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Abstract

An experimental set-up for the detection of scattered projectile ions was constructed at the
external (in air) beamline of the Microanalytical Center at the JoZef Stefan Institute. The
system is composed of a detector for the analysis of back-scattered projectiles, casually
called the RBS detector, a precise positioning system and a meter of impact charge. The
RBS detector was placed in a prototype holder made of aluminium with a constant He
flush to reduce stopping of the back-scattered protons. The precise proton dose
measurement was accomplished with the implementation of an in-vacuum wire-mesh
based charge-collecting device. For a possible future implementation of an external
micro-beam, an in-vacuum ion-beam chopper device with an RBS detector was
constructed. The precise positioning system composed of a laser fixed on a XYZ micro-
positioning stage and a camera was utilized to achieve reproducible positioning with a
precision of better than 100 um. Calibration on thick targets was performed at the newly
developed RBS setup. A set of representative samples were analysed, some of historical
and archaeological value. The experimental setup at this stage was found to be a suitable
candidate for the transfer to a digital acquisition system enabling the simultaneous
acquisition of two PIXE, one RBS and a PIGE spectrum at high count-rates.

The analysis of geometrically structured samples in particular of cylindrical geometry,
has been somehow neglected in the past, probably because of mathematical difficulties in
the calculation of matrix effects. A mathematical model for an accurate calculation of
X-ray yields induced in cylindrical targets is proposed and the results are compared to
more routinely used models that can be applied in commercially available software
packages. The light elements emitting fluorescence soft X-rays are in particular affected.
A set of measurements was performed on fibres containing detectable elements from Si
up, with the proposed mathematical model.

The achievements were published in two articles.
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Povzetek

V doktorskem delu je bil izdelan spektroskopski sistem za analizo plastovitih vzorcev z
elasticnim povratnim sipanjem. Sistem predstavlja nadgradnjo eksperimentalne postaje
Zarkovne linije z ionskim Zarkom v zraku na Mikroanalitskem centru Instituta Jozef
Stefan. Najpomembnejsi deli sistema so merilec povratno sipanih ionov, ki ga obi¢ajno
imenujemo kar RBS detektor, sistem za natan¢no nastavitev vzorca in merilec Stevila
vpadnih protonov. Detektor je vgrajen v prototipni nosilec, narejen iz aluminija, ki
omogoca konstanten pretok plina, v naSem primeru helija, kar zmanjSa ustavljanje
povratno sipanih protonov na poti do detektorja. Natan¢en nacin meritve protonske doze
je bil izveden z vgraditvijo kovinske mreZice za nabiranje naboja v vakuumu. Za moznost
nadgradnje Zarka v zunanji mikroZarek smo poskrbeli z izdelavo prekinjevalca ionskega
Zarka v vakuumu z RBS detektorjem. Natancen sistem za postavitev vzorca, ki omogoca
postavitev z natan¢nostjo, boljSo od 100 um, sestavljata: laser, pritrjen na mikropozicijsko
mizico, premi¢no v treh pravokotnih smereh, in kamera, povezana na racunalnik.
Umeritev novega sistema je bila izvedena z debelimi tar¢ami. Delovanje sistema smo
potrdili z analizo plastovitih vzorcev, med katerimi so bili tudi predmeti zgodovinskega in
arheoloSkega pomena. Eksperimentalna postaja v sedanjem stanju je primeren kandidat za
prehod na digitalni zajem signala, ki bo omogocal socasen zajem spektrov iz dveh PIXE,
enega RBS in enega PIGE detektorja pri velikih hitrostih Stetja.

Analiza geometrijsko strukturiranih vzorcev, predvsem vzorcev s cilindri¢no
geometrijo, je bila v preteklosti nekoliko zanemarjena, zelo verjetno zaradi tezav pri
racunanju matri¢nih ucinkov. V disertaciji je predlagan matemati¢ni model za pravilen
izraCun pridelka rentgenskih Zarkov pri meritvah tar¢ z valjasto geometrijo. Rezultat
analize smo kriticno primerjali z rezultatom analize s komercialno dostopnimi
programskimi paketi. Se posebej modan vpliv geometrije je zaznati pri lahkih elementih,
ki oddajajo fluorescen¢ne rentgenske Zarke nizkih energij. S predlaganim matemati¢nim
modelom smo opravili meritve tekstilnih vlaken, ki vsebujejo merljive primesi, teZje od
silicija.

DoseZzki so bili objavljeni v dveh ¢lankih.
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Abbreviations

List of selected abbreviations used in the thesis in order of appearance:

IBA - Ion-beam analysis

PIXE - Particle-induced X-ray emission

MS - mass spectrometry

BS - back scattering

EBS - elastic back scattering

RBS - Rutherford backscattering

ERDA - Elastic recoiled detection analysis

PIGE - Particle-induced gamma-ray emission

XRF - X-ray fluorescence

ECPSSR (model) - A successful correction of a Plane wave Born approximation (PWBA)
IBANDL - Ion Beam Analysis Nuclear Data Library

EXFOR - A database of Experimental Nuclear Reaction Data, available online at the
website maintained by IAEA (http://www-nds.iaea.org/exfor/)

IAEA - International Atomic Energy Agency

SIMNRA - A sowftware program for RBS spectrum simulation

MIC - Microanalytical Center at Jozef Stefan Institute (JSI) in Slovenia

JSI - Jozef Stefan Institute, largest scientific institute in Slovenia

XRF - X-ray fluorescence, a technique for elemental analysis, employing the high energy
X-rays for ionisation of target atoms.

SEM - Scanning electron microscope

SEM-EDS - Scanning electron microscope based technique for elemental analysis
employing energy-dispersive X-ray spectroscopy

NDF - Nuclear Data Furnace, a software package capable of fitting multiple

DEPTH, GISA, MCERD, RBX, RUMP, SIMNRA - programs for RBS spectrum
simulation

SRIM - The stopping and range of ions in matter

PIPS (detector) - Passivated implanted planar silicon (detector)

TPI - Threads per inch (unit of threads density)

SEM - Scanning electron microscope

AGLAE - Accélerateur Grand Louvre d'Analyse Elémentaire in Paris, France

IBC - Ion Beam Centre at University of Surrey

SPIRIT - Support of public and industrial research using ion beam technology

GM (tube) - Geiger-Miiller tube

PWBA- Plane wave Born approximation

ECPSSR (theory) - A successful correction of a PWBA

GUPIX - software for PIXE spectra analysis, written by Guelph PIXE group

LN - Liquid nitrogen - used for cooling of X-ray and gamma-ray detectors

NIST - National Institute of Standards and Technology
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NIM - Nuclear instrumentation module

MCA - Multi channel analyzer

MS-DOS - Microsoft disk operating system - very common computer operation system
PES - Polyester - polymer from which some artificial textile fibres are produced

FWHM - Full width at half maximum - measure of a peak width
HVEE - High voltage engineering Europa - a producer of ion-beam accelerators
NRA - Nuclear reaction analysis



1 Introduction

Ion-beam analysis (IBA) is a set of analytical methods that can be used on a variety of
objects — from the constituents of a living cell employing proton microbeams [1] from
electrostatic accelerators, to the composition of minerals on Mars, excited by particles and
photons from radioactive sources [2, 3]. In this work we study the use of IBA on
geometrically structured targets that are important in the analysis of historical artefacts
and in forensics.

The elemental analysis of materials at electrostatic accelerators is made by measuring
the X-rays induced in a target. The spectrum of measured X-rays contains characteristic
peaks, from which the concentrations of elements in a target can be extracted. This
technique is called particle-induced X-ray emission (PIXE) and it is the most often used
IBA technique. However, the geometry of a target has a strong influence on the results of
the PIXE analysis and requires a special evaluation. In the scope of this work we
measured cylindrical targets with an ion-beam of millimetre dimensions. However, when
we use a common mathematical model of intermediate thick target [4] for the evaluation
of these results, we can make a huge error. We propose a new mathematical model for the
calculation of the PIXE concentrations obtained by a milli-beam on cylindrical targets.
The need for the new model, especially for light elements, was demonstrated with a
calculation on imaginary sample, containing trace elements in a light organic matrix and
micro-PIXE mapping measurements. When a new mathematical model is used we can
also expect better agreement with the results obtained by absolute methods like mass
spectrometry (MS).

Together with PIXE we often also measure the energy spectra of backscattered
projectiles (BS, EBS, RBS), or of target atoms elastically recoiled in a forward direction
(ERDA). For the PIXE analysis a 3-MeV proton beam is commonly used, since it gives
an optimal signal-to-noise ratio, thus presenting the best available sensitivity [S]. At this
energy the particle scattering is non-Rutherford for light target elements [6], which means
that experimental or evaluated cross-sections have to be used for the particle scattering
spectrum evaluation.

Most of ion-beam analysis can be done also in-air. Easy handling of large and
sensitive objects is possible at the external beamline. The samples can be changed fast
and the impact on the target is relatively small. The PIXE and EBS measurements do not
consume the target as some other analytical techniques do (mass spectrometry or gas
chromatography); on the other hand, the projectile ions have an energy high enough to
ionize atoms and break molecular bonds, thus breaking the structure of organic materials.
Special care to minimize the irradiation dose has to be taken when measuring precious
organic samples (e.g. old and unique paintings, parchments, ...)

Hitting the light-element atoms with light projectiles, most commonly protons, of high
energy (few MeV), triggers nuclear excitation effects due to the weaker Coulomb field of
the light-element nucleus. The nuclear excitation in some cases causes the emission of
gamma-rays. The analytical technique employing this phenomenon is called particle-
induced gamma-ray emission (PIGE) and can be used as a complementary technique with
PIXE for light-elements detection.
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The three IBA methods that are described in this work have to comply with four
requirements to obtain a trustworthy quantitative result:

* A measurement of a quantity proportional to the projectile dose. The critical
parameter is a product between charge and solid angle, but when the solid
angle is kept constant, the projectile dose (charge) is the parameter which has
to be measured. The exception is a sample with an internal standard, and a
PIXE measurement where RBS is used for the determination of the projectile
dose [7].

® A stable and well defined experimental setup. The stable (precision) as well as
well defined (accuracy) setup has to be known to determine the absolute
uncertainty of the results.

® A suitable mathematical model to simulate the measured particle or photon
yield at a given sample geometry. The mathematical model for a certain
geometry is important with the PIXE method, where X-ray absorption in the
material is not negligible, as it is with the PIGE method.

® A well defined cross-section or a measurement of a standardized reference
material. The X-ray production cross-sections are calculated according to semi
classical and quantum mechanical models, which give rather good results. With
PIGE the gamma-ray production cross-sections are not very well known, so we
use measured yields of samples with known composition (standardized
reference materials). The particle spectra typically are non-Rutherford, so the
experimental or evaluated particle scattering cross-sections have to be used.

Two methods of measuring projectile dose will be described in this work: the wire-
mesh charge-collecting device and a chopper-based normalization device (these were
published in 2010 [8]). The measured X-ray yield is corrected for the amount of
projectiles hitting the target.

The precise geometry of the experimental setup is of great importance. The distance
from the exit window to the sample, from the sample to the detector, the filters in front of
the detector and their thickness, the composition of the atmosphere (air or He) between
the exit foil and the sample, the angle of the detector, the scattering angle for the RBS
measurements, the energy and energy spread of the beam: all these parameters greatly
influence the result, so they have to be kept in tight tolerances to assure the precision of
the measurements. Accuracy of the measurements is achieved by measuring standardized
reference materials.

The geometrical effects of a sample with some IBA techniques are more important
than with others. With PIXE, the X-ray yield that we measure depends strongly upon the
geometry. The curvature of the surface changes the absorption of the induced X-rays in
the sample matrix, resulting in a higher or lower X-ray yield (depending on the position
of the beam) within the geometrically structured samples (fibres, wires, spheres). For an
accurate quantitative result, a mathematical model for a correct type of sample and of the
sample orientation should be introduced. The model should include parameters, such as
the beam energy, the width and the shape, the geometry of the sample, the energy of the
characteristic X-rays and their absorption in the sample. The error caused by using the
wrong mathematical model can be significant, we will show that for the most
inappropriate set of parameters it may reach 100%.

Another requirement is a well defined cross-section for the X-ray production (PIXE).
The cross-sections are commonly calculated according to the ECPSSR model [9], an
efficient correction of a plane wave Born approximation. There are several codes for the
calculation of the ECPSSR cross-sections, like that of Smit [10] or Liu and Cipolla [11];
we use the former one. For the purpose of estimating the geometry effect to the
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evaluation, which is the main subject of this work, the X-ray production cross-section
data is not crucial, since it is the same for each evaluation. Also, the uncertainty of cross-
sections compared to geometrical effects is small enough, so no cross-section
measurements will be necessary for the purpose of this thesis.

With back-scattered-particle spectra the non-Rutherford scattering cross-sections
should be taken into account. The results of measurements of many thick mono-elemental
targets are compiled in the databases IBANDL [12] and EXFOR [13]. Gurbich in 2007
published a tool called SigmaCalc [14] to calculate the cross-section data at a selected
scattering angle. The output of SigmaCalc [15] is a particle-scattering graph relative to
the Rutherford scattering, which can be imported in programs for simulating the
scattering spectra, like SIMNRA. With the availability of the SigmaCalc tool online, the
evaluation of non-Rutherford particle scattering spectra became much easier a task.

In our study we concentrated on the measurement of layered samples as well as on the
measurements of textile fibres of cylindrical geometry.

