Abstract
In this work, a new setup for low-energy Particles Induced X-Ray emission (LE-PIXE)
was developed at the third beamline of the 350 kV implanter. First, we implemented a new
X-Ray detector in the chamber. Then, we compared the method with other X-ray based
techniques such as, X-ray Fluorescence (XRF), Energy Dispersive X-Ray Spectroscopy (EDX)
and high-energy PIXE . An analysis of the strengths and weakness of each technique will be
given. To complete the experimental work, an important theory part is provided to introduce
the main phenomena taking place during the experiments, covering from the main theory of
the ionization of atoms to the cross section and attenuation principle for PIXE and RBS.
Likewise an analysis of the limitation and of the possibility of low-energy PIXE through the
detection limits measured on Fluorine and Oxygen samples will be carried out. The major goal
is to be able to make a new statements on low-energy PIXE method following new theoretical
models and better equipment.
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I-

Motivations
The utility of using the Particle Induced X-Ray Emission (PIXE) at low-energy (i.e., keV

regime) in comparison to high-energy (i.e., MeV regime) has already been demonstrated in
the past, [1,2,3]. In fact, the main physical processes involved in PIXE are ionization and
stopping cross sections. Therefore, low- and high-energy PIXE have their advantages and
disadvantages. For instance, low-energy PIXE requires a thinner absorber filter in front of the
X-Ray detector. As a consequence, absorptions of low energy x-rays become smaller
enhancing their detection efficiency for low atomic number elements. Additionally, ions in the
keV regime have a higher stopping power in comparison to MeV, thus a depth-region close to
the surface of the sample can be further investigated. On the other hand, the problems that
come with the use of energy beam below 1 MeV have been discouraging research teams to
deeply investigate this technique in the past few years. For instance, at lower energies, low
X-ray production highly decreases the possibility of good quantitative analysis as the energy
dependency of the X-Ray production cross-section must be accurately determined. Besides
the accuracy of the models to predict X-Ray production cross-section, another factor that
needs to be taken into account is the rapid decrease of the X-Ray production cross-section
when the projectiles have lower energies [4].
However, in the past few years, recent theoretical and experimental improvements
made on the PIXE field might have overcome the limitations and made capable to show more
reliable results, especially towards low atomic number detection. For example, on a theoretical
point-of-view we can cite the usefulness of the software package GUPIX [5] for fitting PIXE
spectra from thin, thick, intermediate and layered specimens with advanced models and
up-to-date databases of X-Ray production cross-sections, matrix corrections and
self-absorption algorithms. Moreover, nowadays the use of modern semiconductor X-Ray
detector with enhanced efficiency as well with high energy resolution, associated with an
experimental low-energy PIXE setup at Implanter machines that can deliver high dose of ions,
might overcome the previous limitations of using more quantitatively low-energy PIXE.

Milo Boirot - Project report

3

II- Project Plan
As initial step, a new X-ray detector will be installed and characterized in one of the
beam-lines of the 350 KV implanter accelerator of the Tandem Laboratory at Uppsala
University. Therefore, the X-ray detector will be tested at the second beamline of the
Medium-Energy Ion Scattering (MEIS) to fine tune its electronics by using an aluminium plate
installed in the high-vacuum beam-line. After, the X-Ray detector will be installed at the
scattering chamber on the third beam line of the implanter. The best ways to install it properly
and to perform the electronic will mostly require to be seen with the technician, running the
MEIS.
The last and one of the most important part of this project will be to run low- and
high-energy PIXE combined with the backscattering spectrometry (BS) analysis, using
therefore both Implanter and Tandem accelerator, respectively, on samples containing both
light and heavy elements. The main aim is to compare the advantages and limitations of
low-energy PIXE to a high-energy analysis. First, high energy projectiles – i.e. - (2.0 MeV)
He+, then Low-energy (350kV) on the same samples. This procedure requires at least 4
different experiments.
The main goal here is to understand the main features of high- and low- energy PIXE
analysis, especially focusing on the quantitative limits of low-energy PIXE towards low-atomic
number elements. As a perspective, this project will allow us to not only show on which point
Low-Energy PIXE is able to provide better results than high-energy PIXE, but also to learn on
which levels the low-energy limitations are still an issue. With this experiment, there is a high
possibility to make new statements on the improvements of the method in 2019.
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III- Presentation of Analysis Methods
In this section, a brief introduction of the different methods of analysis employed in this
project will be presented. An explanation of their main physics concepts, their strengths,
weaknesses as well as range of utilization will be given.

