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The University of Jordan Van de Graaff accelerator (JUVAC) was devoted

many years ago to promote scientific research through the installation of sev-

eral beamlines based on nuclear techniques. It constitutes the first and unique,

till now, ion beam analysis facility in Jordan. Among these techniques, the

JUVAC has recently installed, with the financial and technical aid of the

International Atomic Energy Agency, a combination of particle‐induced

X‐ray emission (PIXE) and Rutherford backscattering spectrometry (RBS). A

new X‐ray detector has been installed, and the system has been tested for

aerosol analysis using a set of thin MicroMatter standards. This manuscript

includes a brief description of the combined PIXE–RBS beamline with some

results, particularly those obtained by PIXE. The low‐energy proton beam adds

a technical limitation to attain optimum analytical performance. However, a

simulation of the RBS spectrum of protons on aerosol filter indicates that the

RBS measurement for some elements (e.g., Pb) can replace the PIXE one.
1 | INTRODUCTION

Particle‐induced X‐ray emission (PIXE) spectrometry has
been successfully used for routine aerosol analysis in
many laboratories,[1,2] because it can detect with high
sensitivity all the elements with Z > 10 and, therefore,
many tracers of specific emission sources, both anthropo-
genic and natural. In addition, Rutherford backscattering
spectrometry (RBS) has been utilized to complement
PIXE in several applications,[3] as it allows obtaining
quantitative information about the concentration of C
and other low‐Z atoms like N and O in the sample. Under
the scope of the International Atomic Energy Agency
(IAEA) regional technical cooperation project (IAEA TC
project RAS/0/076) for ARASIA member states (Arab
states in Asia who are members of the IAEA), The
University of Jordan has been interested in studying the
characteristic features of atmospheric aerosols, and hence
needed to operate a PIXE–RBS combination at the
University of Jordan Van de Graaff accelerator (JUVAC)
facility in Amman, Jordan.
wileyonlinelibrary
The JUVAC facility is equipped with a 4.75 MV single‐
ended Van de Graaff accelerator from High Voltage
Engineering company[4] in vertical configuration. Being
more than 30 years old, the highest attainable terminal
voltage nowadays is 1 MV. A schematic diagram of a Van
de Graaff accelerator similar to JUVAC is available else-
where.[5] The ion beam exiting the accelerator is bent to
90° by an analyzing magnet and then directed to the differ-
ent beamlines by a switching magnet. At the end of the 0°
port beamline, a scattering chamber is mounted, and a
pair of magnet quadrupoles on the beamline is used to
focus the beam. A chamber constructed and installed
many years ago with a technical aid of the IAEA, and used
since 1985 for routine elemental analysis[6–9] but not for
aerosol analysis, was recently upgraded in the frame of
IAEA regional projects[10] (RAS0072 and RAS0076) for
ARASIA member states, and a dedicated beamline for
PIXE–RBS analysis was installed at JUVAC. A new X‐ray
detector, data acquisition system, data analysis software,
and vacuum system were procured and installed, and will
hopefully help making JUVAC a regional center for the
X‐Ray Spectrometry. 2019;48:188–194..com/journal/xrs
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characterization of atmospheric aerosols in ARASIA. In
this contribution, we describe the upgraded PIXE–RBS
system, and we report for the first time the elemental com-
position of PM2.5 aerosol samples (particulate matter of
aerodynamic diameter less than 2.5 μm) collected on thin
stretched Teflon (CF2) filters and analyzed at JUVAC. A
more extensive study, including a complete set of aerosol
samples, will be presented in a further publication.
2 | THE EXPERIMENTAL SETUP

The PIXE–RBS scattering chamber of JUVAC (Figures 1
and 2) is of octagonal shape with only one view port at
FIGURE 1 External view of the particle‐induced X‐ray emission

and Rutherford backscattering spectrometry scattering chamber at

the University of Jordan Van de Graaff accelerator (the red arrow

shows the beam entrance direction)

