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nsitive in-air millibeam PIXE setup
for fast measurement of atmospheric aerosol
samples†

Shafa Aljboor, ab Anikó Angyal, b Dávid Baranyai,c Enik}o Papp, b

Máté Szarka, b Zita Szikszai, b István Rajta, d István Vajda d

and Zsófia Kertész *b

A sensitive in-air millibeam PIXE setup has recently been installed at the external beamline of the ATOMKI 2

MV Tandetron accelerator (Debrecen, Hungary) for high-throughput analysis of samples with short

measurement time (100–300 s). The setup contains an X-ray detector cluster, 2 positioning lasers,

a digital camera-microscope, an x–y precision stage, a Faraday cup and a measurement control and data

acquisition system. By default, the detector cluster incorporates three 65 mm2 SDD detectors with 12.5

micrometer Be window and one 30 mm2 SDD with an ultra-thin Si3N4 window. In a 2 l min−1 He flow,

the system enables the simultaneous detection of X-rays from 0.35 keV to 26 keV, i.e. elements with Z >

6. The analytical characteristics are demonstrated further through analysis of reference materials. The

effect of He saturation level on the calculated concentration of light elements is also shown. The new

in-air PIXE system is suitable for the quantitative elemental characterization of both thin and thick

samples with high sensitivity and good efficiency. The broad elemental range makes it particularly

suitable for the analysis of atmospheric aerosol samples and archaeological, museum objects.
1. Introduction

Accelerator-based fundamental and applied research have
always been an area of utmost importance in ATOMKI, Debre-
cen since its founding in 1954. The ATOMKI Accelerator Centre
(AAC)1 which hosts several small-scale particle accelerators is
one of the top research infrastructures of Hungary.2 One of the
main research areas is ion beam analysis and its applications in
the elds of environmental research, biomedicine, geology,
materials & surface science (including ion beam induced
damage investigations and proton beam lithography), radiation
chemistry and heritage science.3–7 In 2019, aer 48 years of
reliable operation the 5 MV Van de Graaff accelerator (VdG5)
was shut down due to the deteriorating conditions of both the
accelerator and its accommodating building. In the meantime,
as part of an infrastructure development program, a new 2 MV
Tandetron accelerator by High Voltage Engineering Europa B.V
was installed in 2014,8 and thus development and construction
of new beamlines have been started. One of the rst four
ics, Debrecen, Hungary

or Nuclear Research, Debrecen, Hungary.
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tion (ESI) available. See DOI:

f Chemistry 2023
beamlines operational at the Tandetron was the external mil-
libeam which was used for the irradiation of different polymers
and liquids at that time.9,10

Particle Induced X-ray Emission (PIXE), complemented by
other (ion beam) analytical techniques is still widely used in
several multidisciplinary research elds despite the advances of
competitive methods like ICP-MS, XRF or synchrotron-based
techniques.11,12,13 At present, the two main application areas of
PIXE in ATOMKI is the characterization of urban atmospheric
aerosol pollution and archaeometry. The main advantages of
PIXE are: it is fast, fully quantitative without using standards,
covers a wide range of elements (Z = 6–92), usually does not
require any sample preparation, very small sample mass in
enough for the analysis, and non-destructive if carefully
applied.14,15 Earlier, aerosol samples were measured in-vacuum
in the bulk-PIXE chamber of the VdG5, while museum and
archaeological specimens were studied at the scanning nuclear
microprobe either in-vacuum or in-air, depending on the object
and the required analytics. In both cases, in-air systems have
many advantages: easy sample handling, quick specimen
exchange and positioning, reduced charging effects and heat
induced damage, no evaporation of volatile elements, and the
possibility to measure vacuum sensitive or large objects not
tting into a vacuum chamber. The ‘Achilles heel’ of in-air
setups is the measurement of the beam dose. The tight geom-
etry and the atmospheric environment do not allow the use of
best practices which work well in vacuum. At the ion beam
J. Anal. At. Spectrom., 2023, 38, 57–65 | 57
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facilities around the world, several different methods have been
implemented for monitoring the beam dose including simul-
taneous RBS measurements16,17 monitoring the exit window18 or
applying electrostatic deection systems,19 beam prole moni-
tors20 and beam choppers.21

Because of these reasons we seized the opportunity to create
an external millibeam PIXE setup which fulls the require-
ments of advanced atmospheric aerosol and heritage science
research. The new in-air PIXE setup together with the new ion
beam analytical vacuum chamber, the re-built scanning nuclear
microprobe and a recently installed scanning nuclear nanop-
robe makes the ion-beam analytical arsenal of the ATOMKI
Tandetron Laboratory complete.