Layered structures are very common in archaeologically relevant samples. Layers of
paint on ceramics [16], or gilded artefacts [17] are often investigated. Other examples of
thin metal layers may be silvered or tinned brass, bronze or iron [17]. Glaze, a thin layer
of glass, has been used in artistic or common objects for thousands of years [18]. More
recently, modern deposition techniques enable the production of sub-micrometer layers
and multilayered composites [19]. So the challenges of measuring layered structures and
correctly interpreting the results are now as relevant as ever in all kinds of applications.
The samples with a layered structure can be analyzed with PIXE for their composition,
but the information on the structure can be more easily obtained by measuring the back-
scattered projectiles (BS). There were studies of layered samples performed by PIXE
alone, where a beam energy of successive measurements was varying, to obtain different
projectile penetration depths, thus probing the target at different depths. Earliest reference
reaches back to 1972 [20]. This technique was later named the differential PIXE analysis
technique [21, 22]. A similar technique for depth-profile determination, employing
repeated measurements in the same spot at different impact angles, was proposed by
Pabst in 1974 [23]. The technique was later revisited among others by Weber et al. [24-
26]. An improved depth resolution with the same ion-beam can be achieved by a
measurement of the back-scattered ions. The BS measurements in combination with PIXE
gives us complementary information on the surface structure, the possible layered
structure and also the surface roughness, so a combination of both techniques was shown
to be a very suitable tool for the analysis of cultural heritage objects [27-30]. The self-
consistent analyses using the BS and PIXE data were neatly done on various targets [31-
33] using the DataFurnace simulated annealing [34], representing a major step forward in
IBA.

Measurement of cultural heritage objects is one of the main applications at the external
beamline setup at the Microanalytical Center (MIC) of the Jozef Stefan Institute in
Ljubljana, Slovenia; however, a number of successful measurements were made at MIC
in the field of archaeology, conservation and restoration, art and even forensics.

PIXE was used for the analysis of prehistoric stone tools [35, 36]. It was possible to
detect elements characteristic for the materials worked by the tools and thus to identify
them; typically it was possible to distinguish between cutting bone, wood and soft tissues.
PIXE in air was further used for the wide characterization of metals. Gold objects can be
measured without preparation [37]; in our work we showed which objects from a 9"
century grave belong to the same workmanship. Objects from copper-based alloys have to
be prepared for the measurement, carefully removing a few square millimeters of patina
[38]. A large number of measurements of this type were made on Roman military
equipment [39]; the analysis involves such fine items as the medallion of Augustus [40].
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Its core metal is a base lead-silver alloy which was silvered in the front. The detection of
brass in scabbard fittings [41] implied a more concise study of brooches, which
demonstrated that brass was intensively used in the Roman world after 60 BC [42]. The
non-destructive character of PIXE measurements is particularly important for coin
analysis, either in combination with XRF for the study of the 3rd century BC coins from
Albania [43], or for a systematic study of medieval silver coinage from the territory of
Slovenia [44]. The measurements confirmed the historical supposition that silver from
today's Carinthia was commercially spread towards east.

PIXE easily identifies plated material; using differential measurements it is possible to
detect the plated layer thickness and concentration profiles. For gilding, the presence of
mercury reveals the technique of fire gilding [17]. The same measuring technique can be
applied to paint layers, though some additional information on the light-element
concentration is required [45].

Due to its multi-elemental aspect, PIXE can be successfully applied for the analysis of
glass; however, PIGE has to be used for the detection of light elements between sodium
and silicon. Sorted by historic periods, the analysis involved glass from the Carolingian
period in Slovenia [46] and glass made in the Venetian manner [47, 48, 49, 50] and
afterwards [51]. The measurements identified the type of flux necessary for glass
production, and several trace elements present as impurities.

PIXE and PIGE are not the most appropriate methods for the analysis of ceramic
unless it is homogenized. An exception is cream-colored ceramics produced from a fine
white clay since the 18th century. For the ceramics made in Northern Italy and Slovenia it
was possible to distinguish between different producers [52].

Analysis by PIXE can be done on modest quantities of materials, so it can be used for
determining the composition of iron-gall ink, which acts devastatingly on ancient paper
materials [53-58]. In a similar way, it was used for the analysis of the hair of Duke Mirko
Petrovi¢-Njegos [59], finding the trace elements.

Limited measurements were also performed on textiles: the fragments of lace from
Valvasor's tomb were analyzed by PIXE [60, 61], and recently we made a PIXE analysis
of textile fibres, which forms the basis of the present work [62].

Objects of nature can also be analyzed by ion-beams. It is possible to follow the
elemental variation in the stalagmite growth [63], and to determine the mineral species in
meteorites. In a meteorite fallen recently in Slovenia we were able to determine the
mineral composition of chondrules, characteristic globular structures formed during the
meteorite's (re)crystallization [64].

To continue the tradition of in-air IBA measurements, the instrumentation should keep
up with similar laboratories around the world. With this in mind we started an upgrade of
the beamline, to accommodate a detector of back-scattered ions. Some BS spectra of
layered samples were recorded, providing information on the sample's structure (thickness
of the top layers and their roughness) in addition to the composition obtained by a PIXE
measurement. A report on the experimental setup used for the BS measurements is
presented in the paper [8].

Another extensive field of analyses, possible to perform with an ion-beam in air or in
vacuum, is the analysis of textile fibres. The analyses of such samples are very relevant to
forensics since much crime scene-investigation evidence consists of fibres. It is
recognized that "textile fibres are among the most neglected and undervalued kinds of
forensic evidence" [65]. For use in forensics the analysis should be non-destructive, so
ion-beam analyses seem to be a promising candidate for these kinds of applications. The
ion beams used are typically up to a few millimetres in diameter and penetrate up to
0.1 mm in depth, which results in less than 1 mm® of analyzed volume, implying only a
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relatively small sample is required for the analysis. The ion-beam analysis techniques,
more precisely PIXE, were used for the analysis of textiles only on a few occasions [61,
66, 67]. The scanning electron microscope (SEM) offers a good tool for the identification
of textile fibres due to high magnification imaging and an additional elemental analysis
[68]; however, compared to SEM-EDS elemental analysis, PIXE features a much higher
sensitivity, possibly enabling the measurement of trace elements in fibres. A successful
set of trial measurements, indicating a good potential for use in forensic science, was
performed on a gunshot-residue sample [69]. The results showed a much higher
sensitivity for the trace elements with PIXE than with the conventional SEM-EDS, but
the precise quantification is hard due to the geometrical effects [33]. The geometrical
effects are also responsible for the difficulties in the quantification of textile fibre
measurements. An additional discriminating power could be achieved with PIXE's higher
sensitivity to trace elements in textiles; however, for the quantification the geometrical
effect should also be taken into account.

The diameters of textile fibres are typically in the range from 50 um to 500 um. They
are composed of many fibrils, also called monofilaments, with a diameter of 5-50 pm
weaved together in a single fibre or a thread. The closest approximation of a thread's
geometry is a cylinder. As shown in this work, the quantitative results of a PIXE
measurement of a sample with such a geometry are different from the results obtained
with a model of a planar intermediately thick target, commonly used in PIXE-evaluation
programs (Gupix [70], NDF [71, 72]). This result particularly concerns the measurement
of light elements in cylindrical samples with diameters similar to the range of
characteristic X-rays. Also, the orientation of the fibre to the beam and the detector axis is
important. Thinking about the influential parameters, PIXE measurements of light
elements in human hair might be substantially affected by its geometry.

Objects, geometrically similar to fibres, are human hair, for which several
experimental and methodological studies exist. Trace elements in hair may reveal
biological or environmental impacts on human life [73, 74], such as the influence of life
habits, (tobacco smokers [75]), working conditions (exposition of workers to GaAs [76])
or historical events like the potential poisoning of Duke Petrovi¢ [59].

In earlier papers the evaluation of concentrations were rather primitive assuming hair
as a thick target, composed of numerous thin layers [76]. A realistic hair shape was
considered in the works of Montenegro [77] and Li Hong-Kou [78-80]. Montenegro
introduced a correction factor taking into account proton stopping along its trajectory and
X-ray attenuation; however, these two effects were estimated using the power
approximations for proton stopping power and ionization cross-sections, at that time
commonly in use. The correction factors of Li [78] are more refined and include the
effects of inhomogeneous elemental distribution, irregular hair shape and different mass
density. He also calculated the correction factors for the surface, uniform and central
distribution of elements [80]. Measurements were performed for two hair fibres at
different impact energies. The variation of X-ray yields was found characteristic for the
element distribution. The actual distribution was measured by microbeam mapping,
conforming the surface distribution of lead and chlorine and the uniform distribution of
sulphur. Li also combined PIXE and RBS, using the latter method to determine the hair
diameter [79]. RBS has already been used earlier to determine the irradiated hair mass in
PIXE [81]. A detailed elemental distribution in hair is typically obtained by microbeams,
scanning the cross-section [82] or analyzing particular hair parts such as follicles [83].
Low concentration levels can be achieved by the complementary use of sensitive
chemical methods, such as INAA and STIM [82] or ICP-MS. In our work we expect to
obtain better agreement with different analytical results using a dedicated mathematical
model for the matrix effects in a fibre, avoiding analytical approximations. The results
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that we developed for cylindrical targets are published in the paper [62].



2 Theoretical introduction, review of experimental methods

Fast ions interact with matter in different ways, and the resulting products leaving the
target may be used for a number of analytical methods. It is important to understand how
the ions interact with matter. Possible methods of analysis that emerge from the
interaction phenomena will be discussed. Afterwards each of the methods will be
described in detail including the physical background of the method, calculations and an
overview of the recent development of the method.

2.1 Interactions of ions with matter

Positive ions with a few MeV energy penetrate the material. Along their paths they
interact with electrons and elastically scatter from the nuclei. Electrons bound to the
target atoms get a sufficient amount of energy to leave the atom, so the atoms are being
ionized. An ion penetrating the material loses its energy in collisions with electrons, thus
ionizing the atoms. Each atom which is ionized produces either an X-ray photon or an
Auger electron, when a vacancy in the inner electron shell is filled with an electron from
the outer shell. What we can detect from this interaction, is X-rays or Auger electrons that
are characteristic of a target atom.

A projectile ion can hit the nucleus of a target atom. In this case two things can
happen. If the Coulomb barrier around the nucleus is strong (high Z elements), the
projectile ion elastically scatters in a different direction, depending on the impact
parameter. The first man to observe the scattering of ions in the backward direction was
Sir Ernest Rutherford in 1911. The phenomenon is, as a result, called Rutherford
backscattering (RBS). These scattered ions can be detected by the particle detector and
the spectrum of detected particles as a function of energy is obtained. The art of
analysing these spectra has, over the years, developed into a successful analytical
technique.

If the Coulomb barrier around the nucleus is not high enough (low Z elements),
projectile ions may penetrate it and perturb the nucleus. Two events may result, a nuclear
reaction between the projectile and target nucleus or gamma radiation emitted from the
nucleus of the target atom.

2.1.1 Energy loss and stopping cross-sections

Knowledge about the deceleration of ions when penetrating matter is of key importance in
ion-beam-based atomic spectroscopic methods. Loss of energy is directly related to
probing depth and affects both qualitative and quantitative analyses. The physics of
energy-loss phenomena is very complex and involves many kinds of interactions between
the projectile ion, the electron and the nucleus of the target atom. These interactions have
been subject to intense studies for the last century due to their significance in many fields
of physics.

The theoretical treatment has been reviewed [84], among many others, by Bohr (1948),
Whaling (1958), Fano (1963), Jackson (1962 and 1975), Bichsel(1970), Sigmund (1975),
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Ahlen (1980), Littmark and Ziegler (1980), Ziegler (1977, 1980), and in 1985 the
program package for calculations of stopping powers and ranges SRIM was developed by
Ziegler et al. [85].

The experimental methods have been reviewed and investigated by, e.g., Chu [86],
Bauer [87], Mertens [88], Powers [89], Paul [90].

The number of experimental studies of ion energy loss is high. This data on ion
stopping and ranges are collected in a number of compilations, the most recent and the
most commonly used is collected and maintained by Ziegler et. al. and published in a
package called "The Stopping and Range of Ions in Matter" (SRIM); at the time of
writing SRIM2010 was available online [91], containing over 28000 stopping values with
more than 700 scientific citations which are made to SRIM every year [92]. A very
widely used version of SRIM was 2003 [93], receiving by now over 400 citations [94].

The relative importance of various interaction processes between the ions and target
medium depend mostly on the ion velocity and on the charges of the ion and target atoms.
At ion velocities v, significantly lower than the Bohr velocity vy of the atomic electrons,
the ion carries its electrons and tends to become neutralized by electron capture. At these
velocities elastic collisions with the target nuclei, i.e., the nuclear energy loss, dominates.

As the ion velocity is increased the nuclear energy loss diminishes as 1/E, where E is
the energy of the ion. The electronic energy loss, i.e., inelastic collisions with the atomic
electrons, soon becomes the main interaction. The total energy loss is obtained as a sum
of the nuclear and electronic contributions. In the ion velocity range from v~0.1vy to
Z,*%vy, the electronic energy loss is approximately proportional to the velocity, or E". At
higher velocities v>>v, the charge state of the ion increases and finally it becomes fully
stripped of its electrons. At a given velocity the energy loss is proportional to the square
of the ion charge. The theoretical framework of the energy loss of high-velocity ions
originates from the works of Bohr, Bethe and Bloch [84]. The Bethe-Bloch formula has
the general form:

dE/, =NZ,(z.e) f(EIM,), (1)

where e is the electron charge and f(E/M,) is a function depending on the target, but
not on the type of the projectile.

2.2 Rutherford backscattering - RBS

Rutherford backscattering had a major impact on the development of physics. In the year
1911 E. Rutherford showed that the scattering cross-section depends on the scattering
angle as sin*9/2 [95]. This angular dependence means that all the positive charge is
located in a small nucleus. Today, RBS is a spectroscopic method with which we measure
the composition and thickness of thin layers. Two phenomena are important here [95]:

a.) The energy of scattered ions depends upon the mass of the atoms in the target.
With the energy of the scattered ions we study the composition of a sample in a
similar way as with mass spectroscopy.

b.) Ions in the target are slowing down, so we can calculate how deep in the target
they scattered back to the detector.

The collision of an ion and an atom can be regarded as an elastic collision in classical
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mechanics, since the bonding energy in a crystal lattice is negligible compared to the
energy of the collision. For an elastic collision we can assume the conservation of linear
momentum and the conservation of kinetic energy. A characteristic parameter of the
collision is the scattering angle, which is constant for a certain detector setup. The energy
of a projectile E after the collision is lower by the kinematical factor £ [96].

E =k-E,. )

2
~ \/mzz —m/ (sin?)® +m, cos &}

m, +I’I’l2

k

3)

At the set masses m; and my, k is highest in the backward direction (=m):

2
k= (—’" ‘mlJ . )
m, + m,
In the limit, when m;>>m; the k factor is 1. This means that for any scattering angle
the energy of a projectile after the collision is the same as the energy before the collision.

