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Introduction
Fine air-borne particles, whose average diameters are 2.5 um and less (PM2.5), are known to
play significant roles in a number of human and environmental issues. They may penetrate
deep into the human lung system and are believed, due to their small size or due to toxins
adsorbed onto their surfaces, to be responsible for up to 60,000 and 10,000 deaths in the U.S.
and U.K. respectively [1,2]. Health studies within NSW, Australia carried out by the NSW
EPA, have shown increased hospital admissions and excess deaths related to high fine particle
pollution episodes.

A number of environmental issues are affected by the amount and type of fine-particles in the
air. The white and brown hazes that occur in populated cities causing poor visibility are due
to light scattering from fine particles. These same particles are easily transported large
distances in the lower atmosphere playing a key role in global pollution and climate forcing
[3].

Current knowledge of fine-particle concentrations and constituents is very limited. Sources of
fine particles are both natural and man-made. Over the past few years considerable work on
the characterisation of these particles has been going on at ANSTO using accelerator based
ion beam analysis (IBA) methods [4-6]. X-ray fluorescence using ion beams from accelerators
and synchrotron fluorescence are complementary techniques. This is well demonstrated by
the plot of figure 1. PIXE has higher cross sections for low Z elements, but for high Z
elements closer to the excitation energy (16keV) synchrotron radiation cross sections are
larger. Both techniques are multi-elemental analysis techniques.
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Figure 1. Comparison of ionisation
cross sections for 2.6MeV PIXE
(circles) and 16keV Synchrotron
excitation (squares) against trace
element atomic number Z.
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Synchrotron induced X-ray emission has three distinct advantages over other more
conventional multi-elemental methods such as XRF and PIXE. These include (i) very high
brightness source with low emittance, which makes for high sensitivity for elements close to
the excitation energy, (ii) an ability to tune the excitation energy from a few keV to tens of
keV, thus spanning a large fraction of the period table for trace element analysis, and (iii) the
ability to focus down to spot sizes of the order of 0.1 um diameter with sufficient intensity to
perform real time analyses. For our particle sizes (0.1-2.5um) this was critical.
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The experiment reported here uses all three of these major assets of synchrotron radiation and
utilises the previous PIXE analyses to make the synchrotron results quantitative.

The Experiment
Hundreds of fine particle (PM2.5) samples were collected on 25mm stretched Teflon filters
from in the Sydney Basin and around coal fired power stations producing power for the
Sydney region. All filters were analysed by simultaneous IBA methods for most of the
commonly occurring elements including H, C, N, O, F, Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Br and Pb at concentrations down to 1 ng/m3 of air sampled [4-6].
Typically, filter sampling areas were 2.27cm2 and sampling volumes were 32 m3 over the 24
hour period so a concentration of lng.m"3 of air sampled corresponded to only 14ng.cm~2 of
material on the filter itself.

Of the 24 or so elements analysed by IBA methods some key elements related to significant
fine particle sources were not present. Coal burning produces elemental carbon and sulfur but
these elements are also produced by other sources such as motor vehicles, particularly diesel
driven vehicles. So to distinguish coal sources from motor vehicles sources we need to
included other characteristic tracer like Se and As, however for PIXE analysis these are
completely swamped by Br and Pb from petrol driven motor vehicles. Typically the Pb and
Br concentrations are 50 to 100 times larger than the As and Se concentrations measured in
the Sydney region. By appropriate tuning of the synchrotron excitation energy this problem
can be overcome.

Broad Beam Tuned Excitations
The broad beam synchrotron studies were carried out using an 8 x 3mm beam with run times
between 300 and 500 seconds for each Teflon filter sample. Two beam excitation energies,
one at 13.5keV, above the Pb and Br absorption edges, and one at 12.9keV below the Pb and
Br absorption edges, but above the As and Se edges were required to separate the As and Se
from coal burning from the higher concentrations of Pb and Br from motor vehicles. Figures
2 and 3 show X-ray spectra for these two situations for a 24 hour sample on the same Teflon
filter acquired at the Richmond site in the Sydney Basin on 9 March 1999. Each spectrum has
been background subtracted and contains two curves, the original data and a gaussian peak fit
to this data.
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Figure 2 A typical fitted PIXE spectrum for
synchrotron excitation energy Ex=13.5keV.

Figure 3 A typical fitted PIXE spectrum for
synchrotron excitation energy Ex=12.9keV.

For figure 2 with Ex=13.5keV the excitation energy is above the Pb and Br edges and these
-3trace elements at concentrations of 100 and 50ng.m are clearly seen. Peaks corresponding to
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As (under Pb) and Se (under Br) are too small to be observed. However, for Ex=12.9keV,
figure 3, which is above the As and Se K edges but below the Pb and Br edges we see that the
contributions from Pb and Br are reduced to zero and that As and Se peaks are considerably
enhanced since the excitation energy is even closer to their K edges. The As and Se
concentrations correspond to values below lng.m"3, that is about two orders of magnitude
below the Pb and Br concentrations in the same sample.

