Improvements in PIXE analysis of hourly particulate matter samples
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ABSTRACT

Most air quality studies on particulate matter (PM) are based on 24-h averaged data; however, many PM
emissions as well as their atmospheric dilution processes change within a few hours. Samplings of PM
with 1-h resolution can be performed by the streaker sampler (PIXE International Corporation), which
is designed to separate the fine (aerodynamic diameter less than 2.5 pm) and the coarse (aerodynamic
diameter between 2.5 and 10 um) fractions of PM. These samples are efficiently analyzed by Particle
Induced X-ray Emission (PIXE) at the LABEC laboratory of INFN in Florence (Italy), equipped with a
3 MV Tandetron accelerator, thanks to an optimized external-beam set-up, a convenient choice of the
beam energy and suitable collecting substrates. A detailed description of the adopted set-up and results
from a methodological study on the detection limits for the selection of the optimal beam energy are
shown; the outcomes of the research on alternative collecting substrates, which produce a lower back-

ground during the measurements, and with lower contaminations, are also discussed.

1. Introduction

Atmospheric aerosols (also called particulate matter, PM) have
been recognized as relevant factors for both human health and
environmental issues, and this has led to important efforts from
both a scientific and a political point of view to develop effective
policies for the aerosol pollution abatement. More in detail, several
studies have connected human aerosol exposure with serious ill-
nesses [ 1], pointing to the potential of smaller particles to get dee-
per into the respiratory system and eventually into the blood
circulation system, possibly carrying harmful compounds or ele-
ments they are composed of. As concerns the effects on the envi-
ronment, beyond reduction of the visibility and acidic rains,
atmospheric aerosols have been recognized as influencing the
Earth climate at a global level, via both direct and indirect effects
primarily affecting the global radiation budget and the hydrologi-
cal cycle; nevertheless, due to the complex feedbacks in climate
phenomena, the quantification of the effects of aerosol is still sub-
ject to large uncertainties [2]. Several properties of aerosol, such as
chemical composition and aerosol particle dimensions, contribute
to determine the aforementioned effects. Concerning particle
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dimensions, aerosols are conveniently classified on the basis
of their aerodynamic diameter (d,.), defined as the diameter
of a sphere of unit density with the same aerodynamic character-
istics as the considered particle [3]; aerosol with particles with
dse <10 pm are called PM;o, while PM; 5 includes only particles
with dae < 2.5 pm.

Atmospheric aerosols may have several sources, both natural (e.
g., sea-spray, mineral dust) and anthropogenic (e.g., traffic, indus-
try, combustions). Despite transport and dilution processes, aero-
sols maintain the characteristic elemental ratios of the emitting
sources, which may be therefore determined. Nevertheless, only
a few compounds are univocal markers of a single source (e.g.,
levoglucosan for biomass burning, radiocarbon for fossil/modern
sources [4]); therefore, source apportionment studies are usually
performed by means of statistical multivariate analysis, needing
as input several data of aerosol mass concentration and composi-
tion as measured at the receptor (sampling) site. The most widely
used model for source apportionment, nowadays, is the Positive
Matrix Factorization analysis [5].

1.1. High time resolution samplings

Many PM emission processes change within a few hours, as well
as the atmospheric transport and dilution processes, which are
influenced by the rapid changes of several meteorological
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parameters (e.g., wind intensity and direction, precipitation) and
the strong diurnal pattern of the boundary level evolution. Conse-
quently, both aerosol concentration and composition may signifi-
cantly change on the 1-h scale; nevertheless, most air quality
studies in urban areas, as well as several monitoring campaigns
in remote areas, are based on 24-h averaged data, and are therefore
unable to track the rapid changes of the impact of the different
sources. Samplings performed with high time resolution, that is
with a 1-h (or less) timescale, give a better insight on aerosol emis-
sion, transport, dilution and deposition processes, as well as they
give a better quantification of the human exposure to pollutants,
making it possible to assess severe (even if time-limited) episodes
[6-9]. Furthermore, high time resolution data enhance the poten-
tial of source apportionment due to the fact that receptor models
benefit from high inter-sample variability in the source contribu-
tions and that information on the time pattern of the contributions
of a source may help in identifying it [10-15]. However, the
analysis of samples collected with high-time resolution requires
a significant effort from an analytical point of view, since, as an
example, one week of sampling with 1-h resolution results in
168 samples.

