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ASTROPHYSICS  
Research in the Astrophysics group ranges from the fundamental physics of compact objects to the 
frontiers of cosmology. Projects include the construction of the MWA low frequency telescope in 
Western Australia, gravitational wave searches with the Laser Interferometer Gravitational Wave 
Observatory (LIGO), and observations of the cosmic microwave background with the South Pole 
Telescope and POLARBEAR experiments. Group members pursue wide-ranging radio, optical and 
near-infrared observational studies on leading Australian and international telescopes, including 
the Hubble Space Telescope. Finally, the Astrophysics group houses the largest hub of 
computational cosmology in Australia, and investigates topics across theoretical astrophysics. 

The topics covered by student research projects include many of the key research areas in 
astrophysics: the epoch of reionization and the earliest stars and galaxies; the evolution and 
distribution of super-massive black holes; gravitational lensing and microlensing as a tool to study 
high-redshift galaxies, dark matter haloes, black hole masses and active galactic nuclei; 
fundamental relationships between dark and baryonic matter in galaxies; neutron stars and black 
holes as sources of gravitational waves; the electrodynamics of relativistic pulsar winds; Gamma 
Ray Bursts; globular cluster dynamics; galaxy clusters and the nature of dark energy; gravitational 
lensing of the cosmic microwave background as a tool to study large scale structure; cosmological 
neutrinos; and inflation.  

Profs Webster and Wyithe are CIs in the CAASTRO Centre of Excellence, which has a node at the 
University of Melbourne, and A/Prof Melatos is a CI in the international LIGO collaboration. Dr. 
Reichardt is a full member of the international POLARBEAR and South Pole Telescope 
collaborations.  

Projects on offer (by supervisor) include:  

WEBSTER, PROF RACHEL (Group leader) r.webster@unimelb.edu.au  

• Microlensing studies of quasar emission regions, using data from the Gemini and other 8-metre 
telescopes 

• Quasar astrophysics, with theoretical models incorporating the effects of the supermassive 
black holes, photoionization by the accretion disk and outflowing winds 

• Gravitational lens searches using new survey data from the Skymapper telescope at ANU 
• Measurement of the Epoch of Reionization signal using the MWA telescope 
• Galaxy formation, and the relationships between dark matter and baryonic matter in galaxies 

 
WYITHE, PROF STUART swyithe@unimelb.edu.au  

• Super-computer simulations of the formation and evolution of galaxies 
• The first sources in the universe and reionization 
• Cosmological HII regions 
• Evolution of supermassive black-holes 
• Gravitational lensing 
• Constraints on the dark matter particle looking at results from both cosmological structure 

formation and the Large Hadron Collider (co-supervised with Dr Elisabetta Barberio, EPP 
group) 

 
MELATOS, A/PROF ANDREW amelatos@unimelb.edu.au  

• Gravitational waves from neutron stars, black holes, and supernova explosions. The first 
direct detection of Einstein’s elusive gravitational waves, expected by 2015, will be one of 
the defining discoveries of 21st Century physics. A range of projects are offered to model from 
a fundamental standpoint the waveforms emitted by extreme objects like neutron stars and 
black holes, engaging with the rich physics at work in these objects (e.g., QCD/QED 
processes, ultra-intense magnetic fields, general relativity) via sophisticated analytic theory 
and cutting-edge computer simulations. The theoretical waveforms will be fed directly into 
experimental searches currently being carried out by the international LIGO and Virgo 
detectors. 
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• Fundamental theory of superfluids and Bose-Einstein condensates. Rotating quantum fluids 
are threaded by vortices, whose dynamics become fascinatingly complicated when the fluid is 
spun up abruptly. Projects are available to study disruptive phenomena like vortex tangles 
and instabilities, quantum turbulence, and catastrophic vortex avalanches, applying a range 
of tools from quantum physics and the world of self-organizing, complex systems (e.g. cellular 
automata, which are often used to model earthquakes, ant colonies, internet traffic, et 
cetera). The projects can be tailored to emphasize basic theory, applications to terrestrial 
experiments (e.g. Bose-Einstein condensates in optical lattices), or astrophysical applications 
(the 40-year-old mystery of neutron star glitches).  
 

• Cosmic magnetic explosions. Ultra-magnetized (1015 G!) neutron stars occasionally emit 
bursts of high-energy-gamma rays so intense that they temporarily distort the Earth’s 
atmosphere. We e studying the physics of these magnetically powered flares, and their 
gravitational wave signature, using general relativistic MHD computer simulations. 
 

• Relativistic electron-positron winds and jets in supernova remnants. How do the most 
powerful particle accelerators in the Universe (104 times more energetic than CERN!) work? 
 

• Gravitational wave data analysis. Develop sophisticated signal processing algorithms and 
implement them on massively distributed (Grid, Cloud) computing resources to search real-
life LIGO data for gravitational wave signals from sources like Scorpius X-1 (brightest X-ray 
source in the sky) or SN1987A (the youngest known neutron star). 
 

• Gravitational wave data analysis. Dense, self-gravitating stellar systems such as young star 
clusters and globular clusters are natural laboratories for studying stellar dynamics in extreme 
environments, with a rich interplay of diverse physical processes, including gravity, 
hydrodynamics and stellar evolution.  Our group is using direct N-body simulations to study 
the evolution of star clusters and to interpret Hubble observations, aiming in particular at the 
identification of Intermediate Mass Black Hole fingerprints from dynamics. The project 
offered consists in carrying out NBODY6 simulations of star clusters evolution to investigate 
how stars of different mass segregate toward the center of the system in their attempt to 
reach energy equipartition, and how the presence of an IMBH affects, and quenches, this 
process. The project is ideally suited results will be used for the interpretation of HST mass 
segregation observations we are analyzing in collaboration with Dr. Roeland van der Marel at 
the Space Telescope Science Institute in Baltimore, MD, USA. This project is ideally suited for 
a Master student interested in learning how to run gravitational N-body simulations that 
efficiently make use of graphic processing units, and in writing code to analyze their output 
as if it were looked at through a telescope (therefore taking into accounts effects such as 
finite field of view, magnitude limit and crowding. 

 
TRENTI, DR MICHELE trenti@ast.cam.ac.uk  

• High redshift galaxies. Hubble's latest infrared camera enabled a leap forward in the 
detection of star forming galaxies toward the end of the epoch of reionization, at redshift z>7 
(or about 800 Myr after the Big Bang). These high redshift galaxy candidates are identified 
from imaging in multiple bands based on a color selection that takes advantage of the 
absorption of photons bluer than Ly-alpha (0.1216 micron rest-frame) by the intergalactic 
medium. Our group is contributing to several large Hubble campaigns aimed at finding and 
characterizing the properties of these distant galaxies, including the Brightest of Reionizing 
Galaxies (BoRG) survey (Trenti Principal Investigator), and the Hubble Extreme Deep Field  
(XDF) and the Grism Lens-Amplified Survey from Space (GLASS), where Trenti is a Co-
Investigator. Projects available in this area of research for either Master or PhD students 
include the development of optimal selection techniques to identify high-z galaxies, the 
analysis of upcoming Hubble photometric data to characterize the galaxy luminosity function 
evolution at z>7, and the study of Ly-alpha emission at z~6-8 using the slitless spectroscopic 
data from GLASS.  
 

