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Abstract There are an increasing number of articles in the scientific literature dealing with
the study of atmospheric aerosol because it has negative impacts on human health, atmo-
spheric visibility and a role in the radiative forcing. Particle-induced X-ray emission (PIXE)
has been used since its birth for the study of the aerosol composition, and for a long time, it has
been the dominating technique for its elemental analysis. However, nowadays other competi-
tive techniques play a dominant role, such as inductively coupled plasma–mass/atomic emis-
sion spectroscopy, energy-dispersive X-ray fluorescence and synchrotron radiation. There-
fore, it is important to find specific applications where it can give unique information or the
final results in a far simpler way. Furthermore, a proper experimental setup must be used
to fully exploit the potential of PIXE. Thanks to the capability of detecting all the crustal
elements, PIXE analyses are unrivaled in the study of mineral dust. Among the detectable
elements, there are also important markers of anthropogenic sources, which allow effective
source apportionment studies in polluted urban environments using multivariate methods.
Examples regarding recent monitoring campaigns will be presented to show how PIXE is
still on the cutting edge for the study of particulate matter.

1 PIXE technique

The presence of atmospheric aerosols or particulate matter (PM) in the atmosphere impacts
the environment by the reduction in the visibility, formation of clouds, effecting heat transfer
in the atmosphere, thereby contributing to the climate change [1, 2]. For the development of
effective PM abatement strategies, it is necessary to identify and quantify the PM sources.
It is fundamental to understand what is the part and what is the impact of anthropogenic
activities on climate, to reconstruct the past atmospheric concentration of mineral dust to
correlate its variations with climatic change.

Among the employed techniques, those based on the use of ‘small’ particle accelerators are
largely used for elemental analysis. In particular, the particle-induced X-ray emission (PIXE)
technique has been widely used since its birth for the study of the aerosol composition. For
a long period, it has been the dominating technique for its elemental analysis [3, 4] because
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up to 20 elements (from Na to Pb) including important anthropogenic elements (S, V, Ni,
Cu, Zn, As and Pb) and all the crustal elements (Al, Si, K, Ca, Ti, Mn and Fe) can be
detected in only few minutes. However, nowadays there are other competitive techniques
such as inductively coupled plasma–mass spectroscopy (ICP-MS) [5], inductively coupled
plasma–atomic emission spectroscopy ICP-AES) [6], energy-dispersive X-ray fluorescence
(ED-XRF) [7] and synchrotron radiation (XRF SR-XRF) [8] which play a dominant role.
Therefore, specific applications where PIXE can give unique information or the final results
in a far simpler way with respect to other competing techniques must be found for a successful
use of it.

PIXE technique can continue to provide an invaluable contribution to atmospheric aerosol
research since it has many advantages for elemental analysis of aerosols [3, 4]. One is the very
short measuring time, about 60 s versus 1 h for typical ED-XRF analysis. ICP techniques
have the analysis time only a little longer, but ICP methods need long times for sample
preparation. This can be a crucial aspect in the analysis of thousands or hundreds of samples
collected in big sampling campaigns. PIXE gives data for major, minor and trace elements.
The data for the major elements (S, Na, Cl, Al, Si and Fe) are necessary for the determination
of the contributions of important aerosol types (e.g., sea salt and crustal material) and for
the achievement of the chemical mass closure. Furthermore, multi-elemental data set as a
whole (which comprises data for various anthropogenic tracers) is used for disentangling the
contributions from different source categories by applying multivariate receptor modeling
[9].

It is possible to analyze samples with very low mass such as those collected with high
time (e.g., 1 h) or size resolution (e.g., streakers [10] and small deposit area low-pressure
impactors (SDI) [11]). Usually, PM is collected with a 24-h time resolution. However, many
particulate emissions change within a few hours (construction works, industrial or traffic
emissions, etc.); moreover, the boundary layer evolution shows strong diurnal patterns and
many meteorological parameters, like wind intensity and direction, change within a 1-h
timescale. Consequently, the aerosol composition and concentration may significantly change
within a few hours and daily samples are not capable to track these rapid changes. Therefore,
the measurement of the PM composition with high time resolution is important to assess
health and environmental effects, to understand transport processes and to determine source
contributions.

On a global scale, mineral dust (coming, e.g., from the Saharan desert) together with sea
salt particles are dominant. It influences the earth system through the interaction with the
radiation, its role in the cloud formation and the fertilization of the ocean, which influences
CO2 absorption. Furthermore, it can episodically increase significantly the PM levels in
urban areas. Therefore, good data on the composition and concentration of mineral aerosol
are necessary. PIXE detects easily with good accuracy all the soil-related elements [12]. (The
sample mineralization by concentrated HF prevents the determination of Si by ICP, one of the
most relevant crustal markers.) No sample preparation or extraction is necessary; therefore,
the contamination from chemical reagents and the possible loss of volatile elements in the
sample are reduced compared to ICP-MS. This is fundamental for very low mass samples
(e.g., remote sites aerosol) [13].

PIXE has sensitivities typically one order of magnitude better compared to those of tra-
ditional ED-XRF and needs far shorter measuring times even with samples with very low
mass. Finally, further measurements with other complementary techniques can be taken (not
on organic compounds) because PIXE is a nondestructive analytical technique, or it can be
complemented by other ion beam analysis techniques like particle-induced γ-ray emission
(PIGE) [14].
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A proper experimental setup is necessary to exploit completely the benefits of PIXE in
the analysis of aerosol samples.

Finally, it must be considered that PIXE gives only part of the desired information on
the chemical composition; it is also mandatory to measure important ionic species (e.g.,
ammonium, nitrate, organic carbon and elemental carbon). The application of multivariate
receptor modeling for aerosol source apportionment with PIXE data alone can lead to wrong
results [15]; therefore, aerosol research exclusively based on PIXE often is not sufficient even
if it continues providing an invaluable contribution to atmospheric aerosol research.

Indeed, the very basic principles and possibilities of PIXE in the field of aerosol science
are themselves sometimes not entirely known outside the small community of the specialized
physicists. It can be worthwhile, therefore, to briefly recall preliminarily what one is dealing
with.

The first part of the article will be devoted to the description of the PIXE technique and
of the nature, origin and effects of atmospheric aerosol; then, the description of a proper
experimental setup and of the experimental procedures adopted depending on the different
kinds of samples to be analyzed (e.g., the choice of the optimal measurement parameters
like the beam energy) for PIXE analysis of aerosol samples will be discussed. Finally, some
examples of typical applications will be presented to show how, compared to other competing
techniques, those based on ion beam analysis techniques like PIXE are still on the cutting
edge for the study of particulate matter.

2 PIXE technique

2.1 General features

The PIXE technique belongs to the category of the ion beam analysis (IBA) techniques and
is perhaps the most widely used among them. It is a technique for the elemental analysis of a
sample, which is used as a target for the bombardment with a beam of accelerated particles;
the interactions of the beam particles with the target atoms lead to the emission of X-rays of
characteristic energies, through the detection of which the target composition can be deduced.
In this technique, protons are almost universally chosen to induce X-ray emission. The method
makes it possible to detect simultaneously and with great sensitivity almost the full range
of elements present in the analyzed sample. In practice, some limitations partially restrict
the number of detectable elements, but the multi-element capability is actually retained to a
very large extent. As a rule of thumb one might state that in a single measurement—typically
lasting few minutes—all elements with Z> 10 are detected with minimum detection limits
(MDLs) down to trace levels. The X-rays emitted by the lower-Z elements have such a low
energy that are absorbed in the entrance window of the detector.