For mass analysis it is important that the energies of the ions scattered from atoms with
different masses differ as much as possible. With the set Am, the scattered energy differs
by:

AE=E, (;%jmz = E, %mz : (5)
2 1 2

From here we get the mass resolution at P=7:

_AE (m+m,)
E, 4m1(m2 _ml).

Am, (6)

We get a good mass resolution with a good energy resolution of the detector (low AE),
with a high enough energy of the projectiles (Ep) and with the right choice of the
projectiles. The second factor in Eqn (6) is minimal at m,=2m,;. So with protons we get a
good resolution for light elements, however with the use of chlorine projectiles (m,=35)
we get the best resolution for atoms around gallium (,=70). The experimental conditions
are more complicated, since with the use of heavier projectiles we get a worse detector
resolution for scattered ions. The typical resolution of a surface barrier detector for alpha
particles is 15 keV, with heavier ions it goes to a few tens of keV. For an example of
alpha particle with an energy of 1 MeV, the mass resolution for m;=16 is 0.63 mass units
and with m»,=100 the mass resolution increases to 11 mass units [95].
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2.2.1 Depth distribution of scattering
The relation E, =k - E; can be used just for collisions on the surface of the sample. If the

collision takes place deeper in the sample the ion loses a part of its energy along its path
to the atom and part along the path back to the detector. A useful estimation of the energy
shift AE = kE, - E(h) is obtained if we only partially consider the energy dependence of
the stopping power dE/dx [96].

E,

Figure 1: The scattering geometry of Rutherford backscattering. The energy of the incoming
projectiles is Ey, the energy just before scattering from the atom is E’, immediately after scattering
itis kE', and the energy of an outgoing projectile when leaving the target is E. [12]

Ions are hitting the target with energy Ej, at an impact angle « (see Figure 1) with
respect to the normal of the sample surface. Just before scattering they have energy
E'=Ey- pS(Ep)h/coser, and just after scattering kE'. Here we applied the density
independent expression for the stopping power dE/dx = -pS and inserted only S for
energies of the incoming and outgoing projectiles. We assumed a linear dependence
between the loss of energy AE and the depth 4, which gives:

AE = p(k SE) @jh. 7
cosa cosy

This relation is often written in the form AE = [S]h, where [S] is the average stopping
power. This linear dependence is, despite a rough approximation, quite accurate and it is
frequently used on account of its simplicity.
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2.2.2 Scattering cross-sections

The cross-sections for Rutherford backscattering can be calculated in classical and
quantum approximations. In the limiting case m;<<my, a projectile with the collision
parameter b scatters from an atom with an angle $#[97].

Zz, 1
tang=—"—2—— (8)
dre,b 2E,

Ions that have parameters of the collision in the interval from b to b + db scatter into a
solid angle d2=27xsin#d¢* So we get an equation for the scattering cross-section:
do  2zxbdb b a ( zz, ) 1
dQ 2md(cos®) 4sin?cos®? d(tan?) | 4rg,-4E,

)

- 45 "
Sln;

The Born approximation yields the same result. The scattering cross-section can be
more compactly written in the following form [98]:

d_a_(—d jz (10)
dQ l—cos??) ’

where d is a known half distance to which the projectile approaches the nucleus in a
head-on collision.

When the projectile is significantly massive compared to the mass of the target atom,
the scattering cross-section equation also includes both masses:

(11)

1 2
do ( 7z, 24 [(mz2 —m; sin’ 19)2 +m, cos 19}
dQ |\ 4re,-4E,

1
- 4 2 2 -2 B
m, sin z9(m2 —m; sin 19)2

The cross-section (Eqn (11)) is not valid at very low projectile energies, when the
projectile scattering also depends on the electron cloud, and at high projectile energies
when scattering is affected by the nuclear force.

The influence of the electron field changes the scattering cross-section only for a few

percent, so we can use a correction factor. For example, the Andersen correction factor f
[99] looks like this:

2
f= IV; v=158-—2%2% |75, 7} (12)

2 47, -0.8853a,
EO

Ions that due to their high energy penetrate the Coulomb barrier in light atoms, scatter
on the nucleus potential. The cross-section for the nuclear scattering can be few tens or
hundreds of times higher than the Rutherford backscattering cross-section. In this way we
can increase the sensitivity of the method for light elements. The scattering cross-section
relative to Rutherford (elastic) backscattering for protons on He atoms is shown in Figure
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2 [100]. At some combinations of projectile and target atoms sharp resonances can be
observed. We can use them for measuring the concentration profiles. A typical example is
the resonance of alpha particles with an energy of 3.04 MeV on '°O atoms (Figure 3)
[101]. The cross-sections from Figure 2, 3 were calculated for a scattering angle of 151°
using the SigmaCalc [15] program. The original experimental data on which the
correction is calculated is from the IBANDL database [12], which is the most extensive
and comprehensive collection of nuclear scattering cross-sections (or non-Rutherford
cross-sections as they are also called). In the scattering simulation programs, the use of
cross-sections is limited by the present not yet complete understanding of the scattering
processes, so we must rely on the use of experimental tables [96].

He—4(pp> Theta = 151
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E+2
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Figure 2: The scattering cross-section relative to the Rutherford backscattering cross-section for
collisions of protons on He atoms corrected with the SigmaCalc program for an angle of 151°.
Continuous increase from 80 to 310 times at energies from 1.6 to 2.7 MeV is shown. [15]
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Figure 3: The scattering cross-section relative to the Rutherford backscattering for an (o,o)
reaction on '°0 atom corrected with the SigmaCalc program for an angle of 151°. A sharp non-
Rutherford resonance (12 times larger cross-section compared to the Rutherford value) at an
energy of 3.038 MeV can be observed. [15]
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2.2.3 Thin and thick target spectrum

An ion beam with energy Ej is hitting a thin layer with thickness d. The layer should be
thin enough to allow us to neglect stopping of ions in the layer, so the scattering cross-
section is not changing with depth. The angle between the incident ion and the target
normal is ¢, the outgoing ion leaves the target at the angle y to the target normal and the
scattering angle O is then the angle between the incident projectiles and the detector
directions (Figure 1). We denote the mass fractions of separate compounds in the layer as
x; and the atomic densities as n;. In time ¢ the detector with a solid angle 42 detects the
yield of scattered ions Y;[95]:

do
Y=—IE )JAQ j
i dQ( 0) .]

n, (13)
coso

Here j, was the current density of the incoming beam. With its geometrical cross-
section of area A, the number of all the incoming ions is: N, = j, At. The product n;d is the
areal density of the atoms i:

Y. cosa
g, =nd \

CTN, AQ o,(E,) (9

We have written the scattering cross-section do/d€2 (11) at an angle ¢ in the short
form Gi(Ep) and with that adopted that we are talking about scattering on the atom i.
In a layer which is a simple chemical compound, the areal densities of atoms are in the

stoichiometric ratios. If that is not known, we determine it experimentally from the yields
[95]:

(15)

The only value which we have to know is the ratio of the scattering cross-sections. If
we have the Rutherford scattering regime, the cross-section ratio is approximately
proportional to the ratio of the squares of the atomic numbers ij/Zi2 . Eqn (15) also works
for slightly thicker targets where we calculate the cross-sections at the middle of the layer.

From Eqn (14) we can calculate an estimation of the layer thickness d, if we insert the
atomic density #;:

PN (16)

ni M [

1

where Na is Avogadro's number and p is the density of a sample. We calculate the
yield of the scattered ions from a thick target by slicing the sample into layers, where z is
the coordinate along the incoming beam. From the layer dz at the depth z we get the yield:

dy, = o,(E)AQ j, tPTNAxi Ads. 17)

1

We used the shortened equation for a differential scattering cross-section and inserted
the density of atoms n; (Eqn (16)). As in Eqn (14), the number of incoming ions is: N, =
JpAt. The scattering cross-section is a function of the energy squared [95]:
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o.(E)=0, (Eo)(ﬂjz (18)

With thick targets we cannot neglect the stopping of the projectiles in the target. Also
the outgoing ions get a wider energy distribution, so instead of yield Y; we measure the
spectrum dYi/dE:

dy, EY PN, dz
—t=0(E )| =2 | AQN =4 x — 19
( O)[ ,j p Mi xl dE ( )

Further solving of Eqn (19) is done either numerically or with analytical
approximations. In the simplest approximation we calculate the derivative dz/dE using the
Eqn (7), since h = z cos(@):

pdz ={kiS(E0)+ cosa

dE

S (Ei):| (20)

cosy

In an approximation which is valid only at the surface of the target, we can also
neglect the factor Ey/E". For a shape of the spectrum (yield as a function of energy) we get
[95]:

Na i (21)
" M. k,S(E,)+ <% S(E)

cosy

dy,
—=0,(E,)AQ N
dE O-l( 0)

Some simple examples of the scattered ion spectra, simulated with the program
SIMNRA [102] are shown in Figure 4 and Figure 5. The spectrum of a mono-elemental
target has an edge at kE, (Figure 4a). With multi-elemental target (Figure 4b) there are
many steps in a spectrum which all correspond to kiEy for the ions scattered from the
surface. The multiple-scattering calculation [103] was used to get better agreement at low
energies. In Figure 5a and 5b we can see a two-elemental thin layer on a mono-elemental
substrate. The atoms of a thin layer are much heavier then the atoms in the surface, so we
can distinguish them very well from the substrate. If the mass resolution is a bit worse
(e.g. with lower energies of incoming ions), then both signals from the top layer can
"melt" together (Figure 5b). This spectrum is much harder to interpret than the one in
Figure Sa, so it is worth finding the best mass resolution for a given case by choosing the
optimal type and energy of the projectiles.
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dy dy

dE a) dE b)

0 KE, E 0 KE,

Figure 4: RBS spectra of a homogeneous sample simulated by SIMNRA program [102]. Spectrum
of a thick mono-elemental target (copper) (a), thick homogeneous multi-element target
(Al77Fe20Pb3) (b). Spectra are calculated for scattering of 3 MeV protons with geometry (0=0,
y=45°, 0=135°) in the full energy range with a cut-off energy of 10 keV. In graph (b) a multiple-
scattering calculation was used to get better agreement at low energies.

& 0 E
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Figure 5: RBS spectra of a two-layered sample simulated in the SIMNRA program [102]. The top
layer consisting of two sorts of atoms and the second layer being a light mono-elemental substrate
(a, b). Spectra are calculated for scattering of 3 MeV protons with geometry (0=0, y=45°,
0=135°). The horizontal energy axis is limited to the highest 30% of the whole spectrum to zoom
in the affected part. Spectrum (a) is calculated for a 5000e15 at/cm’ layer of Zn97Pb3 on top of
the aluminium substrate and spectrum (b) is calculated for a thicker layer (12000e15 at/cm?) on
the same substrate. The detector resolution and the energy spread of the incident beam were set to
zero to simplify the understanding. Some energy spread still remains as a consequence of the
energy straggling of protons in a helium atmosphere along the path to the detector.

The method is less successful for thin layers of light matter on top of a heavy substrate,
because in this case the spectrum of the top-layer is always superimposed on the low-
energy part of the heavy substrate spectrum.

E
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2.2.4 Analysis of the spectra

The quantity which we measure experimentally is not dY/dE, but (dY/dE)AE. , where AE,
is the energy width of a channel in the spectrum. We determine it with the energy
calibration of the scattered ions. This can be most easily achieved by measuring a few
spectra of thick targets, which have high-energy edges at the energies k;Ey. The measured
spectra are a convolution of the distribution dYi/dE (Eqn (19)) and the response function
of the detector (usually approximated simply by the Gaussian distribution). For this
reason the spectra have more round edges, as shown schematically in Figure 4. The shape
of the spectrum at the low-energy part is determined by multiple-scattering [103].

Nowadays there exist many simulation programs that try to determine the thicknesses
and composition of layers by fitting the simulated spectra to the measured spectra. A few
of them were tested and compared under an IAEA intercomparison study [104, 105].

For any spectrum simulation program it is important that the scattering and stopping
cross-sections as well as the stopping powers of the ions in matter which are both used for
simulation, can be updated by the user. At the time of writing the latest set of stopping
powers and ranges of ions in matter was SRIM2010, which can be freely downloaded
from www.srim.org. The measured non-Rutherford scattering cross-sections, for various
particle/atom combinations can be obtained through the IBANDL database [12] with
evaluated EBS cross-sections for selected reaction using the SigmaCalc online program
[15].

In the frame of the IAEA intercomparison the codes have been tested in two ways.
First by simulating the scattering spectrum with the same parameters and second on a set
of realistic experimental spectra. The intercomparison showed that all of the codes give
good results within the limits of their design, and that the largest difference in the results
is due to the differences in the fundamental databases used (stopping power and scattering
cross-section). Agreement between the codes for the Rutherford backscattering spectrum
simulation, including energy resolution convolution, energy straggling and the pileup
effect is at the 0.1% level. This agreement can also be extended to the extraction of the
information from real data [104]. With the use of the same scattering cross-section data
also the non-Rutherford scattering can be simulated within this agreement. There are two
codes which stand out in the Intercomparison, regarding the amount of features and
implemented calculations. These two codes are SIMNRA [102] and NDF [106], called
“new generation codes” in the Intercomparison. They both feature a pulse pileup
calculation algorithm by Wielopolski and Gardner [107, 108], a dual and multiple-
scattering calculation [109, 110], a straggling calculation using the model by Bohr, Chu
or Chu/Yang, which are reviewed in Szilagi et al. [109, 111], and also a screening
correction of the Rutherford cross-section by Andersen [99] or L'Ecuyer [112]. Both
codes are also able to simulate the sample roughness [113, 114]. A good overview of the
phenomena of surface roughness can be found in the SIMNRA User's Guide [102], and
from a different point of view for NDF [115].

For the purpose of the analysis of the RBS spectra in this work, SIMNRA software
was used.

2.2.5 The scattering angle

The scattering angle is the angle between the direction of the incoming and outgoing
projectile velocities, and is defined by the position of the detector. It is parameter of the
measurement that has to be set during the simulation of an RBS spectrum. The geometry
of the scattering experiment as used in the SIMNRA program is shown in Figure 6 [116].
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Figure 6: Geometry of a scattering experiment as treated by SIMNRA [102]. Incident angle o, exit
angle B and scattering angle 0. Angles a and [ are always positive and always measured from the
target normal.