• Simulations of the first proto-clusters of galaxies. The brightest galaxies at redshift z>7 (or 
about 800 Myr after the Big Bang) are expected to be beacons of overdense regions of the 
Universe, that collapse at lower redshift into a single dark-matter halo and then evolve into a 
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galaxy cluster by the present time. These cluster formation zones, or proto-clusters, are some 
of the regions that formed stars, produced metals and black holes at the earliest times in the 
history of the Universe. Modeling the properties of such galaxies through cosmological 
simulations gives us the opportunity to test our understanding of how the first generation of 
galaxies formed and evolved, since both the overdensity and the presence of sources with 
higher than average luminosity make proto-clusters ideal targets for observational follow-ups. 
This project is ideally suited for a PhD student with interest in carrying out supercomputer 
simulations of galaxy formation and evolution, and apply them (1) to the interpretation of 
current Hubble observations, especially from our Brightest of Reionizing Galaxies survey, and 
(2) to contribute to the design of future observations with HST, ALMA and with the James 
Webb Space Telescope. 
 

• The last of metal-free stars. The first generation of stars and galaxies enrich the large 
majority of the gas in the Universe to a metallicity greater than ~10^{-3.5} Solar by the end of 
the reionization epoch, that is within the first 700-800 Myr after the Big Bang. This metallicity 
threshold marks the passage from metal-free (Pop III) to metal-enriched (Pop II and I) stars. 
However, the enrichment process is in-homogenous, resulting both in some regions enriched 
at z>>10 as well as in the survival of rare pockets of metal-free gas able to form Pop III stars 
down to z~4, depending on the efficiency of metal outflows. This project, ideally suited for a 
PhD student with interest in cosmological hydrodynamical simulations, will construct 
predictions for the efficiency of metal enrichment of the Universe at early times and then 
focus on high-resolution resimulations of rare metal-free halos identified at redshift z~4-8.  
The goal is to understand how late-time Pop III stars form, and what are their properties, 
especially their characteristic mass. Depending on the student interests, the project can 
subsequently evolve toward a more observational angle of investigation, for example by using 
the modeling results to construct the best strategies to detect elusive metal-free stars from 
future all-sky surveys such as LSST, which could spot Pop III supernovae at z<6. 
 

• Gamma Ray Bursts as tracers of (faint) star forming galaxies. Gamma-ray bursts (GRBs) and 
galaxies at high redshift represent complementary probes of the star formation history of the 
universe. Long-duration GRBs are thought to be associated to the death of massive stars, and 
are followed by a brief but luminous afterglow at UV/optical wavelengths that can provide a 
precise localization and redshift of the explosion. Since the afterglow luminosity surpasses 
that of the GRB host galaxy, it is possible to use GRBs to quantify the fraction of star 
formation happening in dwarf galaxies at high redshift that are too faint for direct detection. 
Our preliminary investigations suggest that there is a growing fraction of photons produced in 
small and faint galaxies as the redshift increases, potentially making dwarf galaxies the main 
agents of reionization. The project offered is aimed at characterizing star formation and GRB 
production in these systems. It will be primarily based on phenomenological modeling of the 
connection between star formation, GRBs and host galaxy properties, such as dust content 
and metallicity, and on comparison of modeling outcomes with observations. The project can 
be structured to be appropriate for either a Master or a PhD student. 
 

• Galaxy clustering at the peak of the star formation activity. The BoRG survey, a large-area 
optical and near-IR Hubble Space Telescope program aimed at finding the most luminous 
galaxies formed more than 13 billion light years ago at redshift z~8, also allows us to study 
galaxies at redshift z~2, when the star formation activity is near its peak. Since the BoRG 
observations target more than 65 independent lines of sight, it is possible to investigate 
galaxy clustering from the distribution of the number counts of sources per field. This project 
is ideally suited for a Master student with interest in data analysis and modeling. It consists of 
selecting z~2 galaxy candidates from the BoRG survey catalogs (about 500 objects expected), 
using a combination of color-color cuts and photometric redshift codes, characterizing their 
number count distribution, and comparing it against predictions from numerical simulations to 
estimate the characteristic dark-matter halo mass of the observed galaxy population. Fields 
with significant excess of z~2 sources over the average can then be analyzed in more detail to 
evaluate the possible identification of a galaxy cluster (the most distant of such objects at 
z=2.07 has been discovered from data covering an area comparable to that of BoRG). 
 

• Dynamical evolution of stellar systems. Dense, self-gravitating stellar systems such as young 
star clusters and globular clusters are natural laboratories for studying stellar dynamics in 
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extreme environments, with a rich interplay of diverse physical processes, including gravity, 
hydrodynamics and stellar evolution.  Our group is using direct N-body simulations to study 
the evolution of star clusters and to interpret Hubble observations, aiming in particular at the 
identification of Intermediate Mass Black Hole (IMBH) fingerprints. The project offered 
consists of carrying out NBODY6 simulations to investigate how stars of different mass 
segregate toward the center of the system in their attempt to reach energy equipartition, and 
how the presence of an IMBH affects, and quenches, this process. This project is ideally suited 
for a Master student with interests in computational astrophysics. The results will be used for 
the interpretation of Hubble Space Telescope observations that we are currently analyzing.  

 
REICHARDT, DR CHRISTIAN christian.reichardt@unimelb.edu.au  

• Weighing the Hubble volume with gravitational lensing. Gravitational lensing of the cosmic 
microwave background (CMB) is a uniquely powerful probe of large scale structure at high 
redshifts. Notably, these measurements have the potential to determine the neutrino masses 
which depend on physics beyond the Standard model. Projects are available to make the 
lensing potential maps, to correlate the maps with other astrophysical tracers to study the 
relationship between baryons and dark matter, and to study the cosmological implications.   
 

• The Gravity wave echo of Inflation. The Universe’s explosive expansion during Inflation is 
predicted to produce gravity waves. Detecting these waves would open a new window into 
the mechanics of Inflation, which is one of the pillars of the standard cosmological model. 
The BICEP2 team recently claimed to have detected the signature of these gravity waves in 
CMB polarization. Projects are available to measure CMB polarization using data from the 
SPTpol and PolarBear experiments and to study the implications for inflation, sterile neutrinos 
and other physics.  
 

• Galaxy Cluster cosmology. Galaxy clusters are the most massive collapsed objects in the 
Universe. As such, their abundance is exquisitely sensitive to the properties of dark energy 
and other cosmological parameters that affect structure growth. Projects are available to 
study galaxy clusters with the Sunyaev-Zel’dovich effect and other wavelengths and to 
develop the use of galaxy clusters as cosmological probes.  
 

• Simulating the microwave sky. The mm-wave sky encodes signals from a variety of sources 
from the cosmic microwave background to galaxy clusters to dusty galaxies. Much work has 
been done on simulating each individual component, however little has been done to deal 
with the correlations between components. Better simulations are essential for studying 
possible biases in current data, e.g., galaxy cluster SZ flux measurements, and also in 
planning the foreground mitigation strategies for planned satellite and stage 4 CMB 
polarization experiments.  
 

• Surveying the polarization properties of radio and dusty galaxies. There is significant 
uncertainty about the polarization of these galaxies at mm-wavelengths. The polarization 
properties have implications for the CMB polarization measurements discussed above, and also 
as a probe of the galaxy properties. There is also the potential to discover new classes of 
objects in these polarized surveys.  
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EXPERIMENTAL PARTICLE PHYSICS 
EPP has a wide range of strengths in experimental particle physics including data analysis, detector 
performance and development, and high performance distributed computing.  

We are currently involved in two major international high energy physics experiments: ATLAS 
(Barberio, Taylor, Urquijo) at the Large Hadron Collider (LHC), CERN laboratory in Switzerland) and 
BELLE II (Barberio, Sevior, Taylor, Urquijo) (at the Super-KEKB facility in Japan).  

From 2015, following the successful initial run that led to the discovery of the Higgs boson, the 
ATLAS experiment will operating in the 13-14TeV era of the LHC for the first time, opening a 
window for discovery.  