FIGURE 2 Internal view of the particle‐induced X‐ray emission

and Rutherford backscattering spectrometry (PIXE–RBS) chamber

with entrance collimator (a), sample wheel (c), faraday cup (d), the

two flanges where the PIXE (e) and RBS (b) detectors are mounted,

and the wheel (f) holding absorbing filters (optional)
its top lid. The beam size is defined by a collimator (about
3 mm diameter) at the chamber entrance. It is made up of
two 2‐mm thick circular stainless steel plates (apertures),
mounted on a solid aluminum disc that blocks off the
beam outside the aperture region. The two apertures are
separated by a distance of about 8 mm and manufactured
with knife‐edge shapes in order to reduce the ion–aperture
edge interactions. The beam current is monitored and
measured by a Faraday cup whose signal goes to a current
reader and to a current integrator in JUVAC control room.
The Faraday cup is positioned just behind the sample and
collects all beam charge. The vacuum system consists of
two turbo‐molecular pumps (with oil diaphragm pumps
as roughing and backing pumps), one connected right
under the chamber and the other on the beamline, less
than 1 m apart. The typical working pressure in the cham-
ber is in the 10−5 mbar range, and it is reached within a
few tens of minutes from air pressure conditions.

The PIXE system consists of a silicon drift detector
(SDD) from Amptek,[11] with 17 mm2 active area, 500 μm
active thickness, and 8 μmBe entrance window, connected
to a digital pulse processing unit. Its operating conditions
were optimized using the radiation from an 241Am source
(two main peaks at 13.95 and 17.74 keV) available at
JUVAC. The energy resolution resulted around 150 eV full
width half maximum at 5.9 keV. The RBS system consists
of a passivated implanted planar silicon detector from
Canberra[12] with 100‐mm2 active area and 300‐μm
active thickness, connected to a standard commercial
nuclear electronic chain (supplied by ORTEC[13]) and to
a Canberra MCA. The operating conditions of the
RBS system were optimized using the alpha particles
(5.486 MeV) from the same 241Am source. The contribu-
tion of electronics to the energy resolution resulted to be
about 0.4% (e.g., 12 keV for 3 MeV protons). The spectra
from the two detectors (for PIXE and RBS) had to be
acquired with two different acquisition systems following
a measurement protocol to coordinate the PIXE and RBS
spectra. We simply started the acquisition software, then
let the beam into the chamber, and, after getting enough
statistics, blocked the beam and promptly stopped the
acquisition. The additional dead time introduced by this
procedure resulted negligible.

The beam hits the sample at normal incidence, and
the PIXE and RBS detectors are positioned at an angle
of 135° with respect to the beam direction, on opposite
sides, at a distance of about 11 cm from the target.
The samples are mounted on sample‐holder wheels
(Figure 3) that were locally designed and machined; the
sample wheels can support up to six round standard fil-
ters (47 mm diameter) or 12 half‐filters. Once mounted,
the surface of the samples is exactly in the middle plane
of the scattering chamber and at the crossing of the



FIGURE 3 Two types of wheels used to

mount the samples: For round filters,

47 mm diameter (on the right) and for

half‐filters (on the left)
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lines‐of‐sight of PIXE and RBS detectors. The sample
changing is achieved manually by rotating the wheel with
a mechanical vacuum feedthrough. The sample position
is viewed from the top lid of the scattering chamber. It
has to be noted that during measurements with the RBS
detector, this lid has to be covered because the detector
is not light blind.
FIGURE 4 Sensitivity curve for particle‐induced X‐ray emission

(PIXE) and Rutherford backscattering spectrometry (RBS) analysis

using 1 MeV proton beam, with the present detector set‐up.

Interpolated values for PIXE are marked as gray symbols
3 | PIXE AND RBS
MEASUREMENTS OF STANDARDS
AND PM2.5 SAMPLES