The scattering angle is usually fixed by the position of the RBS detector, however
incident angle a and exit angle B can be changed with the position of a target. Both o and
BB are always positive and relative to the normal of the target.

Thin layers can be measured with a larger incident angles to increase the sensitivity.
Changing the incident angle from 0° to 60° increases the signal from a layer by a factor of
two. A change to the incident angle of 89° increases the signal of a thin layer by a factor
of 60, however the effects of surface topography are substantial at the grazing angles
[117]. A fit to the simulated data shows that an increase can be described perfectly by the
longer path which the beam makes through the layer (Figure 7). This path is proportional
to 1/cos(@). The scattering angle during this simulation was fixed at 151°.

1903 Signal from a thin Au layer vs. incident angle o

®  pormalized Au peak area - simulation
1/cos(x)

10 4

incident angle o (deg)

Figure 7: A simulated signal from a thin layer vs. incident angle. Detection of a thin layer can be
increased up to a factor of 60 when the incident angle reaches 89°.

The detection of a thin layer can be improved by an order of magnitude by a change of
the incident angle.
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2.2.6 The units of thickness

The thicknesses d in SIMNRA are always written in the units of 10" atoms/cm®. But this
unit can be translated into the linear thickness d; in nanometres when the density is
known, which is the case for all pure elements. When a polycrystalline material is formed,
the density is not necessarily an average of the consisting single components. However,
the result of an RBS analysis written in lel5 at/cm? units is intrinsically correct since it is
not affected by the transformation using the uncertain data of the density.

When a calculation of linear thickness is necessary, the atomic density par should be
first calculated from the density p, Avogadro's number N and the molar mass M:

m_nM _ NM N _ p-N,
e A A Par == (22)
The linear thickness d; in nanometres is then:
15 2
4= di0%at/em®]  d 107 ] o3

- Par 11015 al‘/cm3J - Par

In this way we get a linear thickness which we can observe using an optical or electron
microscope.

2.3 Construction of BS experimental setup

The BS experimental setup was a new implementation at the external beamline at the
Microanalytical Center at the Jozef Stefan Institute. There are many laboratories with
external (in-air) ion beams worldwide, among them Great Britain (Guildford) [118]
France (Louvre in Paris, Bordeaux) [119-120, 121], Italy (Firenze, Lecce) [122, 123],
Germany (Berlin) [124], Croatia (Zagreb) [125] Greece (Athens) [126], Spain (Seville,
Madrid) [127, 128] Mexico (Mexico) [129], USA (Annapolis, Albuquerque) [130, 131],
Japan (Takasaki, Tsuruga) [132, 133-134], most of them but not all also adopted the RBS
technique. A very good "Review of external microbeams for ion beam analyses" by
Giuntini was recently published [135].

The passivated implanted planar silicon (PIPS) [136] detector by Cannberra PD100-
13-100AM was used as the particle detector at ambient pressure. Helium was used to
reduce the absorption of the back-scattered particles along their path to the detector. The
schematics of the RBS setup can be seen in Figure 8. The experimental setup with some
measurements was described in [8].

The setup enables us to rotate the detector around the beam axis at a constant
scattering angle. Since we have a He flush, it is preferable to use the detector in an
upward position since in this way He, which is lighter than air, stays in the RBS nozzle. If
the detector was positioned below the horizontal plane of the beam, the measurement
would depend much more on a constant helium flux, however, the part of the path
between the end of the nozzle and the target would get better filling with helium in the
lower position. In any case it is important to keep the conditions constant during the
whole set of experiments.
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RBS detector: Canberra PIPS
PD100-13-100AM

scattering
angle 151°

Figure 8: The schematics of the RBS experimental setup. The incident angle is 0° and the
scattering angle is 151°. [8]

2.3.1 The helium flux

A flux of helium significantly reduces the stopping of backscattered projectiles as well as
the attenuation of X-rays [137] along their path to the detector. A much better energy
resolution is obtained using helium instead of air. A comparison of the simulated spectra
of a thin Au layer on a copper-tin alloy sample, with and without a He flush, is shown in
Figure 9. The He flux has a great influence on the spectrum, so its flow has to be kept
constant during the measurement.
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Figure 9: An RBS spectrum simulated in a SIMNRA program, with realistic parameters. The red
line is a simulated graph of particles backscattered from a gold plated silicon with helium filling
the space between the target and the detector and the black line is the same sample with the same
setup, the only difference is that the gap is filled with air. A much worse energy resolution can be
observed.
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A constant flux was achieved by a standard reduction valve which changed the
pressure from a cylinder (~200 bar at full cylinder) to a pressure of 2-3 bar at the
secondary side of the valve (Figure 10). After that a flow-meter with a valve was used to
set the flux of helium to a level of around 1 litre/min. In this way the conditions became
stable, also stabilizing the helium flux.

Figure 10: A flow-meter with precision needle valve at external beamline at Microanalytical
center at JoZef Stefan Institute. The flow-meter is necessary to ensure the constant flow of helium
gas to the target.

2.3.2 Distance to the target

The optimal distance from the exit window to the target was set by the measurements of a
thick target at various distances. The alignment was optimal when the count-rate for the
specific target was maximal. That means the RBS detector was aimed directly at the
surface of the target. The total counts of the spectrum were taken as a measure of the
spectrum quality. The spectrum integral versus the distance of the target from the exit
window can be seen in Figure 11. The interval of the acceptable working distance (count-
rate in the 95% max. interval) is marked as dop+/-Ad.

3
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=
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Figure 11: Count-rate vs. distance to the target. Optimal distance d,, was determined in the
region of the count-rate maximum.

The procedure for measuring the optimal distance should be repeated each time a
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geometry is changed.

A simple calculation in SRIM gives us the result that a 3 MeV proton in 1 mm of air
loses 12.1 keV of energy, whereas a 1 MeV proton losses 26.1 keV of energy. This means
the positioning of the target should be repeatable to 100 um to ensure the reproducibility
of measurements within a 3 keV interval. The positioning system with a laser
triangulation was developed for the purpose of reproducible positioning [8].

2.3.3 Micro-positioning system

Positioning of the sample is very important for RBS. It has to be accurate and
reproducible. The system which enables us a satisfactory accuracy and reproducibility of
positioning is based on laser triangulation. The system consists of a camera connected to a
computer with an adjustable marker and a focused laser with a spot diameter of 100 um.
The laser focus was set to the distance of a target. Further improvement was achieved by
the addition of the aperture at the laser tube exit, which decreases the amount of scattered
photons around the spot, thus further narrowing the spot diameter.

The laser is mounted on a micro-positioning 3D stage with a 80 TPI (threads per inch)
screw, which results in a displacement of 317 um per turn. The laser spot can thus be
positioned with an accuracy of better than 20 um in the desired coordinates. The
positioning system with the camera and laser on a micro-positioning stage is shown in
Figure 12. The laser is focused on the target and an additional collimator is fixed at the
exit of the laser to achieve a spot diameter of less than 100 um on the target, without the
ring of scattered photons at the edge of the spot.

Figure 12: The positioning system at Microanalytical center at JoZef Stefan Institut. A focused
laser mounted on a micro-positioning stage and a camera connected to the computer are parts of
the laser-triangulation positioning system.
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2.3.4 Measurement of proton current number

The basic parameter for obtaining quantitative results is the number of ions (protons)
which hit the target. There are many approaches for measuring the proton dose in the
external beam. The first and the most straightforward is measuring the charge on the
target. But in this case the target must be conductive, and special care should be taken to
avoid the effect of a local charge build-up and a charge increase due to the leakage of
secondary electrons [138]. A review of charge measurements in external applications is
available in Smit et al.[45].

A very commonly used method for measuring the ion dose is a chopper which
periodically intersects the beam [139, 140, 141, 142]. Particles elastically backscattered
from the chopper covered with a thin Au foil are detected by the particle detector. Since
the angular speed is constant the ratio between the transmitted and back-scattered protons
depends on the angle covered by the chopper. The chopper is typically a section of a
circle in order to keep the time the beam spends on the chopper constant, regardless of the
beam position. The problem with the chopper method is that the chopper has to move.
Moving causes vibrations, the vibrations are transferred to the other parts of the beamline.
For a milli-beam these vibrations are not reported in the literature to present a problem.
However, they contribute to a worse resolution of the micro-beam experimental setups.
The vibrations can be reduced by precisely balancing the propeller, which is possible, but
hard to do. Another problem with the chopper method is that a motor running in vacuum
has a problem with cooling. The heat transfer through the vacuum is possible only
through radiation, so thermal equilibrium is achieved at a high temperature at which the
lifetime of the motor is significantly reduced. The situation can be improved by
increasing the size and thermal conductivity of the contact between the motor and
chamber, but even with an optimal thermal contact, a motor might fail after running
constantly for a long period of time.

The most recent improvement of the chopper method is based on periodical deflecting
of the beam to a gold target [119] or a Faraday cup [143] in vacuum and measuring the
signal of the recoiled ions (RBS). By measuring the RBS signal and knowing the precise
time when the beam has been deflected to the gold target and the time when the beam was
irradiating the measured sample, we can calculate the dose of ions on the sample. This
system was developed and is used in the Accélerateur Grand Louvre d'Analyse
Elémentaire (AGLAE) facility in Paris, France [119]. Its major improvement over a
motorized chopper is that it does not have movable parts, however the magnet field
fluctuation to achieve proper deflection of the beam might present a new source of error.

For an external beamline, a good system is detection of the X-ray or RBS signal from a
thin exit foil [122, 144], separating the vacuum in the beamline from the surrounding air.
The foil can be a few um thick metal foil (Al, Be, Au, Ta, ...) or a 100 nm thin Si3zNy4
membrane, produced by semiconductor technologies. This system is practical since it
does not require movable parts, but the problem is that the target X-rays can reach the
detector and interfere with the signal from the window. As the foil thickness may change
due to irradiation, the system requires frequent recalibration. Also the detector can get
damaged in the case of a sudden exit window failure.

An efficient solution for proton current measurement is to intercept a fraction of the
beam by a metal wire-mesh in vacuum [145]. A system based on this principle was
implemented at the external beamline at MIC and is described in the next chapter.
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2.3.5 The wire-mesh-based charge-collecting device

The system for measuring proton dose by collecting charge with a wire-mesh intersecting
the beam (Figure 13) was developed and is installed at the external beamline at MIC
(Figure 14). The device does not have any moving parts. It is constructed in such a way
that the secondary electrons are suppressed by a negative voltage on the shield electrodes
in front of and behind the central wire mesh, which collects the positively charged
projectiles. The construction and testing of the device is described in an article by El
Bouanani et al. [145]
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Figure 13: The wire-mesh based charge-collecting normalization device. The negative bias at the
shield electrodes in front and behind the central wire-mesh prevents variation of the positive
current on account of the emission of secondary electrons. [145]

Figure 14: The wire-mesh charge-collecting device installed on external beamline at
Microanalytical center at JoZef Stefan Institut. The collimator is made of tantalum, with a hole of
0.7 mm diameter. Wire-mesh is Pt-Rh alloy 80 x 80 mesh, the wire diameter is 0.003 inch
(76.2 um). [8]

To prevent current leakage between the wire mesh and the shield electrodes, ruby balls
are used. The beam is shaped with a tantalum collimator with a hole of 0.7 mm diameter.
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The 3 MeV protons should be stopped in the wire-mesh, and for this reason the alloy of
90 % Pt and 10 % Rh was chosen, which has good proton stopping power characteristics,
besides exceptional mechanical properties and high melting point (1850 °C). The wire
diameter is 0.003 inch (76.2 um). The density of the mesh is 80 x 80 mesh, which means
80 wires at a distance of one inch in the horizontal and vertical directions, giving an
aperture of 57.76 %. The range of 3 MeV protons in the alloy according to SRIM 2008 is
25.84 um. The diameter of the wire is thus almost three times wider than the range. From
this we can calculate the area of the mesh where the protons can penetrate the wire of a
round cross-section. This area is 1.2 % of the whole area of the wire mesh and represents
a negligible part of all the protons, so the wire-mesh has a small perturbation on the
energy distribution of the probing beam. However, there is a downside of using this
method. The beam has to uniformly cover the area of the wire mesh limited by the
collimator. Reducing the beam current by slightly deflecting the beam (which is a current
practice at the beamline, results in a wrong current reading since the wire-to-opening area
ratio of the mesh changes drastically with the beam position, whenever the current density
over the collimator area is not homogeneous. For the same reason the device cannot be
used for the measurements of the particle dose of a micro-beam. To preserve the
homogeneity, a beam current has to be regulated by defocusing of the beam at the
1njector.

2.3.6 The chopper method

The chopper method measures the projectile dose by periodically intersecting the beam.
The intersection is commonly accomplished with a rotating propeller, typically reducing
the current by less than 10%. The beam can also be arbitrarily small, which is especially
suitable for micro-beam current measurement. The beam's position can be changed
without affecting the current measurement thus permitting the mapping technique based
on the beam displacement.

There are many chopper systems reported to be used in literature [138, 139-142, 146,
147, 148]. However, during my work I encountered three different systems for particle
dose measurement using the chopper method. At MIC, JSI, there are two choppers, and
the third one is at the external beamline at Ion Beam Centre (IBC) at University of Surrey
where | performed some measurements of textile fibres in the frame of the SPIRIT project
(Figure 15).
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Figure 15: The chamber with a chopper propeller at the external beamline at the University of
Surrey with a projected path of the beam. RBS detector with the possibility of changing filters and
a turn table for observing the beam on a quartz screen.

The chopper unit at the external beamline [118] at the University of Surrey is relatively
massive, it is about half a meter long with a cover made of a few centimetres thick and
rather heavy glass plate, which enables a view inside, to check if the chopper is turning.
When the chamber is evacuated the air pressure pushes the plate to the chamber and
prevents any lateral moving of the plate. The motor turning the chopper is outside in the
air and the transmission is made with a help of a ferrofluid (a magnetic fluid). The
transmission sometimes, after a long time of no use, gets stuck and the glass cover has to
be removed and the propeller is kick-started manually.