Following from the highly successful Belle experiment, which measured matter-antimatter 
asymmetries and the physics of heavy quarks and leptons, the EPP group is preparing for data 
taking with the Belle II experiment. The Belle II experiment is currently under construction for 
operation at the Super-KEKB facility from 2017.  

The group is also carrying out preliminary work for a direct dark matter search experiment 
proposed for installation in the Stawell Gold Mine (Barberio, Sevior, Taylor, and Urquijo). 
Computational capability is central to all EPP programs. Development of distributed computing 
(Sevior) also provides some avenues for project. 

The ATLAS analysis involves characterising the Higgs boson, as well as techniques to search for 
evidence for SUSY, of extra spatial dimensions and of the particle nature of Dark Matter.  

In the Belle II experiment, the group is centrally involved in the physics program, studying Standard 
Model processes at high precision and the search for rare processes beyond the SM, in addition to 
contributing to the construction of the new Silicon Vertex Detector (SVD). Trigger studies and 
advanced computing technique development, essential to both ATLAS and Belle II are important 
aspects of the EPP program. 

EPP is also involved in related technologies and applications that rely on novel detector physics 
used for medical physics (PET), instrumentation and accelerator development (Rassool, Taylor). 
Strong links with the Australian Synchrotron provide excellent opportunities in these areas. 

The group is a key member of the ARC Centre of Excellence for Particle Physics at the Terascale 
(CoEPP), with the University of Melbourne being the lead institute, (see www.coepp.org.au) and of 
the Australian Institute for High Energy Physics. 

Projects on offer (by supervisor) include:  

TAYLOR, PROF GEOFFREY (Group leader) gntaylor@unimelb.edu.au  

• ATLAS Detector performance studies (MSc)  
• Belle II SVD construction and performance measurements 
• Dark Matter detection studies. 
• ATLAS silicon tracker upgrade 
• Silicon and diamond detectors for future experiments. 

 
BARBERIO, PROF ELISABETTA barberio@unimelb.edu.au  

• Studies of the properties of the Higgs particle with the ATLAS detector at LHC 
• Direct Dark Matter Experiment Development, Stawell Goldmine  
• Background environment studies and simulation of the Stawell Goldmine for a Dark Matter 

experiment. 
• Search for the origin of Neutrino masses with the ATLAS detector at the LHC (my be co-

supervised with Ray Volkas) 
• Search for extra-dimension and Super-symmetry at Large Hadron Collider (LHC) 
• Searches for new Physics via rare B-meson decays with the Belle II detector  
• Astro-particle physics (Dark Matter) with the ATLAS detector at the LHC (my be co-supervised 

with Nicole Bell) 
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• Constraints on the dark matter particle looking at results from both cosmological structure 

formation and the Large Hadron Collider (co-supervised with A/Prof Stuart Wyithe, Astro 
group) 
 

 
URQUIJO, DR PHILLIP phillip.urquijo@unimelb.edu.au 

• Belle and Belle II Physics 
o Searches for Dark sector particles 
o Semileptonic B decays and the CKM matrix element |Vub| 
o CP violation and Flavour Changing Neutral Currents in B decays 
o Τau Lepton Flavour and CP Violation 
o Quark production and hadronisation at e+e- and in heavy flavour decays 

• Belle II hardware (some fraction of the project can be devoted here) 
o Trigger and Data acquisition system development for Belle II 
o Commissioning and physics implications of the Belle II SVD 

• Flavour Phenomenology 
o Search for multi-TeV charged vector, tensor and scalar particles in flavour physics 
o Global fit for the inclusive determination of Vub 

• ATLAS 
o Search for heavy neutrino partners 
o CP violation in Higgs decays to τ leptons 
o Fast Track Trigger system and τ triggers 

• Dark matter 
o Background measurement of the Stawell Dark Matter laboratory 
o Background simulation of the Stawell Dark Matter laboratory 

 
SEVIOR, A/PROF MARTIN martines@unimelb.edu.au  

• Measurement of CP violation with the Belle experiment 
• Investigation of rare B-decays with the Belle detector 
• Search for Dark Matter particles with Belle  
• High throughput computing with GRID and Cloud technologies 
• Computing and Software development for the Belle II upgrade 
• Feasibility studies of the Belle II experiment at KEK 

 
RASSOOL, DR ROGER rogerpr@unimelb.edu.au  

• X-ray imaging technology development 
• Accelerator beam probes. 

 
LONGER PROJECT-AREA DISCRIPTIONS 
 
ATLAS at the Large Hadron Collider (LHC) 

• Dark Matter at the LHC. If dark matter (DM) interacts via the weak force it can be produced 
at the Large Hadron Collider (LHC). The ATLAS experiment at the LHC can see DM particles 
with masses from a few GeV to hundreds of TeV. This project will involve data analysis at the 
LHC and a possible collaboration with Theory on DM models, to narrow down the plethora of 
DM models in a quasi-model independent way. 

• Search for heavy neutrino partners in ATLAS. The origin of neutrino masses is an unsolved 
puzzle. While the Higgs is certainly responsible for mass generation, it can’t explain why 
neutrinos have such small masses. Theories that can explain neutrino masses generally predict 
new massive particles that can be searched at the Large Hadron Collider with clean 
experimental signatures. These searches are complementary to the constraints from neutrino 
oscillation data or rare processes like neutrino-less double beta decay. We will look at various 
such signatures for analyses of Run-2 data, commencing in 2015. 

• τ-lepton coupling and CP violation in Higgs decays. The overwhelming matter-antimatter 
asymmetry in the universe cannot be explained by the Standard Model of particle physics.  
Higgs bosons in non-SM theories offer a possible explanation, with large CP violating effects. 
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The most powerful way of seeing CP violating effects in Higgs decays is via the decay of 
H→ττ. We will prepare the analysis with Run-2 data. We will furthermore measure the  

branching fraction of Higgs decays to τ-leptons, providing the Higgs Yukawa coupling to the τ-
lepton. It will likely be the only measurement of Higgs couplings to leptons for the next 
decade. 

• Fast Track Trigger system development for ATLAS. In order to improve the sensitivity to 
new physics, the LHC is expected to drastically increase in luminosity and background 
conditions over the coming few years. To ensure interesting physics data is efficiently 
identified we are developing a hardware-based track finding system to be installed in ATLAS. 
The nominal technology is a pattern matching FPGA (Field Programmable Gate Array) and 
Associative Memory (AM) approach, called the FTK. It is being developed and will be installed 
in ATLAS over the coming 2-3 years. We will develop the algorithms to be used for triggering 
on third generation fermions: b-quarks and τ leptons, which are key signatures for physics 
analyses in Run-2. 

• The Bionic Eye. This project will investigate the application of hybrid (hardware-software) 
devices for real-time analysis as part of bionic-eye systems. The approach is a spin-off from 
the Fast-Track-Trigger used in ATLAS, which is based on Field-Programmable-Gate-Arrays and 
Associative Memory. 

Analyses with Belle and Belle II 
• Dark sector particles. Dark matter may be part of a rich sector of dark particles that couple 

feebly to SM particles. One mechanism that may be accessible at Belle (II) is kinetic mixing 
with dark photons. We will look for various signatures of dark sector particles that manifest 
via kinetic mixing, including dark photons and dark matter. 

• Semileptonic B decays and the CKM matrix element Vub. The CKM quark mixing matrix 
elements, such as Vub are fundamental parameters of the Standard Model.One of the most 
outstanding questions in flavour physics is the so-called Vub puzzle, where two precise 
approaches for its determination, using two completely different techniques give significantly 
inconsistent results. We will look at some of the potential experimental causes in an effort to 
solve the puzzle, through the analysis of  semileptonic B decays. If the discrepancy turns out 
to be true, it could indicate the existence of TeV-mass new physics.  

