CAMSP and CAMS.       Surfaces studies with positrons 

Positron reemission studies from W(100) at low incident energies concern the physical, chemical and electronic structure of surfaces. Details are emerging about the positron scattering mechanisms and positron interactions with different surfaces, for example, the elastic and inelastic scattering, and the emission of positrons, electrons and electron-positron pairs. It is important to characterize the features of the tungsten surface and our measuring techniques since they establish a metrology for our major studies of the effects, for example, of adsorbed atoms perturbing effects on energy or angle. 

The variable energy positron beam facility at UWA has operated almost continuously with excellent performance during the past two years.

The beam originates from a radioactive 22Na (~20 mCi) source with a thermalizing polycrystalline tungsten film, and electrostatic beam transport through a 90o electrostatic energy analyser and into a 10-10 mbar UHV experimental chamber.  

The analysis facility includes a positron energy variable from near zero to 900eV; position-sensitive microchannel plate (MCP) detectors, a retarding field analyzer (with MCP) to measure the intensity and energy of scattered positrons and electrons over a wide angular range.  

Thin films of Fe, Ag and LiF are deposited on a W(100) crystal substrate, in-situ annealing of sample (up to 24000C) in vacuum and in the presence of gases e.g. oxygen. Low energy electron diffraction (LEED) indicates surface crystallinity and cleanliness. 

The configuration of the scattering geometry and movements of the sample with a fixed detector, for example, can be discerned from Fig 1. Variations of this experimental approach have enabled our advances during 2012 concerning the mechanisms of thermal positron re-emission which continue to provide many new and interesting features. 
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Fig.1. A schematic of the experimental arrangement for measuring re-emitted positron energy and angular distributions. The orientation of the sample (O’) with N’ as its surface normal shown with dotted lines is obtained by rotating the sample by ‘(’ from the initial orientation (O with N as normal).
1. The angular distribution of re-emitted positrons from W(100) provides a measure of the energy loss processes and potential uses of tungsten surfaces.
The measured angular distribution of reemitted positrons from clean W(100) (Fig.1) were narrower than those reported in literature. But, it was still broader than the expected based on fully thermalized positron reemission.  
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Fig.2. Angular distribution of backward reemitted positrons from W (100) at an incident energy of 250 eV and compared with the forward reemitted positrons from 1000Å W(100) film with 5 keV incident positrons [Chen et al Phys. Rev. B. 31, 4123 (1985)]. The calculated angular distributions with various parameters (effective temperature and acceptance angle) in terms of 1D step model of positron reemission are also given. 

We have explained these results by modeling the incident positrons thermalized in the solid and during reemission, and that the work function ((+) of the material provides a one-dimensional potential, and so an additional kinetic energy of -(+ eV at the surface.  The angle of emission (() with respect to the normal to the crystal is related to the initial angle in the solid ((’) by 
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                     (1)

where (m*/m) is the effective mass (i.e momentum) ratio and Es is the kinetic energy of the positron inside the solid.  The calculated angular distribution is shown in Fig.2 for the case when the incident positrons are completely thermalized (at a sample temperature Tsamp = 300 K), the effective mass ratio is about unity, (+ = -2.93 eV, and the initial direction of the thermalized positrons inside solid is isotropic. The shape of the angular distribution curve at Tsamp = 300 K and acceptance angle of (11( is much narrower than the experimental data.  However the observed angular distribution requires an effective temperature (Teff) of the sample of 4Tsamp in the model to agree with the experimental data. The very small implantation depth (less than 1 nm in tungsten for 600 eV positrons) compared to thermal diffusion length (greater than 50 nm) allows emission of positrons that are incompletely thermalized in the solid. The assumption of higher Tsamp is reasonable.

