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Introduction
The analysis of small, this is micrometer or even submicrometer sized, particles
represents a challenging problem. The whole analytical procedure, including quality
assurance and control needs careful planning. Even the sampling itself is in many cases
not trivial at all and the question as to whether the sample is representative for the
suite of particles one wants to measure is sometimes difficult to assess. If one wants
for instance to measure the fine fraction of aerosols, the selection of various particle
sizes (mostly done during the sampling) may create unwanted chemical differentiation.
The question of representativity is even more important if one performs single particle
analysis. Only large numbers of such analyses will lead to meaningful and interpretable
results.
In this contribution a few aspects of the various steps in the analytical protocol will be
described. Starting point is that it is the elemental composition of the particle that is of
interest.

Sampling
For all air-born particles, sampling devices in use consist of some sort of filter material
on which the particles are deposited. Normally air is sucked through these filters. The
first problem here is that the velocity of this air may favour a given size fraction. More
sophisticated devices use size fractionaters in the form of cyclones or impactors. The
available sample is a filter on which particles are sitting. Major problem in collecting
the very small particles is that the position of the sampler becomes very imporant
indeed. The transport routes of aerosols from this size may well be different than for
larger particles as the deposition rates are quite different and vary depending on wether
conditions. If the interest goes towards long distance transport of particles it might be
necessary to perform sampling with air-crafts or balloons.

The analysis
The very small amount of sample available, in case of single particle analysis in the
pico-gram range, prohibits the use of wet chemical analysis. Destruction of the particle
in a very small volume of acid, say 0.1 ml, will lead to concentration from the major
elements of 0.1 ppb and much lower for trace elements. These concentrations are out
of reach of the most sensitive techniques such as ICP-MS As a consequence, beam
techniques applied directly on the solid material should be used. These beam-
techniques can be divided according to the incident beam used.
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Photons at low energy
Laser beams can be used to perform elemental analysis. The methods in which sputter
fragments are detected is called LIMA, Laser Induced Mass Analysis. Problems will be
that one easily sputters away the whole particle or in case of a low intensity laser
beam, one performs a static type of analysis analysing essentially the surface. In both
cases it will be virtually impossile to extract quantitative information from the recorded
mass spectrum. The technique of electron detection (photo-electron spectroscopy) is
not very suitable for elemental analysis.

Photons at high energy
X-ray are very frequently used for elemental analysis. For bulk analysis, meaning in this
case that sufficient small particles are selected and brought together, the method is
very powerful and one can obtain a quick and accurate assessment of the elemental
composition. If a smaller sample is present or if one wants single particle analysis; the
count rate of the emitted characteristic X-rays will become very low. Focussed X-ray
beams, using capillary optics or other focussing devices may help. Even better of
course is the use of the very high intensity of synchrotron radiation sources with their
natural collimation, but these sources are not always easily accessable. Quantification
is possible with (S)XRF, but if one performs single particle analysis, the geometry may
cause problems, especially for low Z-elements, where, even in these very small objects,
self absorption is not negligible. If the backing causes unwanted background, one can
deposit particles onto a reflector surface (perspex, quartz) and apply total reflection
XRF, although the very small incident angle of the beam (a few mrad) will hamper
proper focussing on the particles. These geometrical considerations will be treated in
more detail below.