• Tau Lepton Flavour and CP violation. Leptons may be the key to some of the greatest 
outstanding puzzles in particle physics, including the origin of the cosmological matter-
antimatter asymmetry and the origin of neutrino masses. Models that describe these 
phenomena also predict large non-SM lepton flavour violation and CP violation effects in τ 
leptons. Belle and Belle II are the most powerful machines available to analyse τ leptons. 

• CP Violation and Flavour Changing Neutral Currents. Flavour changing neutral current 
decays in the quark sector proceed only via loop diagrams. They are therefore highly sensitive 
to contributions from new heavy particles, which can also induce CP violation. We will 
examine various signatures, involving photons and τ leptons. 

• Quark hadronisation in e+e- collisions and flavour decays. The search for new physics in 
hadron decays (B and D mesons) demands a good understanding of the strong interaction and 
quark hadronisation (hadron formation) is a key ingredient. Yet, there is a huge gap between 
our current understanding and the necessary level of precision required at Belle II for 
precision studies.  We will look at how light (u,d,s) and heavy quark (c,b) hadronisation can 
be pinned down using Belle and early Belle II data at various centre of mass collision energies, 
and design new triggers to facilitate the measurement. Precision production measurements at 
e+e- above the b-pair production thresholds can also be used for extremely precise b-quark 
mass determinations. This project can be done in conjunction with Peter Skands (Theory, 
Monash). 

Belle II Hardware 
• Trigger and Data acquisition system development for Belle II. The Belle II detector is the 

next generation super flavour factory experiment due to start commissioning in 2016, with 
physics data taking starting in 2017. It will be located on the highest intensity e+e- collider 
ever built, SuperKEKB. With such a powerful machine, the requirements of the data 
acquisition system is immense - analysing 30000 collisions per second and having to keep only 
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 a fraction of them for offline analysis. We will develop strategies to find and keep the most 
important collisions, and commission the system with early data. 

• Commissioning and Physics Implications of the Belle II Silicon Vertex Detector. The Silicon 
Vertex Detector is a cornerstone component of Belle II, responsible for precision vertex 
finding in CP violation analyses, and for track finding of low momentum charged particles. 
Melbourne is constructing one layer of this 4-layer device, which will be installed on site in 
2015/2016. We will commission the detector using cosmic ray data and early collisions. We 
will furthermore simulate the performance of the detector and determine the impact the new 
device has on the potential for CP violating and rare B decays in Belle II physics golden modes. 

 
Flavour Phenomenology 

• Search for multi-TeV vector and tensor particles in flavour physics. We will prepare a 
global fit analysis for leptonic, semileptonic and semi-tauonic B, D and K decays.  We will use 
all available flavour data to look for correlated patterns of new heavy gauge bosons and 
exotic particles such as leptoquarks. 

• Global fit for inclusive |Vub|. One of the main goals of Belle and Belle II is the accurate 
determination of Vub. In this project we will interface theory and experiment to develop a 
technique of determining Vub and heavy quark parameters from semileptonic and radiative B 
decay spectral data. 

 
Stawell Dark Matter Laboratory 

• Background measurement of the Stawell Dark Matter (DM) laboratory. A deep gold mine in 
Stawell is likely to be the first DM laboratory in Australia and the entire Southern Hemisphere, 
led by the University of Melbourne. Before building the lab we must first characterise the 
background particle flux at various depths (around 1km) and locations to determine the most 
appropriate site. There are 4 main flux and spectroscopy measurements to perform: muons; 
slow (thermal) and fast neutrons; and gamma rays. The low muon and fast neutron fluxes at 
great depth pose interesting challenges in the design and operation of the detectors. 

• Dark Matter Detector Development. We will investigate technologies for a new dark matter 
experiment in Stawell, that involve both scintillating inorganic crystals and liquid scintillators.  
The active component of the detector will produce optical photons from DM WIMP-induced 
nuclear recoils. We will also study the performance of new radio-quiet phototubes capable of 
detecting these photons, with energies as low as a few MeV. 

• Background simulation of the Stawell Dark Matter laboratory. Once the muon, neutron and 
photon flux is known in the detector cavern, an accurate simulation of the interactions of 
these particles in the local environment is necessary for detector design. With these 
simulations we will investigate the requirements for shielding and active veto systems and to 
provide inputs to the designs of future experiments in the laboratory. 

 
Silicon Detector Development 

• ATLAS Upgrade for High Luminosity. 
After completing the approved program of the LHC by 2022, ATLAS will have taken data 
equivalent to 300fb-1 integrated luminosity, to go beyond the physics scope of the current 
data a major increase in luminosity is required. To achieve 3000fb-1 during a decade of data 
taking, to be sensitive to the critical details of the Standard Model prediction for the Higgs 
requires the instantaneous luminosity to be increased by a factor of five. Such a jump in 
operating interaction rate requires a major upgrade to the inner detector of the TALAS 
experiment. We are part of the development of new silicon detectors and their integration 
into a new arrangement for an all-silicon inner detector, “ITk”. We will be investigating novel 
HV-CMOS detector technology in addition to standard “planar” technology. We will also be 
pursuing novel lightweight structures for use in the ITk.  

• Novel Diamond Detectors 
In collaboration with the ECMP/Diamond group in the School we are studying the properties of 
poly-silicon and single crystal diamond detector for use in future experiments 
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Experimental Condensed Matter Physics (ECMP) 

ECMP has two major research projects directed at the development of quantum technologies. 
Within each major research project there are a series of allied research programs that explore key 
fundamental issues in solid state and optical materials and devices for information processing and 
communications. These major research projects build on our established expertise in the 
application of ion beam physics to the modification and analysis of advanced materials. We host a 
program staffed by personnel from the CSIRO Division of Exploration and Mining who share time on 
our 5 MeV Pelletron accelerator and collaborate on a program directed at the analysis of geological 
materials.  
Micro-Analytical Research Centre also represents the Melbourne node of the Australian Centre of 
Excellence for Quantum Computation & Communication Technology. Please refer to 
http://www.cqc2t.org/home  
  
Projects on offer (by supervisor) include:  

McCALLUM, A/Prof JEFF (Group Leader) jeffreym@unimelb.edu.au  

• Deep Level Transient Spectroscopy Studies for Quantum Device Development: Fabrication 
of quantum devices requires stringent control of processing parameters to ensure that 
unwanted defects are minimised while the environment for the single atoms (impurities) that 
form the quantum bits (qubits) are optimised. Deep level transient spectroscopy is one of the 
few electrical measurement techniques that has sufficient sensitivity to be able to measure 
the concentrations of electrically-active defects at the level that is required for a quantum 
device. Since the quantum devices are usually operated at very low temperatures, typically < 
4K, it is important to be able to quantify electrical defects in this temperature regime. This 
project seeks to develop that capability. 
  

• Quantum Transport in Ion-implanted Nanometer-scale Silicon Hall Bar Transistors:  
This project explores measurement of quantum transport in ion-implanted nanometer-scale 
silicon Hall bar transistors fabricated in the Melbourne Centre for Nanofabrication (MCN). This 
project is of direct relevance to optimization of existing and future Quantum Computer device 
architectures. It is expected that these nanotransistors will display quantum mechanical 
behavior at low temperatures, such as single-electron transport, where the charge of one 
electron determines the on/off state of the device. We will measure the device parameters 
such as electron mobility and charge trap density as an estimate of how well these devices 
perform. We will perform magneto-transport and electron-spin spectroscopy using electrically 
detected magnetic resonance (EDMR) to extract those parameters. Next, we will be looking at 
dopant implantation energy, species, 2DEG density, etc. The experimental part of the project 
will take place in the cryogen-free dilution refrigerator within the School of Physics. The 
student will develop state-of-the-art semiconductor fabrication skills and gain experience in 
low-temperature (cryogenic), low-noise, (quantum) electronic device characterization. 
  