1.2. PIXE measurements

Measurements with Particle Induced X-ray Emission (PIXE)
have been used for the analysis of aerosol samples since the birth
of this technique; nevertheless, nowadays PIXE has to cope with
several competitive techniques that have improved over the years,
such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES), Energy Dispersive X-ray Fluorescence (ED-XRF) and Syn-
chrotron Radiation XRF (SR-XRF) [16]. However, PIXE still has an
important role due to its main features, such as high measuring
speed, high sensitivity, measures on the sample as-is (without
any pre-treatments) and the capability of detecting all the soil-
related elements. In particular, these characteristics make PIXE
the ideal technique for the analysis of high-time resolution sam-
ples, as they are characterized by low mass deposits and a high
number of collected samples in a campaign. At the LABEC labora-
tory of Florence an external beam line is fully dedicated to the
analysis of aerosol samples, and has been widely used for the anal-
ysis of samples collected with 1-h resolution using the streaker
sampler. Although a recent feasibility study demonstrated that a
specialized custom-made ED-XRF system may represent a promis-
ing solution for elemental analysis of streaker samples, even for
low-Z elements, PIXE still remains unrivalled as regards sensitivity
and measurement throughput [17].

In this paper, after giving a description of the sampling with the
streaker device, we address the improvements that have been
made to the LABEC experimental set-up to fully exploit the capa-
bilities of PIXE for the analysis of the streaker samples; further-
more, we report the results on the choice of optimal
measurement parameters and substrates suitable for both sam-
pling and subsequent analysis.

2. The streaker sampler

For the sampling with hourly resolution, the streaker sampler of
PIXE International Corporation has been adopted [18]. In such sam-
pler, the airflow is subject to abrupt direction changes in order to
select different particle dimensional classes. More in detail, parti-
cles with d,. > 10 pm impact on a pre-impactor inhibiting their
deposition on the collection substrates; particles with a smaller
diameter (PM;) follow the air-stream inside the sampler, where
a new abrupt direction change allows the separation of PM;q into

coarse and fine fractions: in fact, coarse particles, i.e., particles
with d, in the range 2.5-10 um, impact on an impaction foil and
are so collected for subsequent analysis; fine particles, i.e., with
dae < 2.5 pm, follow the air flow and are collected on the following
stage, by means of a filtration foil. The impaction and filtration foils
are paired in a cartridge, which can rotate either with a constant
speed or with discrete steps. Thanks to the rotation, particles are
collected on the two substrates in continuous deposits (the
“streak”) when a constant rotation speed is used, or as a series of
discrete spots on a circumference otherwise. In most of the
applications, the rotation speed is set to a constant value allowing
the sampling for 168 h, i.e., one week, on the two collection foils.
The dimensions of the sucking orifice (which determine the spot
dimension on the filtration foil) may be changed by choosing the
most suitable nozzle from a set of given ones; to avoid filter
clogging, we usually use the 2 mm wide orifice.

The sampler needs a 1 1/min air flow in order to ensure the cor-
rect separation of particles depending on their dimensions, i.e., to
ensure the desired cut diameters for both the pre-impaction and
impaction stages. Therefore, for the control of the streaker sampler
a modified Echo-PM unit by TCR-Tecora is used: this unit provides
a pumping system allowing a stable 1 1/min flow, the alimentation
for the streaker stepper motor, and an easily accessible software
for sampling programming. The control unit also stops the sam-
pling if the set flow is not attained (e.g., incorrect cartridge mount-
ing, clogging of the filtration foil. . .). Furthermore, the use of a data
logger by GRIFO enables the record of all sampling data, thus
allowing the a posteriori check of the sampling performance, and
temperature and pressure data every 5 s.

As collecting substrates, PIXE International provides Nuclepore
filters (C;5H14C03, 10 um thick) for the filtration stage and Kapton
foils (C32H10N204, 7.5 pm thick) for the impaction stage; the latter
ones are coated in order to prevent the bouncing of particles.

3. Methods
3.1. Optimized PIXE experimental set-up

In order to fully exploit the potential of PIXE in the analysis of
the aerosol samples, an external beam line fully dedicated to this
application has been developed at the LABEC laboratory of INFN
in Florence, equipped with a 3 MV Tandetron accelerator; such
set-up has been constantly improved taking advantage of the tech-
nological advancements in terms of X-ray detectors. Since its first
installation in 2003, the set-up has been based on a two-detector
system [19], optimized for the detection of low-Z and medium-
high-Z elements, in order to take into account the differences in
the X-ray production cross sections, spanning over several orders
of magnitude. In its first version, such set-up included two Si(Li)
detectors, one characterized by a thin entrance window and a
small active area, the other by large active thickness and area, to
effectively detect both low-energy and medium-high energy X-
rays, that is low-Z and medium-high-Z elements, respectively (an
extensive description of this set-up may be found in [20]). With
the advent and the unceasing development of Silicon Drift Detec-
tors (SDDs), leading to devices with larger and thicker active areas,
Si(Li) detectors have been dismissed as their performances have
been more and more superseded by those of SDDs; in fact, SDD
provide better resolution with modest cooling (down to —40 °C)
achievable with Peltier cells and can cope with higher counting
rates (up to 50 kHz at 0.5 ps shaping time). Due to these features,
first the Si(Li) detector dedicated to low-Z elements was replaced
by a 10 mm?, 280 um thick SDD [21], then, when thicker crystals
became available, also the Si(Li) for medium-high-Z elements
was replaced by a SDD, having a 80 mm? active area and a