Although researchers working in the eld of ion beam
analysis (IBA) like to refer IBA methods as non-destructive, it is
only true within certain limits.22–24 Recently, a number of
studies were published which deal with the so called ‘safe
boundaries’ of ionizing radiation on different materials.25,26

Their ndings are that above a certain irradiation uence
irreversible changes might occur. The probability and the
magnitude of beam induced alteration/damage is depending
on the type of ion, the energy and the uence of the beam, the
dose and the material. Therefore, in order to remain on the safe
side, one should work with relatively small beam uences (e.g.,
0.5–1 mC cm−2) without losing analytical information. One way
to achieve this goal is to increase signicantly the efficiency of
detection.

With the advancement of Silicon Dri X-ray detectors (SDD),
with the favorable properties for X-ray spectrometry, such as
compact size, high count rates and relatively low price, it
became possible to develop multi-detector arrays with huge
solid angles. In the past years this have been the direction of
development at external beam facilities in the eld of
detection.21,27–29

Another aspect which had to be taken into consideration was
the limited availability of beamtime. Besides ion beam appli-
cations, numerous projects in nuclear physics, nuclear astro-
physics, planetary science andmaterials sciences are running at
the various beamlines exploiting the new possibilities provided
by the state-of-the-art infrastructure of the ATOMKI Tandetron
Laboratory.30–32

In this paper we give a detailed description of the newly
developed external-PIXE setup and present results obtained by
PIXE measurements on various reference materials.
2. The ATOMKI in-air millibeam PIXE
set-up

The in-air PIXE setup was built on the le 45° ‘external’
beamline of the Tandetron.1 Since this is the only in-air beam-
line, it is shared among all of the users, who has many different
measurement setups and systems. Therefore, we had to develop
a compact, mobile setup which can be easily tted to and
removed from the beamline end.

The setup is built on a table with 100 cm × 100 cm dimen-
sions. It contains a multi-detector cluster with sample
58 | J. Anal. At. Spectrom., 2023, 38, 57–65
positioning system by RaySpec Ltd, a precision x–y stage, and
a Faraday cup. The setup is connected to the beamline end with
KF-40 bellows.

The extraction window is a 200 nm thick silicon nitride
membrane by Norcada Inc. with 2 mm × 2 mm window size.
In our experience and that of others, silicon nitride lms are
reliable and durable window materials.20,28,33 At the external
microbeam the same extraction window is used and the foil
had to be replaced only once due to thinning since 2014.
Before the exit window, the beam passes through a series of
collimators. Samples are positioned at 10 mm distance from
the exit window. By default, the detector cluster incorporates
three 65 mm2 Silicon Dri Detectors (SDD) with 12.5
micrometer thick Be window and one 30 mm2 SDD with an
ultra-thin Si3N4 window. The SDD detectors has a thickness of
450 mm with 129 eV (FWHM) energy resolution for the 5.9 keV
line of Mn. The ultra-thin windowed (UTW) detector is
equipped with a pair of 4 cm long permanent magnets of 1 T
magnetic eld which prevents the scattered protons from
entering the detector. Absorber foils are used in front of the
Be-windowed detectors in order to attenuate the low-energy X-
ray lines and to protect the detectors, as well. All detectors are
positioned at 135° geometry. The distance of the UTW detector
from the sample is 80 mm while the Be-windowed detectors
are positioned at 12 mm from the target. The 3 Be-windowed
detectors together cover ∼0.45 sr solid angle. He ow can be
introduced in front of the UTW SDD, if needed. In a 2 l min−1

He ow, the system enables the detection of X-rays down to
0.35 keV, i.e. elements down to N. A multi-channel digital X-ray
signal processor ‘xMAP’ by XIA LLC is used for data
acquisition.

