Theories lon Channels in Biological Membranes

The field of solvable models in statistical mechanics hahe work on ionic channels of biological membranes continued
ramifications in many areas, such as integrable models, quantomtwo fronts: one was establishing Brownian dynamics (BD)
field theory, random matrix models, knot theory, quantum groupas the method of choice in channel current calculations, and the
and various problems in combinatorics. The chiral Potts modether was providing a comprehensive description of the
continues to present fascinating challenges: in particular twintassium channel, whose molecular structure was recently
expressions for the free energy were obtained in 1988 and umlifcovered. Continuum approaches such as solving Poisson-
now it has not been at all obvious that they agree. This probledernst-Planck (PNP) equations for channel currents and Poisson-
has now been resolved: it has been explicitly shown that th&pltzmann (PB) equations for electric potentials are still regularly
are completely equivalentR(J. Baxter) used in models of ion channels. On the basis of channel sizes
and numbers of ions involved, it is difficult to justify the
The Zamolodchikov model is a solvable three-dimensionglyjication of these mean field methods in the channel problems.
model. It shares some intriguing symmetries with the simplg sed Brownian dynamics simulations to check the validity
“free-fermion” three-dimensional model, which makes ongs the PNP and PB theories in simple cylindrical and spherical
speculate that the methods of the latter may apply to the formgg,metries with varying radii. Both theories are found to strongly
These ideas are easy to test for the two-layer case, this has h§@ftestimate the shielding effect on an ion when the boundaries
done and a number of simple and indicative properties have bega within 1-2 Debye lengths, and thus neglect the effect of the
observed (R.J. Baxter, V.V. Bazhanov) induced surface charges on channel walls. Since, in a typical

Various Yang-Baxter integrability structures in quantum fieloChannel environment, the Debye length is about 10 A and the

. . .. channel radius is much smaller than that, we conclude that the
theory were studied. In particular, a new and fascmatm@

connection between the spectral properties of Bax@Fs ontinuum theories are not reliable for use in studies of ion
. ) P brop .channels(S.H. Chung [Chemistry, The Faculties], B. Corry, S.
operators in conformal field theory and the spectral properties K

of the one-dimensional Schrédinger equation has beé(ﬂuyuca

established. Using this connection, it has been possible to proyg|ecular Dynamics (MD) simulations can play an important

the strong-weak barrier duality relation for the nonlinear mobility e in channel studies by providing realistic values for the various
related to the impurity transport in a nonequilibrium Luttinger

liquid. (V.V. Bazhanov, S.L. Lukyanov, A.B. Zamolodchikov)

The systematic analysis of the finite-temperature properties of
the Luttinger liquids was continued, using thermodynamic Bethe-
ansatz equations in conjunction with finite-temperature non-
Abelian Bosonisation techniques. The complete form of the
momentum distribution function at finite temperatures was
calculated for all delta-function interacting modgM. Gulacsi, ==,
G. Bowen) L

The functional relations for the commuting transfer matrices for
models with higher symmetries were studied from an algebr
point of view. A quantum Boussinesq theory has been developed
that describes the integrability structure of the conformal field
theory with extended/-symmetry (V.V. Bazhanov, A.N. Hibberd,

S. Khoroshkin)

It has recently been shown that there is only one measure of
uncertainty or spread for classical and quantum ensembles that
satisfies basic geometric notions. This provides a new geometric
interpretation of entropy, and is applicable to derivations in
quantum information, statistical mechanics, uncertainty relations
and dynamical processe@v.J.W. Hall)

The structure of the potassium channel found from X-ray

diffraction (top) and the simplified model used in Brownian

dynamics studies (bottom). The selectivity filter is shown in

atomic detail while the outer and inner helices are indicated
Graph-theory representation of the famous Yang-Baxter relatiomith ribbons. The blue balls show the positions of 3 potassium
used in finding solvable models ions at the beginning of a typical conduction event.