2.2 In-depth review of the technique

The working principle of PIXE is quite simple. Using a small (usually electrostatic) accelera-
tor, a beam of particles is produced with an energy of typically 2–3 MeV. The beam particles,
when impinging on a target, interact with atoms and nuclei of the target itself; in particular,
the inner shells of the target atoms may be ionized. The inner shell vacancy is promptly filled
(within a time interval of the order of 10-15 s) by an outer electron, and the difference �E�
Eo − Ei of the electron binding energies Eo and Ei in the outer and inner shell is released.
One of the processes through which the energy �E can be released is just the emission of

123



  538 Page 4 of 24 Eur. Phys. J. Plus         (2020) 135:538 

Fig. 1 PIXE spectra of a PM10 sample on Teflon collected in an industrial area taken by a two-detector system
(see Sect. 3). Proton beam energy 2.2 MeV, beam current 6 nA

an X-ray of that energy. A competing mechanism (the Auger effect) is the energy transfer to
another electron of an outer shell, which is consequently ejected with a kinetic energy Ek �
�E − Ej, where Ej is the binding energy of the electron to which �E is transferred.

The energy of the emitted X-ray is clearly characteristic of the emitting atomic species,
being the difference of electron binding energies that are indeed characteristic of the atomic
species. Thus, the energy spectroscopy of the X-rays from the sample during particle beam
bombardment provides an analysis of its composition. Such an analysis is multi-elemental,
because all the atomic species present in the target undergo interactions with the beam
particles, and therefore emit characteristic X-rays. It is also quantitative, because during an
irradiation the number of interactions of the beam particles with the atoms of a given species
is proportional to the abundance of atoms of that species in the target. The analysis is also
totally nondestructive, because the beam particle–target atom interactions do not produce
significant alterations in the target and involve only a tiny fraction of the target atoms. The
possibility of further analysis (by the same or different techniques) is guaranteed for the same
sample.

The possibility of performing PIXE while keeping the sample in the atmosphere (non-
vacuum or external PIXE) makes it a very versatile technique (see below). All kinds of
samples may be quantitatively analyzed: solid, gaseous or liquid (the latter two with an
external beam). Elemental mapping may also be performed by scanning the beam on the
sample during analysis (or moving the sample under the beam).

In PIXE, the detection and discrimination of X-rays emitted under beam bombardment
are usually performed through the use of solid-state Si(Li) detectors, much less frequently,
hyperpure Ge detectors, or, more recently, of SDD detectors, which discriminate the different
X-rays by their different energies. To give an idea of the kind of information collected, Fig. 1
shows two typical X-ray spectra obtained with SDD detectors in a PIXE measurement of an
aerosol sample.

There are several physical reasons for the presence of the continuous background in
the PIXE spectra. In the lower-energy part, the continuous spectrum is higher and arises
mainly from atomic electrons ejected by the interactions of the beam particles with the
target. During their stopping down within the target, these electrons emit Bremsstrahlung
radiation. Some background continuum exists even in the higher-energy part of the PIXE
spectrum. It originates mainly from the Compton interactions of the higher-energy gamma
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rays produced by the incident particles either in the target or in other materials before hitting
the target (collimators, exit window in the external beam setup, etc.).

Comprehensive descriptions of the theoretical basis of the technique are available in [16,
17].

2.3 Quantitative PIXE analysis

The proton interactions with the inner shell electrons of the target atoms produce ionizations.
The number of ionizations N ion,j(Z) produced in a given shell j (j� K , L, M, etc.) for a
given atomic species Z in the target is proportional to the target concentration of that atomic
species, to the number of particles Np having passed through the target and to the thickness
t of the sample (Eq. 1):

Nion, j (Z) � σion, j NZ t Np (1)

where NZ is the number of atoms of atomic number Z per unit volume. The term σ ion,j is
the ionization cross section for the given shell j. As shown in Eq. (1), it has the physical
dimensions of an area and is a measure of the probability of the interaction giving rise to
the specific ionization. Except for the case of the K shell, ionization cross sections are made
up of more terms, corresponding to ionizations of the various subshells, for instance σ L1,

σL2,and σ L3.
The trend of σ ion,K /L/M has a strong decrease with increasing Z and a strongly increasing

trend with increasing Ep within the range of proton bombarding energies usually adopted.
The cross section reaches a maximum when the projectile velocity matches that of the ejected
electron. Further increase in the projectile energy results in a slow decrease in cross section.
The increase with Ep is larger for higher values of Z so that, in general, working at higher
energies makes the analysis of heavier elements comparatively more sensitive.

The nomenclature for X-rays emitted as a consequence of an outer electron transition fol-
lowing inner shell ionizations recalls both the primary vacancy location and the filling electron
provenance. These are referred to as K-series, L-series, M-series, etc. X-rays, depending on
the initially ionized shell. Within each series, the further specification is then related to the
provenance shell of the electron. Kα and Kβ X-rays correspond to the fill Kα2, Kβ1, Kβ2,
Kβ3, depending on the provenance subshells.

Indeed, in X-ray spectra from complex samples, theM lines from high-Z elements overlap
the K or L lines of lighter elements so that a safe deconvolution of the multiplets must rely
also on (experimental or theoretical) knowledge of the intensity ratios of the various M lines.

Once an ionization has been produced in an inner shell, deexcitation of the atom can be
accomplished by X-ray or Auger electron emission. The ratio of the number of X-ray emis-
sions to the total number of ionizations produced in the given shell is called the fluorescence
yield relative to that shell and is usually indicated with ω (ωK , ωL , etc.). For the L and higher
shells, subshell ionizations and consequently subshell fluorescence yields can be considered
separately.

Fluorescence yields may be calculated theoretically and measured experimentally. They
are a function of the atomic numberZ , low for low-Z elements and higher for high-Z elements,
higher for the K X-rays with respect to the L X-rays.

The product of ionization cross section and fluorescence yield for a given shell gives the
cross section σX j for the production of an X-ray of the corresponding series (Fig. 2); from
what has been said, it follows that σX j is also a function of Z and Ep. As stated above, within
each series the branching ratio among the different lines is a slowly varying function of Z ,
and for the L shell, this also depends a little on the particle bombarding energy.
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Fig. 2 Trends of cross sections as a function of the proton energy for different elements

An operational definition of ‘thin’ and ‘thick’ for a PIXE measurement can be given; for
the moment, when referring to a thin specimen, let us think of a few atomic layers. Aerosol
samples can be considered ‘thin’ samples; therefore, only the procedure for a quantitative
PIXE analysis of thin samples will be presented.

In terms of X-rays produced, for a thin target, the equivalent of Eq. (1) is given by Eq. (2).

NX j (Z) � σX j NZ t Np (2)

The angular distribution in the emission of the produced X-rays is isotropic with respect
to the beam incidence.