The measurements were carried out using a proton beam
with 1 MeV energy, the highest reliably attainable nowa-
days, and a few nA intensity. The lower the beam energy,
the higher the energy loss in the thin Teflon filter upon
which the aerosol is collected, so the beam current has
to be limited to avoid degradation or damage of the filter
by beam power dissipation. Actually, those measurement
conditions assured that the beam power dissipation in the
thin Teflon filter, due to both proton energy loss and rate
of impinging protons, were the same as those used in pre-
vious studies from the literature,[14] when a higher beam
energy, 3 MeV, and higher beam current, 4 nA to 5 nA,
were used, resulting in no modification of the Teflon filter
itself. The measurement time was about 10 min or less for
each sample. First, a set of thin elemental standards from
MicroMatter,[15] with known areal concentrations in the
40 to 50 μg/cm2 range, including elements relevant for
aerosol analysis (from Na to Fe, plus Pb), namely, NaCl,
MgF2, Al, SiO, CuSx, KCl, CaF2, Ti, Cr, Fe, Ge, and Pb,
were analyzed to determine the PIXE elemental sensitiv-
ity. The GUPIXWIN code[16] was configured with all the
relevant experimental and fitting parameters for the anal-
ysis of a thin sample as aerosol samples are. In particular,
the description of the Amptek SDD was implemented
using detailed detector data (such as crystal thickness,
entrance window, and dead layers), provided directly
from Amptek. From the analysis of the X‐ray spectra
of the MicroMatter standards, the PIXE elemental
sensitivity curve (in units of counts/μC/(μg/cm2)) shown
in Figure 4 was obtained. It has to be noted that in case
of missing element, such as P, V, Ni, and Zn, interpolated
values were considered. The low‐energy proton beam
implied a limited excitation of medium‐ and high‐Z ele-
ments; for instance, comparing the theoretical ionization
cross sections for 1 and 3 MeV protons, the sensitivity
resulted a factor between 14 and 6 less for elements rang-
ing from Pb to Ti, respectively.

Regarding RBS analysis, the areas of the elastic
scattering peaks from the RBS spectra of the Ti, Cr, Fe,
Ge, and Pb thin elemental standards were used to deter-
mine the effective solid angle subtended by the charged
particle detector (3.75 ± 0.19 msr), knowing the scattering
angle, the collected charge, and the elemental areal
concentrations and assuming the elastic scattering cross
section being purely Rutherford (with the electron
screening effect taken into account, a few percent at
most). Moreover, the areas of the elastic scattering
peaks were used to calculate the RBS elemental sensitiv-
ity curve as well (in units of counts/μC/(μg/cm2)), shown
in Figure 4. It has to be noted that the RBS sensitivity for
medium‐ and high‐Z elements is of the same order or
even higher than the PIXE one, so in principle, the
concentration of those elements, with the present
beam energy limitation, could be determined by the
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simultaneous RBS measurement. However, the mass
resolution for 1 MeV protons and 135° scattering angle
does not allow to clearly discriminate the medium‐Z ele-
ments typically found in aerosol samples (from Ti to Zn),
whereas it is enough to distinguish a high‐Z element
such as Pb, commonly found in PM2.5 aerosol samples
from the region.[10]

The NIST SRM2783 “Air Particulate on Filter Media”
reference sample (including its blank) and some PM2.5

samples on Teflon (including a Teflon blank) collected
for 24 hr at the center of the School of Science of the
TABLE 1 Limits of detection (LOD) for particle‐induced X‐ray

emission analysis of aerosol samples collected on Teflon filter using

1 MeV proton beam and 0.5 μC integrated charge

Element LOD (μg/cm2)

Na 0.014

Mg 0.007

Al 0.006

Si 0.014

P 0.010

S 0.024

Cl 0.016

K 0.027

Ca 0.04

Ti 0.06

V 0.08

Cr 0.09

Mn 0.09

Fe 0.13

Ni 0.19

Cu 0.27

Zn 0.5

Pb 2.0

FIGURE 5 Particle‐induced X‐ray emission (on the left) and Ruth

SRM2783 reference sample, obtained using 1 MeV proton beam, beam

GUPIXWIN fit and the SIMNRA simulation (in the latter, the partial spe

backing are shown as well)
University of Jordan in Amman, using an ISAP 1050e
sampler, were then analyzed. The ISAP sampler[17]

collected air particulate samples with constant flow rate
at 2.3 m3/hr.

The minimum detection limits (MDLs), often referred
to also as limits of detection, obtained for PIXE elemental
analysis of atmospheric aerosol collected on Teflon using
the present measurement conditions (1 MeV proton beam
and integrated beam charge of about 0.5 μC) are shown in
Table 1. The MDLs were calculated assuming an equiva-
lent area equal to three times the square root of the
integrated counts in the background region under the
considered peak, as wide as the peak full width half
maximum. The resulting MDLs for medium‐ and high‐Z
elements are such that low elemental concentrations, as
often found in aerosol samples from the region,[10] fall
below these limits. It is worth mentioning that apart from
the technical limitation (terminal voltage is only 1 MV),
the measurement conditions presented here were chosen
as the best possible. It has to be noted that using such low
beam energy (1 MeV), the background in PIXE spectra,
due to both secondary electron bremsstrahlung radiation
and Compton γ‐ray background from γ‐rays produced in
the 19F(p,p'γ)19F reactions of proton on F in Teflon,[18]

is nevertheless reduced.[1]