60|—



parameters used in more phenomenological approaches (&bape-phase transitions in mixed parity boson systems have bee
diffusion coefficient, dielectric constant, etc.). For this purposetudied using mean-field theory. Without parity projection, shape
we have carried out MD simulations of ions in water confined itransitions in mixed parity systems are very similar to those in
a cylindrical boundary with varying radii. The boundary is alsanique parity systems, both requiring a finite interaction strength
varied from that of a passive hard wall to an active one lined dipr the onset of deformation. The shape-phase diagram in mixed
with dipolar molecules. The results show that the diffusioparity systems, however, changes significantly after parity
coefficient of ions is sensitive to the correlation between thprojection, with the critical point for the onset of octupole
channel radius and the hydration radius, as well as the typedsformation moving to zero strength. Shape transitions in the
boundary one uses. Another application of the MD is theipkin model exhibit the same features, indicating that this is a
explanation of the selectivity of ion channels. The moleculatirect consequence of parity projection in finite, mixed parity
structure of the potassium channel has recently been determisgdtems independent of the nature of interacting parti¢ts.
from X-ray diffraction. This channel conducts K but not NaKuyucak)

ions. Using the given structure information in the MD

simulations, we were able to show that the selectivity arisé¥0rk on @ project to analyse the availatitep scattering data
because the carbonyl groups in the selectivity filter caHP t© & pion laboratory kinetic energy of 100 MeV has made
successfully solvate K but not Na, which has a considerabod progress. While the*p elastic scattering data can be
smaller radius. As a result, Na ions encounter a large energgtisfactorily fitted, there is evidence from thep charge
barrier (~20 x thermal energy), limiting their permeation acrosg*change scattering data for violation of isospin symmemys.

the channel(T.W. Allen, S.H. Chung [Chemistry, The Faculties],WOOl‘_?OC'f? G.C. Oades [Aarhus]; G. Rasche, E. Matsinos, A.
S. Kuyucak) Gashi [ZUrich])

Theoretical studies of tBe(p, a)Li and °Be(p, dfBe reaction
Microscale Physics data has continued to accommodate new experimental results.
(F.C. Barker, Y. Kondo [Kyoto Women's University]).

Particle Physics and Quantum Field Theory The effect on the low-enerde(p,y)®Be S factor of a broad 2

Two projects on the application of the Dyson-Schwingelevel in8B at 3 MeV, as had been observed@e+p elastic
equations to quantum electrodynamics have been completégattering, has been studied, and it is concluded that the level
Firs“y, the Supersymmetric extensions of quan’[urﬁl’]USthaVe awidth4 MeV. (FC Barker; A.M. Mukhamedzhanov

electrodynamics in three and four space-time dimensions wdr&xas A&M U.])

investigated. The most promising theories that attempt to uniU_ the distorted . | imation. the inelasti
the fundamental forces of nature are, by and large sing the distorted wave Impuise approximation, the Inelastic

scattering cross section and polarization forlf@{p, p'¥2C*

supersymmetric. However, because of their complexity,, i .
extracting the physical consequences of supersymmetric mod@s’ 3 and 1) reactions have been calculated for antiproton

is a formidable task. Our research has demonstrated that aneergles of 46.8 and 179.7 MeV. The calculations are in good

Dyson-Schwinger equation approach can be successfully appl%%reem_ent with the aval!able da@.A. _ROb_S(_m; Zhang Yu-Shun
3tlnst. High Energy Physics, Academia Sinica])

to non-perturbative studies of supersymmetric field theory.
Secondly, we have exploited the Dyson-Schwinger equatiofsis known that in the spontaneous fission of a heavy nucleus
and their transformation properties under local gaugfany more neutrons are emitted than predicted by the Bohr-
transformations to obtain exact results concerning the solutiopgheeler statistical model. One reason often advanced to explain
of three-dimensional quantum electrodynamics in the limit i'Ehis phenomenon is nuclear friction, which slows down the
which virtual electron-positron pairs are suppressed. In additiofeformation of the nucleus so that the fission time becomes
work on the Bethe-Salpeter model of the observed lightnger, Work has commenced to develop the usual classical,
pseudoscalar and vector mesons has been shown to successgﬂb(mach employing a Fokker-Planck equation to investigate i
explain the mass of the meson. (C.J. Burden, M. Walker, P. more detail the effect of friction on spontaneous fissiA. Ju
Tjiang; M.A. Pichowsky [Indiana U.]) Robson; G.D. Dang [U. Paris-Sud])