Electrons
Electrons of about 10-30 keV are in use for decades already for material analysis.
Apart from imaging the object with very high magnification, elemental analysis is
possible by equipping the apparatus with X-ray detection systems. Both wavelength-
dispersive and energy-dispersive systems are in use; the former system with a much
better energy resolution at the price of efficiency. Wavelength-dispersive systems can
be used if one can allow high beam intensity. Radiation sensitive objects however
should be measured in the energy-dispersive mode so as to reduce the radiation dose
delivered to the specimen. These so called electron microprobes are commercially
available from a number of companies, are user friendly and suitable to fully
automatize the analysis. The electron-beam can easily be focussed to sub-micrometer
dimensions and single particle analysis is feasible even on high numbers of particles.
Quantification is not completely trivial here. First of all the electrons of the beam will
scatter in the particles and loose energy which causes uncertainities in the cross section
of the X-ray production process and secondly X-ray absorption processes have to be
taken into account. Just as for XRF, there is a need for "standard" particles of given
chemical composition to calibrate the process, although serious inhomogeneities in
sample particles are difficult to tackle.
With electron beams, much work has been done on particles. Most illustrative are the
enormous amounts of cosmic dust particles that can be found in catalogues published
by NASA, Houston, USA. Very fast analysis serves to divide these dust in various
categories, such as chondritic aggregates. All this work has been done with electron
microprobes in a fully automatic mode.
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Disadvantage of the electron-beam is the production of bremsstrahlungs background
due to interaction of the electrons with the sample atoms. This continuous background
in the X-ray spectrum prohibits the measurement of minor and trace elements in the
particles. If one wants a full chemical analysis, including elements present in low
concentrations, the electron-beam is not suitable anymore.

Ions at low energy
SIMS (Secondary Ion Mass Spectromety) is the method in which the sample is
bombarderd with low energy (kV) ions, often Ar or O. Sample atoms and ions are
sputtered away and caught into a mass spectrometer for analysis. To enhance the
ion/neutral ratio, sometimes post-ionization is applied by means of a laser beam that
shines just above the sample surface. Comparable disadvantages exist as described
above for the laser induced mass spectrometry. The sputter process itself is poorly
understood and sputter yields are greatly dependent of the chemical form of the
elements present. Although SIMS is very sensitive, quntification is cumbersome and
very small particles are not easily analysed as SIMS is basically destructive.

Ions at high energy
Ions, mainly protons, in the MeV range are used for a suite of techniques known as
Ion-Beam Analysis (IB A). For the analysis of small objects, the beam can be focussed
down to sizes of about 1 jam, sufficiently small to analyse single particles. The
instrumentation needed is a small accelerator (Van de Graaff, tandetron, pelletron etc.)
and a beamline that is capable of focussing the beam down. The instrument is known
as a nuclear microprobe, it is a more complex appartatus than the electron microprobe
and therefore less user-friendly. On the other hand the instrument has rather unique
features, mainly because these MeV-beams allow several methods to be used
simultaneously.
• Imaging the particle.
With the technique called STIM (Scanning Transmission Ion Microscopy) one can
image the particle, determine its size and aerial density. This is done essentially by
running the beam through the particle and measuring the energy loss of the beam. A
more proper name would therefore be energy loss spectroscopy as also is done with
electrons on very thin objects. The nice feature of STIM is that one needs only a very
low intensity beam (in the fA range) allowing to squeeze down the beam to nm-sizes
so as to really get a very detailed picture of the particles shape.
• Measuring the elemental composition with PIXE.
Particle Induced X-ray emission is essentially the same process as used with the
electron microprobe. In both cases a charged particle is used to create inner-vacancies
in the electron cloud of the sample atoms. The subsequent emssion of characteristic X-
rays is used as the analytical signal. Cross sections of the inner-shell ionization depends
in first order on the velocity of the charge particle used (the process is Coulomb
excitation) and therefore protons need to have a much larger energy to be accelerated
to the same velocity as electrons. The major advantages of using protons are the fact
that protons do not scatter in the sample which gives a much better definition of the
detection volume and the fact that the bremsstrahlungs background is considerfably
reduced. The PIXE-background is caused by bremsstrahlung of secondary electrons
and is a second order process, whereas in case of electrons the beam itself is
responsible for the background.
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This reduced background allows analysis of small objects down to the level of trace
elements in the ppm-range. Because the PIXE-signal shows a good linearity with the
elemental concentration over many decades, also major and minor elements can be
measured simultaneously, although spectral interferences may obscure some of the
trace element peaks.
Matrix effects are not due to energy loss of the beam as cross sections will not
seriously change during passage of the beam through very small particles. Self
absorption of low energy X-rays of course remain and the geometry, normally a
perpendicular incident beam and a detector viewing at 13 5° complicates full
quantification. For very small particles however, and if the irradiated mass has been
determined by f.i. STIM, quantification should be very reliable. Fortunately, very light
elements, which suffer most from matrix effets, can be measured with an additional
method if they are present in higher concentrations.
• Measuring major and minor elements with PIGE.
MeV-ions (energies between 2 and 3 MeV are commonly used for PIXE) have
sufficient energy to excite nuclear levels from low Z-elements. The de-excitation of
these levels lead to the emission of y-rays (Particle Induced Gamma-ray Emission).
Nuclear reactions of the type (p,p'y) have the highest probability and elements such as
Li, F, Al and Si can be determined in this way. The high penetration of both the beam
and this y-radiation results in the absence of matrix corrections. Especially for cosmic
dust, where normally trace element concentrations are normalized on the Si content,
this additional information is very helpful and it is worthwile to add a y-detector to the
set-up. Heavy elements are not excited due to the increasing Coulomb barrier, even for
Si it is recommended to increase the beam energy to 3.5 MeV.