3.1- Backscattering
Rutherford backscattering can be described as an elastic, hard-sphere collision
between a high-kinetic energy particle from the incident beam and a stationary particle located
in the sample. The concept of elasticity is that during the collision, no energy is transferred
between the incident particle and the stationary particle, and its state remain unchanged
(except that for a small amount of momentum, which is ignored.) [6]
The film’s element may be identified by insertion of measured energies of the high-energy
sides of the peaks into :
i

K E
E [1] ,
1

i

0

where K is the kinematic factor for the i th element and, Eo the incident ion laboratory kinetic
energy in the equation [1]. The kinematic factor K is also given by the equation [2],
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with θ being the laboratory angle through which the incident ion is scattered, and the masses
of the incident and target particle respectively. Since the parameters , Eo, θ are known and
measured, can be determined and the target element identified [7].
To finish, the detected particle yield is defined by one following equation [3] with
several variables which the scientist who performs the experiment has to take into account in
order to have the best statistics.

Y  [ N 0 *  ] *
With

d ( E ,  , Z , Z z ) 
*
dN
[ ]

[3],

No : number of incident particles:

 : Solid angle (sr)
ς
ε

: concentration of the sample element (at/)
: Stopping cross-section (ev/at/)
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and finally the equation [4],

d ( E ,  , Z , Z z )
(Z Z)*e 2 2
1
( z
)*
θ
dN
4 E0
( sin )2
2

[4],

being the Rutherford backscattering cross section (in cm 2 ). Note that the Rutherford
cross-section increases with the atomic number of the target elements and decreases with
the square of the projectile energy. For sake of completeness, it will be, later in this report,
compared to the X-Ray production cross section.
Backscattering spectrometry using ion beams with energies in the MeV range has
been used extensively for accurate determination of stoichiometry, elemental areal density,
and impurity distributions in thin films. Measurement of the number and energy distribution of
ions backscattered from atoms in the near-surface region of solid materials allows
identification of the atomic masses and determination of the distribution of target elements as
a function of depth below the surface [7].
The main issues on this analysis method are the overlapping of the peak for close
atomic elements combined with a low sensibility when it comes to light atomic numbers.
Therefore, the stoichiometry of some samples composed by different close atomic elements
might be impossible to determine.

3.2- Particle Induced X-ray Emission (PIXE)
3.2.1- Physics theory about X-ray Spectroscopy
The Particle Induced X-ray Emission (PIXE) is a technique mainly used to determine
the elemental composition of a sample.
The main principle of the method is not too hard to understand since it is simply based
on the ionization of atoms by charged particles (typically proton and alpha...). Indeed, the
incoming particle from the primary beam scatter away electrons from the atoms that compose
the sample as shown in figure (1). When a first electron is scattered out of its orbital, another
electron from an upper orbital comes down to replace it. In order to do that it has to lose energy
and, since in physics the energy is always conserved, a photon is emitted with an energy
equal to the difference of the energy between the two lines. This energy is distinct and well
known for each chemical element. The wavelength of those produced photon is around Å
which makes them X-ray.
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Figure (1)- Ionization of atoms by a charged Ion. Main principle of the PIXE method. Picture from Ku
Leven Institute for nuclear and radiation physics.

Indeed, approximately two years after William Lawrence Bragg discovered X-Ray
crystallography, Henry Moseley found that the most intense short-wavelength line in the
characteristic x-ray spectrum of a particular element was indeed related to the element's
periodic table atomic number, Z. This line was known as the K-alpha line. He was able, then, to
introduce an empirical law relating directly the frequency to the atomic number and the K-lines
[8]:

Moseley law:

f  k1 * ( Z  k 2 )

[4] ,

where f is the frequency of the observed X-ray emission line, Z the atomic number
and , constants for each atom depending on the atomic line K ( or L, etc...). knowing the
equation 4 and that the energy of photon can be written as E  h * f . Since h is the planck
constant it is possible to write: Z E.
Thanks to this relation, it is possible, knowing the k-lines and the energy for one
element, to determine the X-ray energy for each elements theoretically. By measuring the
intensity (directly proportional to the energy) and the number of X-ray counts in the detector, it
is then very easy to know the atomic structure of a sample or a material. This principle is used
for several analysis techniques. However, the particularity of PIXE is that heavy charged
particles almost do not interact with the electron core of the lattice. As the electronic structure
is not perturbed, the noise is very low and the statistics are good.
The PIXE technique was first proposed in 1970 by Sven Johansson of Lund University,
Sweden, and developed over the next few years with his colleagues Roland Akselsson and
Thomas B Johansson [9]. It quickly became a very used methods in all structure analysis
laboratories. The main downfall of this technique comes from the particles beam used. Indeed,
even so the fact to use heavy charged Ion reduce the noise, those particles can damage the
Silicon detector if the energy beam is too high. It requires the use of absorbers in front of the
detectors like beryllium windows which reduce a bit the statistics and, according to the
thickness of the absorbers, could forbid some low-energy X-ray to go to the absorbers and be
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detected. This issue is one of the most interesting point of comparison between low-energy
and high energy PIXE as it will be shown later in this report. In the meantime, to understand
more on which variables the statistics of PIXE are based, it is important to see the main
equation that rules PIXE analysis.
3.2.2- Main equation of PIXE detection
The experimental X-Ray yield Y(Z,E) relies on several parameters which will influence
the accuracy of the detection. It can be written as a main equation [5] that characterize all the
PIXE analysis:

Y ( Z , E )  Y1 ( Z , E ) H ( E )C ( Z )Q ( E )T ( E )

[5] ,

Where: C(Z ): concentration of element Z in the sample (at/)
Q : Integrated beam charge (Q, proportional to incident particles)
ε(E) : Detector efficiency
T(E) : Transmission through absorbers in front of the detector
H(E) : Instrumental factor, i.e, solid angle and deficiencies in detector or in database.
and the ionization cross section given by the equation [6].

[6] ,

One of the first difficulties of the utilization of PIXE methods is visible here. Indeed, the
cross section is given by a formula that include the element concentration and the stopping
power of the sample. The last one depending on the first one, it is very difficult for softwares to
fit and calculate the concentration of element in the material.
3.2.3- High-Energy PIXE
PIXE has and is still nowadays mainly used at the so called high energy (in the range
of MV). Indeed, due to the fact that the methods produce a very low background, going to high
energy is not a problem for statistics. Furthermore, it represents a big advantages that comes
directly from the x-ray production theory, the cross-section of x-ray production increases with
the energy (a result of this point will be shown and compared to Rutherford Backscattering in
the result section). When two particles interact, their mutual cross section is the area
transverse to their relative motion within which they must meet in order to scatter from each
other. The x-ray cross section is related to the transfer of momentum between the incoming
particles and the one from the sample, the more energy to transfer there is, the higher is the
cross section. Following this theory, it is normal for scientist to prefer running PIXE at higher
energies, the x-ray production should be enhanced.

Milo Boirot - Project report

8

The only downfall to this method is the damages that the incoming particles can cause
to the Silicon detectors. To avoid those damage, the use of absorbers in front of the detector is
required. Those absorbers must avoid heavy charged ion to reach the detector but as the main
equation shows it, the transmission through absorbers is also a factor in the PIXE detection
because low-energy X-ray can be stopped by absorbers. This causes one of the main defect
of the high-energy PIXE technique that have, then, a very poor sensitivity for low atomic
elements.
3.2.4- Low-Energy PIXE
The main purpose of this project is to show that Low-Energy PIXE is a competitive
methods among all the X-ray analysis techniques. The hopes behind this project are linked to
the defect of the high-energy method caused by the absorbers. In theory, a lower energy beam
should require thinner protective windows in front of the detectors. Therefore, it should induce
a better sensitivity for low atomic element due to the fact that X-rays are not absorbed by the
absorbers anymore. Moreover, some others advantages are expected. Due to the low-energy
beam, the sample should produce lower background radiation and secondary excitation.
Furthermore, the sample should have a high stopping power that gives a possibility a depth
profiling for region close to the surface [4].
However, the low X-rays production due to the cross section should decrease a lot the
sensitivity for quantitative analysis and require a longer counting time that could damage the
sample or material. The method also require a thick or intermediate target approach. The
softwares have also more difficulties to provide accurate fit because of the models harder to
predict at low-energies.
In conclusion, the method is expected to be more efficient probably for metallic
element like Ni, Fe, Cr that have important secondary excitation, and whenever no very high
energy beam is require [4]. Those expectations have been made by some first round of
experiment of the method at the end of the twentieth century and were not sufficient enough to
really convince the scientific community on the usefulness of the technic. Today, laboratories
are equipped with more accurate detectors (SDD, Silicon Drift Detector) and new Software
(GUPIX) that can maybe offer better results.

