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High Resolution Particle Induced X-ray Emission, for short HR-PIXE, dates back to 1977 and is, therefore, nearly
as old as standard PIXE itself. Until roughly ten years ago, High Resolution PIXE (HR-PIXE) work used only
wavelength dispersive spectrometers (WDS). The installation, in 2008, of an X-ray Microcalorimeter
Spectrometer, XMS at CTN (ITN at the time) 3MV tandetron, altered this situation and, as can be recognised
today, will lead to major changes in PIXE, and open up many possibilities that have been hindered so far. In this
work, motives, developments, important breakthrough results obtained until now, and a case study displaying

speciation data and complementary information from nuclear magnetic relaxometry, are presented and dis-
cussed, showing the full quantitative potential of High Resolution Energy Dispersion PIXE (HiRED-PIXE), in
particularly the opening up of the possibility to establish fast and efficient methods for quantitative elemental

speciation in unknown samples.

1. Introduction

High resolution PIXE emerged promptly after the 1970s PIXE
foundational papers [1,2], using wavelength dispersive spectrometers
[3]. Since then, this type of work was never abandoned, although it
remained for a long time limited to a few laboratories around the world,
and oriented mostly towards fundamental problems. Comprehensive
reviews of the work of various laboratories in this context were pub-
lished by Terasawa, Torok and Petukhov in the 1990s [4-6]. After the
turn of the century, using WDS high resolution PIXE for applications
became more frequent. The works of Maeda [7], Hasegawa [8], Kav¢ic¢
[9], Tada [10] and Woo [11] are good examples of this.

In the beginning of the 21st century, Transition Edge Sensor (TES)
based X-ray Microcalorimeter Spectrometers (XMS) emerged, leading to
works as that of Li on the analysis of airborne particles using a TES high
resolution energy dispersive spectrometer (EDS) coupled to a Scanning
Electron Microscopy (an XMS-SEM in fact), published in 2009 [12], as
well as to the installation of the first XMS based PIXE system at Instituto
Tecnolégico e Nuclear, in 2008 [13,14] (presently C2TN-IST/ULisboa),
and more recently to the installation of a second generation XMS-PIXE
system at the Universty of Jyvéskyld [15].

After more than ten years passed over the installation of the XMS-

PIXE system at C>TN, we are now in a position to state that a new field
of High Resolution Energy Dispersive PIXE (HiRED-PIXE) has been
launched. New software tools have been developed [16] (although not
yet fully operational for use by non-specialists) and it seems the ap-
propriate time to present some perspectives for the future use and
capabilities of HiRED-PIXE technique, even if based on preliminary
data.

All the work done on WDS-PIXE since the 1970s’ decade is a solid
background for HiRED-PIXE. Still, the fact that the energy region cov-
ered in a single HiRED-PIXE spectrum (tens of keV) is much broader
than in a single WDS-PIXE spectrum (sometimes only a tenth of a keV),
allows to address many problems using HiRED-PIXE, which would be
difficult or even impossible to study properly using WDS-PIXE.

Extending high resolution over a wide energy region in a single
spectrum, provides more that just a quantitative step relative to WDS-
PIXE. Once resolution is improved relative to the standard solid-state
detectors, as happens in WDS-PIXE, fine details in the ionization and de-
ionization processes become observable. In HiRED-PIXE this remains
true even when details are far apart in energy, which opens up the
possibility of studying many processes hardly at reach of WDS-PIXE
work.

One situation where WDS-PIXE and HiRED-PIXE are similar is
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Fig. 1. Idealised model of PIXE. It is important to realise that heavy charged
particle ionization processes may frequently lead to multiple ionization states of
the complex inner-shell atomic structure, since cross sections for ionization of
less energetic shells are significantly larger than those for more inner-shells.
Besides, even in face of a simple single ionization, the final state of the ion
electron cloud presents a complex fine structure due to the coupling of the
vacancy angular momentum to other non-paired angular momentum existing in
the electron cloud (outer or valence shells) or in the vicinity of the created ion.

multiple ionization [17] studies, because the satellite transitions in-
volved have energies close to that of the parent line.