450 um thickness [22]. Recently, the set-up has been further
improved with the upgrade of the SDD dedicated to the low-Z ele-
ments, and the introduction of a second SDD for medium-high-Z
elements, as shown in Fig. 1. All the SDDs in our system were sup-
plied by Ketek GmbH.

More in detail, the proton beam is extracted in air through a
500 nm Si3N4; window and the samples are positioned at about
1 cm distance from it, perpendicularly to the beam. A collimator
at the end of the beam line sets the beam spot to 1 x 2 mm?; the
charge flown during the measurement is simply measured by inte-
grating the beam current on a graphite Faraday cup positioned just
behind the samples. Movement of the samples on the x-y axes
(perpendicular to beam direction) and change of the samples by
rotation of the sample holder (or the streaker foil) are both remo-
tely controlled by the acquisition system.

As concerns the SDD dedicated to low-Z elements, in the previ-
ous set-up a 10 mm? (collimated to 7 mm?), 280 um thick SDD was
used. As in the previous set-ups, the use of a thin (8 pm) Be win-
dow and the saturation of the volume between the entrance win-
dow and the target with helium enabled the detection of X-rays
down to around 1 keV, i.e,, the detection of elements down to Na
(Z=11). The SDD was positioned at about 145° with respect to
the beam direction, at about 6 cm distance from the target; a mag-
netic proton deflector was installed to prevent the damage to the
detector by backscattered protons, designed to deflect protons up
to 6 MeV in energy. In the newly upgraded set-up, this SDD has
been replaced by a 40 mm? (collimated to 30 mm? by a Ta-Cr-
Ti-Al multilayer collimator, to shield the outer part of the area,
where incomplete charge collection may happen [23]), 450 pm
thick SDD, having 140 eV FWHM energy resolution at the 5.9 keV
Mn Ko line and 1 ps shaping time. The position of the detector
has been maintained, although the distance of the new SDD from
the target has been necessarily increased to about 9 cm due to
the larger length of the new magnetic proton deflector. In fact,
keeping the previous magnetic field (0.5 T), the length of the mag-
nets had to be increased in order to shield the larger crystal by
backscattered protons up to 4 MeV (indeed higher energy protons
are not suited for PIXE analysis of aerosols, as will be discussed
later in Section 3.2). In the upgraded set-up the saturation with
helium is no longer limited to the volume between the entrance

Fig. 1. Picture of the newly upgraded external beam PIXE set-up, with the SDD
array, i.e., the 30 mm? SDD for low-Z element detection (upper part of the picture,
showing also the magnetic proton deflector assembly) and the two 80 mm? SDDs
for the detection of medium-high-Z elements (on the left and right); the Si3N4
extraction window is visible in the center of the figure.

window and the target, but it has been implemented also in the
volume between the target and the Faraday cup. In Fig. 2 a compar-
ison of spectra acquired with and without the helium flow behind
the sample is shown. The quantification of potassium by its Ko line
highly beneficiates by the reduction of the signal from the argon in
the residual air behind the target.

As concerns the detection of the medium-high Z elements, in
the previous set-up a KETEK SDD was introduced, with the follow-
ing characteristics: 113 mm? area (collimated to 80 mm? by a
Ta-Cr-Ti-Al multilayer collimator, again to shield the detector
outer area where an incomplete charge collection may take place),
450 pum thickness, 165 eV FWHM energy resolution at the 5.9 keV
Mn Ko line and 1 ps shaping time, and 25 pum thick Be entrance
window. A further absorber (450 pm Mylar foil) is mounted to
attenuate the low energy X-rays. In the upgraded set-up, a second
SDD, with the same characteristics as the previous one, has been
introduced, with the same geometry, so that both of them are
placed at 135° with respect to the beam direction, at a distance
of about 2-2.5 cm from the target. This results in a doubled solid
angle, and therefore in a doubled statistics of the acquired spectra
(obtained as the sum of the two single spectra). As a whole, the
SDD array of the upgraded set-up covers a total solid angle of
400 msr.