3.3- X-Ray Fluorescence (XRF)
X-ray fluorescence spectrometry is a non-destructive instrumental method of
qualitative and quantitative analysis for elements based on measurement of the intensities of
their X-ray spectral lines emitted by secondary excitation. The primary X-ray beam irradiates
the sample, exciting each element to emit secondary spectral lines having wavelengths
characteristic of that element and intensities related to its concentration. The secondary
radiation is analyzed by means of a crystal rotated in the plane of the radiation and its intensity
measured using a X-ray detector [10]. The ionization by a photons beam principle is shown
and explained in the following figure (2).
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figure (2)- Ionization by an incident photon - principle of the X-Ray Fluorescence (XRF) analysis method.
The incoming photon scatters an electron, another electron from an upper line comes to replace it and
emits a photon with an energy equal to the difference of energy between the two lines. The energy
difference between those lines is known for each elements. Therefore, when the energy of the emitted
photons is detected it can gives the stoichiometry of the sample. The wavelength of this photon is
around Ångström which is in the x-ray range. Image from the presentation by Element Materials
Technology expert Dan DeMiglio.

The methods require absorbers to protect the detectors and decrease the sensitivity
for light elements. It also produces an important background due to the photon beam. In the
other hand, the technique is really easy and fast to perform.

3.4 - Energy-dispersive X-ray spectroscopy (EDS)
Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS), sometimes called
energy dispersive X-ray analysis (EDXA) or energy dispersive X-ray microanalysis (EDXMA),
is also an analytical technique used for the elemental analysis or chemical characterization of
a sample [11]. Based on the same principle of X-ray spectroscopy but with electron, the EDS
technique detects x-rays emitted from the sample during bombardment by an electron beam
with 2 detectors, straight and 45°.
In comparison to PIXE, the electron beam does not damage the detector which allows
the scientists to put a Lithium doped (Si(Li)) or modern semiconductor Silicon Drift Detector
(SDD) without any absorbers which then provide very good efficiency for light atomic
elements.
However, the electron beam used affects way more the electron arrangement of the
sample which create an important ambient noise, the so-called bremsstrahlung effect. This
effect decreases a lot the statistics of the EDS methods.
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IV- PIXE Detector Installation in the 350 kV Implanter
4.1- Principle of X-Ray detector
Semiconductors detectors detection principle is based on the particular conduction
property of a semiconductor material. Indeed, an incoming particle or photon scatter an
electron from the crystal lattice creating an electron-hole pair, the number of electron-hole
pairs is proportional to the energy of the radiation to the semiconductor [12]. By putting a high
voltage through the potential, the electrons (-) and the holes (+) are respectively attracted to
the Anode (+) and the Cathode (-) creating two same little current in the detector.

Fig (3)- Illustration of the concept and electronic behind an X-Ray detector. Figure provided by French
University Sorbonne Sciences on Experimental Physics course

Both currents can be detected for more accurate statistics and pre-amplified into a
signal by a pre-amplifier placed very close to the detector. The analog signal created will be
amplified as much as the noise allows it and converted into numeric for scientist to analyse it
on the computer.
Semiconductors detectors are not the only radiations detectors existing, but they have
several advantages that make them very efficient compared to the others. Indeed, the energy
required to produce electron-hole-pairs is very low and well known which induces a small
statistical variation of the pulse height and a better energy resolution. Furthermore, the time
resolution of semiconductors detectors is very good due to the electron speed. [12]

4.2- The experimental setup
4.2.1- 350 keV Implanter
The Tandem Laboratory of Uppsala University is equipped of a 5 MV NEC pelletron to
run very high energy experiment. In addition, it is also in possession of a 350 kV Implanter in
order to perform other experiments that require less energy. This implanter in mainly used for
Medium Energy Ion Scattering (MEIS) technique. However, the idea is to use this installation
to perform Low-Energy PIXE measurements. The figure (4) gives an overview of the Implanter
room where the beam lines are visible as well as the particle accelerator.
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Figure (4)- 350 kV Implanter- Figure provided by M.V. Moro as courtesy.

Positive ions are produced by a high current ion source, the beam created is mass
analyzed by a 90° magnet and post-accelerated to the desired energy with a maximum of 350
kV. A quadrupole triplet focus the beam and finally a switch magnet allows to choose the
beamline [13]. At the end of each beamline, the produced ions are analyzed in chambers that
are equipped with detectors corresponding to the wanted methods. Beam line number 2
(located at 0°) is designed for ToF-MEIS analyses and Beam line number 3 (located at 30°)
for Low-energy RBS & NRA.
The first idea of the project presented is to install a PIXE detector in the analysis
chamber of the beamline number 3 in order to perform low energy PIXE detection combined
with RBS.
4.2.2- Scattering chamber
The analysis chamber of the beamline number 3 has already been equipped with a
High-resolution Solid State Detector (HE-SSD), located at 45° from the incoming beam, used
for backscattering measurement and a Low-resolution and high solid angle SSD for Nuclear
Reaction Analysis (NRA) that is not relevant for this project.
The incident beam arrives straight on the sample that are set up on a rotating sample
holder which allows to change sample during an experiment without stopping the beam. The
X-ray and particles scattered from the sample are then detected by detectors, Silicon Drift
Detectors (SDD) for PIXE and HE-SSD for RBS. Placing a camera that can film the inside
through a window is also mandatory to control the experimentation on a screen if needed.
The figure (5) offers an overview of the chamber before any the installation of the SDD
detector for LE-PIXE.
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Figure (5)- Representation of the analysis chamber of the Beamline number 3 in the 350 keV implanter.
Figure provided by M.V.Moro as courtesy.

