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Positrons at UWA Physics
Positrons at the UWA Centre of Excellence for Antimatter and Matter Studies (CAMS) and at the Centre for Atomic, Molecular and Surface Physics {CAMSP] probe time and spatial dimensions with quantum precision. Positron lifetimes are sampled from 1 to 1,000,000 psec, spatial correlations from 1 to 10 nanometres and elemental atomic composition..

The exciting technical developments are complementary to those using electrons beams as probes (such as LEED, Auger, SPLEED) and Xrays and techniques at the CMMA and synchrotrons. The combined use of these techniques enables their overlapping and complementary information to establish better understanding of many atomic, surface, thin films and bulk materials. A glimpse at the scope of some techniques is seen in figure 1 (on page 4).
These facilities extend our understanding of fundamental and applied positron science in two major directions. First, the development of modern devices in nano-electronics and medicine requires a deeper knowledge and understanding of materials, surfaces and interfaces, their structure and properties, at nano- and atom-scale dimensions. Second, the development of new materials requires experimentation with different combinations of atoms, molecules and their meta-stable combinations and the use of new and different characterization methods.  Positrons, and their unique combination with electrons to form positronium “atoms”, are a unique atomic probe because there are no positrons in ordinary matter and their annihilation is time-dependent.  Positrons are the electron antiparticle and when introduced into a material they ultimately combine with electrons and annihilate, producing energetic gamma photons in the process.  These annihilation gamma photons carry information about the electrons of the atom (material) under investigation and the location and nature of the annihilation site. The positrons (positronium) are often trapped in open- and closed-volumes (pores or defects of a material) before they annihilate, and their lifetime, and the energy and distribution of the annihilation gamma rays, reveals a specific sensitivity to the size, shapes and connectivity of the pores, and the spin-specific electron environment. 

The instrumentation concerns applied materials science and fundamental problems of condensed matter. The use enables measurement of defect depth profiles due to surface modifications and ion beam implantation; tribology (mechanical damage of surface), polymer physics (pores, inter-diffusion); low-k materials (thin high porous layers); epitaxial layers (growth defects, misfit defects at interfaces); radiation resistance (space physics); fast kinetics (e.g. precipitation processes in Al alloys, defect annealing).  
Examples of applications in materials science.

· Engineering alloys. The effects of mechanical stressing, e.g. via channel angular pressing which change vacancy concentration with processing, are studied in Al- and Ti-alloys. The improved energy resolution is needed to quantify and separate induced stress effects which are not otherwise measurable.  The effects include open-volume defects [with lower electron density localizing positrons with consequently increased lifetime (~240 ps) with respect to the 165 ps of defect-free material] to determine the sizes of the open volumes, vacancy clusters and voids. [Acata Materialia 60 4218 (2012)]
· In polymer modified cement pastes the water content of pores and water loss associated with the curing process and evaporation, as well as the porosity and hydration processes, are quantified to determine a stronger and more stable cement. Improved energy with timing measurements of ortho-positronium lifetime spectroscopy will make this possible. An age-momentum time-dependent picture would trace these processes. 

· The nano-porosity of metakaolin-based geopolymers, a potential replacement for Portland cement, tested with improved timing, energy and depth facilities should lead to performance-enhancing results. Previous data suggested that the near-surface structure varies significantly from the bulk and that pore size and diameters required measurement with improved energy (with timing) spectroscopy.
· Porous materials, e.g. silica particles have an important role in drug therapy as they can be used to protect a drug from metabolism in vivo and transport it to the site of interest. The binding of molecules to these materials is based on the chemical environment within the nanopores of the materials. Understanding the chemical properties of these nanopores is important for developing formulation and fine tuning the release of the drugs in vivo. These drugs can be metal-based such as cisplatin.  Coincidence Doppler Broadening Spectroscopy (CDBS) is sensitive to high and low momentum regions which can distinguish the nanopores occupied by metal complexes and those free of metal.
· Self healing material: Chromate-inhibited primers are used in industry as a component in corrosion protection systems. Typically primers consist of a chromate pigment (such as BaCrO4 or SrCrO4) in an epoxy polyamide matrix. Normal wear and tear of these films results in a loss of chromium, and this is of particular concern when the films are used in paints, for example, to protect surfaces of boats.  The continuous release of Cr inhibitor is important to prevent corrosion of the metal surfaces but also can cause problem with release of toxic metal in water ways.  Understanding the relationship between porosity and leaching of the Cr is important to optimise these films. Leaching of Cr increases with increasing porosity of the film. Hence the ability to measure the concentration and size of free volume is important in optimising their design. Furthermore, the next generation of self-healing materials may use cerium-based inhibitor.  The Doppler Broadening system can assist in determining the porosity in these films and the efficiency of annealing processes and used to determine the oxidation state of metal inhibitors for understanding the mechanisms of action.
· Semiconductors: High dose He ion implantation into Si can induce the formation of cavities during subsequent thermal annealing. Formation of nano-cavities layers in Si, is of value to the semiconductor and microelectronics industry. A novel technique named ‘smart-cut’ has been developed to fabricate high quality silicon-on-insulator (SOI) structures. These SOIs can be used to produce higher performing, lower power (dynamic) devices than that achieved using traditional silicon. CDBS measurements can be used to identify vacancy type defects if He co-existence in these defects.  This technique can also be used to determine if the cavity is preserved during the annealing process or if they have moved into the insulating layer of the SOI.
· Organic Scintillator: Quality and perfection of scintillation crystals play a vital role in determining detection properties. In organic scintillators, the ionization quenching affects the intensity of fast scintillation component and changes the shape of the scintillation pulse. Two major parameters which influence the scintillation emission to a large extent are crystalline defects (generated from strain during the growth process) and impurities. The trace level impurity can affect the scintillation efficiency and decay time.  CDBS is an ideal tool for identifying contaminants through the use of electron momentum distribution techniques.