Equation (2) can be rewritten in terms of areal density ρZt of the element Z (mass per unit
area normal to the beam, with ρZ standard volumic mass density) as:

NX j (Z) � σX j

NAvρZ t

A

Q

e
(3)

where NAv is Avogadro’s number and A the atomic mass of the species.
In Eq. (3), the number of protons Np passing through the target is more conveniently

expressed by integrated beam charge Q divided by unit charge e. Indeed, Q is usually an
easily measurable quantity.

In a thin target, for any given element the X-ray production cross sections are constant
throughout the target (because the beam energy loss is negligible, i.e., all interactions happen
at the same proton energy, say E0), and the number of detected X-rays is a well-defined
fraction of those produced (isotropic emission of all X-rays). From Eq. (3), one obtains the
number Y0 of X-rays from the element Z , detected during a measurement, simply by taking
the overall detection efficiency into account. The latter is the product of a geometrical factor
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Fig. 3 Trend of efficiency factors versus X-ray energies, for K-series and L-series X-rays, with an Si(Li)
detector covering a solid angle of 2.5 msr (~ 12.5 mm2 active area, ~ 7 cm distance). Experimental data
obtained with thin standards by NIST certified to±5% accuracy

(related to the solid angle � covered by the detector) and of an intrinsic efficiency, εdet, a
function of the X-ray energy (and therefore of Z) depending on the detector characteristics.

Y0X j (Z) � σX j (Z , E0)
Ω

4π
εdet

NAvρZ t

A

Q

e
(4)

Equation (4) can be reorganized as follows

Y0X j (Z) � ηQρZ t (5)

by defining an efficiency factor for the given X-ray, beam energy, detector and geometry
(Eq. 6):

η(Z) � σX j (Z , E0)
Ω

4π
εdet

NAv

Ae
(6)

η is obtained using a set of thin standards of known areal density by inverting Eq. (5).
Figure 3 show the curves for the efficiency factor as a function of X-ray energy (i.e., Z),

for the K and L series, respectively, in a typical detector geometry.
In the case of aerosol samples, concentrations in ng cm−2 are divided by the sampled air

volume and multiplied by the deposited area to obtain the concentration in ngm−3.

2.4 External beam setups

An increasingly popular variant of conventional PIXE is external or ‘in air’ PIXE. This, as
well as other IBA techniques, can be performed simply by passing the particle beam through
a thin window, thus hitting the sample in its natural environment (Fig. 4). The beam size
can be determined by an aperture in the last section of the beam path within the vacuum,
whereas the X-ray detectors are external. The sample is placed a few millimeters from the
window and, by using a positioning stage (with micrometric control), can be moved in the
plane perpendicular to the beam for selective analysis. The external environment is often
saturated with helium, to reduce beam energy loss and straggling with respect to air. The
helium may be simply flooded in front of the exit window, with no containment, or be held in
a simple closed environment. The use of helium has the further significant advantage that the
transmission of low-energy X-rays is much higher than in air, which increases the possibility
of detecting lighter elements. As an example, more than 96% of the 1.04-keV K X-rays of
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Fig. 4 External beam: note the florescence produced by the beam passing through the air. The straggling of
the beam and the Bragg peak can be noted

sodium are still transmitted when traversing 3 cm of helium, whereas for a similar distance
in air the transmission would be only 2.4×10−6; for the X-rays of sulfur (2.31 keV), the
transmissions in 3 cm of helium and air are 99.7% and 28%, respectively.

The main advantages of an external beam setup are the ease of handling and changing
of the sample, the reduction in any possible risk of beam-induced damage to the sample,
no electrical charging of insulated sample, ease of installation and change to the setup, no
selective evaporation of volatile elements (like Cl or Br). In external beam setups, the exit
windows for the beam must be mechanically strong enough to sustain the pressure drop from
the vacuum environment of the accelerator beam lines to atmosphere, and also exhibit a high
resistance to radiation damage. Typical materials for beam exit windows are polymers like
Kapton® or Upilex (C22H10N2O4), with 7.5 μm thickness. The overall values for both the
energy loss and straggling are therefore of little consequence to PIXE, due to the smooth
trend of X-ray production cross sections with beam energy. Therefore, the possibility of a
quantitative analysis is fully retained with external PIXE. Recently, ultrathin windows of
Si3N4, available down to a thickness of 0.1 μm, have been used due to their very high
resistance to radiation damage [18].

As discussed in Sect. 2.3, the physics of X-ray production in PIXE unbalances the detection
efficiency in favor of the low- and medium-Z elements. This holds true even after using
the favorable circumstance that L-series rather than K-series X-rays can be used for the
quantification of higher-Z elements. This unbalance is a problem when detection of low or
trace quantities of high-Z elements is required in the presence of a lower-Z matrix. If the
count rate due to the low-energy X-rays emitted by low-Z elements is kept within tolerable
limits, the total number of counts of X-rays from medium- and high-Z elements is too small
within reasonable measurement times. A possible solution is the use of two X-ray detectors
simultaneously, which complement each other in terms of the efficiency curve and the solid
angle covered. One detector is chosen to cover the widest possible solid angle (which increases
efficiency regardless of the X-ray energy), but is prevented from obtaining a large count rate
from low-energy X-rays by shielding its surface with an absorber of appropriate thickness.
This reduces the efficiency for just the low-energy X-rays. This detector is thus optimized
for the medium- and high-Z elements, but, due to the absorber, it is blind to the lightest
elements. The second detector, with no absorber but covering a much smaller solid angle, is
then used to simultaneously provide analytical information concerning the low-Z elements.
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The combined effect of the two-detector system, when both L- and K-series lines are used, is
that a much broader range of Z is covered with more homogeneity in the detection efficiency.

A detailed description of the external beam setup at the LABEC laboratory is reported in
Sect. 4.

3 An overview on atmospheric aerosol

Atmospheric aerosols (also referred as airborne particulate matter, PM) are defined as sus-
pensions of any substance existing in the solid and/or liquid phase in the atmosphere (except
pure water) under normal conditions and having a minimum stability in air assuring an
atmospheric lifetime of at least 1 h [19]. Atmospheric aerosols show much differentiated
concentration, composition, granulometric and morphological properties [20–22]. Primary
aerosols are directly introduced into the atmosphere by natural or anthropic processes, such
as the action of the wind, releases from volcanoes and exhaust emissions. On the contrary,
secondary aerosols are generated by chemical and physical processes within the atmosphere,
i.e., condensation of gases such as sulfur dioxide, nitrogen oxides and hydrocarbons. Par-
ticulate matter is removed by either dry deposition, i.e., settling due to gravity, or by wet
deposition due to washout by raindrops. This atmospheric lifetime is short compared, for
instance, with the lifetimes of gaseous constituents such as CO2, CH4 and CFCs (which is
decades to centuries). For this reason, the aerosol content of the atmosphere is determined
mainly by source neighborhood and atmospheric circulation, making the global and regional
distribution of particulate matter highly variable in time and non-uniform in space [23].
Aerosols are transported by atmospheric motion over local, regional and planetary scales:
Within the residence times cited above, particles may be found to travel as much as ~ 5000 km
from the source. The aerosols observed in the atmosphere are thus the result of the balance
between different and competing processes: emission by sources, transport and deposition.