In order to perform the experiment useful to this project, the PIXE detector needs now
to be installed in the chamber.

4.3- Detection and Electronic system
One of the first tasks that had to be performed in this project was to install an X-ray
detector Silicon Drift Detector (SDD) in the analysis chamber of the beamline number 3 of the
350 kV implanter. This has an effective detect area of 7 mm2, a 12.5μm beryllium window in
front of the detector, has an energy resolution of about 136 eV at 5.9 keV and an effective
energy range of 0.5–14 keV when the gain was selected at 100 [14]. The angle between the
incoming beam and the detector is important, indeed, in order to increase the statistics, the
solid angle must be chosen wisely. Therefore, the scattering angle needs to be around 145°.
However, as it is visible in the figure (5), the spots are already used by the detectors for
backscattering and nuclear reaction analysis which cannot be moved and the camera. As the
camera needs to film the beam spot, it cannot be placed behind the sample holder. In order to
resolve the situation, a hole in the cover-lid was build and a view-port was installed to allow a
visualization of the interior of the chamber by an external camera.
The result are presented in the figure (6) where the photo on the left shows the
chamber before and the photo on the right, the chamber after the installation.
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(a)

(b)

Fig (6)- picture of the chamber respectively before (a) and after (b) the installation of the camera in the
new spot. As planned, the camera can film the beam spot through a window dug into the lid.

Once the camera has been installed, the last work required to setup the chamber was
to perform the electronic with the detector, pre-amplifier, amplifier, multichannel analyzer as
shown by figure (3) in the previous part. A clean installation was required in order to have the
cleanest analysis chamber possible for next people that will need to use it. An overview of the
new chamber after the installation is given by the figure (7).

figure (7)- Representation of the new analysis chamber in the beam line 3 of the 350kV implanter.
Figure provided by E.Pitthan as courtesy. After the installation, the chamber represented in the figure (6)
can stand 3 measurement simultaneously: i) high resolution back scattering spectrometry for general
use, i)) high-solid angle backscattering spectrometry (mainly for NRA) and iii) high sensitive low-energy
PIXE.

Milo Boirot - Project report

14

4.4- Absorbers
In both Tandem and Implanter chambers, the detectors are SDD. Those detectors are
made with a 12.5μm beryllium windows acting as a absorber. In addition, the SDD in the
tandem is protected with a Mylar absorber as the beryllium is not enough by himself to protect
the detector in the range of energy used. To be sure the detector in the new implanter chamber
does not need also an extra absorber, it is useful to see the depth penetration into beryllium
and Mylar with different Ion beam as a function of energy. Those plots are made possible
thanks to the SRIM simulation software [15].

Figure (8) - Depth penetration of H+ and He in Mylar and Beryllium. The range of energy (350kV
maximum) is shown to be compared with the beryllium window thickness of 12.5um
This plot was made possible using SRIM software values.

Figure (9) - Depth penetration of H+ in Beryllium: 3.67um. Figure directly provided by the SRIM
software
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As it is shown in the plot of the figure (8), the the beryllium windows thickness of 12.5
um is way enough to cover the range of energy used for low-energy PIXE ( Maximum 350 keV
with H+) . Indeed, the figure (9) indicate that the depth penetration of a 350 keV proton beam is
only 3.67um.
To conclude, the equipment for high-energy PIXE will be Silicon detector with a
germanium windows and a extra Mylar absorber when for low-energy PIXE, only the silicon
detector and the germanium window.

V- Results
The sample used in those results were provided by L. Medina. The three metallic
elements sample is composed of Chromium, Iron, Nickel in top of SiO2. The five metallic
elements sample is made of Chromium, Manganese, Iron, Cobalt, Nickel on top of SiO2.
For the last part of this project, a CaF2 Calcium Fluoride sample and a YHOonGlass
Yttrium on top of glass composed with 66% of Oxygen, will be used.