At the external beamline at MIC, a much smaller normalization chamber contains an
in-vacuum motor which can be interchanged with a wire-mesh charge collection device. It
uses two carbon pieces plated with gold which are hit by the beam. The gold peak of the
RBS spectrum is then integrated and used as a measure of the total particle dose in the
beam. The upper cover with a chopper motor and a lower cover with an RBS detector of
the normalization chamber is shown in Figure 16. The particle beam is entering from the
left, partly scattering back to the RBS detector. The amount of the beam lost by the
chopper is proportional to the angle covered by the two carbon pieces. In our case this is
2x20°, which means that 11% of the beam is lost. This number is favourable compared to
the wire mash, where 42% of the beam is lost.
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Figure 16: Upper and lower cover of the chopper-based normalization device at MIC with a
projected path of the beam. An in-vacuum motor with a chopper propeller is fixed to the upper
cover and an RBS detector on the lower cover of the normalization chamber. The gold plated
carbon pieces on the chopper propeller are missing.
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2.4 X-Ray emission based methods

X-rays were discovered by Wilhelm Conrad Roentgen on the 8" of November 1895
[149], since than a huge impact of this new technology can be observed. This new type of
rays ("eine neue Art von Strahlen") led to further investigation and the discovery of
radioactivity from uranium by Becquerel in 1896, as well as radiation from radium and
polonium discovered by Marie and Pierre Curie in 1898. Soon afterwards in 1906 Barkla
discovered the polarization of X-rays, bands in atomic absorption (1909) and
characteristic X-rays, the so called K, L, M... series were discovered in 1911. The wave
properties of X-rays were investigated by von Laue who in 1912 observed the diffraction
of X-rays in three-dimensional structures with a regular repeating pattern. But it was W.
H. Bragg who derived the famous Bragg formula and using the Bragg spectrometer
observed reflection patterns from single crystals of NaCl and KCl. X-ray diffraction
analysis was born.

Following the investigation of the properties of X-rays by Barkla, Moseley with an
exchange of communications with W.L. and W.H. Bragg continued with a study of
characteristic X-rays. Siegbahn measured the wavelengths of characteristic X-rays with
his new spectrometer, and precisely and classified them into o, 3, ¥ ... according to the X-
ray intensities in the respective series. X-ray spectroscopy was established with his work
in 1913-1923. During these years only the gas ionization chamber invented by Perrin in
1896 was used as a detector, until Geiger and Miiller produced a new useful counter for
the detection of X-rays (and 7y rays) called the Geiger-Miiller counter. With the
development of the high-power X-ray tube, the GM counter and goniometer with a Si
monocrystal, measurement of fluorescent X-rays were possible. The first commercial X-
ray fluorescence spectrometer was produced by Friedman and Birks in 1948. This was the
start of modern X-ray spectrometry.

XRF is a spectroscopic method where high-energy X-rays or gamma-rays are used to
achieve the emission of secondary X-ray photons also called fluorescent X-rays. With this
technique we can perform the chemical analysis of metals, ceramics, glass, or other
materials. The method is extensively used in geochemistry, archaeology, forensics and
recently in live sciences. The apparatus used for XRF analysis can be made portable
which enables quick in-situ measurements.

An incident X-ray photon (Figure 17 [150]) ionizes the atom by ejecting an electron
from the inner shell of the atom. A vacancy is filled by an electron from an outer shell.
This electron displacement causes the emission of a secondary X-ray, which is detected
by the X-ray detector. Each element has a specific energy of electron transitions, so the
secondary X-rays are characteristics of a specific element. A representative XRF
spectrum of a multi-elemental target can be seen in Figure 18 [151]. The spectrum
consists of characteristic lines, also called "peaks", indicating the presence of a particular
element. The amount of an element is not directly proportional to the area of the peak, it
also depends on the X-ray production cross-section and absorption in the filter in front of
the detector and in the sample itself.
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Figure 17: Secondary X-ray production scheme. XRF is based on detection of secondary X-rays

induced by incident X-rays. [150]
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Figure 18: X-ray fluorescence (XRF) of multi-element sample from '°Cd cathode. Spectrum is in
linear scale. It depictures the capability of simultaneous multi-elemental analyses of XRF method.

[151]

X-rays produced by the transition of an electron from the L shell to the K shell is
called K-alpha, and X-rays produced by the transition of an electron from the M shell to
the K shell are called K-beta. The peaks induced by transitions to the L shell are called L
lines and according to their intensities called L-alpha, L-beta, L.-gamma and so on.

The levels of detection for most elements with this spectroscopic method are around
10-100 ppm and depend on the cross-section for a certain element. The cross-sections for
the production of characteristic X-rays depend on the energy of incident X-rays (Figure
19).

Secondary X-rays can also be induced with particles i.e. electrons, protons or other
ions. Electrons with a few ten keV energies are used for the chemical analysis of targets
in electron microscopes. But electrons, which have relatively low mass compared to
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protons or other ions are stopped in the material quickly. At energies of 20 keV they
penetrate up to 1 um of material. This means they are stopped from a velocity of a few
tenths of the speed of light to zero over a distance of 1 um. This rapid deceleration results
in huge bremsstrahlung, which is not desirable for the resolution of the spectrometer,
since secondary X-ray peaks are lost in the bremsstrahlung background, if the
concentration of an element is below, for example, 0.1%. The linear scale is more suitable
for displaying the spectra induced by electrons due to the intense bremsstrahlung
background, however logarithmic scale is more informative for spectra induced by
protons (Figure 19).

Bremsstrahlung can be reduced for many orders of magnitude by the use of heavier
particles. Protons are especially suitable for this purpose. The higher mass of projectiles
means the penetration depth will be higher and the deceleration will be slower, which
induces lower bremsstrahlung. But in order to achieve an efficient ionization in the target,
projectiles should be accelerated to higher energies, typically above 1 MeV. In this case
the spectroscopic method based on the analysis of induced secondary X-rays is called
PIXE - particle induced X-ray emission. With the use of ~1 MeV protons or other ions,
the penetration depth in the solid matter ranges from ~10 um to ~100 um, depending on
the density and atomic number of the analyzed material. With a significantly reduced
bremsstrahlung (Figure 19) a higher resolution can be achieved and the level of detection
drops to an impressive ~10 ppm for most elements.
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Figure 19: SEM-EDS vs. PIXE spectrum. Comparison of SEM-EDS and PIXE spectrum of textile
fibre in a logarithmic scale. Both spectra were measured for 10 minutes. Spectra are normalized to
the height of the highest identified peak, however the height of a detected peak in a SEM-EDS
spectrum was 106 times lower than the height of a peak in PIXE spectrum.
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2.5 The PIXE method

PIXE measurements have a long tradition with important applications in archaeology,
environment sciences, aerosol measurements and biomedicine. Recently an interest from
the forensics community was observed to perform PIXE measurements of gunshot residue
[69], glass fragments [152, 153] and other types of evidence used in a criminal
investigation [154, 155, 156]. One of a most commonly found evidence is fibres. The
quantitative results of fibre analysis would be the most useful for forensics. The fibres are
typically threads of woven fibrils (mono-fibres) and are in one dimension very long
(infinite), however in the other two dimensions (in cross-section) their dimensions are
similar to the range of a few MeV protons. The geometrical cross-section of a fibre is a
bundle of fibrils, which have a shape of their own, usually their cross-section is circular,
but also other shapes exist. Measuring such a bundle of fibrils is obviously very different
from measuring a thick target. The fibrils are tightly woven, thus forming an
approximately close packed lattice in the cross-section. However, the first-order
approximation of the fibre geometry is a cylinder.

The effect of cylindrical geometry was accessed before in the literature [78, 80]. It has
been shown that the result of the measurement depends upon many parameters. The most
important parameters are: the radius of the measured fibre, the orientation of the fibre, the
density and structure of the fibre, and the trace elements present in the fibre. A
mathematical model which takes into account these parameters was developed to obtain
the quantitative results of fibre measurements. The model is described in a separate
chapter of the thesis. Measurements made at the University of Surrey and at MIC are
presented and calculated using the cylindrical target model. The PIXE results were
extended with PIGE measurements and compared with other independent methods.

2.5.1 The PIXE yield

The yield of photons upon irradiation with protons depends on the cross-section for X-ray
production o;', the density of particle current j,, the time 7, and the number of atoms
impacted by projectiles N;:

Y =0 jIN,. (24)

The fraction of X-rays detected by the X-ray detector is (AQ/47) € Ni, where AQ/4T is
the solid angle, € is the efficiency of the detector for photons which hit its entrance
window, and m; is the transmission of filters between the target and detector. The number

. . . m, N .
of atoms N; inside the beam is proportional to the mass: N, :’TA, where M, is the

molar mass of the atoms i, N is Avogadro's number and the mass m; is expressed with the
N, =PNaAd

partial mass density p; and volume of the irradiated part of the target:
M, cosax

target is in general inclined by an angle arelative to the beam, so its effective thickness is
d/cos(a). Nj is inserted in Eqn (24), the product p;d is replaced with the area density g;
and j,At is the number of protons N,. The X-ray yield Y; for element i is then proportional
to g;:
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To determine the area density g;, we have to know the efficiency and the solid angle of
the detector, the transmission of the absorbers in front of the detector, the cross-section
o', and we have to measure the number of protons N,,.

The area density is very rarely derived directly from Eqn (25), since the solid angle A2
is hard to measure. Instead, we prefer to use standards, which are samples of very well
known composition and area density and are available commercially. During the
calibration procedure we measure the product of the invariable parameters and mark it as
1/F;:

Y' M.
AQ N,eno’=F ' =———icosa, (26)

4z N, g

where the ¥;" and N,,’ are the X-ray yield and proton dose, measured for the standard.
The area density is then:

Y.
qiEFiMiCOSQ'N_I' 27)
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The parameters F; need not be calibrated for each element separately. The function F is
changing continuously with the atomic number Z, so 7 to 10 points are sufficient.
Between those points we use interpolation. A separate calibration for the K and L shells
has to be used. This calibration procedure using standards has to also be applied with
strong absorbers. The transmission of X-rays can be calculated with an error lower than
5% only if it is higher than 19%. For lower transmissions it is better to use a calibration.

We can avoid the measurement of a proton dose by adding an internal standard to the
sample.

2.5.2 The thick target model

In a thick target, we are interested in the mass percents x; of single components. With
partial densities p; they are related as x; = p, /p ; where p is the density of the sample.
Charged projectiles decelerate in the sample, so with depth also the ionization cross-
section decreases. When calculating the yield, we split the target into layers with a
thickness dz (Figure 20). If we measure the coordinate z in a direction of the beam, the
contribution of a single layer is [95]:

AQ 7.
a¥, =22 N N, G () exp(—pE(2) pdz 28)
4z M,

In Eqn (28) we took into account the cross-section energy dependence and absorption
of X-rays along their escape path through the target. With a smooth thick target model,
the escape length  is simply a function of coordinate z:
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Here yis the exit angle of the X-rays (Figure 20).

E,

Figure 20: The schematics of PIXE thick target geometry. The energy of the incident projectiles E,

decreases to E along the path z. Absorption along the escape path & is taken into account in
Eqn (28). [95]

In the samples with irregular surface, &z) is not a simple linear function, but rather a
probability distribution function. The X-ray yield Y; is obtained by the integration of
Eqn (28). As the cross-section o7 is a function of proton energy, we have to translate the
integration along z to the integration along energy E. We achieve this with the
transformation:

dz

dz=—-dE=dE/(dE/dz)=— dE
dE

pSE)’

(30)

Here, S(E) is the stopping power which is independent of density. Eqn (30) serves us
also for the calculation of the path along which the proton energy decreases from the
incident value E;, to E(z):

E;

_ 1 ¢ dE

31
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Energy-dependent factors in Eqn (28) are combined in the thick target factor:

j o E) — 14, §(E)) dE (32)

Now the yield Y; of an element i can be written:
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The yield seemingly depends only on the mass fraction x;; actually it is a function of
the concentration of all the elements in the target, which determine the value of the
stopping power S(E) and the attenuation coefficient u; in the thick target factor 7; (Eqn
(32)). Values x; can thus be calculated with an iterative procedure.

The measurement of the solid angle ACQ can be avoided in one of four ways [95]:
a.) By the use of an internal standard.

A known amount (determined by a precise balance) of an element which is not present
in the sample is intermixed with the sample and homogenized. Thus the measurement of
the proton dose can be avoided as well. A popular internal standard is Y,0Os3, since it is
almost never present in the samples.

b.) Calibration with standards.

We can use standards in a shape of thin or thick targets. We can make use of many
pure compounds which we find in the laboratory. However the surface should be cleaned
and polished. With this method it is critical to measure the proton dose, which is a bridge
between the compositions of the standard and unknown sample. A calibration using thick
targets is in general slightly less accurate than with thin targets, since with thick targets
the energy dependence of the cross-section and the attenuation coefficient has to be
known.

¢.) Normalization to X;x; = 1.

In a sample where all the elements emit measurable X-rays the statement that the sum
of all the mass fractions x; is one (100%) holds. With this we eliminate the need to know
the solid angle as well as measurements of the proton dose, since the constant factors
don't influence the normalization procedure. We can use the method when measuring the
metal alloys, and also with the analysis of glasses where 100% is the sum of all the mass
fractions of metal oxides [39, 46]. With strong absorbers, the use of standards with similar
compositions to the samples is advisable. The calibration consists of a trial and error
procedure to determine the correction factors for X-ray yields, until the values of the
standard are reproduced.

Algorithms based on the normalization procedure are numerically very stable, so the
calculated concentrations converge already in a few steps to the final values. With
normalization the influence of errors, due to the statistical fluctuations and uncertainties
in the databases, are also reduced.

d.) Combination of PIXE and RBS

Both PIXE and RBS spectra are proportional to the proton dose, so with a
simultaneous measurement of X-rays and back-scattered projectiles and correlated fitting
of both spectra to the model values we can eliminate the need to measure the proton dose
[157]. However, we should know the ratio of solid angles of both detectors.