The PIXE and RBS spectra, acquired simultaneously,
of the NIST SRM2783 standard and of a PM2.5 aerosol
sample collected on Teflon in Amman are shown in
Figures 5 and 6, respectively. The PM2.5 sample was pre-
viously analyzed using the external beam PIXE setup of
the Tandetron accelerator of INFN‐LABEC laboratory[19]

in Florence, Italy, in February 2015 during the Regional
Group Fellowship organized in the framework of the
IAEA TC project RAS0072.[10] This sample has been
reanalyzed at JUVAC and hence acted as a further refer-
ence sample to get a further quality assurance of JUVAC
measurements. Peaks due to different elements present in
the sample are clearly identified in the PIXE spectra of
erford backscattering spectrometry (on the right) spectra of NIST

current 0.5 nA, and measurement time 700 s, together with the

ctra from the elements in the particulate deposit and from the filter



FIGURE 6 Particle‐induced X‐ray emission (on the left) and Rutherford backscattering spectrometry (on the right) spectra of a PM2.5

sample collected on Teflon filter, obtained using 1 MeV proton beam, with beam current 0.5 nA and measurement time 700 s, together

with the GUPIXWIN fit and the SIMNRA simulation (in the latter, the partial spectra from the elements in the particulate deposit and from

the filter backing are shown as well)

TABLE 2 Comparison between measured and certified elemental

areal concentrations in the NIST SRM 2783 “Air Particulate on

Filter Media” standard. Missing values are below the limits of

detection. Pb is obtained by Rutherford backscattering spectrometry

measurement, whereas all the other elements by particle‐induced

X‐ray emission

Element
Measured concentration
(μg/cm2)

Certified value
(μg/cm2)

Na 0.19 ± 0.04 0.187 ± 0.010

Mg 0.59 ± 0.06 0.87 ± 0.05

Al 2.15 ± 0.20 2.33 ± 0.05

Si 5.5 ± 0.5 5.88 ± 0.16

S 0.142 ± 0.027 0.105 ± 0.026

K 0.48 ± 0.08 0.53 ± 0.05

Ca 1.09 ± 0.14 1.33 ± 0.17

Ti 0.23 ± 0.10 0.150 ± 0.024

V 0.0059 ± 0.0006

Cr 0.0136 ± 0.0025

Mn 0.0321 ± 0.0012

Fe 2.4 ± 0.3 2.66 ± 0.16

Ni 0.0068 ± 0.0012

Cu 0.041 ± 0.004

Zn 0.180 ± 0.013

Pb 0.058 ± 0.010 0.032 ± 0.005
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Figures 5 and 6, and the result of peak deconvolution
operated by GUPIXWIN is shown as well. Due to the
rather low proton beam energy, the signals of the protons
elastically scattered from the PM sample elements and
from the elements of the collecting filters (C and F for
the Teflon filter, C and O for the Nuclepore of the NIST
standard) partially overlap in the RBS spectrum. Quanti-
tative analysis of the RBS spectra can be accomplished
by a fit to the experimental spectrum, as shown in
Figures 5 and 6, with proton beam energy, scattering
angle, integrated charge, detector subtended solid angle,
collecting filter stoichiometry and composition, and con-
centration of Z > 10 elements (except Pb), as obtained
by PIXE, as input values, keeping the concentrations of
the other elements (C, N, O, and Pb) as free parameters.
As shown in Figure 6, it has to be noted that the determi-
nation of C, as well as of N and O, elements typically
accounting for more than 50% of the aerosol mass,
appears feasible, although not yet optimized due to the
available low proton beam energy. The adopted code
SIMNRA[20] implements reliable physical models and
microscopic data of ion–matter interaction (i.e., stopping
powers,[21] Rutherford, and evaluated elastic scattering
cross sections of protons on the relevant elements[22–24])
and advanced physical effects such as energy and geomet-
rical straggling, multiple/plural scattering, inhomogeneity
of filter, and aerosol deposit. The obtained simulation of
the RBS spectrum of protons on the air particulate on
filter media standard and on the PM2.5 aerosol collected
on Teflon filter indicates that the RBS measurement for
some heavy elements (e.g., Pb) can indeed replace the
PIXE one.