Particle sizes span several orders of magnitude, typically between ~ 10−3 and 102 μm. The
size distribution of the particles is the result of the competition between aerosol sources and
sinks. In a dry atmosphere, aerosols tend to form a tri-modal distribution, with a nucleation, an
accumulation and a coarse mode. Coarse particles are mechanically produced by the breakup
of larger bodies such as the soil, the sea and vegetation. They include, typically: wind-blown
dust, sea spray, road dust re-suspended by traffic, pollen grains, etc. The amount of energy
required to break up the particles increases as size decreases, and this sets a lower limit for
the size of coarse particles, estimated in ~ 1 μm. As these particles are large, dry deposition
is their principal removal mechanism. Particles less than 0.1 μm are generally formed by
condensation of low-vapor-pressure substances formed at high temperatures or by chemical
reaction: it is the nucleation process, also called gas-to-particle conversion. Particles in the
nucleation mode grow rapidly by coagulation, i.e., the collision of two or more particles
to form a larger particle, or by condensation of gaseous molecules on their surface. The
efficiency of both processes is largest for smaller particles, and this circumstance produces
an upper limit on diameter, of the order of 2–3 μm [24]. Particles smaller than a conventional
threshold, usually 2.5 μm, are generally referred to as fine. Ultrafine particles or nanoparticles
(diameter less than 0.1 μm) are efficiently dispersed by atmospheric motion. Neither settling
nor diffusion is efficient sinks for the 0.1-1 μm range, called the accumulation mode; their
only efficient removal mechanism is wet deposition. Accumulation mode particles dominate
radiative effects in the visible range, due to the fact that they are in a big number, and having
a size comparable to wavelength, they have a large scattering efficiency.
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Aerosols are typically present in concentrations between a few μg m−3 and ~ 100 μg m−3,
representing a tiny fraction of the atmosphere. Yet, atmospheric particles have important
environmental effects: they modify the optical properties of the atmosphere, induce cloud and
fog formation and thus affect the water cycle, and may cause a modification of the distribution
of heat and thus of the circulation patterns, and they may affect the atmospheric chemistry
and photochemistry by offering a surface for heterogeneous reactions. Moreover, aerosols
may carry toxic metals, acids and nitrates, and thus may have a direct chemical effect at the
act of deposition producing soil and water contamination, corrosion of materials, erosion of
monuments and buildings, and damages to photosynthesis in vegetation.

Direct radiative forcing (through scattering and absorption) and indirect radiative forcing
(through the interaction with the cloud formation mechanism) relate aerosols to the global
issue of climate change. The scattering process determines a larger terrestrial albedo and thus
a negative radiative forcing [25]; the absorption process, instead, is thought to cause heating
of the earth and more specifically of the atmospheric layers where the aerosols reside, thus
possibly influencing the modification of circulation patterns [26]. The indirect aerosol effect
is due to the presence of cloud condensation nuclei (CCN) which increase the number of
cloud droplets and decrease their size for a given liquid water content, producing an increase
in both cloud albedo and lifetime: these effects are thus thought to produce a negative radiative
forcing.

The net effect of aerosols on climate is understandably difficult to quantify, but it seems
that the overall effect is a negative radiative forcing, therefore opposite in sign to climate
forcing due to increased concentration of greenhouse gases [27]. Consequently, aerosols are
masking the real response of the climate system and that the temperature sensitivity of the
earth is higher than observed [28].

Aerosols also have relevant effects on health: it is the breathing apparatus which is
concerned, and the penetration depth of the particles therein depends upon particle size,
nanoparticles (< 0.1 μm) being considered to be the potentially most dangerous. Particles
larger than ~ 10 μm, instead, are stopped in the uppermost respiratory system and quickly
expunged. Particles smaller than ~ 2.5 μm enter the deep lung and are retained in the alveoli
and their removal tends to happen via the blood stream [24]. Nanoparticles are retained in
the lungs, where they hinder the exchange of oxygen and carbon dioxide with blood, and this
independently of their chemical toxicity.

Since human health is adversely affected by exposure to air pollutants in air, the European
Union has developed an extensive body of legislation, the Directive 2008/50/EC of the Euro-
pean Parliament and of the Council on ambient air quality and cleaner air for Europe, which
establishes standard values for a number of pollutants present in the air. For instance, the
limit for annual average allowed for PM2.5 (particles with a diameter smaller than 2.5 μm)
is 25 μg m−3, and for PM10 (particles with a diameter smaller than 10 μm), it is 40 μg m−3

(with the limit of 50 μg m−3 per day, not to be exceeded for more than 35 days).
Aerosol sampling can be schematically described as follows. Air is pumped through a

sampler, and particles are collected by impaction or filtration. In the impaction process, the
air stream is forced to make an abrupt change in direction: heavier particles, due to inertia,
cannot follow the air stream and impact onto an impaction foil. When filtration is used, instead,
the air stream is forced through a filter substrate, where particles are retained. In the latter case,
the lower limit of the sampled particle size range is a consequence of the properties of the filter
substrate and particularly its porosity. An upper threshold on particle size may also be chosen
with a pre-impaction stage, where large particles are retained. It has become a convention to
use sampling heads admitting only particles with aerodynamic diameter < 10 μm, the PM10

fraction: this is motivated by the fact that this is the size range which is considered breathable.
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Since the importance of fine particles for their health and radiative impacts has been realized,
the use of smaller thresholds has become common: besides PM10, most usually sampled
fractions are PM2.5 and PM1, thought to be representative of fine particles. Fractionated or
multi-mode samplers also exist, which separate the aerosol in several size ranges by arranging
several stages in series.

Anthropogenic emissions in urban and industrialized areas can be large enough that the
concentrations of various undesirable chemical species (pollutants) cause significant deterio-
ration in air quality, affecting the visibility and posing threats to human health. For example,
in December 1952, cold air moved from the English Channel and settled over London, pro-
ducing a pollution trapping inversion fog. For 5 days, the smog was thick enough that people
had to grope their way along the streets, buses crawled along at a walking pace led by pedes-
trians with flash lights, and indoor events were canceled because the stage could not be seen.
By the time the smog had lifted, 4000 people had died of respiratory problems, and the smog
was implicated in an additional 8000 deaths in the months that followed. Contrary to popu-
lar belief, particulate matter concentrations have declined (from 20 to 40% in the developed
countries) in the past 20 years, thanks to the environmental policies adopted in many areas by
the national or local governments. Anyway, there are still problems in many urban areas. In
particular, nowadays, many large cities in developing countries (e.g., Beijing, Delhi, Jakarta),
still suffer from London-type smog due to the burning of coal and wood and to the lack of
strict air pollution controls on industrial emissions or traffic. Concentrations of PM in those
megacities are very high, while the knowledge on its composition and its sources is still poor.
For this reasons, the study of the aerosol composition in these environments is very important
to understand health effects as well as to identify the main pollution sources and quantify
their contribution, in order to develop appropriate mitigation measurements.

4 PIXE setup for the analysis of aerosol samples

To fully exploit the potential of PIXE in the analysis of the aerosol samples, the proper
experimental setup is important. Since 1989 at the LABEC laboratory at Florence, an external
beam line fully dedicated to the analysis of aerosol samples has been installed and developed
and it has been widely used for the analysis of aerosol samples [29]. The use of an external
beam for these measurements is really important. Apart from the ease of changing of the
samples or the scanning of the filter, the possible loss of volatile elements is eliminated
or reduced. The local heating due to the energy deposited by the beam is dissipated (even
better in He atmosphere with respect to air); therefore, higher proton currents can be used.
Furthermore, the solid angle covered by the detectors can be increased since they can be
placed closer to the sample.