•      Optical and quantum electronic properties of semiconductor nanowires:  
This project examines the quantum optical properties of III-V nanowires with the aim of 
exploring new structures with potential applications in quantum optics and quantum sensing. 
The project involves collaboration with ANU where the III-V nanowire structures are grown by 
chemical-vapour deposition. The work here will focus on the nanofabrication of electrical 
contacts to the nanowires using the facilities of the Melbourne Centre for Nanofabrication 
(MCn) and characterization of the electrical and optical properties of the nanowires  using the 
new cryogen-free dilution refrigerator within the School of Physics. The particular nanowires 
to be investigated are heterostructures with a core-shell geometry that will result in high-
mobility electrons confined to a quantum well for which we expect exciting quantum physics, 
such as quantized Hall effect and single-electron transport behavior. Additionally, it is 
possible to dope the nanowires to form p-n junctions to create light emitting devices. The 
student will develop state-of-the-art semiconductor fabrication skills and gain experience in 
low-temperature (cryogenic), low-noise, (quantum) electronic device characterization. 
 
 
 
 

 - 10 - 

http://physics.unimelb.edu.au/
http://www.cqc2t.org/home
mailto:jeffreym@unimelb.edu.au


 
School of Physics 

Higher Degree Research Projects 
http://physics.unimelb.edu.au 

 
• Deep Level Transient Spectroscopy Studies for Development of Germanium Devices (Co-

supervised by Dr Brett Johnson): 

Recently there has been a resurgence of interest in germanium for semiconductor devices due 
to the very high electron and hole mobilities that are possible in germanium compared to 
silicon. Incorporation of germanium into complementary metal-oxide semiconductor (CMOS) 
technology is being actively pursued for the sub-22 nm device node. Germanium is attractive 
because it offers the possibility of considerably higher mobilities, is viewed as being relatively 
compatible with current CMOS technology and has the potential to enable performance 
scaling of CMOS to the end of the current Roadmap. Ion-implantation of Ge for formation of 
doped regions is of great interest. However, unlike Si, comparatively little is known about the 
formation and evolution of implantation-induced defects in Ge or their interaction with 
dopants during the implantation process and during subsequent thermal annealing. Deep level 
transient spectroscopy (DLTS) studies of the electrically active defects and their annealing 
characteristics will be used to develop an understanding of the vacancy-related point defects 
and defect clusters that are strongly suspected of controlling the electrical characteristics of 
germanium. 
 

• Spectroscopy of defects with quantum functionalities in silicon carbide (Co-supervised by 
Dr Brett Johnson): 
We have recently discovered single photon sources in silicon carbide. These are promising 
quantum systems for applications in quantum cryptography, quantum information processing 
and quantum metrology. These sources are based on defects or impurities in the SiC lattice. A 
recent class of defects have shown high thermal stability but their identity remains elusive. 
Deep level transient spectroscopy will be used to characterise the defect electrically. A new 
method utilising Laplace transformations of the capacitance transients will allow 
unprecedented energy resolution of the observed defects. These electrical measurements will 
be correlated with optical confocal scans and optical quantum measurements.   
 

• Quantum systems and photonic structures integration (Co-supervised by Dr Brett 
Johnson): 
Light emitted from a single defect can be utilised for a range of quantum applications if it can 
be guided efficiently. Solid immersion lenses, optical antenna and photonic crystal cavities 
have all been developed to enhance light coupling and mode narrowing mostly for diamond. 
To enhance the light coupling between optically active centres in silicon carbide which emit 
non-classical light appropriate surface structures must be formed. This project aims to 
explore the formation of these structures in SiC. In addition, mechanical resonators are of 
interest. Ultimately, we will integrate these photonic structures with an electrically driven 
single defect centre for on-demand single photon sources.  

 
JAMIESON, PROF DAVID davidnj@unimelb.edu.au  

• Prof David Jamieson is a member of The Australian Research Council Centre of Excellence 
for Quantum Computation and Communication Technology: This is a national consortium of 
researchers dedicated to research into the physics of quantum bits fabricated and modelled 
with new technologies. Quantum computation and communication technologies exploit 
quantum rules to store, process and transmit information with revolutionary potential.  
Projects within the Centre offer the chance to get involved in the fabrication and modelling 
of single-atom devices with new functions provided by quantum attributes of superposition, 
coherence and entanglement.  Other members of this national consortium in the School 
include Prof Lloyd Hollenberg and Assoc Prof Jeff McCallum.  The Centre projects are aligned 
with the University of Melbourne Materials Institute directed by collaborator Prof Steven 
Prawer. 

• Implanting single atoms for quantum devices - towards high precision arrays:  Following 
our successful demonstration that a single nuclear and electron spin can be programmed in a 
device containing just one atom, we seek to build new devices in which single electrons can 
be transported and interacted together.  In close collaboration with collaborators at the 
University of New South Wales and employing our extensive Melbourne clean-room facilities, 
we offer projects on the design, fabrication and measurement of nanoscale devices. 
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• CMOS at the single atom limit: In very small electronic devices, quantum mechanical effects 
arise from the interaction of electrons with single quantum energy levels of the components 
of the device. The quantum properties of single dopant atoms in silicon crystals can be 
measured in devices configured with single atoms and used as a quantum switch with 
potential applications as an ultra-compact transistor. This project, done in collaboration with 
European collaborators, looks at the quantum attributes of single atoms in nanoscale CMOS 
devices. 

• Quantum devices – the optical/solid state interface: We aim build precursors to multi-qubit 
logic gates based on ion implanted silicon and test these devices using various magnetic 
resonance techniques in our new ultra-low temperature refrigerator that allows the thermal 
excitations to be reduced below the quantised energy level spacing in our devices.  These low 
temperature devices allow magneto-transport characterization and microwave spectroscopy 
studies on small numbers of atoms.  In collaboration with Jeff McCallum, we seek the 
development of Si:Er and excitonic systems with novel properties for the optical based 
addressing and control of few electron spins in silicon.  We plan to investigate the use of a 
nano-MOSFET to measure the change in the electrostatic environment of the quantum dot 
following photon absorption. 

• Microdosimeters: The aims of the project are to develop a portable microdosimeter useful in 
terrestrial radiation applications such as medical radiation treatments, nuclear and 
accelerator research, emergency response and mining as well as aviation, space exploration, 
and all applications of exposure to potentially hazardous levels of unknown mixed radiation 
fields.  The project explores silicon on insulator (SOI) with an extended dynamic range 
achieved by internal charge amplification and also diamond to take advantage of the tissue 
equivalent properties of diamond and their extremely low electronic noise capabilities.  
Investigation of fundamental aspects of microdosimetry of the silicon and diamond devices is 
explored by the simulation tools GEANT4 and GEANT4-DNA. 

 

PRAWER, PROF STEVEN stevenp@unimelb.edu.au  

• Characterisation of single photon sources: Colour centres in diamond have interesting 
properties that allow information to be stored as quantum states of excited electrons. Optical 
stimulation allows these quantum states to be programmed and read out. We seek new colour 
centres with wavelengths well matched to long distance signal transmission in silica fibres. 
This project involves measurement of the quantum states of colour centres in diamond to 
assess their suitability for information storage and transmission. 

• Fabrication of single colour centres in diamond: Selected isotopes of some elements, when 
implanted into diamond, produce colour centres with useful properties. For example, 14N and 
15N differ in their nuclear spin and quadrupole moment. This results in colour centres with 
different quantum properties. For the construction of useful devices containing these colour 
centres, we need to reliably implant single atoms and read-out the characteristics of the 
resulting colour centre. This project combines ion implantation and optical characterisation to 
fabricate and study colour centres in diamond. 