Charged particle ionization is nevertheless a process more complex
than photoionization by X-rays, as illustrated in Fig. 1. Cross sections
for ionization of outer shells by particles are larger than those for more
inner shells, which makes multiple ionization conditions more frequent
in PIXE than when X-ray ionization is faced. Although optimized WDS-
PIXE systems [9] do still have better resolution than HiRED-PIXE
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systems[18], which can be an advantage in some cases, HIRED-PIXE
systems can observe multiple ionization transitions for more than a
single transition and for more than a single element, in a single spec-
trum, which may also be an advantage. Which system is better depends
on the problem being studied, therefore HiRED systems are not a re-
placement for WDS systems, but rather a new and complementary tool.

Beyond multiple ionization, the added complexity of charged par-
ticle ionization, is present even in the simpler case of a single ioniza-
tion. In this case the final state of the ion electron cloud presents a
complex fine structure due to the coupling of the angular momentum of
the vacancy (in fact the result of the response of all remaining electrons
to the lack of the removed one) to other non-paired angular momenta in
the vicinity, including non-paired valence electrons of the ion itself.
These couplings can generate high angular momentum ionization states
that lead to satellite transitions that are present relatively far apart from
the parent, as was recently pointed out [14,19]. Because these transi-
tions originate in high angular momentum ionization states, they will
be favoured by charged particle ionization, and not by X-ray ionization.
These strange satellite transition are still not much explored, one of the
reasons being that although they are accessible to HiRED-PIXE, their
study using WDS-PIXE is at least very difficult, if not impossible, given
the large energy separation between the satellite energy and its parent
transition.

Furthermore, as shown by Reis et al. in 2005 [20], the number of X-
ray lines per 100eV, is of the order of 25 for energies below 5keV, of
the order of 10 for energies between 5 and 20keV, and below 3 for
energies above 20 keV. Therefore, once a relative resolution of 1% or
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Fig. 2. (a) Photographs of the irradiated Portuguese continental shelf samples. Sample 1 was irradiated at a single spot, while sample 2 was irradiated at two different
spots, S1-Fe-Mn crusts material and S2-Aluminium Silicate substrate. The circles indicate the positions of irradiation spots having 3 mm diameter. (b,c) CdTe spectra
of sample 1 (spot S) and sample 2 (spot S1) when irradiated by a 3.0 MeV H* beam using similar collecting charge. Black line correspond to sample 1 data and gray
line to the data of spot S1 from sample 2. (b) Spectra overlap for an energy range covering K lines from Mn to the K lines of Mo. (c) energy region from 15 to 45 keV
covering the energy region of K lines of rare earth elements (REE).
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better is attained, lines are separable over the whole X-ray spectra, even
in the most dense region below 5keV, and details become observable.
The present state-of-the-art XMS may be tuned to achieve energy re-
solution levels of 1.5 eV at Mn 5.89 keV, well below the 1% level, thus
assuring a complete separation of lines. Still, as mentioned above and
shown in a case study below, the fact that HIRED-PIXE spectra cover
wide energy regions, provides capabilities that far exceed a mere se-
paration of X-ray lines.

In this work, the composition of two Fe-Mn crusts samples, dis-
played in the photograph of Fig. 2(a), was studied using proton and
heavy ions PIXE and their porous structure was accessed by nuclear
magnetic relaxometry, a commonly used methodology to study rapidly,
non-invasively and non-destructively porous materials [21,22].

In the case of heavy ions PIXE, line energy shifts emerging from the
use of 6 MeV O°" beams were determined, and compared to calcula-
tions by Verma [17]. In the case of proton PIXE, HiRED-PIXE results
provide speciation data by comparison to spectra of known Fe com-
pounds. Finally, nuclear magnetic relaxometry data provides an insight
regarding the porous nature of each of the samples.