The extraction window originally used in our laboratory consisted of a 7.5-μm-thick
Upilex-S foil. However, this polymer undergoes a progressive thinning/degradation during
irradiation [30], and eventually, a finally rupture can happen. Therefore, we have substituted
it with a Silicon Nitride (Si3N4) membrane, which is more durable under proton beam
irradiation. We have chosen a 500-nm-thick, 3-mm-width membrane supplied by Silson Ltd.
The aerosol samples are positioned at about 1 cm from the exit window. The charge flown
during the measurement is measured by integrating the beam current on a graphite Faraday
cup positioned just behind the samples. The aerosol deposit plus substrate are thin enough
to let the beam pass through.
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Fig. 5 Picture of the upgraded experimental setup: (1) new SDD for PIXE analysis of medium–high-Z ele-
ments, (2) SDD for PIXE analysis of low-Z element with proton deflector (3) and He flow (4), (5) Ge detector
for PIGE, (6) Faraday cup for Q measurement, (7) sample holder. On the right an expanded view where the
sample holder for daily samples can be seen

The movement of the samples on the x–y axes (to scan all the samples surface and to
reduce the beam charge density on the sample) and the change of the samples by rotation of
the sample holder are both remotely controlled by the acquisition system.

To obtain an efficient simultaneous detection of all the elements, two SDD detectors have
substituted the previous Si(Li) detectors because they have a better resolution with modest
cooling (down to − 40°) achievable with Peltier cells and can sustain higher counting rates
(up to 50 kHz at 0.5 μs shaping time). Currents as high as more than 200 nA can be used; with
Si(Li) detectors at beam currents above 6–7 nA, the pileup reached unsustainable levels and
saturation was reached in the preamplifier. Furthermore, the external case of the detector is
smaller; therefore, the SDD detectors can be put closer the sample; as a consequence, lower
measuring times can be used (typically 1 min or less compared to 5 min for a Si(Li)) with
better minimum detection limits (MDLs) [30].

We use a 40 mm2, 450-μm-thick SDD, having 140 eV FWHM energy resolution at the
5.9 keV Mn α line and 1 μs shaping time for the detection of the low-Z elements. It is placed
at 145° with respect to the beam direction, at 9 cm from the target; a magnetic proton deflector
(0.5 T) was installed to prevent the damage of the detector by backscattered protons; it can
deflect protons with an energy up to 4 MeV.

The medium–high-Z elements are detected by two identical KETEK SDDs to double
the statistics of the acquired spectra. Their characteristics are: 113 mm2 area (collimated to
80 mm2), 165 eV FWHM energy resolution at the 5.9 keV Mn Kα line and 1 μs shaping time,
450 μm thickness. An absorber (450 μm Mylar foil) is mounted to attenuate the low-energy
X-rays. Both detectors are placed at about 2 cm from the target at 135° with respect to the
beam direction. The LABEC experimental setup is reported in Fig. 5.

It is important to choose the optimal measurement parameters depending on the type of
samples we analyze (standard daily samples, samples with 1 h resolution, size segregated
samples).

Aerosol sampling campaigns usually involve the collection of daily samples for a long
period. Teflon (CF2)n filters are frequently used because they have very good blank values and
they are easily weighted. However, their content of fluorine gives rise to a strong Compton
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γ-ray background in the PIXE spectra, due to the high production rate of γ-rays, which
worsens PIXE detection limits for medium–high-Z elements. The measurements must be
taken choosing a proton beam energy corresponding to minima in the proton-induced γ-ray
emission cross section on fluorine [14]; therefore, we have chosen 3 MeV on the target.
The problems due to Compton background are drastically reduced because of the thinner
thickness of the SDD and the shorter shaping time makes it possible to use higher currents.
Each sample is irradiated with a proton beam intensity from 5 to 300 nA, depending on the
loading of the filter for ~ 45–60 s. The MDLs are of the order of few ng/m3 for the low-Z
elements, down to a minimum value of ~ 0.2 ng/m3 for Cu–Zn. A remote controlled multi-
target holder is used for an automatic analysis of daily samples to exploit the intrinsic speed
of the PIXE technique; it manages the change and the scan of 32 filters or 64 half filters.
With this new setup, hundreds of samples can be analyzed in 1 day and this poses PIXE in
an outstanding position for the elemental analysis of aerosol samples in campaigns where a
high number of samples are collected. As reported in the introduction, it must be stressed
that PIXE gives only a part of the information. For source apportionment studies, a complete
characterization of the composition of the sample is necessary. Therefore, we use a protocol
which combines multiple analytical techniques to obtain the mass closure (the complete
reconstruction of the PM mass). Samples are collected by low volume (2.3 m3/h) samplers
(HYDRA Dual Sampler), equipped with two inlets to collect the aerosol simultaneously on
Teflon and quartz fiber filters (47 mm diameter). One half of the Teflon filter is used to measure
the concentrations of all the elements with atomic number Z > 10 by PIXE. The water-soluble
fraction of inorganic cations, inorganic anions and low molecular weight organic anions is
measured by ion chromatography (IC) on one quarter of the filter [31]; ICP methods are used
as a complementary technique with respect to PIXE, to determine the ‘soluble fraction’ of
several major (ICP-AES) and trace (ICP-MS) metals on the remaining quarter of the filter [6].
A 1.5 cm2 punch of the quartz fiber filters is used for organic and elemental carbon assessment
by thermo-optical transmission analysis [32] (using a Sunset Lab analyzer). Other analytical
methods obtain, simultaneously with PIXE many elements, for example the water-soluble
fraction of inorganic ions (e.g., Na, K, Mg, Ca, Cl) measured by ion chromatography, or Al,
Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Sr, Zr, Pb, Ba measured by ICP–MS or ICP–AES. This
allows a quality assurance control on the huge quantity of data obtained in many campaigns
which otherwise would not be possible.

With the same setup, we can also analyze samples collected by the so-called streaker
sampler [10]. This device collects the fine and coarse fractions of the aerosol on two stages,
which are paired on a cartridge rotating at constant speed. This produces, on both stages, a
circular continuous deposit of particulate matter (‘streak’), which can be analyzed ‘point by
point’ by PIXE. The scan of the whole streak, corresponding to 1 week with 1 h resolution,
means the analysis of 168×2 spots considering that we measure both the fine and the coarse
fraction. With currents in the range 100–300 nA (this would not be possible in vacuum,
with no heat dissipation, or with Si(Li) detectors), measuring times down to about 30 s may
be used for most of the samples, but longer times (e.g., 1 min) are used to achieve better
detection limits. Nowadays the measurement of a streaker foil takes less than 3 h, with still
better detection limits than the ones that were obtained when using a measuring time of more
than 10 h with the Si(Li) detectors. The reduction in the measuring time, together with the
high request of compositional data with hourly resolution for aerosol research studies, has
led to a constant increase in the application of PIXE on streaker samples at LABEC. To
find the optimal beam energy with this kind of samples, we performed a systematic study
of the minimum detection limits (MDLs) as a function of the energy of the proton beam.
The increase in the proton beam energy produces the increase in the X-ray production cross
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sections, but also an increase in the background. Therefore, proton beam energies between
2.5 and 3.0 MeV are the best compromise to measure all the detectable elements in aerosol
samples.