• Ion beam lithography in diamond: Using a novel combination of ion beams it is possible to 
machine microstructures in diamond. By fabrication of arrays of nanoscale holes it is possible 
to make an optical crystal which can capture the luminescence of embedded colour centres for 
useful applications.  It is may also be possible to make micron-scale optical resonators that can 
process light in novel ways. Micromechanical devices fabricated with this method take 
advantage of the exceptional mechanical properties of diamond. This project involves the 
design, fabrication and test of novel nanoscale diamond optical and mechanical devices. 

• Electrodes for the bionic eye: Diamond is a biocompatible material that can be doped to 
produce electrode arrays.  One application for such arrays is in the development of a bionic 
eye.  This project will address fabrication and characterization issues relating to the 
development of a fully functioning prototype retinal prosthesis. 
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OPTICAL PHYSICS 
Members of our group pursue research in experimental and theoretical aspects of optical physics, 
atom optics, atomic & solid-state physics, and X-ray optics & physics. We are developing new tools 
for investigating atomic scattering of x-rays, including precise measurements and novel theory. Our 
work with lasers and atoms investigates the complexity of the light-interaction, and exploits 
advantages offered by atom optics in comparison to photon optics. We are also interested in the 
fundamental study of the interaction of light with fabricated nanoscale structures. The 
Synchrotron in Melbourne brings exciting opportunities for physics in our group.  

The Optical Physics group hosts the ARC Centre of Excellence for Coherent X-ray Science (CXS). It 
is a multi-institutional and interdisciplinary centre devoted to the development of methods that 
use the emerging laser-like x-ray sources. CXS has an overarching goal to develop new methods in 
imaging non-crystalline membrane proteins using coherent x-ray sources, as well as more 
conventional facilities such as the Australian Synchrotron. Please also refer to 
http://www.coecxs.org.  See also the Theoretical Condensed Matter Physics group. 

Projects on offer (by supervisor) include:  

CHANTLER, PROF CHRIS chantler@unimelb.edu.au  

• Atomic & condensed matter experiments:  X-ray measurement of atomic transitions and the 
refractive index: Our international measurements are two orders of magnitude more accurate 
than previous literature. How does Quantum Mechanics work in practice? We have opened up 
new fields of X-ray Extended Range Techniques; non-destructive measurement of nano-
roughness; and the measurement and theory of the inelastic scattering of electrons; and 
initiated questions about relativistic, and QED contributions to observed interactions. 
 

• Quantum electrodynamics:  Development and design of X-ray spectrometers for high-
precision measurement in X-ray physics and QED. We have made the highest precision test of 
QED for Vanadium using an Electron Beam Ion Trap and new tests of excited state and two-
electron QED.  This requires new detector technology. 
 

• Atomic form factor theory:  Scattering of X-rays, diffraction & atomic structure.  Particular 
questions relate to high-energy limits, analytic formulations, S-matrix quantum field theory 
and correlated perturbation theory. 
 

• X-ray Absorption Fine Structure theory & experiment:  Isolated Particle Approximation 
models, XAFS and near-edge structure (scattering, atomic structure & crystals). Novel 
diagnostics for nano-roughness and the inelastic scattering  
 

• Synchrotron techniques: New understanding in atomic, molecular, condensed matter and 
biophysical systems. 
 

• Biophysics: X-ray irradiation, biological structures and catalysts. 
 

• Investigation of X-ray scattering and fluorescence distributions: These investigate the real 
component of the atomic form factor, and the radial electron density in atomic systems. The 
relativistic component of f has never been accurately measured. 
 

• Dynamical diffraction from curved crystals (diffraction/mosaicity): Synchrotrons use 
advanced X-ray optics and need advanced theory to calibrate and predict results.  
Development of theory of mosaicity and mosaic diffraction of X-rays is necessary in high-
efficiency diffraction experiments in the X-ray regime. 
 

• X-ray source distributions (experiment and computation):  X-ray sources produce spectra 
which are relied on around the world;  theory is unable to predict experimental observed 
distributions 
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Experiments in reflectivity: Details of reflectivity profiles test dynamical diffraction theory and 
investigate surface roughness in materials. 
 
CROZIER, PROF KENNETH kcrozier@unimelb.edu.au 

• Nanowire photodetectors: Semiconductors such as silicon and germanium absorb photons 
with energies greater than their bandgaps. For many applications, however, it would be 
desirable to achieve control over the absorption spectrum (absorption vs photon energy). We 
recently demonstrated this with silicon nanowires. Bulk silicon (i.e. not nanostructured) 
appears silver or gray, but we showed that vertical silicon nanowires take a range of colours, 
depending on their radii (Nano Letters 11, 1851 (2011)). We showed that arrays of silicon 
nanowires could be used as filters for colour and multispectral imaging (Applied Physics 
Letters 101, 193107 (2012) and Scientific Reports 3, 2460 (2013)). We incorporated p-i-n 
junctions into the nanowires, and showed that they could be used for as photodetectors for 
colour imaging (Nano Letters 14, 1804 (2014)). MSc projects are available on silicon and 
germanium nanowire photodetectors for multispectral (visible to infrared) imaging. These will 
be primarily of an experimental nature, but will also involve numerical modelling.  

 
• Dielectric metasurfaces: It is an exciting time to be working in optics. Previous generations of 

researchers have been largely limited to the use of naturally-occurring optical materials, such 
as glass, crystals, et.c. Recent advances in fabrication made by the integrated circuit industry 
have dramatically improved our ability to produce nanostructured materials. Recent years 
have also seen an explosion in computing power. These two developments have made it 
possible to design and fabricate nanostructured materials (“metamaterials”) that have optical 
properties not present in natural materials. These have been used in the demonstration of 
several (previously unimaginable) phenomena, e.g. materials with negative refractive indices 
and “invisibility cloaks”. We previously demonstrated a very thin metamaterial (termed a 
“metasurface”) consisting of silicon nanostructures on a glass substrate (accepted for 
publication in Nature Communications). This had the unusual property of deflecting infrared 
light into different directions, depending on its polarization. MSc projects are available on 
developing dielectric metasurfaces with new and technologically-useful properties. Projects 
will be primarily experimental, but also with theory/simulation components. Comment: 
students may also wish to discuss projects on the related and complementary approach of 
metal-based optical metamaterials with Prof. Ann Roberts. 

 
• Optical nanotweezers: Optical tweezers use the forces exerted by focused laser beams to trap 

and manipulate particles. Conventional optical tweezers employ lenses to focus laser beams. 
Due to the diffraction limit, these can only focus light to spots no smaller than roughly half 
the wavelength. This sets a limit to the force that can be exerted by conventional optical 
tweezers on a particle of a given size (with a given refractive index) with a given laser power. 
This makes it challenging to trap very small particles. We have previously overcome this 
limitation to use nanostructures, rather than lenses, to focus light. These have included gold 
nanostructures (e.g. Nature Communications 2, 469 (2011)), silicon photonic crystals (e.g. 
Nano Letters 13, 559 (2013)) and silicon micro-ring resonators (Nano Letters 10, 2408 (2010)). 
MSc projects are available on developing new types of nanostructures for optical tweezers, 
and their integration with microfluidic chips. Projects will have both experimental and 
theory/simulation components. 
 