2. Materials and methods

HiRED-PIXE experiments were carried out using the High
Resolution High X-ray Energy (HRHE)-PIXE setup [23] endstation of
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the CTN 3.0 MV Tandetron. X-rays were collected using both an Amptek
Peltier Cooled 3 x 3 x 1 mm® CdTe detector having a 250 um Beryllium
window, placed at about 25 mm from target and at 145° relative to the
beam direction, and the TES high resolution EDS Vericold Tech. GmbH
Polaris XMS referred here as the C2TN-XMS, set at 90° to beam direc-
tion. More details about the HRHE-PIXE system can be found in refer-
ences [23,14].

Two Fe-Mn crusts samples from the Portuguese continental shelf
were studied using 1.0 MeV and 3.0MeV H* and 6.0 MeV O°* ion
beams. 1.0MeV H* beam or heavy ion beams must be used when low
energies are to be studied using the C*TN-XMS to avoid damaging the
TES device due to particles scattered towards the detector. In the case of
heavy ions, 6.0 MeV O®* beams are the best quality heavy ion beam
obtainable at the CTN Tandetron reaching the HRHE-PIXE chamber
[24,25].

In addition to the Fe-Mn crusts samples, a pyrite sample and an
ultrapure Fe,O3; sample, were also irradiated for reference and com-
parison to the Fe-Mn crusts samples spectra.

H* ion beams were collimated to an ellipse like shape in order to
provide spots on the target that were circles having 3 mm in diameter.
0** beams were not collimated and the beam spots were roughly el-
liptical having 1 mm and 3 mm as minor and major axis size, respec-
tively. An electron gun was used to avoid charging up of the targets.

The beam incidence angle was 65° relative to the target normal, and
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Fig. 3. XMS spectra of the substrate and the crusts material of sample 2 irradiated using 6 MeV O°>* beams, and the sample 2 crusts material irradiated using 1.0 MeV
H* beam. (Norm) indicates normalization to the height of the Al K,. Line shifts can be directly identified. The very low statistics of the spectrum obtained during H"
beam irradiation, does not hinder its use because of the very high resolution of the XMS system. Se L-lines are identifiable in the top graph, between Al and Mg K
lines. The presence of S, Cl, Ca and Pb in the crusts, essentially absent in the substrate, is also seen on the bottom spectra.
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Fig. 4. Line shifts determined experimentally fit along a regression line which
values can be compared to theoretical calculations present in literature (eg:
Verma et al. [17]).

the CdTe and the XMS detection angles were of 10° and 25°, respec-
tively. During 3.0 MeV H* beam irradiations, an 1 mm thick Al funny
filter (with a hole 1 mm in diameter) located on top of a connic-shaped
2.5 mm thick polycarbonate placed on a soft PVC support was used on
front of the CdTe detector, to reduce low-energy X-rays intensity and
smooth the efficiency curve by favouring higher energies efficiency. On
these conditions, at 90°, in front of the XMS, a BN 200 um thick foil was
used to prevent scattered protons from reaching the detectors absorber,
damaging the TES device. No filters were used during 1.0 MeV H* and
6.0 MeV O°* irradiations.

Apart from a vertical cut and the polishing of the cut surface no
additional operations were performed prior to mounting the sample on
the sample-holders and cleaning its surface (with a clean paper im-
pregnated with ethanol) before introducing the sample-holder in the
analytical chamber. A single spot was irradiated in sample 1 and two
spots were irradiated in sample 2, one in the Fe-Mn deposit (S1) and
other in the substrate region (S2) (see Fig. 2 (a)). In this way a first
comparison of the two deposits, and of these and the substrate of
sample 2, was possible.

Samples were also studied by Nuclear Magnetic Resonance re-
laxometry using the Magritek PM2.5 NMR MOUSE single side (or uni-
lateral) sensor system from AdFisicateca. For this, after ion beam ir-
radiations, the samples were deep in destilled water for more than 24 h
prior to measurement. 1H-NMR relaxometry studies were performed,
after removing the sample from the water bath and placing it on top of a
glass base.