Exotic atomic systems such as singly-charged heavy ions likeg,
uranium-91 are valuable testing grounds for quantum wj
The robustness of the conjectured correlation between the gJectrodynamics and relativistic quantum theory. Previous work'3
factor ratios in the ground and gamma bands, and thging the dipole approximation for such hydrogenic atoms has®
corresponding E2/M1 mixing ratios in the proton-neutrofindicated that an eight-component theory developed by Robsorﬁ
interacting boson model (IBM) has been investigated. Thignd Staudte predicts different Balme@rand Lymane
correlation was shown to be dependent on the choice of tepontaneous radiative transition probabilities than those given
Hamiltonian and can be transgressed when the parametersgfahe standard Dirac theory. This work has been extended tc
chosen appropriately. The recent M1 datt%r, which does calculate the transition probabilities without making the dipole &
not exhibit such a correlation, are analysed in the light of thes@proximation and also to calculate the so-called "forbidden"'S
results. The IBM can accommodate the new M1 data byomponents. The results confirm that the eight-component and\g
including parameters that are not usually used in the model. Bérac theories predict different transition probabilities for the
there are inconsistencies in the M1 data, their remeasuremengdmponents of the Balmar-and Lyman« lines (B.A. Robson,
168 is desirable before reaching a definite conclusion on wheth@rH. Sutanto)

an extension of the standard parameter set in the IBM is required.

(S. Kuyucak; B.R. Barrett [Arizona))

ngineering

Nuclear Theory
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Correlations and Decoherence in Quantum Systems singularity theory is profound and rather difficult, so novel visual
interpretations of singularities are being developed. These have

Deterministic randomness has been obtained within the theorw - . o . .
ore than heuristic value: visualisation of singular surfaces is a

of spontaneous correlations and slow decoherence in ComPIgX eyl new aid for the design and control of dynamical systems
microscopic and mesoscopic systems (CMMS). ThSeneraIIy

experimental test of this novel phenomenon has recently been

performed in a collaborative venture between Chinese scientigtie analysis of confinement transitions in the H-1NF heliac is
and ANU. The analysis of the data is in progréSsru. Kun; an application of singularity theory currently being developed
Wang Qi et al. [Inst. Modern Physics, Lanzhou, China]; Liisee Plasma Theory section). Another application, with important
Songlin et al. [Inst. Atomic Energy, Beijing]) safety implications, has been to the nonlinear dynamics of

cellulose thermal decomposition. It was shown that a commonly

Ithas been shown for the first time that the decoherencg SetS R4 fire-retarding treatment can actually increase flammability
gnew energy scale for quantum many-b_ody_CMMS. This chlﬁ situations of restricted heat transfer, such as cellulose
is analogous to the Thouless energy in disordered SyStenl]nss'ulation, furnishings and bedding, and bagasse stockfRes.
Beyond this new scale, the random-matrix theory of quantug,

many-body systems ceases to apply. This leads to a number of

novel microscopic and mesoscopic phenomena, which apehook for honours undergraduates or graduate students is being
currently being studiedS.Yu. Kun; H.A. Weidenmiiller [Max written which will give an overview of mathematics, not only
Planck Institute for Nuclear Physics, Heidelberg]) for mathematicians who wish to know something outside their

own speciality, but also for physicists, engineers, teachers and

A common ImanlfesFatlon of the V|ole}t|on of ran(_jom'W_'a'[r'_)(others with a serious interest in mathemat{®s.A. Coppel)
theory in microscopic and mesoscopic systems is oscillating

structures of the energy autocorrelation functions for heav
complex quantum collisions and coherent electron transport

quantum dots. The theory of spontaneous correlations and slpfgsma confinement in toroidal geometry is determined not only
decoherence has been applied to the analysis of these oscillafijacollisional transport but by complex nonlinear interactions
patterns in CMMS. An indication for the excitation of highlyjnyolving sheared background flows and low-frequency
excited many-body Schrodinger-cat states has been foundcifllective modes (drift waves). At higher pressures, deformation
heavy-ion elastic and inelastic scatteringS.Yu. Kun, B.A. of the equilibrium magnetic field, and pressure-driven
Robson; A.V. Vagov [UWA]; O.K. Vorov [Sao Paulo]) instabilities (ballooning modes), are also important. Work on