 

ROBERTS, PROF ANN ann.roberts@unimelb.edu.au  

• Plasmonics and optical metamaterials: The name ‘metamaterial’ has been adopted to 
describe any artificially produced, structured material designed to have optical properties not 
usually exhibited by naturally occurring matter. ‘Plasmonics’ refers to the use of 
nanostructured metallic devices exhibiting remarkable optical properties. Projects in this area 
involve investigating applications in sensing, defence, document security, imaging 
(nanoscopy) and quantum emission control. 
 

• Nanoantennas for novel light sources: Next generation single photon sources and detectors 
will require methods to enhance, extract and direct light to optimise their efficiency. 
Nanometric versions of antennas traditionally used to receiving and directing RF signals have 

 - 14 - 

http://physics.unimelb.edu.au/
mailto:kcrozier@unimelb.edu.au
mailto:ann.roberts@unimelb.edu.au


 
School of Physics 

Higher Degree Research Projects 
http://physics.unimelb.edu.au 

 
 significant potential to deliver novel devices for use in secure communications, sensing and 
optical computing. 
 

• Imaging and microscopy (with Rob Scholten, Harry Quiney and Shan Shan Kou): We have an 
ongoing program on the development of new approaches to light and electron microscopy . 
The main goal of CXS is the development of coherent x-ray techniques for very high-resolution 
imaging, with an emphasis on biological samples. We are also working on the development of 
novel three-dimensional optical imaging and sensing techniques with collaborators in 
physiology and pharmacology. 
 

• Characterisation of artworks using optical imaging techniques: Optical imaging methods are 
invaluable in artwork conservation since they can provide important information about an 
artists’ methodology, the provenance of a painting and the condition of a work of art. 
Members of the optical physics group have been working with members of the University’s 
Centre for Cultural Materials Conservation in the application of novel laser and optical 
techniques to problems of interest to art conservators. 

 
SCHOLTEN, A/PROF ROB scholten@unimelb.edu.au  

• High resolution imaging of nanostructures and molecules with a new source of coherent 
ultracold electrons (with Keith Nugent).  We have recently demonstrated (Nature Physics 
doi:10.1038/nphys2052) a new source of electrons based on photoionising laser-cooled atoms.  
The electrons are colder than electrons from any other source, giving us unprecedented 
control of their trajectories, and enormous potential for imaging at the nanometre scale. 
 

• Beating Coulomb: shaping cold atoms and cold electron bunches to enable reversal of 
Coulomb explosion.  Coulomb repulsion between electrons normally destroys the focus that 
can be achieved with conventional electron sources.  We can shape the distribution of our 
cold atom cloud before photoionisation, and therefore the distribution of electrons, such that 
Coulomb repulsion can be reversed, promising substantial improvements in brightness, to 
allow single-shot imaging of molecules. 
 

• Measuring quantum Berry phase with a rapidly rotating diamond: The concept of 
topological phase, at the heart of quantum mechanics, challenges our intuitive understanding 
of the physical world.  Previous tests of these inherently quantum phenomena have shown 
only miniscule effects, using clever but indirect methods with macroscopic ensembles of 
quantum objects. Using physical rotation of a single quantum object, i.e. a laser-absorbing 
defect implanted in diamond crystals, we hope to demonstrate unambiguous Berry phases for 
the first time, providing clear textbook examples, and stringent tests, of this intriguing 
quantum property. 
 

• Quantum coherence in diamond: The two-level structure of the diamond NV ground state 
provides a wonderful system for exploring quantum coherence effects and applications.  We 
are investigating decoherence due to coupling to the environment, intentional and 
unintentional coupling to nuclear spins in the diamond matrix, field sensing and imaging of 
biological systems.  See Nature Nanotechnology 6 358-363 (2011). 

 
• Pushing the limits of atom-scale electron imaging (with Corey Putkuntz): Coherent 

diffractive imaging, or CDI, is a microscopy technique with the potential to image specimens 
using the strongest contrast mechanisms available, while circumventing the requirement for 
focusing optics. Instead, CDI involves collecting the raw diffraction signal after radiation has 
interacted with the specimen, and using specialised algorithms to recover the images. 
Robustly proven with X-rays, the extension of recent success in CDI techniques to atomic 
resolution electron imaging has been elusive. This work explores the possibility of 
quantitatively applying CDI to image atom-scale structures, in collaboration with Prof. Joanne 
Etheridge and the Monash Centre for Electron Microscopy. 
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THEORETICAL CONDENSED MATTER PHYSICS 
This area of physics is in the early stages of a second “quantum revolution” and is one of the most 
active fields of research today: in the last decade, the Nobel Prize in Physics/Chemistry has been 
awarded ten times for work related to condensed matter physics. We can image and control tiny 
clusters of atoms and even individual atoms, at scales where quantum effects play a key role. Our 
research focuses on the characterization and imaging of condensed matter with atomic resolution 
using a variety of imaging modes, and on the properties of novel quantum states such as Bose-
Einstein condensates (BECs). We also study the transition of such macroscopic quantum systems 
into effectively classical objects via quantum decoherence and investigate the implications for 
foundational questions such as the infamous quantum measurement problem.  

Projects on offer (by supervisor) include:  

ALLEN, PROF LES (Group leader) lja@unimelb.edu.au  

• Imaging the structure of condensed matter beyond the nanoscale in two and three 
dimensions: This research group is world renowned for the development of highly 
sophisticated theoretical models for the interaction of sub nanometer, focused coherent 
electron probes with condensed matter. This work allows the full potential of a revolutionary 
new generation of aberration-corrected, high resolution electron microscopes to be achieved. 
Given that these machines have only recently become available, this work is destined to 
become even more important and influential as more institutions acquire these essential tools 
for the study of materials at the level of single atoms. Properties of materials and devices as 
diverse as transistors, turbine blades and interfacial superconductors can be explored. All of 
these systems are made up of dissimilar materials that, where they join at the atomic scale, 
display very different behaviour from what might be expected of the bulk materials. Current 
topics of investigation include: Inelastic scattering of electrons in crystals and applications to 
atomic resolution imaging and spectroscopy and the mapping of structure in two and three 
dimensions. 
 

• Coherent diffractive imaging: Coherent diffractive imaging (CDI) is lensless imaging and 
offers the prospect of atomic resolution imaging of nanoparticles and biomolecules. With 
colleagues at the University of Oxford, we have demonstrated deterministic, fast, single–shot 
CDI at the atomic scale using electrons.  Extensions and application of this work are under 
way, including applications to generalized holography.  

 
HOLLENBERG, PROF LLOYD lloydch@unimelb.edu.au  

• Projects in and around quantum information science and technology associated with the 
Centre of Excellence for Quantum Computation and Communication Technology.  
 

• Entanglement generation: Entanglement is the fragile resource of Nature that powers 
quantum information processing. Understanding its generation, classification and use 
continues to define the cutting-edge of quantum mechanics research. 
 

• Quantum sensing: The use of qubit systems as sensitive probes of the nanoscale is considered 
from both theoretical and experimental perspectives. Of particular interest is how quantum 
control can improve sensitivity and the application of these ideas in biology and neuroscience.  
 

• Theoretical quantum computation, quantum error correction, fault-tolerant thresholds: 
The study of how errors arising in the operation of a quantum computer (normally fatal for 
reliable operation) are correctable using quantum error correction protocols. Ultimately, the 
maximum error threshold for fault-tolerant operation is computed for a given quantum 
computer architecture and relates directly to the feasibility of the architecture. 
 

• Quantum algorithms/circuits - simulations and implementation: The (classical) simulation of 
a quantum computer running specific quantum algorithms facilitates understanding of how 
quantum information can be applied to real problems. 
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• Quantum control and feedback: Quantum mechanics allows for remarkable and non-intuitive    

ways of controlling qubit(s) system(s), which are just now coming to light. Robust pulsing 
which protects the qubit system against unknown errors is of particular interest. 
 