· Heusler alloys are high spin polarizations of half metals [Co2MnZ (Z= Al, Si, Ga)] that have potential for application in spin-electronics devices, especially for magnetic random access memory (MRAM). The interest in this field has intensified because the changes in the doping of these materials can results in a band gap at the Fermi level for one spin direction, which leads to 100% spin polarized conduction electrons. Mono and di-vacancy defect can affect the magnetic properties of these alloys. The defect most likely to affect magnet properties in Heusler alloys are those arising from Co and Mn-Z vacancies. Using CDB we can determine the momentum distribution of electrons in these defects and use this information to re-engineer our materials. 

New directions in studying fundamental properties of condensed matter.

· Fundamental studies of positron surface states find their strongest evidence in a narrow electron peak observed at incident positron kinetic energies well below the electron work function value. Determinations of the positron binding energy and the positron sticking probability at a surface, and of their role in porosity of materials will be possible with the new timing and energy instrument.

· Fracturing of metals can be explored by comparing lifetimes of positrons trapped at dislocations with those at mono-vacancies. Observations become possible with the new instruments of positron diffusion along a dislocation line and subsequent trapping at point-like defects associated with the dislocation. The data help to develop a model of how the Coulomb attraction between a positron and conduction electrons in metals effectively increases the local electron density near the Ps.  This is reflected as a reduction in the Ps lifetime, with vacancies represented as deep traps for positrons while dislocations are shallow traps.
· Semiconductors Coulomb screening of positrons is not as effective as in metals, the observed positron lifetimes are generally larger ~200 to 300 psec and identification of mono-vacancies is more difficult because of less differential times. An important advantage of PAS of semiconductors is sensitivity to the charge state of the positron trap as well as different charge temperature dependencies of trapping rates.
· The salient properties of polymer chains, such as biological systems where spatially confined long biopolymers (DNA and RNA) are subject to spatial or topological constraints and have not been accessible with older scintillators and detectors. Measurements can be made of the various length scales, i.e the contour length, persistence length extruded volume interaction range

· Radiation Damage: Polymeric materials have increasing interest to use in wound healing.  Here the polymer may be impregnated with nanoparticle of silver to enhance their anti-bacterial properties.  Free volume in polymers is often responsible for a lot of their mechanical, thermal and relaxation properties.  These free volumes arise from irregular packing of the polymer chains in the amorphous state.  Gamma irradiation of these materials prior is important for their sterilization. CDBS has been proven to useful to determine the threshold of gamma emissions.  

· The production of natural powders such as silk and wool powder often requires chemical treatment of the fibre prior to milling.  There powders have been shown to display enhanced metal binding properties absorbing large quantities of metal ion, rapidly at room temperature.  Fibres usually require heating for long period of time to absorb metal dyes.  PALS of the metal doped powders has shown that these powders contain nanopore which trap the metal ions.  However we can not exclude surface binding of the metal ions.  CBD is an important tool for determine changes in the overall properties of the materials determine if the metals are trapped in the pores and or absorbed the outer surface of the powder. We are also interested to pre-treat of the natural fibers with radiation prior to milling.  CDBS can be used to determine change in porosity and also the chemical absorption of these materials.

· Finally, other new directions are emerging. We have shown that positrons are very effective in probing surfaces and reduced dimensional systems, such as nanoparticles, which possess high surface-to-volume ratios. Positrons are trapped in image potential surface states before annihilation, and enable selective sampling of the top most layer of a material or nanostructure because these states extend only about one atomic layer below the surface. Subsequent annihilation with core or valence electrons results in annihilation gamma rays containing information about the composition of the outermost regions of nanomaterials and the positron sticking probability (binding energy). This new mechanism has an efficiency exceeding 10% at positron energies ~1 eV and proves the feasibility to probe the surfaces of fragile systems such as nanoparticles and biomaterials and to obtain Auger signals which are free of secondary electrons.
.
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Figure 1.  Accessible lifetimes of positrons in materials.
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Fig 2. Sampling depths of positrons.
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Figure 3 (left). Defect (pore) size at various depths as accessed by various techniques.
Only positrons techniques can sample  nm pores at depths from 1 to 107 nm.

Figure 4 (right).  Defect concentrations as a function of depth for various techniques.
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