The experimental arrangement allows one ore more SDD to
be replaced by a Si(Li) detector when the analysis requires it,
since Si(Li) detectors are more sensitive in the high X-ray
energy region. In addition, the detection system can be com-
plemented with a compact HpGe detector with 50% efficiency
and particle detectors, too. Fig. 1A shows the SDD detector
cluster while on Fig. 1B and C detector arrangements with
a HpGe gamma detector and a Si(Li) X-ray detector can be seen,
respectively.

Samples are mounted perpendicular to the beam on an x–y
precision stage. Usually, the samples are scanned in front of the
beam (on a few cm2 area) in order to reduce the risk of possible
degradation and to increase the analyzed area. Sample change
and the scanning can be preprogrammed and can be also
controlled remotely in a semi-automatic way. Two lasers and
a digital camera-microscope are dedicated for sample posi-
tioning. This latter subsystem is used to adjust the alignment of
the setup (i.e. position of samples relative to detectors) every
time when it is mounted on the beamline. On the other hand,
samples are continuously monitored during the measurements
via the camera-microscope.

In the case of aerosol samples, when the sample is thin
enough for the beam to pass through, the irradiation dose is
measured by integrating the current on a Faraday cup placed
behind the lters.28 The Faraday cup is coated with 2 layers of
thick carbon foil ensuring that no X-rays are emitted from it.
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Pictures of the new external millibeam PIXE set-up. (A) (left) default SDD cluster with UTW SDD and 3 Be-windowed SDDs equipped with
Kapton absorbers. (B) (center) SDD cluster with a HpGe gamma detector by Baltic Scientific during the measurement of aerosol samples. (C)
(right) detector arrangement with a Canberra Si(Li) and the UTW SDD.
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3. Performance of the new in-air PIXE
setup
3.1. Atmospheric aerosol samples

For in-air PIXE measurements the aerosol lter samples are
irradiated with a proton beam of 2.5 MeV energy on target and
of 10–70 nA current. Kapton absorber foils of 125 mm thickness
are applied on the 3 Be-windowed SDDs. The obtained spectra
are evaluated by the GUPIXWIN program code.34 Aerosol
samples collected on Teon/PTFE, quartz ber and nucleopore
polycarbonate (PC) lters have been studied so far during 4
measurement campaigns. These are the commonly used lter
types in atmospheric particulate matter pollution studies. The
accumulated charge on all samples were 10 mC. In the case of
quartz and PTFE lters, lower currents (15–25 nA) were applied.
The quartz lters were analyzed under normal atmospheric
conditions, since the high Si content of the lter material does
not allow the accurate analysis of light elements. In the case of
PTFE and polycarbonate lter samples, 2 l min−1 He ow in
front of the UTW detector was applied. The samples were
scanned in front of the beam in an area of 10 mm × 10 mm.

Table 1 summarizes the detection limits (LOD) calculated for
the different lter types for the UTW SDD and the 3-SDD cluster
(i.e. sum of the 3 identical detectors). LOD values were calcu-
lated by the GUPIXWIN program,34 which is based on 3 times
the standard deviation of the background area over a 1 FWHM
region around the peak centroid. For more details see ESI.†
LODs presented here were determined for blank lters in order
This journal is © The Royal Society of Chemistry 2023
to avoid the effect of intensive neighboring peaks, overlapping
peaks, pile-ups, escape peaks, etc. Nevertheless, LODs obtained
for the real aerosol samples were very similar. For comparison,
LODs achieved with the previous, in-vacuum PIXE setup35 are
also shown. The typical measurement conditions in the vacuum
chamber were the following: 2 MeV H+ beam, 30–50 nA current,
40 mC accumulated charge for polycarbonate, 20 mC accumu-
lated charge for PTFE and quartz lters, detector: 50 mm2 Si(Li)
with 12 mm Be window and 24 mm mylar absorbent. The beam
current had to be reduced below 10 nA in the case of PTFE and
quartz ber lters because of the increased high-energy back-
ground caused by Compton scattering of gamma radiation of F
within the detector (PTFE) and sample charging (quartz).

The table shows that we reached excellent detection limits
with the new SDD detector cluster using 25–50% of the irradi-
ation dose compared to the in-vacuum system. The difference
between the old in-vacuum setup and the new in-air setup is
most striking in the case of quartz and PTFE lters, when LODs
were improved by several factors. In addition, the range of
analyzed elements have been signicantly extended in the
direction of low-Z. Due to the relatively smaller thickness of
SDDs compared to Si(Li) detectors, the Compton background is
signicantly reduced, improving LODs by factors of 5–15 for
medium and high Z elements.28 For quartz and polycarbonate
lters the higher beam energy, the increased solid angle and the
reduction of sample charging might lead to the better LODs of
heavier elements.