MARTIN, DR ANDREW martinam@unimelb.edu.au  

• Dynamics and Stability of Ultra Cold Dipolar Gases: This project uses analytical and 
numerical techniques to investigate the properties of quantum degenerate quantum gases, 
with long-range anisotropic dipolar interactions. 
 

• Rotating Nitrogen Vacancy Defects in Diamond: This project focuses on understanding the 
accumulation of geometric phases in rotating nitrogen-vacancy defects and in turn how these 
defects can be used to determine the rotational properties of fluids. This project will be 
carried out jointly with Prof. Lloyd Hollenberg.  
 

• Flocking: This project will focus on using statistical mechanics and numerical techniques to 
model the flocking phenomena in biology. 

 
• Quantum Emulation of Complex Many Body Phenomena in Coupled Atom Cavity Systems: 

This project uses analytical and numerical techniques to describe the quantum properties of 
coupled cavity systems, where a single atom resides in each cavity. In particular, this 
research project will focus on using such systems to emulate complex quantum many body 
effects, such as the fractional quantum Hall effect.  

 
• Coupled Atom Cavity Systems – Quantum Meta-Materials: The unique properties of coupled 

atom cavity systems has opened up a new and novel direction in theoretical and experimental 
condensed matter research. Recently, we have shown that a two dimensional array of coupled 
atom cavities can be used to make a quantum superlens. The properties of this superlens has 
strong analogies with the design of classical meta-materials to make a superlens. However, 
classical meta-materials have been utilized to make invisibility cloaks and model non trivial 
effects in curved space-time. This project will develop our understanding of quantum meta-
materials, using the platform of coupled atom cavity systems, to design quantum invisibility 
cloaks and emulate non-trivial space-time metrics on a quantum platform. 

 
• Few Body Physics of Ultra-Cold Atoms in a Parabolic Potential: Surprisingly, solutions for a 

few interacting (>2) atoms in a parabolic trap are few and far between. In fact, considering 
most experiments in ultra-cold atom physics comprise of many interacting atoms in a 
parabolic trap (>10000), the only solutions available are for 2, 3 and 4 atoms interacting via a 
isotropic contact interaction. Recently, there has been considerable experimental interest in 
ultra-cold dipolar gases, where the interactions are long-range and anisotropic. This project 
will inform these experiments through the investigation of the properties of interacting 
dipolar Fermi and Bose atoms in a parabolic trap. This project will be carried out jointly with 
Assoc. Prof. Harry Quiney.       
 

QUINEY, DR HARRY quiney@unimelb.edu.au 
• Physical biosciences: The Theory and Modelling Group of the ARC Centre of Excellence for 

Coherent X-ray Science (CXS) is developing advanced techniques for the understanding of the 
physics of the interaction of a a molecular system with the very intense femtosecond pulse 
produced by an X-ray free-electron laser.  We are also working with the School of Chemistry 
at the University of Melbourne and Swinburne University on the development of new 
approaches to ultrafast laser science that will permit the probing of energy transfer 
mechanisms in light-harvesting molecules and nanostructures.  
 

• Imaging using partially-coherent light sources: We have developed imaging algorithms that 
enable partially-coherent light sources to be used in diffractive imaging experiments. As an 
extension of this work, we have recently devised a scheme by which the structure of a 
molecule or nanocrystal may be determined from its diffraction pattern by regarding the 
rapid time-dependence of the electron density of a target molecule as a secondary source of 
partial spatial coherence. This opens the door for the possibility of determining the structures 
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of isolated molecular systems or small clusters without first forming the periodic samples 
demanded by crystallography. This research, which is conducted within CXS, has particularly 
important applications to pharmacology and the determination of the structures of proteins 
that are resistant to crystallization.    

 
• Few Body Physics of Ultra-Cold Atoms in a Parabolic Potential: Most experiments in ultra-

cold atom physics consist of tens of thousands of interacting atoms in a parabolic trap 
(>10000). Exact solutions of such systems are available, however, only for few-body systems 
containing less than 4 atoms interacting via a isotropic contact interaction. These exact 
solutions for few-body systems may, however, be used to inform the development of accurate 
theories for many-body theories. In collaboration with Dr Andy Martin, we are developing 
theoretical methods that provide accurate models for ultra-cold Fermi gases and which 
provide fundamental insights into the structure of the many-body problem.  
 

• Heavy element molecular physics: The electronic structures of materials containing heavy 
elements require the inclusion of relativistic and spin-dependent effects to provide accurate 
models of atomic and molecular properties. These methods are being applied to  to 
investigate  parity-violating effects in chiral molecular systems and the possible signature of 
physics beyond the Standard Model in high-precision measurements of hyperfine intervals in 
heavy element diatomic systems.  
 

• Attosecond physics: The interaction of an atom or molecule with an intense optical or 
infrared laser source may result in a non-linear response of the electronic medium. High-
harmonic radiation may be generated in the soft X-ray region if an atom is driven by a linearly 
polarized infra-red laser. If the incident pulses are sufficiently short, the high-harmonic X-ray 
pulses may be of attosecond duration. The process of attosecond pulse duration requires 
detailed modelling of the dynamics of the interaction between the laser and the electronic 
material. Such pulses may be used to explore the dynamics of atomic and molecular processes 
with high temporal resolution. 
 

• Coherent X-ray science: We are developing new approaches to the characterization of the 
coherence properties of sources, an important precursor to the full utilization of them. We 
are also developing analysis techniques that can build on a known coherence state to extract 
more information from a measurement and to create very high resolution, perhaps even 
molecular scale, imaging systems. 
 

• Physical biosciences: The theoretical program in CXS is developing advanced techniques for 
the understanding of the physics of the interaction of a very intense x-ray pulse with a 
molecular system. These projects will build on the new Life Science Computing Facility to be 
established at the University of Melbourne. We are also working with the School of Chemistry 
at the University of Melbourne and Swinburne University on the development of new 
approaches to ultrafast laser science that will permit the probing of energy transfer 
mechanisms in light-harvesting molecules. 
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THEORETICAL PARTICLE PHYSICS 
 
The group has diverse research interests that range from astroparticle and cosmological physics that 
describes the physics of the early Universe, to the physics of the Standard Model and beyond that 
describes the fundamental interactions and matter of the subnuclear world. Group members have 
played a major role in exploring neutrino physics, dark matter and dark energy. Research areas of the 
Standard Model have included B physics, CP violation and Higgs physics, as well as frontiers beyond 
the standard model such as supersymmetry, extra dimensions and string theory. These are exciting 
times as we eagerly await new developments at the Large Hadron Collider experiment at CERN which 
will provide the answers to some of the most fundamental questions regarding the quantum Universe. 
Bell, and Volkas are all chief investigators in the ARC Centre of Excellence for Particle Physics at the 
Terascale (CoEPP) which is hosted at Melbourne and has other nodes at Sydney, Adelaide and Monash.  
Please see http://coepp.org.au/ 
 

Projects on offer (by supervisor) include:  

VOLKAS, PROF RAY (Group Leader) raymondv@unimelb.edu.au  
• Extensions of the Standard Model of particle physics 
• Particle physics models of dark matter. 
• Neutrino physics 
• Collider physics 
• Baryogenesis 
• Early universe cosmology 

 
 
BELL, A/PROF NICOLE nfbell@unimelb.edu.au  

• Dark matter 
• LHC phenomenology 
• Baryogenesis 
• Astroparticle physics and cosmology 
• Neutrino physics 

 
 
DOLAN, DR MATTHEW maitiu.o.dolain@gmail.com (starting Sep 15 of 2015) 

• Collider phenomenology 
•  Supersymmetry 
•  Astroparticle physics 
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