5 Examples of applications of PIXE to aerosol studies

We report some examples of the application of PIXE technique at LABEC to show the
potentialities of PIXE for aerosol studies.

5.1 Urban pollution (source apportionment)

The study of aerosol composition for the identification of aerosol sources and the quantifi-
cation of their contribution to PM mass (source apportionment) is a prerequisite to develop
science-based effective policies for the aerosol pollution abatement. Receptor models (RM)
apportion the measured PM mass to its emission sources from environmental concentra-
tions of pollutants (and their uncertainties) measured at the receptor site. Positive matrix
factorization is nowadays the most widely used RM [33].

PIXE analysis of aerosol samples allows simultaneous detection of many elements, includ-
ing important tracers of many particulate matter sources. This capability, together with the
possibility of analyzing a high number of samples in very short times, makes PIXE a very
effective tool for source apportionment studies by receptor modeling. However, some impor-
tant tracer, like levoglucosan (related specifically to biomass burning), and other aerosol
components, like organic carbon (OC), elemental carbon (EC) and nitrates, must be mea-
sured by complementary nonnuclear techniques.

An example of source apportionment study in which PIXE played an important role is the
European Life + AIRUSE project (www.airuse.eu). The AIRUSE project produced the first
harmonized data set for southern European cities of PM10 and PM2.5 levels and composition,
following the same sampling and analytical protocol in Barcelona (Spain), Porto (Portugal),
Athens (Greece), Florence and Milan (Italy). We have used PIXE data together with those
obtained by other analytical techniques (following the approach reported in §4) to reconstruct
the average aerosol chemical composition and PMF analysis to determine the aerosol sources
and their impact on PM10 and PM2.5 mass. Previously, the comparison of data obtained by
both PIXE and other different techniques (e.g., ion chromatography, ICP-MS/AES) allowed
the quality assurance control on the huge quantity of data obtained in the project. An example
of the results regarding the source apportionment is reported in Fig. 6 for Florence. After the
identification of the main aerosol sources, the strategic goal of the AIRUSE project was to
test and develop specific measures to improve air quality in southern Europe, targeted to meet
air quality standards and to approach as closely as possible the WHO guidelines. Detailed
results are reported in [34–36].

Some interesting results are: (1) We have identified a separated contribution of vehicle
non-exhaust (due, e.g., to the re-suspension of soil dust by vehicles, brake- and tire wear)
and vehicle exhaust thanks to the measurement of all the soil-related elements by PIXE. For
PM10, in all the cities traffic gives the most important contribution, but it is worth noting
that the contribution of the two subcomponents is comparable. (2) Biomass burning, which
is considered ‘green energy,’ emits many toxic elements (like As and Pb) and it gives an
important contribution to PM mass even more relevant in the most polluted days, except
for Barcelona. This difference is mostly due to the degree of penetration of wood (and its
derivatives) as fuel for residential heating. In Barcelona, natural gas is very well supplied
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Fig. 6 Simplified source apportionment in the AIRUSE city of Florence. Contributions (% and μg/m3) to the
annual mean for PM10 (left) and during days with PM10 > 50 μg/m3 PM10 (right)

across the city and used as fuel in 96% of homes. (3) Thanks to the good quality of PIXE data,
in some cities (e.g., Florence) it was possible to separate the contribution of the Saharan dust
from that of the local dust (due to anthropic activities like construction/demolition works).

5.2 Determination of the elemental concentrations with 1 h resolution

The importance of the measurement of the aerosol composition with high time resolution is
described in the introduction. With the typical samplers like the steaker one, described in §
4, the overall quantity of aerosol deposited on each section is minute, typically of the order
of 10 μg. The high absolute sensitivity of PIXE is therefore exploited to the highest degree.
No other technique enables the analyst to obtain such a high time resolution of the variation
in aerosol composition, with simultaneous sensitive detection of a very large number of
elements in runs lasting a few minutes.

PMF analysis of hourly data reinforces the source identification obtained by daily samples,
since the impact of many sources like industries, biomass burning or vehicular traffic is
more evident on an hourly time basis. Furthermore, it is possible a more direct correlation
with wind direction and speed, since on a daily scale the wind direction may have strong
variations. Source polar plots, which show the wind direction and intensity dependence of
the resolved factors, can be therefore easily produced from PMF streaker results. They help
to find the location of the identified sources. For example, in AIRUSE [34] the time trend of
the biomass burning source supports the identification of it as biomass burning for domestic
heating (Fig. 7-up) because of its periodic pattern with peaks starting in the evening and
lasting several hours. The absence of the evening night peak on some days is explained by
the meteorological conditions. Some peaks during the day are connected to open fires due
to the pruning. The source polar plot shows that in the case of Florence it is a local source
(Fig. 7-down), but a contribution coming from the hills on the northeast sector is evidenced.
Other examples of application regard Madrid [37], Barcelona [38], London [39] or Japan
coastal areas [40].

Elemental concentration obtained with 1 h resolution can give invaluable information for
the study of episodic events, lasting a few hours which may lead to an exposure problem like
the ones occurring in industrial sites. An example regards the identification and apportionment
of emission sources of particulate matter pollution in the vicinity of the integrated steelwork
complex located in Port Talbot, UK [41]. For many years, air quality in the town was one
of the worst in the UK. The steelwork units are coke making, sintering, blast furnace, basic
oxygen furnace and other steel processing units. The aim was to identify the steel emission
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Fig. 7 Up: Temporal patterns of the biomass burning (BB) source in the fine fraction (in arbitrary units)
together with K concentration (typical marker of BB) in ng/m3 in Florence. Down: Source polar plot as a
function of wind direction and speed in the fine fraction. The direction is the wind direction, the distance from
the origin is the wind speed, and the color is the source strength (blue: low, red: high)

profiles and to attribute emissions to specific production units in the integrated steel complex.
The hourly data collected at Port Talbot captured the peculiarities of different emissions and
were effective in resolving contributions from different steelwork units that the daily data
could not always detect due to the short time characterizing these emissions. Moreover, the
hourly resolution demonstrated high metal concentrations lasting a few hours which may
lead to an exposure problem in this area.

A similar investigation was performed also at Taranto, Italy, where an extended industrial
pole in the northern suburbs of the town includes one of the biggest Italian refinery, a power
plant, a big cement industry and the biggest steel plant of Europe. These activities, developed
very close to residential areas, heavily stress the environment of the town. The aerosol was
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Fig. 8 Upper part: Temporal patterns of the identified factors in the fine fraction (in arbitrary units) in both
sampling sites. Lower: Taranto map (center), showing the location of the industrial area and of the sampling
sites, and source polar plots for the two sites

collected by two streaker samplers in parallel in two different sites: an urban district in
Taranto adjacent to the industrial area and a small town located 7 km N–NW of Taranto
located along the direction of prevalent winds from the industrial area. The location of the
sampling sites allowed us to follow the impact of the industrial plume as a function of wind
direction. The hourly data collected at the two sites in Taranto area captured the peculiarities
of different emissions from the integrated steelmaking facility and were effective in resolving
contributions from different steelwork units. The location of the sampling sites, in opposite
position with respect to the industrial site, allowed us to follow the impact of the industrial
plume as a function of wind direction (Fig. 8). Again, the hourly resolution demonstrated
high metal concentrations lasting a few hours which may lead to an exposure problem in this
area. The presence of other anthropogenic and natural sources was also identified.