The relaxation times T; and T, were measured in a parallelepiped
slice with 100 um thickness located 4 mm away from the surface to the
inside of the sample. The longitudinal relaxation time, T;, was mea-
sured using a standard saturation recovery pulse sequence with a pulse
length of 6 us. The recorded signal was taken as the average of 4 re-
petitions made using a repetition time of 1.2s. The transverse relaxa-
tion time T, was measured using a Carr-Purcell-Meiboom-Gill pulse
sequence [26] to diminish the effect of diffusion on the measured value
of To. Echo trains of 300 echos were used and the recorded values were
taken as the average of 32 or 64 repetitions made using a repetition
time of 1.5s. The number of repetitions was selected as necessary to
assure a small enough uncertainty in the measurement.

3. Results and discussion

Fig. 2(b) displays the CdTe detector spectra for sample 1 and spot S1
of sample 2, for the energy region covering from 3 to 22 keV, where the

190

Nuclear Inst. and Methods in Physics Research B 479 (2020) 187-193

K lines from elements having atomic number, Z, between 25< Z < 42
are present. Overlaps are observable in the Co/Ni/Cu/Zn energy region
and doubts emerge regarding the presence of each of these elements.
Fig. 2(c) shows the corresponding spectra for the energy region from 15
to 45 keV, where the K X-rays of Zr and rare earth elements, REE, are
present.

A K, line of La is identifiable in sample 1, without a similar corre-
spondence being observable in sample 2. Still, apart from the differ-
ences around Pb L lines and for the La and Ce contributions, spectra
seem quite similar.

A full analysis of such complex spectra requires a detailed fitting
but, prior to that, additional information can be obtained by studying
the samples using different beams and High Resolution Heavy Ion PIXE
spectra.

In Fig. 3, the XMS spectra of the sample 2 substrate and crusts
materials irradiated by 6.0 MeV O°" beams are presented, together
with the reference spectrum of the crusts spot irradiated by an 1.0 MeV
H* beam. Difficulties in collecting the spectrum generated by the H*
beam in the same amplifying conditions as those corresponding to the
6.0 MeV O°* beams, made that only very few counts could be obtained
in the H" irradiation spectrum. Still, the characteristics of the XMS
system allow us to overcome the difficulties and use the collected data
for determination of the energy calibration of the XMS, which has been
preserved operationally in the spectra corresponding to the 6.0 MeV
03" beams irradiations (check reference [27] for details). In these
conditions, the experimental line shifts of the K lines of Al, Si, Ti, Mn
and Fe could be determined, and a linear trend could be fitted to the
line shift increase as function of the atomic number. The regression line
is shown in Fig. 4. Taking into account the calculations from Verma
[17] and the observed line shifts, one can conclude that these low and
medium Z elements present high ionization states with two spectator
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Fig. 5. Longitudinal relaxation time (T;) (a) and effective transverse relaxation
time (T5) (b), measured in sample 1 and two different regions of sample 2, the
Fe-Mn crusts (spot S1) and the Aluminium Silicate substrate (spot S2).
Measurements were made using Ad Fisicateca PM2.5 MOUSE single sided NMR.
Values are consistent with literature values for Fe bearing minerals coated sands
[29,30].
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vacancies in the L shell (KaI?) as the most probable situation in face of
6.0 MeV O°* beams irradiations.

These spectra also allow us to observe the differences between
crusts material and the substrate of sample 2. Spectra are normalised to
Al K, line. Overall, in the crusts material the enhanced presence of Mg
and Se can be observed, as well as the presence of S, Cl, Ca, Mn, Fe and
Pb, which are essentially absent from the substrate.

Differences between the substrate and the crusts material were also
studied by unilateral nuclear magnetic relaxometry (NMR), to compare
the level of porosity of crusts and substrate.

In fact, it is known and was also recently shown by Ouahabi et al.
[28], that significant quantitative differences may emerge in PIXE re-
sults due to differences in the porous and grain structure of the samples.
This must therefore be taken into account when studying pristine ma-
terials.