The procedures described in this chapter can be used for a thick target, but when a
geometrically structured target is measured, the physical model should be changed. The
model of a cylindrical target, which can be used for the calculation of the X-ray yields
and finally the concentrations in the targets of a cylindrical shape will be described in the
next chapter. The efficiency of the cylindrical target compared to a thick target model will
be evaluated. There is a lack of standards of cylindrical shape, the only samples we could
find with a known composition were metal wires. We used metal wires of various
elements as standards to calibrate the system for cylindrical geometry.
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2.5.3 Cross-sections for X-ray production

The uncertainty of the results of the best performed measurements still depend upon how
well the cross-sections have been measured in the first place. Most of the cross-sections
for interactions with protons have been meticulously measured many times, so the data is
accurate up to a few percent. Some other reactions with more exotic beams have not been
measured so frequently, so the cross-sections might be much different than found in the
literature. However for PIXE measurements with a proton beam of few MeV we can
safely say the X-ray production cross-sections are accurate to within 5% uncertainty
[158].

The physical process of atomic ionization with a heavy projectile and the accompanied
X-ray production can be theoretically modelled. The most simple model approximates the
wave function of the projectile far from the atom with a plane wave. The ionization is
calculated as a scattering of a plane wave on a bound electron. The calculation is made
using the Born approximation, so the method is named with the acronym PWBA (Plane
wave Born approximation). The PWBA method was widely spread with the review article
[159] and due to its simplicity, it was widely adopted. Much effort was put into the
method's improvement by the inclusion of factors compensating for phenomena not
included in the basic model. The most successful and widely accepted set of corrections
of the PWBA method is called ECPSSR theory, which is still used in work with
experimental data and databases. The theory was developed by W. Brandt and G. Lapicki
[9]. The name of the theory is an acronym of the effects taken into the account:

1. Energy loss of the projectile (E)

2. The movement of a projectile in a Coulomb field of the nucleus (C)

3. Change of a binding energy in a perturbed stationary state model (PSS)
4. Relativistic effects (R)

A program for the calculation of X-ray production cross-sections using the ECPSSR
theory is not very complex since the integration can be avoided with the use of tables. The
cross-sections used for data quantification in this thesis were calculated by the direct
integration method [10] applied to the ECPSSR model as stated in the original version
from 1981 [9].
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2.5.4 The model of a cylindrical target

The model of a cylindrical target is used for targets of cylindrical geometry when the
beam is homogeneous, the surface is smooth, and the elements are distributed
homogeneously. A schematic of the geometry is shown in Figure 21 [62]. The
discrepancies from real samples will be discussed further on in the thesis.

E.(y)

Figure 21: A schematic for the integration of a cylindrical target. Exit length & varies across the
diameter of the cylinder. [62]

The target of radius R is sliced into layers of thickness dy, perpendicular to the axis y.
In a particular layer the local coordinate z is measured along the proton path. The number
of X-rays excited in the differential volume /-dz-dy and detected by an X-ray detector with
a solid angle A, efficiency & (for a particular line i), and equipped with an absorber of
transitivity 7; is given by:

AQ .

dN' = 2. Ot N, e™*¢ (34)
where ¢o; is the X-ray production cross-section, ¢ is the measuring time and N, is the
p.

at

number of atoms in the layer: N = VN ,dV with M; the atomic mass of the atoms i
and N4 the Avogadro's number. The partial density p; is a fraction of the total sample
densityp: pi=x;p. Using the usual transformation dz = (dz/dE)-dE and the density
independent stopping power dE/dz = pS(E), and realizing that N, =j,2RIt is the total
number of protons that hit the target segment /, we obtain for the detected number of
X-rays i
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The double integral is essentially a typical thick target factor, averaged transversally
(in y direction) for a cylindrical target. E,(y) is the proton exit energy; if the target is
sufficiently thick, the protons may stop in the target and E is set to zero. The calculation
of E, requires (besides the radius R) also a knowledge of the total target density p, which
has to be determined by some other method. As the stopping powers and attenuation
coefficients in Eqn (35) are matrix dependent, the concentrations x; are evaluated from
Eqn (35) by an iterative procedure.

The X-ray detector is positioned at an angle ¢ with respect to the beam. X-rays are
leaving the target along the escape length &, which depends on the radius of the cylinder
R, and the coordinates u and v in the rotated coordinate system:

E=NR* -V’ —u. (36)

To get the coordinates u and v we have to rotate the coordinate system counter-
clockwise by the angle 7- ¢ The coordinates u and v are obtained by multiplying the

coordinate (y, \/R>—y” - ) by the rotation matrix:

vl cos(—1) —sin(x—1) y (37)
u| |sin(z—-8) cos(x—1 |WR -y’ —z|

The integration in Eqn (35) was performed by an 8-point Gaussian integration using
the transformation [39] which densifies the integration points in the region where the
integrand is large. If the proton beam is not homogeneous, the integrand in Eqn (35)
should also contain the normalized transverse distribution of the proton current. The
limiting cases of Eqn (35) are a very thin cylinder with no matrix effects, and a thick
cylinder with a radius that surpasses the proton range by several orders of magnitude. The
thick target factor in this case is then an average of the thick target factors obtained by
slowly rotating a large plane target perpendicular to the beam. The thick target factor in
Eqn (35) is typically larger than for a flat target.

2.5.5 Evaluation of the geometry impact

The cylindrical geometry influences only two parameters in Eqn (35). That is the escape
length & and the exit energy E,. Three sets of simulations have been done to evaluate the
influence of these two parameters:
a.) A concise cylindrical model as presented in Eqn (35) using Eqn (36) for the
calculation of the escape length &and the calculation of E, for each dy.
b.) A calculation of the ribbon geometry. The escape length & is calculated as in a
thick target (Eqn (29)). The exit energy E, corresponds to E, in a model a) at a
depth of 2R and is constant across the ribbon. The geometrical cross-section is a
square. The edge effects for absorption are not calculated.
c.) Calculation of a reduced ribbon geometry. The escape length ¢ is calculated as in
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a thick target (Eqn (29)). The area of the geometrical cross-section is the same as
the area of a circle used in the model a). The energy E, corresponds to E> in a

model a) at a depth of V7 R and is constant across the ribbon. The cross-section is
a square. The edge effects for absorption are not calculated.

The advantage of models b) and ¢) is that they can be implemented in the programs for
the calculation of concentrations like Gupix [70] or NDF [160], since they represent a
section of the layer with an intermediate thickness: the thin layer target at one end and the
thick layer target at the other end.

Obviously all three models will give different results for different diameters of the
fibre. Also the orientation of the fibre with respect to the detector is important. The
highest influence of the cylindrical geometry is in the case where the fibre is
perpendicular to the plane stretched by the beam and detector directions. When a fibre lies
in this plane and perpendicular to the beam, the model b) describes the geometry
influence adequately.

For the purpose of simulation, an imaginary sample of cotton with a few percent of
trace elements (Si, Ca, Ti, Fe, Cu, Br) was selected. The concentrations were calculated
using the models a), b), and ¢). The ratio between concentrations is shown in Figure 22 (b
vs. a) and Figure 24 (c vs. a).
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Figure 22: The influence of cylindrical geometry. The model for the cylindrical target was
compared to the simpler model of ribbon geometry, assuming a square cross-section with a side of
2R. Much higher concentrations in a target are assumed with the light elements (Si, Ca) when the
ribbon geometry model is used, however when the diameter of a cylindrical target approaches
zero, the concentrations calculated with ribbon geometry model are underestimated due to
difference in the area of the cross-section (square vs. circle area, where side of a square is a
diameter of a circle).
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The largest difference in the ratios between the concentrations of Si and Br at 50 um
fibre width is 56%. The maximum difference for calcium was lower, 14% at a fibre width
of 90 um. The range of 3 MeV protons in the sample (cotton matrix with trace elements)
calculated with SRIM2008 is 101 um, which is twice the diameter of the fibre.

At the diameters of the cylinder close to zero, the effect of X-ray absorption
diminishes, so only the amount of material irradiated is important. Thus the ratio between
both models for all elements approaches the number 0.785 which is the ratio between the
areas of a circle with radius R and a square with a side 2R. The model of a ribbon for
thicknesses much smaller than the range of projectiles thus translates into the model of a
thin target. To avoid the effect of a larger cross-section of ribbon model compared to the
model of a cylinder at dimensions close to zero, we should equal the cross-sectional area
of both models (Figure 23). We repeat the calculation for the square ribbon of the
dimensions:

> =xR*=7xD*/4=a=~NTR=Y~NxD.
a=v\1 ‘R
.
D\
2R
N/

Figure 23: The improved ribbon model vs. model of cylindrical geometry. The area of both cross-
sections are the same.

Pt N
N——Y

The ratio of concentrations of the improved ribbon model versus the cylindrical model is
shown in Figure 24.
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Figure 24: The improved ribbon model vs. cylindrical geometry model. The model for a
cylindrical target was compared to an improved ribbon model. The cross-section area of both
mathematical models are the same. The concentrations calculated with the improved ribbon model
are overestimated, but accurate when the diameter approaches zero. The largest difference is with
lightest elements (Si, Ca).

The evaluated concentrations in fibres of diameters close to zero in the improved
ribbon model are practically the same as in the rigorous cylindrical geometry model. The
differences increase with a fibre thickness and attain a maximum at a radius of 50 um.
For thicker fibres they are smaller, as we approach the plane thick target geometry. At the
maximum, the highest difference of 47% was found for silicon that emits soft X-rays of
1.74 keV energy, 12% for calcium emitting 3.69 keV photon.

The improved ribbon model can in principle be improved further with the inclusion of
the edge effects; this is correction of the absorption due to the limited width of the fibre,
but in this case the use of a dedicated program is required. When a dedicated program is
used, it is better to implement a more appropriate cylindrical geometry model described
earlier. However, such dedicated programs are much more complex than the cylindrical
model, as they require more geometrical parameters.

2.5.6 The beam profile

For a model as close to the real parameters as possible it is necessary to take into account
also the shape of the beam. The beam is collimated in vacuum either by a square or by a
circular collimator. After the collimation the beam passes a thin metal foil separating the
vacuum and the air at room pressure, resulting in a substantial angular straggling, which
is further increased in the air path between the foil and the target. An infinitely small
beam with N, projectiles would spread into a spot with the corresponding projectile areal
density P’ = j,t with a Gaussian profile of the width o”:
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The areal density P for a broad primary beam is then obtained by a convolution of the
distributions (Eqn (38)) across the beam area before the exit foil. For a circular
collimator, the integration across the beam area is straight forward. The complete circle is
divided into small areas dS that contribute dN, projectiles to the projectile areal density P
(Figure 25 [62]).

Figure 25: The model for the calculation of the projectile density P on the target for a broad exit
collimator of radius R,. Area fractions dS contribute dN, to the projectile areal density. [62]

The radius of the collimator (diaphragm) is R,;. The proton density distribution is
assumed to be homogeneous, so each dS emits dV, = N, dS/7th2 projectiles. After an

integration by dS = s ds da (Figure 25), we find that the projectile areal density at the
target depends only on the distance from the centre 7:

wl2 Sz Sz
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Eqn (39) distinguishes two cases, one is where the spot A is in the geometrical shade
of the primary beam (r < Ry), and the other is where the spot A" of the target is out of the
geometrical shade of the primary beam (r = R4). An integration over o is done
numerically. The distribution P from Eqn (38) tends towards the Gaussian with
decreasing values of Ry/c' (Figure 26). The experimental beam profiles were measured by
scanning a thin metal wire across the beam and detecting the induced rays. The values can
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be well fitted with a Gaussian function. Consequently, a pure Gaussian distribution was
assumed in the subsequent evaluation of the measured data. The width of the beam
always depends upon &', which is influenced by the thickness and the material of the exit
window, as well as the air gap.
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Figure 26: The calculated projectile areal density at the target. The primary beam diameter was
0.5 mm and three different values of ¢' were assumed. The distribution tends towards a Gaussian
with a decreasing R,/ 0’ ratio. [62]

2.5.7 Measurement of the beam profile with a metal wire

The beam profile was measured by scanning a 250 um metal wire across the beam. The
controlled horizontal displacement of the wire was done with a motorized XYZ stage.
The smallest step of the motors was 1/125 mm. Two sets of measurements were made:
2.5 MeV protons were extracted into the air through two different windows. At a distance
of 10 mm the protons hit a 0.25 mm thick copper wire. At the distance 5.5 cm from the
target the X-rays were measured with a Si(Li) detector. No additional absorber was used.
The results show that the beam-intensity profile is Gaussian with a fitted width (20) of
0.483 + 0.005 mm for an 8 um thick Al exit window (Figure 28) and 1.029 + 0.003 mm
for a 2 pm thick Ta exit window (Figure 29). The beam profile obtained with the Ta
window was normalized using two different methods, with Ar in the air and with a
chopper intersecting the beam between the exit window and the target (Figure 27),
revolving with a frequency of approximately 2 Hz. The normalization did not cause much
difference in the measured width of the beam (1.029 = 0.003 mm vs. 1.070 £ 0.004 mm
with normalization according to the chopper), however, Ar normalization was affected by
the wire geometrically shadowing the beam and thus reducing the Ar signal (Figure 30).
The wire was also preventing a part of the Ar signal, in its geometrical shadow towards
the detector, from being measured.
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Figure 27: The external chopper with Ti wire at MIC, JSI, used as an alternative to the Ar dose
measurement, before the in-vacuum wire-mesh was installed.
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Figure 28: The measured beam profile for an 8 um aluminium exit window and a 1 cm air gap at
the position of the target. Fitted width (26) is 0.483 + 0.005 mm. [62]
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Figure 29: The measured beam profile for a 2 um tantalum exit window and a 1 cm air gap at the
position of the target. Normalized according to the Ar signal from the air and the signal from the
in-air chopper. The fitted widths (26) are 1.029 + 0.003 mm and 1.070 + 0.004 mm, accordingly.
[62]
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Figure 30: The ratio between the X-ray intensities from the air argon and titanium chopper. The
wire shadows the Ar signal, but the Ti signal from the chopper is independent of the wire position.
The line is a fitted Gaussian. [62]
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2.5.8 Cylindrical target in a Gaussian-type beam

The integral in Eqn (35) is appropriate if the beam is homogeneous and N, is the number
of all the protons hitting the target. In reality, only a fraction of the beam hits the target,
so N, is calculated as:
tot 2R
Np = Np 7 . (40)

where N, is the total number of protons in the beam and a is the width of a

homogeneous beam. Due to angular scattering in the exit window and atmosphere the
beam profile tends towards a two-dimensional Gaussian distribution:

tot . tot 1 _Xi;lyz
Ny =1 j,dS; =N e 41)

The fibre is assumed to be parallel with the axis x and centred at y = 0. The number of
detected X-rays, combining all the parameters that depend on the transverse coordinate y
only in the function F(y), reduces to:

rot R

(42)

When o is large, the exponential function approaches unity. Moving the constants
\/2 B/ can be moved out of the integral we find:

Nt()l‘ R
Y, o< = | F(y)d (43)
N2rx G_J; Ve

The function F(y) is a shorthand notation for the integral from Eqn (35).