• Measuring high Z-elements with RBS.
Rutherford Back Scattering cross sections increase with Z2, contradictory to the
decrease with Z of PIXE-values. Therefore it is sometimes beneficial to analyse very
heavy elements, such as Pb in aerosols, with RBS. Mass resolution is rather poor for
these elements but if Pb is the only very heavy element present, which often happens in
environmental samples, the technique is feasible. RBS is by its nature very quantitative
and also allows determination of the irradiated thickness.

High energy ions at glancing incident angles
If one analyses micro-meter sized particles, the main contribution to the background is
caused by the backing material. Even if very thin filters or backing foils are used, the
major part of the bremsstrahlungs background will be produced in this material. We
therefore developed in our insitute a technique which we called TPIXE (Total
refllection PIXE) and which is essentially the same improvement as TXRF is over
conventional XRF. Unlike electrons, protons are also reflected from a perfect surface
at low incident angles. Critical angles for 2.5 MeV protons are a few mrad, not very
different form critical angles known for X-rays. The mechanism of reflection is
Coulomb interaction, comparable to surface channeling. Advantages over conventional
PIXE are very similar to advantages of TXRF over XRF.
1) If a perfect backing (mirror) is used, the particles are irradiated virtually "backing-
free", background in the PIXE-spectrum is therefore considerably reduced and the
detection limits lowered.
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2) The geometry allows an X-ray detector to sit very close to the sample. We have
realized a solid angle of more than 1 sterradian, a factor 50-100 more than normally
used during PIXE with a normal incident beam.
Not many results are available upto now with this new version of PIXE The
requirements on the stability of the accelerator are high and the experiments are not
very easily done. It is our expectation however that TPIXE will evaluate to a very
powerful method capable of measuring at the ultra-trace level. Especially for single
particle analysis of a relatively small number of particles, one may benifit from TPIXE.
The afvantage of TPIXE over TXRF in this case is that protons do not seriously
scatter in the small particles therefore maintaining full reflection conditions unlike
incident X-rays that will Rayleigh- and Compton scatter.

Conclusions
There are several complementary techniques available to characterize small particles
according to their elemental composition Large numer of particles can be
characterized according to their major- and minor elements with electron-probes.
MeV-ion beams are in our view the best option if one wants to extract as much
information as possible from the particle. These instruments are, however, still under
development and high skilled operators are required The analysis of many particles in
a fully computerized mode is not possible yet, but their are no technical or physical
limits that prevent such a development. It remains to be seen if nuclear microprobes
will become available in a comparable user friendly form as the electronprobes.
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