In Fig. 5 results from NMR studies of crusts and substrate materials
are presented. Differences in longitudinal and transverse relaxation
rates between substrate and crusts components, clearly point to sig-
nificant differences between the porous structure of these materials,
and point to the need to properly account for the porous structure of the
sample in precise quantitative work, to overcome the problems shown
by Ouahabi et al. [28].

In Fig. 6 spectra of sample 1 and two reference samples, namely a
pyrite sample and a 99.995% ultrapure Fe,O3 sample, collected using
the GTN-XMS during irradiations with 3.0 MeV H* beams, are shown.

In one of the graphs, the pyrite and the Fe,O3 spectra are presented
normalized to the height of the Fe K, peak. It can be seen that the

H*3.0 MeV
6000
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resolution of the XMS system is enough to observe the differences in the
Kp group as emitted by the Fe(II) from the pyrite and by the Fe(III) from
the Fe;O3 sample.

These differences allow the speciation of the Fe in sample 1. For
that, the ratio of the heights of the Kz group was determined in the K,
normalised spectra of the pyrite and the Fe;O3; samples. Afterwards,
properly normalised versions of each of these spectra were added so
that the Fe Kj of the sum would reproduce the Fe Kj of the spectrum of
sample 1. This done, the ratio of heights was determined and compared
to the ratio in the 1 to 1 normalization. Taken into account these ratios,
a speciation of 54% Fe(II) and 46% Fe(III) was determined for sample 1.

In spite of the fact that this is a first approximation calculation, the
result demonstrates that even using a first generation XMS system, it is
possible to obtain elemental speciation data, in unknown samples, by
using the shape of the Kz group, applying what is known from WDS
work [31] to wide energy window HiRED spectra.

In Fig. 6 bottom graph it is possible to observe the presence of Ca,
Ti, radiative Auger emissions (RAE) from Mn, RAE from Fe (a structure
similar to the RAE from Mn, identified in the pyrite and Fe,O3 sum
spectrum that contributes to a low energy tail shape on the Mn Ka line),
Co, Ni and very small contributions (in the form of 10 counts height
peaks) of Ba and Ce (L lines), which K lines presence was identified in
the CdTe detector spectrum collected simultaneously (see Fig. 2).

In the analysis of these results it is also important to take into ac-
count that the limited statistics presented in some of these XMS spectra
are mostly due to the age and pioneer nature of the C>*TN-XMS system
[13,32], and not to problems intrinsic to XMS systems, as can be seen
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Fig. 6. XMS spectra of sample 1, a pyrite sample and a 99.9995% ultrapure sample of Fe,Os irradiated using 3.0 MeV H* beams. (a) Differences between the Fe(III)
Kg in the spectrum of the Fe,O3 sample, and the Fe(II) Kp in the spectrum of the pyrite sample. (b) Using a sum of normalised contributions of the two types of Fe Kg
spectra, it was possible to reproduce the shape of the Fe Kg in the spectrum of sample 1. Comparing the ratio of the heights of the partial Kz contributions in the sum,
to their ratio on the Fe K, normalised condition (in (a)) a speciation ratio of 54% Fe(II) to 46% Fe(IIl) was determined for the Fe in sample 1. (¢) Minor contributions

detectable in the XMS spectrum, some of them having even quite low statistics.
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Fig. 7. Details on the comparison of the HIRED-PIXE spectra of the crusts material of the two samples studied, normalized to the Fe K, peak. (a) Major elements
contribution. It can be seen that the Mn K, peak in the spectrum of sample 2 is slightly higher than in the spectrum of sample 1. (b) Low energy region. In spite of the
use of a 200 um BN foil in front of the XMS the Si K, peak is still observed. The presence of a larger peak of Ti K, in the spectrum of sample 1 may explain the smaller
Mn K, peak observed in the same spectrum. The presence of Sb and Te, observed in the CdTe spectrum in Fig. 2, is confirmed. (c) Minor elements. The XMS resolution
allows the complete separation of the full transition metals sequence: Mn, Fe, Co, Ni, Cu and Zn. (d) Trace elements such as Pb and Sr are still observable. Taking into
account the values of ionization cross-sections, it can be concluded without further studies that these elements are present in the samples in concentration levels

similar to those of as Cu, Ni and Zn.

on results from more recent XMS systems (eg: see Palosaari et al. [15]).