The performance of the upgraded set-up has been compared to
that of the previous one in terms of detection efficiency by measur-
ing by PIXE, in the same experimental conditions, a set of thin stan-
dards of known areal density supplied by Micromatter with the
previous and the upgraded set-ups. The obtained sensitivity
curves, expressed as counts/uC/(ug/cm?) as a function of X-ray
energy, are reported in Fig. 3: as can be clearly seen, with the
new detecting systems an increase of the sensitivity by a factor
about 2.5 has been obtained for the detection of both low-Z and
medium-high-Z elements, thus maintaining the balance between
their counting rates.

The introduction of the SDDs had already allowed the increase
of the used beam currents up to 100-300 nA, swapping the limit
from the sustainability of the counting rate by the detection sys-
tem to the difficulty of obtaining higher currents with the LABEC
accelerator system and also of managing them in terms of damage
of the sample. Therefore, with the previous set-up, measuring
times down to 30 s per 1-h sample were already possible, in case
of rich aerosol deposits; however, longer measuring times had to
be used in case of samplings performed in remote or suburban
areas, or with low-pollution conditions, in order to get a good spec-
trum statistics. Nowadays, measuring times down to 30 s may be
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Fig. 2. Comparison of PIXE spectra acquired with and without helium flow behind
the target (i.e., between the target and the Faraday cup).
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Fig. 3. Comparison of sensitivity curves as a function of X-ray energy for the
previous and the new PIXE detection systems as concerns the low-Z elements
(upper panel) and medium-high-Z elements (lower panel).

used for most of the samples, while longer times (e.g., 1 min) may
be used to achieve better detection limits. It is worth noting that
nowadays the measurement of a streaker foil or filter may take less
than 2 h, with still better detection limits than the ones that were
obtained when using the Si(Li) detectors and 9 h of measuring
time. The reduction of the streaker measuring time, together with
the high request of compositional data with hourly resolution for
aerosol research studies, has led to a constant increase of the appli-
cation of PIXE on streaker samples at LABEC, as shown in Fig. 4.

When dealing with the high-throughput and speed of the mea-
surements, a comment on the beam extraction window is also
mandatory: in the earlier times [21], a 7.5 um thick Upilex-S
(Ca5H10N,0y4, density 1.47 g/cm?®) foil was used for such purpose,
but it needed to be replaced every 2-3 h when extracting a
3 MeV proton beam of about 100 nA intensity, due to the progres-
sive damage of the foil, resulting in its thinning and subsequent
rupture. Since 2012, a 500 nm thick, 3 x 3 mm? large Si;N4 win-
dow supplied by Silson Ltd. is in use, with no need of any time-
consuming replacements in about 3 years of use.

The analysis of streaker samples is performed measuring the
deposit streak point-by-point, using a beam collimated in order
to get a spot corresponding to 1-h sampling, i.e., 1 x 2 mm?2. The
deposit on the filtration foil actually exceeds the beam spot dimen-
sions, since during 1-h sampling the produced spot is around
1 x 7mm?: a continuous scanning is performed moving the sam-
ple up and down in order to average out possible deposit inhomo-
geneities caused by possible slight air flow inhomogeneities
through the sucking orifice [18].
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Fig. 4. Number of streaker samples (fine and coarse fraction pairs) analyzed per
year at the LABEC laboratory.

3.2. Choice of the proton beam energy

As it is well known, the increase of the proton beam energy in
PIXE measurements results in higher statistics of the X-ray lines
due to the increase of the X-ray production cross sections, but also
in an increase of the background beneath them. Therefore, with the
aim of choosing the optimal beam energy to perform the measure-
ments on the streaker samples, a systematic study of the minimum
detection limits (MDLs) was performed as a function of the energy
of the proton beam. PIXE measurements were performed on both
streaker Kapton foil and Nuclepore filter at proton beam energies
(on target) ranging from 2.0 to 3.5 MeV; in fact, for lower beam
energies X-ray emission production sections are very low, while
for higher energies nuclear reaction channels both in the sample
or in the residual air (e.g., on nitrogen isotopes) can be opened,
leading to the production of y-rays that increase the Compton
background in the spectra, with an overall worsening of the MDLs
[24]. As can be seen in Fig. 5, for high-Z elements the effect of the
increase of the X-ray production cross sections prevails, and the
MDLs improve with the increase of the beam energy up to
3.0 MeV, remaining almost stable when it is further increased to
3.5 MeV due to the increase of the Compton background. On the
other hand, low and medium-Z elements, whose X-rays are situ-
ated in a region of the spectrum with prominent bremsstrahlung
background, suffer from the increase of the background more than
they benefit from the increase of the cross sections: therefore, their
MDLs worsen when increasing the beam energy from 2.0 to
3.5 MeV. Taking into account the importance of the high-Z ele-
ments in aerosol studies (they may be important markers of speci-
fic aerosol sources) and the average aerosol composition, with
prevailing low-Z elements, proton beam energies between 2.5
and 3.0 MeV appear to provide the best compromise to measure
all the detectable elements in aerosol samples.