Elemental concentrations in the samples were
obtained via the sensitivity curve of Figure 4, except for
Pb, which was obtained as output of the simulation of
the RBS spectra. Tables 2 and 3 summarize a comparison
between measured and certified elemental areal concen-
trations for the NIST SRM2783 and between the
elemental concentrations presently measured at JUVAC
and those measured at LABEC for the PM2.5 sample,
respectively. Missing values are below the PIXE MDLs
(see Table 1). Uncertainties on the measured concentra-
tions by PIXE are mainly due to uncertainties on X‐ray
peak area and fitting (ranging typically from 1% to 10%,
with values up to a few tens of percent when the concen-
tration approaches the limits of detection), on the beam
charge (estimated a few percent), and on the standard



TABLE 3 Comparison between elemental areal concentrations in

a PM2.5 aerosol sample collected on Teflon measured by combined

particle‐induced X‐ray emission (PIXE) and Rutherford backscat-

tering spectrometry (RBS) at the University of Jordan Van de Graaff

accelerator (JUVAC) and by PIXE at LABEC. Missing values are

below the limits of detection. Pb is obtained by RBS measurement,

whereas all the other elements by PIXE

Element

Concentration
measured at
JUVAC (μg/cm2)

Concentration
measured at
LABEC (μg/cm2)

Na 0.47 ± 0.04 0.404 ± 0.021

Mg 0.44 ± 0.03 0.436 ± 0.022

Al 1.27 ± 0.08 1.26 ± 0.06

Si 3.29 ± 0.18 3.38 ± 0.17

P 0.098 ± 0.006

S 7.5 ± 0.4 7.55 ± 0.28

Cl 0.175 ± 0.010

K 0.58 ± 0.07 0.63 ± 0.03

Ca 3.20 ± 0.21 4.43 ± 0.22

Ti 0.097 ± 0.009

V 0.022 ± 0.004

Cr 0.0054 ± 0.0019

Mn 0.0288 ± 0.0019

Fe 1.30 ± 0.29 1.38 ± 0.07

Ni 0.0133 ± 0.0008

Cu 0.0307 ± 0.0016

Zn 0.155 ± 0.008

Pb 0.79 ± 0.08 0.67 ± 0.04
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elemental concentration (5%). Uncertainties on the
measured concentrations by RBS are mainly due to
uncertainties on elastic peak area and fitting (ranging
typically from 5% to 20%), on the beam charge (estimated
a few percent), on the detector solid angle (5%), on the
electronic gain (around 1%), and on the stopping power
(conservatively 5%, including possible deviations from
Bragg's rule, considering an overall accuracy for protons
of 3.9% for SRIM2010 stopping powers[21]). It has to be
noted that, obviously, collecting more statistics in RBS
spectra, for example, increasing the beam current, would
result in a reduction of the uncertainties associated to
elastic peak area and fitting, although the overall uncer-
tainty at present could not drop below the 7% level due
to the other main sources of uncertainties (stopping
power and solid angle). The results of the PIXE–RBS
measurements on reference aerosol samples are in good
agreement with the certified values and with the results
obtained previously by PIXE at INFN LABEC laboratory,
in many cases well within the combined uncertainties.
4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

A new PIXE–RBS beamline at JUVAC has been
constructed and successfully tested for the analysis of
atmospheric particulate matter samples. The present
setup, apart from some technical limitations, has been
optimized for the best possible proton beam conditions
attainable at JUVAC. The system is operational and can
be used for aerosol analysis provided that the elemental
loads are high enough to be detected. The missing of
some important elements for aerosol studies, specific
tracers of emission sources (such as P, Cl, Ti, V, Cr,
Mn, Ni, Cu, and Zn), in JUVAC results calls for a real
need for an additional upgrade. A possible future upgrade
of the system may include installation of a second, large
area X‐ray detector, to complement the existing SDD
and increase the sensitivity for mid‐ and high‐Z elements
and to reach terminal voltage in the 2 to 3 MV range to
further increase PIXE sensitivity and to reduce the overall
measurement times, thus increasing the measurement
throughput. Moreover, as a further upgrade, the scatter-
ing chamber can allow the installation of a second
particle detector, mounted in the forward direction at a
scattering angle of 45° to implement, in the future, the
use of proton elastic scattering analysis to determine the
hydrogen concentration in the aerosol samples collected
on Teflon filters, to be used as proxy of particulate
organic matter content.[3]
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