5.1- High Energy on three and five metallic elements sample.
5.1.1- Rutherford Backscattering (RBS)

Figure (10)- Rutherford Back Scattering on five elements samples at 2000 keV Helium beam. The fit
has been realized using SIMNRA Software [16].

The RBS plot combined with the SIMNRA fit of the figure (10) introduce quite well the
possible difficulty of the method. Indeed, the five metallic elements are to close from a atomic
energy point, it is impossible to give a accurate stoichiometry of the sample. However,
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SIMNRA allows a knowledge on the thickness of the sample and the particle*SR (Square
Radiant) useful to know the beam charge Q.
5.1.2- Particle induced X-Ray Scattering (PIXE)

Figure (11)- PIXE plot on both, 5 elements (black) and 3 elements (red) samples, with a 2000 keV
Helium beam.

The first PIXE experiment made at high energy represented in the figure (11) shows
that High-Energy PIXE is, indeed, a very accurate technique with a very low background
radiation noise that allow very good statistics. The metallic elements peaks are very accurate,
the Silicon peak that has less energy is still visible clearly.
However, the figure (11) also shows so limitation. Even so the plot on 3 metallic
elements sample shows the 6 K-α/K-β lines and inform perfectly on the stoichiometry of the
sample without doubt. Once the sample is made with 5 elements, the K-lines start overlapping
and don’t allow a good analysis on the compositions of the samples. Indeed, only 6/7 K-peak
are visible when it should show 10 (very visible on figure (11). The thickness of the sample and
the charge cannot, of course, be determined with PIXE technique.

Milo Boirot - Project report

17

Figure (12)- H-E PIXE fit (GUPIX) on both 3 and 5 elements samples compared together.

The fit realized by Gupix Software [5] visible on the figure (12) on the samples is very
accurate to fit the peak.
However, the information on the concentration on the samples, that will be written for
the different technique during the project, look very uncertain and not reliable. They will still be
shown in order to have an idea on the accuracy of those results. Indeed, GUPIX gives the
following concentration shown in table (1) with HE-PIXE technique.
Table (1)- Concentration for two sample of three and five elements given by the GUPIX fit on HE-PIXE
method

Elements \ Concentration

For three chemicals elements
sample

For five chemicals elements
sample

Chromium (Cr)

55 土 2 at.%

25 土 3 at.%

Iron (Fe)

35 土 2 at.%

28 土 4 at.%

Nickel (Ni)

15 土 2 at.%

13 土 5 at.%

Manganese (Mn)

22 土 4 at.%

Cobalt (Co)

12 土 5 at.%
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5.2- Low Energy PIXE on three and five elements sample
5.2.1- Results

Figure (13)- Low-energy PIXE on 5 metallic elements sample,compared with the GUPIX fit. A little
windows shows the zoom on one of the peaks to evaluate the accuracy of the fit.

The first good surprise is here in the figure (13) to see that GUPIX can fit a low-energy
PIXE spectrum. As it has been said, the models for low-energy are less accurate and the final
fit could have been wrong or approximate.
However, it is difficult to say whether the fit is accurate in terms of concentrations.
Indeed the concentrations of table (2) have errors bars higher than the results for some
elements.
Table (2)- Concentration given by GUPIX on LE-PIXE on a five elements sample.

Elements

Concentration

Chromium (Cr)

39 土 2 at.%

Iron (Fe)

17 土 7 at.%

Nickel (Ni)

8 土 11 at.%

Manganese (Mn)

23 土 5 at.%

Cobalt (Co)

11 土 9 at.%

These results could come from the models that Gupix have difficulties to calculate.
One needs to perform several GUPIX fit in order to evaluate better the main sources of
uncertainty regarding its parameters.
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Figure (14)- Comparison between High-Energy at 2000 kV Helium (Black) and Low-energy PIXE at 320
kV Proton (Red) counts normalize by the charge Q.