Pyrotechnic events, such as New Year’s Eve, national festivities and light festivals, give
rise to large but transitory (up to hours) increases in urban atmospheric particulate matter
mean levels (up to hundreds of μg/m3), especially metalliferous particles (K, Mg, Ba, Cu, Sr,
Al, Pb) which can be dangerous for the human health. In [42], the aerosols generated by high-
intensity pyrotechnic events, called mascletàs, are studied. These events take place during
annual festivals in numerous cities in the Spanish Valencian Region. Unlike usual fireworks,
mascletàs are used to stimulate the auditory system and body vibration through the strong
rhythmic noise sequence produced by the burning of a type of bangers called masclets.
The masclet is a powerful sound firecracker that can be burst both at ground level and at
low altitude level (1.5–2.0 m). When it burns, a loud intensity detonation, light effects and
abundant smoke generation are produced as a function of its composition. During mascletàs,
hundreds of firework shells are also shot into the air using vertical cannons. People attending
these events are directly enveloped by the aerosol clouds which are produced. In [42], the
emission aerosol cloud is measured directly since the sampling point was located very close
to the launching zone. We found extremely high concentrations in the fine fraction, with
maximum values above 500 μg/m3 for K, 100 μg/m3 for S and 300 μg/m3 for Cl, with
increase factors of more than 1500 with respect to the background levels (Fig. 9). Elements
related to pyrotechnic displays like Al, Mg, Cu, Co, Zn, and Pb also presented a large rise,
with increase factors above 100, mainly in the fine fraction in comparison with their normal
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Fig. 9 Temporal patterns of the K, S, Cl and Ca (concentrations in ng/m3) in the fine and coarse fraction
during the sampling period at Alicante (Spain)

values. In the case of Sr and Ba, factors up to ~ 1000 were observed. The concentrations found
in the mascletà plumes were not constant due to variability of gunpowder composition and
pyrotechnic devices used to attain specific firework effects. Some of the identified metals are
dangerous elements because of their toxicity, like As and Pb (with concentrations up to 0.17
and 5 μg/m3, respectively). Such very high concentrations in a short time in a place where
thousands of people are gathered may be of concern, particularly for people who suffer from
chronic respiratory health problems, cardiovascular disease, etc.; furthermore, Cl in such
high concentration is dangerous for the environment.

5.3 Natural aerosol

The interest in the study of natural aerosol is justified by the fact that Saharan dust is a major
component of PM on a global scale and its atmospheric concentrations have relevant effects
on climate, due to the influence on the earth atmosphere radiative budge, and environment;
in southern Europe, it gives an important contribution to PM and it can episodically increase
significantly the PM10 levels above the limit of 50 μg/m3. The EU Air Quality Directives
specify that PM10 limit values have not to be applied to events defined as natural, which
include ‘long-range transport from arid zones.’ Diffusion models and satellite images obser-
vation can be very effective in the study of Saharan dust transport; however, the advection
of air masses coming from Sahara does not necessarily imply high PM10 concentrations at
ground level. Therefore, only field campaigns, followed by elemental analysis, can assess
the real impact of the Saharan dust episodes on the air quality, so deserving a key role to
the PIXE technique. An estimate of the soil dust component concentration can be calculated
from the measured elemental concentrations as the sum of all the main crustal element oxides
(Na2O, MgO, SiO2, Al2O3, TiO2, K2O, CaO, Fe2O3).

[soil dust] � 1.35[Na] + 1.66
[
Mg

]
+ 1.89[Al] + 2.14[Si]

+ 1.21[K] + 1.40[Ca] + 1.67[Ti] + 1.43[Fe]

Finally, natural dust contains Fe, an important nutrient in marine ecosystems; the depo-
sition of dust iron to the ocean affects the CO2–carbon cycle and this in turn can affect
climate.

EMEP (European Monitoring and Evaluation Programme) is a science-based and policy-
driven program under the Convention on Long-range Transboundary Air Pollution for inter-
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national cooperation to solve transboundary air pollution problems. The measurement of
mineral dust is not generally included as a routine part of the monitoring programs even
though it is a compulsory part of the EMEP monitoring program and chemical speciation
is recommended by the World Meteorological Organization (WMO) Global Atmospheric
Watch (GAW), probably due to the lack of a reference method. EMEP periodically organizes
intensive monitoring campaigns; in 2012–2013, one of the major focuses was to measure
chemical speciation in PM10 with a special emphasis on mineral dust, with samplings on a
daily base for two one-month periods in 20 regional background sites representing different
European rural background environments, by using an identical approach with respect to
both sampling and subsequent speciation analysis of the mineral dust content. The aim was
to produce a unique data set which enables an extensive evaluation of sources, transport and
regional distribution of mineral dust across the European continent. The Chemical coordi-
nating Centre decided to assign to LABEC the measurement of all the filters (~ 1000 Teflon
filters were analyzed) collected in the two intensive campaigns for the determination of all
the soil-related elements because of the good accuracy and speed of PIXE analysis. Detailed
results are reported in [43].

Dust may also greatly increase locally the atmospheric levels of PM, adversely affecting
air quality. This effect is especially relevant in southern Europe due to the transport processes
from Africa and the Arabian Peninsula and to the relatively low precipitation, which causes
a long residence time of PM in the Mediterranean atmosphere. These episodes may cause
exceedances of the PM10 daily limit value of 50 μg/m3; therefore, many recent studies have
focused on the estimation of the influence of African dust on air quality especially in southern
European countries. As the impact of desert dust at ground level is well characterized by an
increase in all soil-related elements and changes in elemental ratios, field campaigns followed
by elemental analysis can be very effective to assess the real impact of these episodes on
PM at ground level. PIXE can play a leading role since it is a rapid analytical method that
allows the assessment of the concentration of all soil-related elements on many samples in
a short measuring time. To distinguish between local soil dust and Saharan dust, a stringent
signature may be given by elemental ratios [12]. Examples of this approach are reported in
[11, 44, 45].

As a final example, we report some results taken from the first study of the elemental
composition of dust exported to the North Atlantic at Izaña Observatory (Tenerife) with
high time resolution (1 h). The aim was to answer to three questions: How quick does
dust composition change in the Saharan Air Layer (SAL)? What is the connection to dust
sources? What is the role of meteorology? In Fig. 10, the ratio Ca/Al is reported. A change
of a factor up to 2 can be noted in only 6 h. Along 1 week of continuous dust presence at
Izaña (50–200 μg/m3), 7 concatenated impacts, which were traced by the variability in the
ratios of the different elements to Al, were observed. This variability was induced by the
alternated impacts of three of the large North African dust sources (NE Algeria, Western
Sahara to Bechar region and SW Sahara—Western Sahel). The potential source areas of dust
were identified by analyzing the ‘median ratios at receptor’ (MRAR) plots (Fig. 11), the
median ratio of each element X to Al, measured at the receptor site (Izaña) when the air mass
was previously passed above each 1°×1° degree pixel over North Africa. Back-trajectories
were calculated with HYSPLIT software [46].