U G (E)exp(—u
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The integration of F(y) across the cylinder gives us the thick target factor 7,° for an

1

element i in the cylindrical target. The detected number of X-rays i (35) now translates
into the formula:

g 5& 8[77[ &xiTiC . (4_5)
T o 4rx M,

l

i _ tot
Nx_Np

The number of protons N, is proportional to a proton dose D as measured by one of
the current measurement techniques described in the previous chapters.
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N =k-D. (46)

P
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The product of constants — N, k can now be combined into a new instrumental constant H

which is supposed to be constant for all energies and thus all elements. The number of detected X-
rays is now:

(47)

1

. n 2R homogeneous beam
Ni = H.D-%xm{ §

& Gaussian beam ’

Some uncertainties in the detector efficiency & and the transitivity of X-rays 77; can
also be compensated by replacing the instrumental constant H with an energy dependent
function H.

The instrumental constant H was first introduced by J. L. Campbell in Gupix, PIXE
spectra evaluation program [161]. For flexibility reasons (when the detector response is
not very well known) the H constant in the current Gupix version can be set as a function
of the measured X-ray energy.

2.5.9 The determination of the instrumental constant H

The instrumental constant H combines the geometric solid angle of the X-ray detector and
any systematic normalization factor in the proton-dose normalization system. In practice,
with a well defined detector, the instrumental constant is indeed approximately constant
for the K series X-rays from elements in the range from calcium to tin (20<Z<50) [162].
A calibration for the measurement performed at the University of Surrey was adequate
even down to silicon (Z=14). The calibration with various mono-elemental targets and/or
standards with known concentrations can be performed and the instrumental constant H
can be applied in further measurements if it does not differ much for different elements.

The H constant does not depend on the sample geometry, so it can be determined
separately using a flat standard, preferably with a similar composition as the measured
samples. Since silicon is the lightest element in fibres and thus the most sensitive to the
absorption, it was important to compare its yield to the standard. Glass standards always
contain a large amount of silicon, so we also used it for our measurements. The
calculation of the instrumental constant has been made for measurements at the
University of Surrey and for measurements at the Jozef Stefan Institute.

2.5.9.1 H value calibration at the University of Surrey

At the external beamline at the University of Surry, a lead glass standard BCR® 126A
[163] was used, its composition is given in the certificate shown below.
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Table 1: BCR® - 126A lead glass certified reference material. The mass fraction of oxides
contained in a glass standard, and its density at 20 °C. [163]

CERTIFIED REFERENCE MATERIAL
BCR® - 126A (lead glass)

Mass Fraction

Certified value " | Uncertainty ® | Unit p
SiO, 57.80 0.11|g/100g | 11
PbO 23.98 0.06 | g/100g | 14
K>O 9.99 0.07|g/100 g 9
Al,O; 0.126 0.013|g/100 g 8
Fe,O3 0.0055 0.0012 | g/100 g 8
Sb,04 0.291 0.012|g/100 g 7
BaO 1.053 0.030 |g/100g | 13
CaO 1.033 0.030 |g/100 g 8
MgO 0.512 0.013|g/100 g 8
Zn0O 1.01 0.04 | g/100 g 8
Na,O 3.57 0.07|g/100 g 8
Li,O 0.494 0.016|g/100 g 7

Physical properties

Certified value " | Uncertainty ® | Unit p
Density at 20 °C 2.9905 0.0016 g/cm3 10
1) Unweighted mean value of the means of p accepted sets of data,
each set being obtained in a different laboratory and/or with a
different method of determination. The certified value and its
uncertainty are traceable to the International System of Units (SI).
2) The certified uncertainty is the half-width of the 95% confidence
interval specified in 1).

European commission, Joint research centre
Institute for Reference Materials and Measurements

The parameters of the beamline (detector filter, air gap to the detector) were optimized,
so the calculated concentrations approached the certified values as much as possible. The
results of an evaluation using the BCR 126A standard can be seen in the table below:

Table 2: H value calibration, performed on a lead glass BCR 126A at IBC, University of Surrey.

Energy of the measured discrepancy of the
Element characteristic instrumental deduced concentration
peak (keV) constant from the certified values
Si (K) 1.740 123.1 0.947
K (K) 3.313 121.7 0.936
Ca (K) 3.691 139.1 1.070
Zn (K) 8.631 153.6 1.182
Sb (L) 3.604 133.2 1.025
Ba (L) 4.464 113.7 0.875
Pb (L) 10.542 125.6 0.966
mean 130.0 + 13.24 1.000 +/- 0.102

The mean calibration factor of 130 + 13 was determined for all the measured elements
(Si, K, Ca, Zn, Sb, Ba and Pb) with the highest deviation of 18% for Zn. Iron was not
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included in the calibration due to its low concentration, high uncertainty and the known
issue of the non homogeneous distribution in the reference material. With deviations in
this range it is safe to use the mean calibration factor for all elements.

2.5.9.2 H value calibration at the Jozef Stefan Institute

At the external beamline at the Jozef Stefan Institute a NIST 620 [164] glass was used; its
composition is transcribed from the certificate in the table below.

Table 3: NIST 620 soda-lime flat glass certified reference material. The mass fraction of oxides
contained in a glass standard. [164]

National Bureau of Standards
(in cooperation with American society for testing and materials)

Standard Reference Material 620

NIST - 620 (Soda-Lime Flat Glass)

Mass Fraction
Certified value | Uncertainty | Unit
SiO, 72.08 0.08|g/100 g
Na,O 14.39 0.06 |g/100 g
Cao 7.11 0.05|g/100 g
MgO 3.69 0.05|g/100 g
Al,O; 1.80 0.03|g/100 g
K-O 0.41 0.03|g/100 g
SO, 0.28 0.02|g/100 g
As,03 0.056 0.003 |g/100 g
Fe, 05 0.043 0.004 |g/100 g
TiO, 0.018 0.002 | g/100 g

The parameters of the beamline (detector filter, air gap to the detector) were optimized,
so the calculated concentrations approached the certified values as much as possible. The
results of an evaluation using the NIST 620 standard can be seen in the table below.

Table 4: H value calibration, performed on a soda-lime glass NIST 620 at MIC.

Energy of the measured discrepancy of the
Element characteristic instrumental deduced concentration
peak (keV) constant from the certified values
K (K) 3.313 3.884E+07 1.016
Ca (K) 3.691 3.128E+07 0.819
Ti (K) 4510 4 179E+07 1.094
Fe (K) 6.403 3.290E+07 0.861
As (K) 10.543 4.624E+07 1.210
mean 3.821E+07 +/- 1.00 +/- 0.162
2.774E+06

The mean instrumental constant of 3.821e7 + 0.277¢7 was determined for the elements
from K (3.313 keV) to As (10.543 keV). The highest measured deviation of 21% was
observed for As.
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2.5.10 The PIXE experimental setup

PIXE measurements were made with a liquid-nitrogen-cooled Si(Li) detector with an
energy resolution of 160+5eV at the energy of the Mn K-o peak (5.898 keV). The
detector was positioned 55 mm away from the target, which was 10 mm away from the
exit window at an angle 45° to the beam. Between the detector and target there was air.
With this setup we can measure elements heavier than Si. The experimental setup is
shown in Figure 31.

The signal from the detector preamplifier is led to the NIM crate (Nuclear
Instrumentation Module) to be amplified and converted into digital signal, then a
Canberra multi channel analyzer (MCA) in a form of a PC card is used to collect the
spectrum. An MS-DOS program Axil [165, 166] enables the collection, saving and fitting
of the spectra. After the fits are obtained, the concentrations are calculated using
dedicated programs written in the Pascal programming language.

Figure 31: The external beam experimental setup at Microanalytical center at JoZef Stefan
Institute with the PIXE, PIGE and RBS detectors. Normalization chamber with the wire-mesh-
based charge-collecting device is seen, as well as the positioning system with a camera and a laser
fixed on a micro-positioning stage.

For heavier elements (starting with Fe) we increase the proton current and use filters in
front of the detector, in order to reduce the signal from the light elements. Kapton filters
with thicknesses variable in steps of 50 um were used and sometimes a 100 or 300 pm Al
filter, depending on the required absorption of low energy X-rays. The transmission of X-
rays [167] at different energies can be seen in Figure 32.
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Figure 32: X-ray transmission of various filters. X-ray transmission of a 100 um and 300 pm Al

foil and a 300 um Kapton® (C5,05N,H, o) polymer foil. [167]
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2.5.11 The PIXE measurement uncertainty

The parameters which have the strongest influence on the PIXE measurement in air are:
the exit window thickness, the distance to the target, the air density, the standard material
composition uncertainty, and the proton dose uncertainty. Later, I will discuss each of
them.

The exit window has a strong influence on the proton beam. Protons in the material
lose part of their energy and also their energy distribution becomes wider due to energy
straggling, thus it is important to know the thickness of the exit foil. Typically an 8 um
aluminium exit window lasts several 100 hours of measurements, and a 2 um tantalum
window even longer. So, the exit window thickness is not expected to change during a set
of measurements, unless the window breaks and has to be replaced. In this case an
additional calibration is necessary.

The distance to the target is probably the most critical of the parameters. Protons are
being decelerated by the atmospheric atoms and molecules, thus losing energy. A 3 MeV
proton travelling 1 mm in air loses around 13 keV of energy. The variation in the distance
to the target also coincides with the variation in the distance to the detector, which means
higher absorption. Both effects lead to a lower yield of detected elements, thus a lower
measured concentration than expected. This is the only parameter which is different for
every sample; moreover, positioning of the previous sample is unrelated to the positioning
of the next one.

The air density (atmospheric pressure) has an influence on the PIXE measurements
since it changes the attenuation of the X-rays as well as stopping of the protons in air.
However, it stays constant within 4% (40 mbar variation of atmospheric pressure around
1 bar in the worst case) during a set of measurements if they are made in one day. So the
influence of the air density is included in the instrumental constant H.

The standard material which we use for the calibration at least once in a set of
measurements is a material with a well known composition, measured many times with
various techniques. The uncertainty of standard material composition is given in a
certificate. Sometimes, the amount of a certain element in the standard material is close
to the detection limit, so the uncertainty is relatively high, in this case another standard
should be used for the calibration of that element.

The proton-dose uncertainty depends on the method of measuring the proton dose.
With a wire-mesh we got very good results, the charge collected was measured with a
charge integrator and digitally measured with an uncertainty of +1 of the preset unit of
charge, typically more than 100 preset units of charge were collected per measurement.
The argon calibration takes into account the signal in the Ar peak in the spectrum,
obeying a law of counting statistics, which means that for an uncertainty of 3% more than
1000 counts should be collected, and 10000 for a statistical uncertainty of 1%. However,
the proton number directly affects only the absolute concentrations, the ratios between
elements remain constant regardless of the proton dose. But care should be taken when
doing the Ar normalization on a sample containing silver, since its Lat line coincides with
the Ar Ko line, and also the thorium Mo line is located close to Ar Ko line.

The stability of the accelerator terminal voltage is better than 100 V at the terminal
voltage of 1.5 MV, which means the proton beam energy variation due to the terminal
voltage oscillations is insignificant and can be neglected.

Table 5 presents a list of parameters influencing the uncertainty of the measurements.
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Table 5: List of parameters and their influence on the absolute and relative results of the
measurements, done at the University of Surrey.

parameter absolute relative uncertainty of uncertainty of
uncertainty uncertainty | absolute results | relative results
[%] [%] to Ti [%]
exit window 8+ 1 um +12.5 3.4 (Cu) 1.9 (Si)
thickness (Kapton)
distance to the target | 4.5+ 0.25 mm | +5.5 0.70 (Fe) 0.45 (Si)
air density 1.176-1.224 +4 7.5 (Si) 6.6 (Si)
g/dm’ 1.7 (Ca) 0.76 (Ca)
1000 + 40 mbar
proton dose - 500000 £ 707 | £0.15 +0.15 <0.01
chopper (counts) (negligible)
Stability of beam 1.5 MV + 100 | <0.01 <0.01 <0.01
energy \Y (negligible) | (negligible) (negligible)
sum or squares 3.87 2.10
max. geometrical 30% (Si) Si/Br = 56%
uncertainty (at diameter
cylinder vs. plane with maximal
target effect)

Table 6: List of parameters and their influence on the

measurements, done at the JoZef Stefan Institute.

absolute and relative results of the

parameter absolute relative uncertainty of uncertainty of

uncertainty uncertainty | absolute results | relative results
[%] [%] to Ti [%]

exit window 8+ 1 um +12.5 3.6 (Cu) 1.2 (Cu)

thickness (Al foil)

distance to the target | 10 £0.25 mm | 2.5 4.2 (Mn) 0.3 (Mn)

air density 1.137-1.183 +4 1.2 (Ca) 0.6 (Ca)
g/dm3 1.5 (Sb) 0.9 (Sb)
960 + 40 mbar

proton dose - 1600 + 40 +2.5 +2.5 <0.01

argon (counts) (negligible)

stability of beam 1.5 MV % 100 | <0.01 <0.01 <0.01

energy \Y (negligible) | (negligible) (negligible)

sum or squares 6.25 1.53

max. geometrical 20% (Ca) Ca/Cu = 14%

uncertainty Cu- (at diameter

(cylinder vs. plane
target)

with maximal
effect)

The distance to the target has the highest influence on the uncertainty of the
measurement, because of the ~30% shadowing of the Ar signal by the exit nozzle [45].
For this reason, much care has to be put into the positioning of the sample. This error will
be much reduced when other means of proton dose measurement will be utilized. The air
density, however, does not have as high an impact as for the University of Surrey,
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because silicon could not be measured at all due to the large distance (5.5 cm) to the
detector, and due to 100 um kapton absorber used for the measurements.