Over 230 filters were run under similar conditions. These represented samples for a full 12
months from one of the coal-fired power stations at Muswellbrook and selected months from
one site in the Sydney basin at Richmond. All these filters had previously been analysed by
IB A methods for the absolute concentrations of the 24 or so elements mentioned above. So it
was possible to use these results to determine a conversion factor to provided absolute
concentrations for all the synchrotron results similar to those of figures 2 and 3. Figure 4
shows the synchrotron counts/ ngm"3/ sec for trace elements with a given characteristic X-ray
energy for a synchrotron excitation energy of Ex=12.9keV. A similar plot was obtained for
the 13.5keV excitation data. These data were obtained by comparing PIXE concentrations for
major trace elements like S, Fe, Zn, Pb and Br shown in Figs 2 and 3, for hundreds of filters,
with the measured synchrotron yields. A polynomial fit to the data allowed interpolation and
extrapolation to estimate the concentration of elements measured by synchrotron excitation
over the characteristic X-ray energy range from 2 to 12keV. This included all elements from
sulfur to selenium. As with figure 1 we see that the synchrotron yield of figure 4 falls off
rapidly as one moves away from the excitation energy. The sulfur peaks in Figs 2 and 3 only
appear larger
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Figure 4. Calibration plot for Ex=12.9keV Figure 5. A plot of Sulfur versus Selenium
for synchrotron counts/ ng.m^.s"1 for a given concentrations for filters affected by a coal-

trace element X-ray energy. fired power station near Muswellbrook,
NSW.

relative to the other trace elements because of the higher sulfur concentrations (3,000ng.m~3)
found in these fine particle samples. This again demonstrates the complementarity of PIXE
and synchrotron methods. Use of curves like figure 4 allow concentration estimates for trace
elements like As and Se not previously seen by IB A methods. For the 230 filters measured at
the APS the average As and Se concentrations were (0.4±0.4)ng/m3 and (0.3±0.4)ng.m"3

respectively. If Se and As originate from

coal burning then these elements should correlate with sulfur also present in coal. Figure 5 is a
plot of the sulfur versus selenium concentrations for a full year at Muswellbrook site in NSW
which was influenced by coal combustion from near by power stations. The plot shows a
reasonable sulfur-selenium correlation (R2=0.52) over the full selenium concentration range
from 0 to lng.m"3. This is a strong suggestion that sulfur and selenium originate from the
same source at this site during the study period. This plot could not have been obtained by
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conventional X-ray (DBA, XRF) methods. Figure 5 not only demonstrates the association
between these two key elements but

also provides us with a quantitative relationship, namely [S/Se]= (1752±350), which can be
used in source fingerprinting estimates [5,6] at other sites affected by coal combustion.

Figure 6. Scanning electron
micrograph (SEM) of typical
fine particles (PM2.5). Mag
30,000x.

Focused Beam Excitations
The principles described above for broad beam synchrotron excitations are directly applicable
to focused sub-microbeam studies. The high brightness allows the X-ray beam to be focused
to less than 0.2 x 0.2um spot sizes. Scanning electron micrographs (SEM) of typical fine
particle filters show two distinct groups of particles are generally collected. Namely, fine
particles, with diameters much less than 1 um, from combustion sources such as motor
vehicles and power stations, and coarser particles, much greater than 1 |im in diameter, from
mechanical sources such as windblown dust and seaspray. This is clearly shown in the SEM
of figure 6 of PM2.5 particles, where, over an area of approximately 3 x 4|um you see a large
soil particle in the bottom right with many other fine combustion particles with diameters
between 0.1 and 0.2^im. Similar areas and particles can be scanned at the SRI-CAT facility at
the APS. The advantage being that the X-ray beam energy can be tuned, as with the broad
beam studies to only include trace elements of interest. Figures 7 and 8 show sub-microbeam
scans over similar areas to that of figure 6 for the elements S and Pb at the two different
excitation energies, 12.9keV and 13.5keV. Each scan took 6 hours using a beam spot size of
about 0.2 x 0.2jam scanned over 3.2 x 3.2fim. Full energy X-ray spectra were obtained for
100 seconds at each of 256 pixels in each scan and can be further analysed off line for all the
elements shown in figures 2 and 3.

run=12

Figure 7. A typical 3D spectrum with a 0.2x0.2
|um spot size for S for Ex=12.9keV.

Figure 8. A typical 3D spectrum with a 0.2x0.2
spot size for Pb for Ex=13.5keV.
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Summary
This paper describes some preliminary synchrotron X-ray microbeam studies which yielded many new
results regarding the elemental and spatial character of atmospheric fine particles and compares them
with the PIXE results previously obtained at ANSTO. Absolute elemental concentrations were
obtained for elements not seen by PIXE and for elements within sub-micron particles. The SRI-CAT
facility at the APS, in Chicago, clearly has the brightness and hence the sensitivity to detect trace
elements of interest, not detected by other X-ray methods, in a few minutes of running even for
submicron beam spot sizes on individual particles. Furthermore, the ability of the beam energy to be
finely tuned to excluded elements above selected K edges provides a unique opportunity to overcome
some adjacent element interferences present in other techniques.
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