. .asgects of these phenomena is carried out in the plasma theory
Quantum carpets are patterned structures in the space-tim . - . . ) .
roup, with a particular interest being to predict or explain

frt dscovered i 1995, Werknnas contiuect an anew approab12110UT I the H-LNF:heliac n the Plasma Research
o : R pproaP‘I.:aboratory.

for predicting these structures for the infinite-square-we

potential, based on a representation of the probability densif overall understanding of the novel characteristics of local

P(xt) as a discrete sum of travelling wavegM.J. Hall, M. paliooning mode behaviour in low-magnetic-shear, low-aspect-

Reineker; W. Schleich [UIm]) ratio stellarators such as H-1NF has been developed using the

concept of Anderson localisation due to the quasi-periodic

dependence of equilibrium parameters along a magnetic field

line. This leads to strong field-line dependence of the growth

rate (P. Cuthbert, R.L. Dewar)

)Iﬁ{asma Theory

Macroscale Physics

Nonlinear Dynamical Systems

Dynamical systems theory is the body of mathematics concern\(/e\/(?rk has begun on modelling the discontinuous dependence of

with the global characterisation of the time
evolution of a finite or infinite set of
variables. Often the long-time behaviour
of an infinite-dimensional system can be
described by a finite set of "master"
variables because, after an initial transient,
most of the variables (the "slaves") relax
so as to follow the master variables
adiabatically. The identification of such
master variables and the determination of
their dynamics thus provide a methodology
for the understanding of complex systems.
A review of dynamical systems theory in
this context was published this yeéR.L.
Dewar)

An important tool for global analysis isS iS @ solution manifold of a nonlinear dynamical system that has a pitchfork bifurcation
as an organizing centre. Singular points on S unfold to an invariant manifold L around

ingularity theory The mathematics of
singufartty theory '°S % the pitchfork at (0,0,0).

-



A method for calculating the transit-time
dependence of the heating of particles by
waves (Fermi acceleration) has been
developed for particles chaotically
confined by cusp field§R.L. Dewar; C.I.
Ciubotariu [Lethbridge])

The effect of a finite radial wavenumber
on collisional drift waves in the geometry
of the toroidal heliac H1-NF has been
studied. It was found that a vanishing
radial wavenumber yields the fastest
linear growth rate(J.L.V. Lewandowski,
R. Ellem)

The radial structure of electron drift waves
has been calculated in toroidal geometry.
Analytical calculations show that the
radial extent (and associated anomalous
transport) of the toroidal drift wave
depends nonlinearly on the shear and
curvature of the safety factor profile. For
typical medium-sized tokamak edge
plasmas the calculated anomalous
transport was found to be up to one order
of magnitude larger than previous
0 estimates.(J.L.V. Lewandowski)

Parametric dependence of local ballooning mode growth rat€osmology

in H-1INF. The variables s and specify the field line and, o N o o
determines the direction of the wave vector The Isotropic Singularities project is an examination of a subclass

of Big Bang type initial cosmological singularities, which have
an associated conformal structure that is regular. During this

confinement properties observed in H-1NF as control parametd{&" Work has centred round discovering a characterising feature
are varied, by adapting low-dimensional dynamical systenﬁQr perfect-fluid space-times that admit an isotropic singularity.
models developed for tokamaks and applying singularity theo ‘has been shown that, contrary to exp.e(.:tations in the I.iter.a.ture,
Preliminary results indicating that the Low to High (L-H)t e Weyl tensor cannot be a characterising feature. Significant
confinement transition is intrinsically oscillatory, potentiallyProgress on this problem is currently being made using new
hysteretic, and controlled by three parametdR. Ball, R.L. aPProaches(G. Ericksson, S.M. Scott)