We found a correlation between dust composition in the SAL and NAFDI (North African
Dipole Intensity), the ratio of the tropical Saharan high—Morocco—to the monsoon tropical
low—Nigeria that is the difference of the anomalies of the daily values of the 700 hPa
geopotential height (
(d)) over Morocco (Mo, 30–32° N, 5–8° W) and Nigeria (Ni, 30–32°
N, 5–8° E), with respect to the climatological (average) values from 1980 to 2010 (
(clim))
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Fig. 10 Time series of the ratio of the hourly concentrations of Ca to Al in total, coarse (2.5–10 μm) and fine
(< 2.5 μm) dust fractions at Izaña Observatory from 23 August 19 h to 30 August 17 h 2010. Ratios are shown
in the period when Izaña was impacted by the Saharan Air Layer

Fig. 11 Median ratios at receptor—MRAR—plots. Ratios of Si, Ca, Na, to Al measured in the dusty SAL at
Izana (24 Aug 17 h to 30 Aug 16 h), based on 144 back trajectories

NAFDI � 1

10

((
Φ(d) − Φ(clim)

)
Mo − (

Φ(d) − Φ(clim)

)
Ni

)

NAFDI traces the variability of summer meteorology. Positive phase of NAFDI enhances
dust export to the North Atlantic. Negative phase of NAFDI enhances dust export to the
Western Mediterranean. The NAFDI traces the observed variability in dust composition.
NAFDI values (0 to +2) were associated with Ca-, K-, Na-, Mg- and S-rich dust linked to
dust sources in NE Algeria, whereas higher NAFDI values (2 to 4) were linked to Fe-rich
dust (Ca-, Na- and S-depleted) linked to dust sources in SW Sahara—Western Sahel.

These results show that long-term variability of meteorology in North Africa may have
implications on the composition of the dust exported to the North Atlantic and this is relevant
for the interconnection between aerosol desert dust, meteorology and climate. Detailed results
are reported in [47].

5.4 Paleoclimatic studies

Insoluble mineral aerosol deflated from continental surfaces is an important player in earth’s
climate by its influence on the earth atmosphere radiative budget. To reconstruct the past atmo-
spheric concentration of mineral dust and to correlate its variations with climatic changes,
dust stratigraphies have been obtained by the chemical and physical analyses on ice cores
drilled in polar areas. For the Southern Hemisphere, ice core drilled in Antarctica can give
relevant information on the hydrological cycles of the southern South America (the most
relevant dust area for Antarctica during glacial periods) and on the different transport pro-
cesses of air masses from medium latitude, as a function of the changes in the climatic belts.
The geochemical and isotopic composition of Antarctic dust both in the ice cores and in
the present-day aerosol is used to infer dust source locations and to study the geochemical
evolution, linked to paleoenvironmental conditions of dust at the source. These analyses
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Fig. 12 Left: Geochemical characterization of ice dust and PSA sediments. Ice dust composition during the
cold stages (MIS4 and MIS6). Right: Dust mass concentration in the ice core from Dome C. δD is the
deuterium/hydrogen ratio in ice and it is widely used as a temperature proxy [49]

are particularly challenging because of the extremely low elemental concentrations usually
present in the insoluble particulate in Antarctic ice cores (pg to μg per kg of ice). PIXE tech-
nique has proved to be a reliable tool for major and minor elements investigation. Ice core
sections are melted and the liquid is filtered through a small area membrane to concentrate the
insoluble dust to obtain detectable concentrations. No other sample pre-treatment is neces-
sary; therefore, any possible contamination is minimized compared to ICP-MS. The quantity
of dust collected (~ 1–2 μg/cm2 in the scarcest samples) in ice core samples is sufficient to
obtain good statistics [48].

In the framework of the EPICA (European Project for Ice Coring in Antarctica) project, an
ice core was drilled at Dome C in the East Antarctic Plateau [49]. Some ice dust samples from
the ice core were analyzed. Such an ice core spans the last 800 kyr; the measured samples
regard the main cold events of the last 220 kyr, except the last one (i.e., they cover the cold
periods called MIS4 and MIS6, the two glacial stages before the last one, called Last Glacial
Maximum, LGM).

Soil sediment samples collected in the main ‘potential source areas’ (PSAs) for Antarctica,
i.e., southern South America, Australia and South Africa, were also analyzed to compare their
elemental composition with the ice core dust one. For a reliable comparison, soil particle
size selection has been done on PSA samples, because long-range transport produces a
strong dimensional selection of the dust particles in the atmosphere. (Antarctic dust is only
composed of fine particles with diameter < 5 μm.) After the proper preparation, all the samples
are analyzed by PIXE and PIGE, since the absolute quantity of the lighter elements (such as
Na, Mg, Al and Si) can be somewhat underestimated because of the X-ray self-absorption
inside each individual aerosol particle [48].

Coming to the main results, the measured compositions of ice dust and PSA sediments
are reported in Fig. 12, left. As mineral dust is only composed of the oxides of the detected
elements, the measured compositions are expressed as the percentage of every oxide with
respect to the total mass. From this geochemical characterization, ice dust composition during
the cold stages (MIS4 and MIS6) seems to be quite similar to the South American one, while
it relevantly differs from both the Australian and the South African one. For the measured ice
samples, the oxide sums calculated from the measured elemental compositions agree very
well with the dust mass measured with other techniques (Fig. 12, right). There is an evidence
that dust concentrations are much higher during the cold periods (LGM, MIS4 and MIS6),
than during the hot periods.
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6 Conclusions

PIXE is still a useful technique for the analysis of aerosols. However, a proper experimental
setup and the proper experimental conditions must be used to fully exploit PIXE capabilities.

PIXE is unrivaled for the study of natural aerosols such as mineral dust or marine aerosols.
The simultaneous detection of several important source tracers is fundamental for the appli-
cation of receptor models such as PMF. The measuring times for the analysis of standard
daily samples are far shorter than those typical of XRF systems and shorter with respect
to the ICP methods (PIXE does not need any sample treatment); therefore, it is possible
to analyze many samples in short times. Another field in which PIXE has a main role is
the study of high-time-resolution samples, which is very useful for the identification of the
aerosol sources, to understand physical–chemical processes and to assess real human expo-
sure. Finally, the PIXE capability to analyze very low mass samples together without any
sample pre-treatment (which may be a source of contamination) makes it quite useful for the
analysis of the aerosol collected in remote areas, such as the Antarctica plateau, Arctic areas
or high-altitude sampling sites.

It is important to remember that PIXE provide only part of the desired information with
regard to the chemical composition (anyway very important). PIXE researchers should not
limit themselves to PIXE or IBA analyses, but try to diversify their activities by performing
also other chemical and/or physical and optical measurements and to establish collaborations
with other groups (chemists, geologists, physicists, etc.). It is also important to participate
to all the phases of cross-disciplinary projects regarding urban air quality, climate research,
ecology, meteorology and epidemiology.
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