The quality of the PIXE analysis is checked by measuring
reference materials. PIXE spectra collected on NIST SRM2783
J. Anal. At. Spectrom., 2023, 38, 57–65 | 59
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Table 1 Detection limits in ng cm−2 determined for different filter blanks using SDD detectors of the new setup. Measurement conditions: 2.5
MeV H+ beam, 10 mC collected charge. The right column of the table contains LODs of the old in-vacuum PIXE setup as a comparison
(conditions: 2 MeV H+ beam, 20/40 mC accumulated charge, * 1.8 MeV H+ beam)

Element
X-ray energy
(keV)

UTW SDD 3-SDD cluster Si(Li)

Quartz PTFE/Teon Polycarbonate Quartz PTFE/Teon Polycarbonate Quartz PTFE/Teon* Polycarbonate

Air He He Air He He In-vacuum

N 0.39 67 68.3
O 0.525 1332 124
F 0.68 721 30.9
Na 1.04 35 9.1
Mg 1.25 18 8.1
Al 1.49 14.3 7.4 12.7 15.6
Si 1.74 1393 12.5 7 5.8 6.7
P 2.01 100 23 13.2 4.4 4.9
S 2.31 47.5 16 7.9 20.2 14.0 9.0 98.0 3.0 3.3
Cl 2.62 40.0 15.5 8.7 10.7 8.0 8.0 25.5 2.5 2.7
K 3.31 23.4 17.2 9.8 6.3 6.4 5.7 7.7 1.6 1.8
Ca 3.69 14.9 16.8 6.4 1.5 1.1 1.0 9.9 1.2 1.4
Ti 4.51 11.5 9 7.7 1.2 1.1 0.9 4.6 1.7 1.0
V 4.95 10.2 13 8.1 0.9 0.6 0.4 6.6 1.6 0.9
Cr 5.41 9.2 7.3 2.7 0.7 0.4 0.4 3.5 0.9 0.7
Mn 5.9 9.1 7.3 3.2 0.8 0.8 1.1 3.4 1.0 0.7
Fe 6.4 7.6 12.1 7.2 0.7 0.4 0.5 3.2 1.1 0.5
Co 6.93 8.6 16.8 5.1 0.9 0.6 0.6 4.0 1.2 1.0
Ni 7.47 6.3 18.1 9.4 0.6 0.3 0.3 2.8 1.4 0.5
Cu 8.04 7.1 26.4 5.9 0.6 0.3 0.3 2.7 2.6 0.5
Zn 8.63 6.9 30.3 12.3 0.6 0.3 0.3 2.9 2.4 0.6
As 10.51 16.2 1.1 0.8 0.4 5.1 8.7 1.1
Se 11.21 13.0 1.0 1.0 0.3 2.6 8.4 2.3
Br 11.91 19.4 0.7 1.3 0.2 4.6 8.4 2.5
Rb 13.38 35.1 0.9 2.4 0.7 5.2 23.4 6.4
Sr 14.14 51.6 1.0 2.2 0.4 13.6 31.7 7.1
Zr 15.75 100.0 2.1 5.6 1.4 12.2 49.1 8.4
Ba 4.46 43.0 4.2 2.7 2.3 16.3 4.9 4.5
Pb 10.54 32.0 1.9 1.6 0.6 13.8 18.8 5.4
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reference material (particulate matter on lter media) is shown
in Fig. 2. The measured elemental concentrations are presented
in Table 2. All concentrations measured by both detectors were
within the uncertainty of the certied/reference values.
Fig. 2 PIXE spectra recorded on NIST SRM2783 by the UTW SDD (left) an
detector. The main characteristic X-ray lines are indicated.