The figure (14) allows a quantitative comparison between HE-PIXE and L-E PIXE on
the sensitivity for heavy and light elements since the figure is normalized by the charge.
In order to obtain the charge for high energy and low energy, the particle*sr has been
obtained by fitting the RBS plot using SIMNRA. Since the charge is given by the particle*sr
divided by the solid angle, a measure of the solid angle of the detectors in the chambers was
required. The one of the detector in the tandem is already known, only the one in the new
chamber needed to be measured.
The Silicon peak is very enhanced (around a factor x10 compared to high energy) for
low-energy and the metallic peaks have more statistics (around factor x100 compared to
low-energy) for high-energy. The results are encouraging for low-energy PIXE, light atomic
elements seem to be enhanced at those energy range and the number of counts for heavier
elements is still correct.
It would be now interesting to see the reasons of those results. Thanks to the main
equations and what was expected, the two main reasons of this difference are the cross
section and the attenuation
5.2.2- Attenuation factor
In physics, attenuation or, in some contexts, extinction is the gradual loss of flux
intensity through a medium. Here the medium are the absorbers in front of the detectors. It is
important to understand how this attenuation affect the number of counts in function of the
energy.
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(a)

(b)

Figure (15)- Total attenuation in Beryllium (a) and Mylar (b) in a function of energy using XCOM
software.

The attenuation of the foils decreases when the energy increase as it is well
demonstrated in figure (15). This result comes from the fact that if the energy of the incoming
photon is too high, they cannot be stopped by the atoms composing the absorbers. The figure
(15) and the following figure (17) have been realized thanks to XCOM software [17].
For 6 keV, which is approximately the X-ray energy for metallic elements, the
attenuation of Beryllium is 2.528 cm2/g and for Mylar (C10H8O4) 16.08cm2/g because Mylar is
composed by heavier element than Beryllium. To conclude, a typical low-energy X-ray photon
that goes through the Beryllium and Mylar has way more chance to be stopped compared to
higher-energetic photon. This is the reason why low-energy PIXE technique, with only a
Beryllium windows, has enhanced counts for low-energy X-ray. Indeed, the photon energy
doesn’t change with the beam energy, a very high energy will always have zero chance to
detect low-energy x-ray if too much absorbers are put in front of the detector.

Figure (16)- Detection efficiency in a function of energy. Figure provided by M.V.Moro as courtesy.
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The plot of figure (16) shows very well how the attenuation factor influence the
detection efficiency.
-On the left, the phenomena that has just been explained, the more you have different
windows or a thicker one, the less the detection is accurate.
-On the right, the cause is simply due to the detector, if an incoming photon has too much
energy he will just go through the detector without being detected. The thicker the detector is,
the better the detection will be.

Figure (17)- Total Attenuation of Silicon in a function of energy using XCOM software.

Here the example is taken for a Silicon detector with a beryllium windows which
explain the little strange peak on the left. It is caused by the Silicon detector attenuation curve
represented in the figure (17) that has a special comportment by decreasing abruptly around 2
keV.

Figure (18)- Detection efficiency for some atomic elements. Figure provided M.V.Moro as
courtesy.
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The detection efficiency for Silicon using a SDD detector with a 12.5 Beryllium
windows is then 70%. The figure (18) is interesting as it allows to understand why the Silicon
peak is better for low-energy PIXE compared to high energy.
5.2.3- Relative Cross-Section
The cross-section principle has already been explained in the theory part of this report.
Some qualitative curve will be shown here in order to understand better where the limitations
of low-energy PIXE technique comes from.

(a)

(b)

Figure (19)- X-ray and RBS cross section for two ranges of energies, low (0 - 300 kV) (a) and high
(1000-3000 kV) (b).

The cross-section of X-ray increase while the RBS cross section decreases as shown
in the figure (19). Indeed, the first one is linked to the momentum transfer between incoming
and scattered particles that is higher when the energy increase. The second one is based on
the interaction of those incoming and scattered particle, if the energy of the beam is too high,
they are too fast and don’t have time to interact with the one from the sample, therefore the
cross section decrease with the energy.
Those results explain why PIXE was and still is mainly used, the number of counts
become too low when the energy beam is too low and provide good statistics is difficult.
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5.3- EDX

Figure (20)- EDX with a 10 keV electron beam compared with high-energy 2000 keV Helium beam and
his fit.

The figure (20) gives an interesting comparison between two techniques that should
give very different results before the general comparison. As the theory predicted, EDX shows
very good results for very light elements as even L-line from the metallic elements are visible.
The EDX also use a silicon detector but without any absorbers because electrons cannot
damage him. It explains why the results are very good for low energy x-ray. In the other hand,
the bremsstrahlung effect is very visible and, since the cross section is low, the statistics are
poor for metallic elements.
EDX methods is mainly use in chemistry lab. L. Medina, that also prepared the metallic
sample, ran this EDX experiments. The use of this technique seems to be only worth it in the
case of a study on very low x-ray energy. Even with high-energy PIXE, the statistics are almost
the same for the Silicon peak. It shows how powerful is the technique.
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The software of EDX gives directly the concentration compared with the high-energy
PIXE one in table (3). However, the incertitude are not given by the software
Table (3)- Concentration given by EDX software compared to the GUPIX fit of HE-PIXE on a five
elements sample

Elements \ Concentration

for HE-PIXE technique

for EDX technique

Chromium (Cr)

25 土 2 at.%

14 at.%

Iron (Fe)

28 土 4at.%

19 at.%

Nickel (Ni)

13 土 5 at.%

28 at.%

Manganese (Mn)

22 土 4 at.%

20 at.%

Cobalt (Co)

12 土 5 at.%

19 at.%

The results are quite different with the two methods, it shows again that those
concentration models are very difficult to calculate for x-ray analysis software.