Fig. 7 presents results comparing spectra from sample 1 and spot 2
of sample 2, where the spectrum from sample 2 was normalised to the
spectrum from sample 1 at the Fe K, peak.

Spectra are very similar, as was the case with the CdTe spectra
presented in Fig. 2. The Mn peak is slightly lower in sample 1, while the
Co and Ni contributions (Fig. 2(c)) are 20% and 50% lower in sample 1,
respectively. The fact that Ti presents a concentration that is apparently
a factor of 3 higher in sample 1 than in sample 2, as can be seen from
graph (b) in Fig. 7, may enhance self absorption of Mn in sample 2
matrix. Still it is not enough to justify the differences in Co and Ni.

Furthermore, the differences seen in NMR relaxometry data, when
studied in detail, show that the effective transversal relaxation in both
samples presents a bi-exponential nature where the partial T, values are
identical in both samples, but the weights of each one are different from
one sample to the other. A result that points to a different nature of the
surfaces and surface/volume ratios in the two MnFe crusts materials.

In Fig. 7(b), the presence of Sb and Te on both sides of the Ca K,
peak also confirms their presence raised during the study of the CdTe
spectrum. The presence of Cu, Zn, Sr and Pb is also observed in these
high resolution spectra.

4. Conclusions

In this work we presented a preliminary and exploratory first study
of two geological samples from the Portuguese continental shelf.
HiRED-PIXE spectra were obtained using the C>*TN HRHE-PIXE setup
and the combined use of the CdTe and XMS detectors. Spectra data
were collected from 1.5keV to 120 keV. O°>* HiRED-PIXE data made
possible the determination of K line shifts from Mg to Fe. H" HiRED-
PIXE spectra provided speciation of Fe. A detailed analysis based on
NMR data and details of the HIRED-PIXE data showed that both sam-
ples, which seemed a priori quite similar, were in fact originated in
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samples having either meaningful differences in concentrations of Ti,
Co and Ni, or in their porous structure, or in both. The 3MeV H" CdTe
PIXE spectra showed the presence of Ba, La and Ce using K lines, which
L lines could hardly be observed in HiRED-PIXE spectra due to its very
low intensity and the low statistics in these spectra.

Still, the identification of the presence of La and Ce confirms the
possibility of using the PIXE technique, in this way, to determine REE in
geological samples, a result very difficult to achieve using standard
PIXE due to the overlap of L lines of these elements with the K lines of
major elements.

HiRED-PIXE allowed to simultaneously carry out fundamental and
applied work and to obtain speciation ratios for Fe(II) and Fe(III).

In this work, very simple qualitative approaches were taken.
Detailed quantitative work can be carried out in HIRED-PIXE using the
DT2 code [16], still, care must be taken to assure that the porous nature
of the samples is taken in proper account. A possible approach to this is
the use of NMR studies and HiRED-PIXE data in an holistic analysis, to
unravel the contributions from different surface composition and dif-
ferent pore structures [21,29,30], increasing the precision of HiRED-
PIXE data quantification, which, as shown, includes speciation of, at
least, major elements in an a priori unknown sample. The access to
present day state-of-the-art spectrometers will assure the robustness of
results.

Trends in HiRED-PIXE thus lead to quantitative speciation and to
the use of PIXE in new frameworks where its use was hindered until
now. Resolving the classical Co/Ni/Fe/Zn overlap and the determina-
tion of REE in manganeses and iron minerals, being a commercially
very important breakthrough, point clearly new ways to go, while
holistic work coupling HiRED-PIXE to other IBA methods, and also to
NMR data, as shown here, clearly display a very wide scope and new
future to the field.
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