2. Angle-resolved energy distribution of re-emitted positrons from W(100) 


Further studies have revealed, as shown in Fig 3, that the energy distributions of incident 250 eV positrons emitted in off-normal angles have a higher mean energy. The change in the mean energy of the spectra was symmetric with respect to normal to the surface and independent of incident positron energy (Fig.4). 
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Fig.3. (A) Retarding curves of positron emitted at various angles with respect to the normal to the surface. Total numbers of positrons are normalized. (B) The energy distribution of positrons emitted at different angles. The lines are Gaussian fit to the data.
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Fig.4. Change in mean energy of the reemitted positrons with emission angle with respect to the normal to the surface. 
Since the refraction of the positron trajectories at the surface of the crystal is energy dependent, positrons of higher energy inside the solid are refracted towards the normal to the crystal surface to a lesser extent. Hence we expect a shift in the energy distribution to higher energies at off normal angles to crystal surface. The subtle effects of refraction were observed for the first time as we could measure the actual energy of positrons rather than Ez component of energy as in earlier reports.
Our 1D step emission model was applied to the energy spectra at different angles with the positrons in the solid assumed to be thermalized with maxwellian energy distribution and initial direction of emission to be isotropic. The energy spectra were much narrower than the measured spectra if the equilibrium temperature of the positrons in the solid was taken as 300K.  Better agreement was obtained by assuming that the acceptance angle of our detection system was between 9 to10( instead of geometrically calculated 110 and effective temperature of the sample as 4Tsamp, as shown in Fig. 5.  Closest agreement was obtained by shifting the calculated spectra to lower energy by ~0.1eV or by calculating the spectrum using a work function lower than the peak position by ( 4kTsamp.   
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Fig.5. Experimental and calculated energy spectra of reemitted positrons at various angles. The calculated data is 10 point smoothened by adjacent averaging to match the experimental procedures adopted in measuring the energy spectra.

At 10 and 16(, the calculated energy spectra start from a slightly lower energy than observed. The calculations assumed that all positrons in the maxwellian energy distribution have equal probability for reemission from the surface. Rather than the actual energy of the positron, it is the component of energy in the direction normal to the surface that would determine its possibility of reaching the surface. Hence, at large angles, higher energy positrons would have a greater probability of reaching the surface. 
In conclusion it is shown that our metrology for the energy and angular distributions of the reemitted positrons is reproducible and quantitative for future measurements but at low positron incident energies, assumption of higher effective temperature or reemission of incompletely thermalized positrons is necessary.
3. Influence of oxygen exposure 
Reemission yield from W(100) as a function of oxygen exposure time (at 1(10-8 mbar) showed that the oxygen exposure reduced yield (Fig. 6a). The reduction is nearly exponential with time of exposure and saturated at about 65% of the initial yield. Fig.6b shows the yield at 600 eV when exposed to oxygen at higher pressure is reduced relative to lower pressure and saturated at a value of ~ 55% of the peak value. 
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Fig.6. The relative reemission positron yields normal to the surface as a function of oxygen exposure time. (A) At different incident positron energies when exposed to 1×10-8 mbar oxygen. (B) At different pressures of oxygen at incident positron energy of 600 eV.

 
The influence on the energy spectra of re-emitted positrons from clean W(100) and W(100) exposed to 1×10-8 mbar oxygen for about 20 hours is shown in Figure 7. The peak energy is constant with 0.2% which indicates that the change in the work function is not the reason for reduced positron reemission. However the energy spectra from oxygen exposed W(100) is broader. Oxygen adsorption of W(100) increases the electron work function of the surface. The changes in the dipole part of the interaction potential are opposite for electrons and positrons and hence the positron work function becomes should have become less negative with oxygen adsorption for W(100). However, no noticeable change in the peak position is seen in Figure 7. The reasons for this are not exactly clear.
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Fig.7. Normalised retarding curves of the reemitted positrons and the energy spectra of reemitted positrons from clean W(100) and W(100) exposed to oxygen at 1×10-8 mbar for about 18 hours.

The angular distribution of reemitted positrons from clean W(100) and W(100) exposed to 1×10-7 mbar oxygen for ~15 hours are shown in Fig.8.  The angular distributions were fitted well to two Gaussians. The widths and area under the broad Gaussian are similar while the area under the narrow Gaussian is reduced by a factor of three, even though the count rates in the direction normal to the surface reduced only to ~55%. The integral area under the oxygen exposed W(100) is about ~ 60% of that of the clean surface, clearly showing that the changes in the angular distribution due to oxygen adsorption can’t account for the lower reemission yield observed in the direction of the surface normal. These results suggest that surface trapping of positrons is primary reason for reduction of the positron reemission in oxygen exposed W(100). 
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Fig.8. Angular distribution of reemitted positrons from clean W(100) and W(100) exposed to 1×10-7 mbar oxygen for about 15 hours. The data are fitted as sum of two Gaussians.