Dewar) Collaborative work has continued on a possible explanation for

The behaviour of magnetic islands at fusion-relevant plasrﬁge observed r)on-uniform distribution Qf matter in the universe
pressures is of much interest for low-shear stellarators such3#s€d on the idea that the present universe was formed by th
H-1NF. On the one hand, the lack of significant shear promisfi@gmentation of macroscopic superstrings.J. Tassie; P.
that island widths near low-order rational values of the rotation§rosche [Bonnj)

transform could be very large and even catastrophic for plasma

confinement. On the other, several stellarator experiments havisualisation

been predicted to exh ibita pr_operty of "self-healing" with plasm?he WEbaEg, which was developed in collaboration with Professor
pressure where the island width reduces to zero before changtgq/v Boswell, Plasma Research Laboratory and Mr Drew

sign. The objective of this project is to |nvest|g§te th_%hltehouse of the ANU Supercomputer Facility, is the first walk-
phenomenon for the H-1NF and to compare computer simulation . . . . .

. . ; . Invirtual reality theatre in Australia. It shows great promise for
with experiment. Because of the extremely three-dimensional

and bean-shaped, nature of the H-1NF magnetic field, the H”\H’;\rlous applications in scientific visualisatiofd.J. Gardner)

equilibrium code used for this study, has needed to be improvefle Wepce has featured in much outreach activity for the ANU
in speed and accuracf.J. Gardner, S.S. Lloyd) including the Australian Science Festival. Commercialisation

. . ... activities have resulted in adfGeinstallation at the Powerhouse
The development of a fully three-dimensional resistiv

N

: - useum in Sydney as part of their "Universal Machine" ©

h MHD | . . L . S
magneto ydrodynamics ( ) stabi !ty code W.as COmrm.ancelnstalIatlon and other negotiations are continuing. A version of 8
during the year. When completed this code will be applied E%

WEpGE is being built to display real time stereo video from 3
model large-scale mode structures observed in the H-1NF an((Ja

. . } .. remote sites as part of a robotic control centre. Further.
other fusion experiments. It will, hopefully, also be useful in the P S

1 .

design of future advanced stellaratdts.J. Gardner; R.G. Storer |nf0rmat|0n about the ce can be found at the web address 3
. http://wedge.anu.edu.au/ 0
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During the year a portable version of thede was built and ~ Interactive three-dimensional graphics has great potential in such
displayed at an international workshop ldigh Performance applications as understanding chaos in four-dimensional
Computing and Advanced Visualisation in Plasma Physicmplectic maps, analysis of singularities in bifurcation theory,
Researctat Magnetic Island, Queensland, in July. In October @eneral relativity etc. Efforts are under way to develop

featured at the launch of the Australian Partnership for Advanc#iualisations in these areas using both high-level languages such
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Professors
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V.V. Bazhanov, PhD Serpukhov

Senior Fellows

M.P. Das, MSc Utkal, PhD Roorkee, FAIP,
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S. Kuyucak, BSc Ankara, PhD Yale

B.A. Robson, MSc PhD DSc Melb, FAIP (until Dec)

Fellows

C.J. Burden, BSc Qld, PhD (until July)

H.J. Gardner, BSc Dip Comp Sci Melb, PhD (jointly
with PRL & Dept. of Computer Science, FEIT)

M. Gulacsi, BSc MSc Cluj, PhM PhD Trieste (QElII
Fellow)

A.S. Kheifets, MSc PhD St Petersburg (jointly with
AMPL)

Postdoctoral Research Fellow
R. Ball, BSc (Hons), PhD Macquarie
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Visiting Fellows

F.C. Barker, MSc Melb, PhD Birm (Emeritus
Professor)

C.J. Burden, BSc Qld, PhD

W.A. Coppel, BA Melb (Professor)

K. Hagino, BSc Tohoku, MSc Tohoku, PhD Tohoku
M. Hall, MSc, PhD

A. Ipatov, BSc St Petersburg, PhD St Petersburg
K. Kumar, BSc Agra, MSc Alld, PhD McM, FAIP
S.Y. Kun, MS PhD Kiev

D.N. Quang, BSc Hanoi, PhD Humboldt (Professor)
M.K. Simpson, BSc Adel, PhD Newcastle

S. Scott, BSc Monash, PhD Adel

I. Talanina, MSc PhD GPI Moscow

L.J. Tassie, MSc PhD Melb, FAIP

W.S. Woolcock, BSc Qld, PhD Camb, FAIP

Departmental Administrators
H. Jackson (part-time)
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