60 | J. Anal. At. Spectrom., 2023, 38, 57–65
As it is shown on the spectum of the UTW SDD, X-ray lines
with energies as low as 0.39 keV (N) can be detected. This means
that an estimate of the light element content of samples (except
carbon) can be given with one short PIXE measurement. In
d the 3-SDD cluster (right) with and without He flow in front of the UTW

This journal is © The Royal Society of Chemistry 2023
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Table 2 Elemental concentrations of NIST SRM2783 reference material measured by the UTW-SDD and the 3-SDD cluster. Certified and
reference (indicated with*) values are presented in the left columns of the table. Uncertainty originating from the spectrum fitting (fit error) and
detection limits (LOD) are also included. In the case of Fe and Zn concentration values obtained for K and L lines are also given

Certied/reference* UTW SDD 3-SDD cluster

Conc.
(ng cm−2)

SD
(ng cm−2)

Conc.
(ng cm−2)

Fit error
(%)

LOD
(ng cm−2)

Conc.
(ng cm−2)

Fit error
(%)

LOD
(ng cm−2)

Na 186.7 10.0 180 18.3 19.1
Mg 865.5 52.2 870 1.4 10.9
Al 2330.3 53.2 2400 0.6 9.9
Si* 5883.5 160.6 5990 0.5 8.6
P 100 6.7 10.6
S* 105.4 26.1 110 4.2 9.3 170 32.6 24.5
Cl 10 13.7 9.4 20.5
K 530.1 52.2 540 1.6 11.1 580 2.3 6.1
Ca 1325.3 170.7 1300 0.9 8.7 1360 0.8 1.7
Ti 149.6 24.1 135 3.8 5.6 136 1.7 1.0
V 4.9 0.6 7 17.2 1.4
Cr 13.6 2.5 10 31.7 5.4 10 6.9 0.5
Mn 32.1 1.2 40 12.0 4.6 27 2.8 1.4
Fe 2660.6 160.6 2510 1.1 8.3 2650 0.4 0.6
Fe L 2540 7.0 96.7
Co 0.8 0.1 28.3 5.8
Ni 6.8 1.2 8.2 9 7.1 0.5
Cu 40.6 4.2 40 18.6 8.5 35 2.0 0.5
Zn 179.7 13.1 175 8.7 6.4 177 0.9 0.6
Zn L 195 20.5 33.5
Rb* 2.4 0.6 2 45.4 1.6
Sr 1.2
Zr 10 26.2 1.4
Ba 33.6 5.0 40 10.5 16.7
Pb 31.8 5.4 35 12.4 2.6

Technical Note JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:3

6:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
addition, L lines of medium Z elements (e.g. Ti, Fe, Cu, Zn) can
be evaluated which gives an extra information about the quality
of the analysis. An example is given in Table 2, when the results
for Fe K and L lines as well as Zn K and L show a very good
match indicating that the parameters of the evaluation were
correct.
3.2. PIXE characterization of glass samples

Although the operation of the system is optimized for the
measurement of thin aerosol samples, it is possible to study
thick specimen such as glass or metal samples with good
sensitivity and efficiency. Since the current monitoring has not
yet been solved for thick targets, the composition of the mate-
rial is calculated by normalizing the measured concentrations
to 100%. In order to be able to do so one must measure all main
elemental components. As an example, results obtained for
NIST SRM 610 reference glass and Corning A archeological
reference glass36 are presented (Tables S and S2 in ESI†). PIXE
spectra recorded by the UTW SDD are shown in Fig. 3a and b.

Spectra collected by the UTW detector were evaluated 3
different ways using GUPIXWIN: x matrix solution, iterated
matrix solution using the common oxide formulae and iterated
matrix solution for all elements independently (Table S3†).
Measurement conditions were similar to that of the aerosol
samples: 2.5 MeV H+ beam, ∼10 nA beam current, 2 l min−1 He
ow, 2 mC accumulated charge. Spectra measured by the 3-SDD
This journal is © The Royal Society of Chemistry 2023
cluster were evaluated in the xed matrix solution mode. All
spectrum tting methods resulted the same concentrations
within uncertainty.