3.3. Collection substrates

As previously mentioned, Nuclepore filters and Kapton foils are
commercially available for the sampling with the streaker sampler;
nevertheless, a research on alternative collecting substrates was
carried out, looking for membranes/foils allowing lower back-
ground during the measurement, characterized by no or minimum
contamination, and guaranteeing good performance during the
sampling. On the basis of a literature and market research, some
foils were selected and tested. In particular, as concerns the Nucle-
pore foil, no alternative filtering material was found with better
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characteristics in terms of cleanliness, thickness and mechanical
resistance. In fact, the most widespread alternative filtering mate-
rials are either much thicker (e.g., quartz fiber, mixed ester cellu-
lose, unsupported Teflon filters) or unfitted to the large foil
frames (about 10 cm of diameter) needed for the streaker car-
tridge. Therefore, tests were performed to choose the supplier pro-
viding the cleanest Nuclepore membranes.

On the other hand, as concerns the impaction stage, a material
used in previous studies for cascade impactors [25], Kimfol, was
tested as an alternative to the commercially available Kapton foils.
First, the Kimfol was characterized by means of Elastic Back Scat-
tering (EBS) and Particle Elastic Scattering Analysis (PESA) mea-
surements performed with a 3.6 MeV proton beam in the in-
vacuum set-up available at LABEC: Kimfol was found to have a
composition according to the formula Cp48Hp.4400.0s (thus similar
to Nuclepore) and a 1.80+0.09 um thickness. Spectra acquired
during PIXE measurements on blank Kimfol foils showed that they
do not contain any contaminations visible with PIXE analysis, and
that the bremsstrahlung background is much lower than in spectra
acquired in the same experimental conditions on a blank Kapton
foil, due to the fact that Kimfol is much thinner than Kapton. There-
fore, Kimfol appeared to be a better substrate for streaker sam-
pling. However, as it is currently out of stock and not produced
anymore, although the LABEC laboratory has still a good availabil-
ity of it, also other materials were considered. In particular, analo-
gous tests were performed on Polypropylene (C3Hg) foils, 4 pm
thick, confirming their cleanliness and low background in the PIXE

spectra. All impaction foils were coated with a solution of Apiezon
Grease L in Toluene to avoid the bouncing of particles, and tests
were performed to check that no contamination was introduced
with this step.

A comparison of the typical MDL achieved in real measure-
ments on samples collected on the different substrates with a
2.5 MeV proton beam (energy on target) is reported in Fig. 6: thin-
ner substrates (Kimfol and PP) clearly have better performance in
terms of MDL, especially for the elements up to Ca, whose X-rays
lay in a spectrum region with prominent bremsstrahlung
background.

4. Conclusions

At the LABEC laboratory of INFN in Florence, where a 3 MV Tan-
detron accelerator is available, the external beam set-up fully ded-
icated to PIXE analysis of aerosol samples has been upgraded
introducing two new SDD detectors; one of them replaces a similar
detector with smaller active area and is dedicated to the detection
of low-Z elements, the second one pairs with another SDD with the
same characteristics, already available in the set-up, with the
result of doubling the solid angle and therefore the statistics for
the detection of medium-high-Z elements. Furthermore, the choice
of an optimal proton beam energy for the measurements (2.5 MeV
on target) and of suitable collecting substrates has allowed better
detection limits for PIXE analysis of streaker samples. With these



improvements, the LABEC laboratory has enhanced its capability in
high-throughput and high-sensitivity analysis of aerosol samples,
and especially of PM samples collected with hourly resolution, in
particular with the streaker sampler. This, together with the high
request of compositional data with hourly resolution for aerosol
research studies, has strongly risen the application of PIXE on
streaker samples at LABEC. This result confirms that, despite the
number of competitive techniques, PIXE still holds an outstanding
position in atmospheric aerosol research, provided that its poten-
tial is fully exploited using a proper experimental set-up and opti-
mized measurement parameters.
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