5.4- Comparison between different techniques on a five metallic elements-containing
sample.
Finally, the 4 different techniques (HE-PIXE, LE-PIXE, EDX, XRF) presented at the
beginning will be plot together on the same five metallic element sample.

Figure (21)- EDX ( 8 kV electron), XRF (20 kV photon) H-E PIXE (2000 kV Helium) and L-E PIXE (320
kV proton) on five metallic element sample.
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EDX allows to see very light elements and low-energy X-ray in general but induce a too
high background which, even if the number of counts if acceptable, gives very poor statistics
when it comes to heavier elements. XRF is very practical due to his performing speed but
cannot provide any result from Silicon to any lower element. In addition, the background
‘noise’ is too high and makes the statistics disappointing even for higher element. High-Energy
PIXE has a very low background radiation, very good statistics for heavy elements and even
lighter, like Silicon, are still observable. Low-Energy produce even less background noise, has
the best statistics on the Silicon peak and still acceptable statistics for metallic elements.
However, in the figure (21), a detection limit seems to appear around Nickel K-β,
approximately around the atomic number Z = 29.

5.5- Detection limit between the techniques
While a first limit detection for heavy elements seems to have been set, it is time to see
how low it’s possible to go with the technique.
5.5.1- Fluorine detection

Figure (222)- XRF (20 kV photon) and Low-energy PIXE (300 kV proton) on a CaF2 (Calcium Fluoride)
sample in order to check the detection limit.

The utility of the sample used his is concentration in Fluorine (atomic number 9). With
low-energy PIXE Fluorine is detectable while it’s not with XRF. This result is very encouraging
since, for a hard element to detect such as Fluorine, the statistics seems to be correct. The
background is due to the fluorescence of the sample and is not problematic. The figure (22)
shows a big advantage of low-energy PIXE compared to the other since it’s the one only
method capable to have such good statistics for light element.
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5.5.2- Oxygen limits
In the figure (23), it looks like there is maybe a very small peak of Oxygen but it could
also be noise. To check if it is really a peak, the same experiment can be made with an Yttrium
sample composed of 66% of Oxygen or other Oxygen doped samples.

Figure (23)- Low Energy PIXE (300 kV proton) on Yttrium (66% of Oxygen) and CaF2 (Calcium Fluoride)
samples

The Fluorine peak is visible in both sample, which confirm his previous observation.
There is a peak at the energy of oxygen but really weak, it could be Oxygen but it could also be
noise. However, the other elements are easily identifiable which is impressive.
To go a little bit further, it could be interesting to perform this experiment again on a
sample oxygen doped and without other elements that hides the statistics.
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VI- Conclusion and Outlook
6.1- Conclusion

Figure (24)- Conclusion on the comparison between X-ray analysis methods, their strengths, weakness.
Figure inspired by M.V.Moro as courtesy.

To conclude point by point this project, a new low-energy PIXE is now installed in the
beam line 3 of the implanter and hopefully it will be used in the future by other scientist of the
Ion Physics Group of Uppsala University. The detection limits and other parameters of the
detector and technique have been characterized and determined. Some new statements on
the evolution of the method have been made. This will, hopefully, gives the possibility to show
that low-energy PIXE is a competitive method among the other thanks to the comparisons
(summarized in the figure (24)) that have also been made at the end of the project.

6.2- Overlook
Some point of this project could be interesting to develop a bit more. First, here the
Beryllium absorber is 12.5um thick when the depth penetration is only 3.67um at this energy. It
could be interesting to optimize it in order to detect even lighter elements. If this option is not
available, taking a sample Oxygen doped and perform again low-energy PIXE on it could be
easier to detect this element.
The concentration fit on LE-PIXE but also other method is quite uncertain. It could be
interesting to run more of those fit and see what is approximate and which parameters are
problematic in order for developers to improve their software.
Even if it’s out of the project, the XRF peaks has not been understood by the group
during the presentation. It would be interesting to understand this point.
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