Naturally, for glasses and most minerals the oxygen content
of a sample can be estimated from the common oxide formulae,
and therefore it is not strictly necessary to measure oxygen.
However, measuring directly the light element content gives an
extra information about the operation of our system, and it can
be used as a quality control of the measurement. On the other
hand, there are samples with unknown N, O and F content when
the capability of measuring low energy X-rays of 0.35–1 keV
energies comes useful.
3.3 The inuence of He-saturation level

During the measurements we apply He ow in order to detect
light elements, and a ow rate of 2 l min−1 was proved to be
optimal. The optimal He ux was determined by making
a series of measurement on a thick (50 mm) Ni foil. The area
under the Ar peak and the ratio of Ni Ka (7.474 keV) and Ni La
(0.849 keV) lines were observed when increasing the He ux
from 0 l min−1 to 4 l min−1 with 0.5 l min−1 steps. At 2 l min−1

ow rate the Ar peak disappeared and the Ni Ka/La peak ratio
reached the plateau. Higher ow rates resulted in distortion of
the PIXE spectra. The peaks widened and the background
increased especially in the high energy region. Normally, the
saturation of the volume before the detector with He should be
J. Anal. At. Spectrom., 2023, 38, 57–65 | 61
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Fig. 3 (a) PIXE spectra recorded on NIST SRM610 reference glasses by
the UTW SDD. The main characteristic X-ray lines are indicated. (b)
PIXE spectra recorded on CorningA archeological reference glass by
the UTW SDD. The main characteristic X-ray lines are indicated.
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100%. However, in the spectra (Fig. 2 and 3) we see the presence
of N. Although it is hardly visible, a very small amount of Ar was
detectable in the spectra of the glasses, too. This can only
Fig. 4 Differences in the obtained concentration values for an aerosol
(thin) and in a glass (thick) sample when the saturation of He is given as
99.9% instead of 98.2% (i.e., saturation level for the ‘original concen-
tration’) in the GUPIXWIN software.

62 | J. Anal. At. Spectrom., 2023, 38, 57–65
originate from air which means that the level of saturation was
not 100%. Indeed, the actual saturation level was 98.2%. Fig. 4
shows the variation of the calculated concentration as a func-
tion of X-ray energy when the saturation level is set to 99.9% in
the evaluation soware instead of the actual level of 98.2%. It
was calculated for both thin (aerosol) and thick (glass) samples
by GUPIXWIN. The overestimation of the saturation level causes
the underestimation of the concentration values of lighter
elements. The effect is very profound for O, for which the correct
concentration is 11 times the erroneous one, still substantial for
Na (2×), and there is only 16% difference for Si. Thus, the effect
decreases steeply with the increase of X-ray energy and disap-
pears for K upwards when the neglect of 1.7% air no longer
results erroneous concentrations.

Changes in the calculated concentration values of light
elements as well as FeL and ZnL lines in an aerosol sample
while increasing the He saturation level from 96% to 99.9% in
the evaluation soware is presented in Fig. 5. The concentration
was set to 1 for each element at the 96% level.

The modelled concentrations are decreasing exponentially
with increasing saturation levels. The extent of change depends
on the energy of X-ray lines, as it was demonstrated in Fig. 4. For
very low-energy X-ray lines the decrease is signicant, it can
reach 98–99%. This is the case for O K (0.525 keV), Fe L (0.705
keV) or F K (0.677 keV) lines, while for the 2.62 keV Ka line of Cl
the effect is negligible. Apparently, it is of primary importance
to have a good estimate on the actual level of saturation because
the presence of air even in a very low amount can alter the
determined concentrations of light elements by several factors.

One solution to obtain the right concentrations of light
elements such as Na, Mg and Al is to carry out measurements
with other IBA techniques like backscattering spectrometry (BS)
and particle induced gamma-ray emission (PIGE). PIGE is
especially sensitive for these elements, and it is applied in many
laboratories.37,28 However, since PIGE cross sections are signif-
icantly (by orders of magnitude) lower than the cross sections of
Fig. 5 Change in concentrations of light elements and low-energy L
lines when the saturation level given in the evaluation software
increased from 96% to 99.9%. The concentrations of each element
were set to 1 at the 96% level.

This journal is © The Royal Society of Chemistry 2023
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PIXE, and the sensitivity of PIGE is more dependent on the
beam energy, higher beam energies and much longer
measurement times or higher beam doses are oen needed.
This is especially true in the case of aerosol samples when the
concentrations are low and the quantities to be analyzed are
very small. Applying PIGE parallel to PIXE would mean signi-
cant increase of the measurement time and increase of beam
energy at least to 3 MeV (preferably higher). Due to several
reasons including the protection of the UTW SDD detector and
keeping the radiation level low in the accelerator hall, we prefer
the beam energy at 2.5 MeV. Fortunately, in our case the PIXE
spectrum itself offers the solution. In the case of aerosol
samples, the lter material itself has a very strong signal in the
spectrum of the UTW detector (see Fig. S1 in ESI†). PTFE lters
contain uorine in known concentrations, while oxygen in the
spectrum of the polycarbonate lter samples originate
predominantly from the lter material. The contribution of the
particle deposit and the 1–2% air is negligible compared to the
O content of the PC lters. Since the concentration of these
elements is known or easily calculated, it serves as a kind of
‘internal standard’ for the estimation of the level of saturation.
The only unknown parameter of the spectrum evaluation is the
mixing ratio of He and air. It has to be set in such a way that the
known concentrations of the characteristic elements of the
lters are returned. Additionally, low-energy L-lines (typically,
Fe, Cu, Zn) as well as the independent results of the 3-SDD
cluster (or the actual other detectors(s)) function as secondary
controls to the goodness of this approach.

In the case of thick samples, other methods have to be
applied. One possibility is the simultaneous PIGE measure-
ment. It has an advantage that PIGE can detect Li, Be, B and F
with very good sensitivity besides the above-mentioned light
elements (Na, Mg, Al, Si), too. If PIGE is not available, it is still
possible to calculate concentrations for both the K and L lines of
medium heavy elemental components at the same time. Good
candidates are Ti, Mn, Fe, Ni, Cu, Zn, because the energy of
their L lines is in the sensitive region while their K lines are not
affected by the level of saturation. For glasses and minerals, the
oxygen content can be estimated from the common oxide forms
of elements, and then the approach described for the PC lters
applies.

During our measurements the saturation of He changed
between 97 and 99.5%.
4. Summary and conclusions

We have developed a mobile, exible external millibeam PIXE
measurement system which is capable of the elemental char-
acterization of different sample types in a wide elemental range
(N–U) with very good sensitivity. Thanks to the huge solid angle
of the detector array and the fast-counting electronics, it is
possible to collect enough information on a sample in much
shorter time using less collected charge per sample than in
conventional PIXE systems. For example, typical measurement
time is now reduced to 100–300 s. This means that within a few
minutes time information about the quantitative elemental
This journal is © The Royal Society of Chemistry 2023
composition of a sample for all elements heavier than C is ob-
tained down to the trace element level in a non-destructive way.

If the analytical task requires, other ion beam analytical
methods can be applied simultaneously since the measurement
system can be easily supplemented with other detectors such as
particle detectors (for BS) or HPGe (for PIGE).

For charge measurement the simplest possible methods are
used: Faraday cup behind the sample for thin specimens and
measurement of the actual beam current before and aer irra-
diation of thick targets in order to have an estimate of the
accumulated charge. In the case of thick targets, the normali-
zation of the measured concentration to 100% gives very satis-
factory results as long the sample does not contain unknown
quantity of C.

The unique feature of the ATOMKI in-air PIXE system is the
detection of very low energy X-rays including K-lines of light
elements such as N, O and F and low-energy L-lines (e.g., Fe, Cu,
Zn). The detection of low-energy X-rays provide useful infor-
mation about (1) the light element content of samples (2)
measurement parameters and (3) measurement quality.

We have shown that knowing the He saturation level
between the UTW detector and the target is very important
because a few tenths of a percent uctuation in the saturation
leads to signicant change in the obtained concentrations for
light elements down from Z = 17. The measurement of these
low-energy X-ray lines provides this information.

To our best knowledge this is the only in-air PIXE system
operating at present which measures characteristic X-ray ener-
gies down to 0.35 keV and provides quantitative information for
all measured elements. Earlier, qualitative light element
detection by PIXE at the AGLAE in-air facility was reported by
Calligaro et al.,38 who used H2 gas to ll up the space between
the detector and the target.

The system, at its present state, is suitable for the complex
bulk analysis of samples, which fulls the requirements of
modern, state-of-the-art atmospheric aerosol and heritage
science research. With this new high-throughput PIXE system it
became possible to analyze 100–200 samples in a 10–12 hours
long shi, minimizing the usage of expensive and limited
available beamtime and reducing signicantly the cost of
a measurement. In the future we would like to extend the
capabilities in the direction of mapping of larger objects with
a mm or better resolution.
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