The parameter with largest impact, which was not included in the estimation of the
measurement uncertainty, is the geometrical parameter, related to the diameter of the
fibres. It is written in the tables above just to put it into perspective. The geometrical
uncertainty for some of the most inappropriate cases can play a prominent role in the
interpretation of results, especially when measuring the X-ray emission of low-Z
elements, like silicon (1.74 keV) or calcium (3.69 keV), and should be investigated in
more detail.

2.5.12 Reproducibility

For a measurement to be valuable in future studies it is important that it is reproducible.
The PIXE method by itself is reproducible and as such useful in scientific studies. But on
the other hand the sensitivity of the PIXE method is so high that it is important to know
the uncertainties and detection limits so as not to over-interpret the data. Another thing
important to know is the distribution of elements and the inhomogeneity of the sample.
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3 Development of measuring equipment and procedures

3.1 Measurements of textile fibres

Textile fibres were measured at two different facilities using an in-air proton beam, and a
proton micro-beam in vacuum. The samples were textile fibres extracted from the cloths,
which were either treated with various dressings or not. The treated cloths were in most
cases easily distinguished from the untreated cloths by their texture, but once a single
thread was extracted from the cloth, the difference could not be observed any more. The
aim of the measurements was to determine if the distinction could be made on the basis of
the composition. We expect to perform more precise measurements with the ion-beam
analytical methods than with the methods commonly used for such purposes (optical
microscopy, SEM-EDS).

3.1.1 The textile fibre samples

The samples were single threads (yarns) extracted from the weaved cloths. If the warp
and weft yarn were different, both were measured (Figure 33 [168]). Sometimes there was
more than one warp yarn in a single cloth, in this case all used threads in the cloth were
measured.

Figure 33: The plain weaved cloth. Warp and weft yarns (threads) are indicated. [168]

The cloths were treated with different dressings to achieve various properties of the
tissue. The so-called "silver dressing" supposedly containing silver nano-particles was
used to achieve an antibacterial effect and was compared to the Actigard® dressing. A
one-side anti-slip dressing was used only on one side of the cloth to reduce the wettability
of the cloth. The dressing with an unknown composition was used to increase the fire
resistance. With the cloth of black colour the Teflon dressing was used to improve the
properties. All the samples with the denoted treatment, material and colour are listed in
Table 7. The texture of the threads in the standard notation for the textile industry is
denoted, where the information was available.
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Table 7: Table of the textile fibre samples. Various cloths are denoted with number and
separate yarns from it with letters.

# of cloth yarn |treatment fibre material fibre colour fibre texture
1. Silver dressing (antibacterial)
a dressed PES white 167f96x2
1 b dressed Cotton+Lycra white Nm24/1
c dressed Cotton gray Nm30/1
d dressed Cotton white Nm30/1
a undressed PES white 167f96x2
2 b undressed Cotton+Lycra white Nm24/1
c undressed Cotton (brown) brown Nm30/1
d undressed Cotton (white) white Nm30/1
2. Silver dressing (antibacterial)
3 dressed 1 Cotton light yellow Nm 80/2
dressed 1 Cotton light yellow Nm 80/2
4 dressed 2 Cotton light yellow Nm 80/2
dressed 2 Cotton light yellow Nm 80/2
5 undressed Cotton light yellow Nm 80/2
undressed Cotton light yellow Nm 80/2
Actigard (antibacterial)
a dressed PES white 167f96x2
6 b dressed Cotton green Nm 20/1
c dressed Cotton+Lycra white Nm 24/1
d dressed PES white 167f96x2
a undressed PES white 167/96x2
7 b undressed Cotton green Nm 20/1
c undressed Cotton+Lycra white Nm 24/1
d undressed PES white 167f96x2
one-side anti-slip dressing
8 a dressed PES white 167x1
b dressed Cotton blue Nm 20/1
9 a undressed PES white 167x1
b undressed Cotton blue Nm 20/1
fire resistant dressing
1 O a dressed PES white
b dressed PES yellow
1 1 a undressed PES white
b undressed PES yellow
Teflon dressing
1 2 a dressed PES black
b dressed Cotton black
1 3 a undressed PES black
b undressed Cotton black

The fibres were measured at the external beamline at

the Jon Beam Centre at the
University of Surrey, and at the Microanalytical Center at the JoZef Stefan Institute in
Ljubljana. The measurements using the micro-beam were also made in both places.

Both in-air beamlines at the University of Surrey and the JoZef Stefan Institute exhibit
similar characteristics. The parameters of both beamlines are compared, side by side, in
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the table below.

Table 8: External (in-air) beamline comparison.

institution

department

beamline type
atmosphere

IBA method

detector type

airgap 1 (to the target)
airgap 2 (to the detector)
angle to the detector
detector window
detector filter

detector resolution
lightest detectable element
mapping?

exit window

projectile energy

beam diameter

beam shape
beam profile

proton dose normalization

University of Surrey
lon Beam Centre - IBC
external beamline
air

PIXE

Si(Li)-LN cooled
4.5 mm

9.1 mm

45°

12.5 um Be

24 um Kapton

160 eV @ 5.9 keV
Si

yes, max. 3x3 mm
8 um Kapton

3021 keV

1) 0.3 mm,

2) mapping over 1x1 mm
1) circle (measurement in a point),
2) square (mapping over 1x1 mm)
1) presumably Gaussian,

2) homogeneous square
chopper

Jozef Stefan Institute
Microanalytical Center - MIC
external beamilne
air

PIXE

Si(Li)-LN cooled

10 mm

55 mm

45°

12.5 um Be

no, Kapton, Al foil
160 eV @ 5.9 keV
Ar

no

8 um Al

3021 keV

1 mm

circle
Gaussian

Ar signal in the air, chopper,
wire mesh charge collection

The samples were measured with a 3021 keV proton beam, and at IBC the scan over
an area of 1x1 mm was performed to simulate a square homogeneous beam. Of course in
reality the beam is convoluted with a 300 um FWHM Gaussian type beam, but the error
made by assuming a homogeneous square beam is small enough to be neglected in the
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calculations. The concentrations of trace elements in a cotton matrix of the textile fibres

were calculated using the model of a cylindrical target and the model of a ribbon with a

square cross-section (Figure 22). The measurements are collected in Table 9-10.



Table 9: PIXE measurements of textile fibres measured at the University of Surrey, concentrations in mass% were calculated with a cylindrical target model.

sample 1a 1b 1c 1d 2a 2b 2c 2d 3 4 5 6a 6b 6c
matrix PES Cotton Cotton Cotton PES Cotton Cotton Cotton Cotton Cotton Cotton PES Cotton Cotton
+Lycra +Lycra +Lycra
density 1.38 1.55 1.55 1.55 1.38 1.55 1.55 1.55 1.55 1.55 1.55 1.38 1.55 1.55
width 550 450 300 300 550 350 300 300 350 350 300 300 300 300 400 350 300
[um
megsd 56 57 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73
rement
Si| 0.866 3.52 1.52 3.26 0.0813 0.0559 0.0326 0.146 0.0887 0.0664 0.148 0.0579 0.360 0.683 0.898
P 0.397 0437 0.217 0.481 0.0852 0.191 0.218 0.294 0.291
S 0.239 0483 0.263 0.224 0.206 0500 0.202 0.286 0.323 0.268 0.353 0.209 0.256 0.182 0.231 0.169
Cl| 0.326 0.987 0.746 0.959 0.209 0.292 0.214 0.203 0.226 0.251 0.202 0.236 0.384 0.466 0.283 0.528 0.366
K 0.364 0.235 0.352 0.0574 3.65 0.0878 0.141 0.0948 0.111 0.0958 0.123 3.58 299 0.0969 0.224 0.126
Ca| 0.0778 0.674 0.732 0.553 0.0796 0.522 0.747 0.538 0.848 0.838 0.661 0.945 0.458 0.440 0.0761 0.365 0.0998
Ti 1.30 0.0787 0.0436 0.0656 1.04 0.0058 0.0051 0.0023 0.0351 0.0310 0.0259 0.0402 0.0022 0.0024 1.57 0.0030 1.90
Mn 0.0443 0.0588
Fe 0.0089 0.0313 0.0310 0.0078 0.0336 0.0357 0.0128 0.0039 0.0117 0.0185 0.0194 0.0329 0.0232 0.0015 0.0182 0.0111
Ni
Cu 0.100 0.0453 0.0038 0.0479
Zn 0.0158 0.0039 0.0040
Br

Continues on the next page.

9¢

sainpaooid pue juswdinbs Surmsesw jo juowdoaasq



sample 6d 7a 7b 7c 7d 8a 8b 9a 9b 10a 10b 11a 11b 12a 12b 13a 13b
matrix PES PES Cotton Cotton PES PES Cotton PES Cotton Cotton PES Cotton PES PES Cotton PES Cotton
+Lycra
density 1.38 1.38 1.55 ¥.55 1.38 1.38 1.55 1.38 1.55 1.55 1.38 1.55 1.38 1.38 1.55 1.38 1.55
width 550 500 350 400 550 300 450 250 400 375 550 300 500 200 400 200 400
m
me[l;sd 79 84 81 82 83 85 86 87 88 89 90 91 92 93 94 95 96
rement
Si 1.50 0.199 0.591 0.236 0.0876 1.41 290 0.126 0.0392 0.0103 0.0142 0.127 0.131 0.0745 0.0747 0.0935 0.0190
P| 0889 0.165 0.360 0.308 0.271 0.728 1.24 0.241 0.515 0.0921 0.252 0.488 0.150 0.211 0.521 0.121 0.309
S| 0252 0326 0.714 0511 0320 0.447 0968 0.762 0.824 0.475 0.629 0.577 0.161 0.400 296 0.348 1.75
Cl| 0945 0.328 0435 0428 0.271 0455 0.306 0.623 0.290 0.302 0.354 0.505 0.197 143 0.442 1.51 0.282
K| 0.456 0.105 0.234 0.207 0.0838 0.153 0.179 0.225 0.111 0.113 0.0917 0.140 0.0352 0.0634 0.112 0.109 0.0777
Ca| 0.953 0.160 0.935 0.682 0.0747 0.283 0.943 0.239 1.16 0.0914 0.0684 0.209 0.0404 0.296 1.71  0.113 0.809
Ti| 0.0150 2.46 0.0066 0.0111 2.06 1.89 0.0098 0.0288 0.0071 0.966 1.42 1.89 1.00 0.426 0.0072 0.472 0.0084
Mn 0.0686 0.0613 0.0037 0.0320 0.0216
Fe| 0.0203 0.0154 0.0213 0.0260 0.0075 0.0080 0.0270 0.0493 0.0148 0.0118 0.0046 0.0343 0.0041 0.0231 0.0255 0.0237 0.0161
Ni 0.0022 0.0042
Cu| 0.0126 0.0962 0.0108 0.257 0.309
Zn| 0.0209 0.0270 0.0279 0.0371 0.0357
Br 1.09 1.36
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Table 10: PIXE measurements of textile fibres measured at the University of Surrey, concentrations in mass% were calculated with a ribbon target model with a

square cross-section.

sample 1a 1b 1c 1d 2a 2b 2c 2d 3 4 5 6a 6b 6c
matrix PES Cotton Cotton Cotton PES Cotton Cotton Cotton Cotton Cotton Cotton PES Cotton Cotton
+Lycra +Lycra +Lycra
density 1.38 1.55 1.55 1.55 1.38 1.55 1.55 1.55 1.55 1.55 1.55 1.38 1.55 1.55
width 550 450 300 300 550 350 300 300 350 350 300 300 300 300 400 350 300
[um]
measur 56 57 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73
ement
Si| 0.978 3.99 1.76 3.77 0.0918 0.0642 0.0378 0.1700 0.1030 0.0769 0.172 0.0672 0.413 0.784 1.04
P 0.4610 0.5070 0.253 0.559 0.0991 0.222 0.250 0.339 0.340
S 0.270 0.558 0.308 0.243 0.232 0568 0.229 0.327 0.369 0.305 0.404 0.238 0.292 0.205 0.261 0.195
Cl| 0.338 1.07 0.825 1.08 0.216 0.3110 0.231 0.219 0.245 0.273 0.219 0.257 0.416 0.505 0.302 0.568 0.402
K 0.360 0.238 0.362 0.0544 3.58 0.0873 0.140 0.0946 0.111 0.0953 0.123 3.57 2.98 0.0950 0.221 0.127
Ca| 0.0727 0.648 0.725 0.554 0.0741 0509 0.729 0.524 0.829 0.820 0.646 0.925 0.456 0.436 0.0732 0.353 0.0981
Ti 1.21 0.0739 0.0423 0.0641 0.968 0.0055 0.0049 0.0023 0.0340 0.0300 0.0251 0.0389 0.0021 0.0023 1.50 0.0029 1.84
Mn 0.0425 0.0569
Fe 0.0085 0.0306 0.0303 0.0074 0.0323 0.0349 0.0125 0.0038 0.0114 0.0181 0.0190 0.0320 0.0226 0.0014 0.0177 0.0108
Ni
Cu 0.0987 0.0447 0.0037 0.0471
Zn 0.0156 0.0038 0.0040
Br

Continues on the next page.

86

saanpaooid pue juswrdinbs Surmsesw jo yuswdo[aAa(



sample 6d 7a 7b 7c 7d 8a 8b 9a 9b 10a 10b 11a 11b 12a 12b 13a 13b
matrix PES PES Cotton Cotton PES PES Cotton PES Cotton Cotton PES Cotton PES PES Cotton PES Cotton
+Lycra
density 1.38 1.38 1.55 ¥.55 1.38 1.38 1.55 1.38 1.55 1.55 1.38 1.55 1.38 1.38 1.55 1.38 1.55
width 550 500 350 400 550 300 450 250 400 375 550 300 500 200 400 200 400
m
me[l;sd 79 84 81 82 83 85 86 87 88 89 90 91 92 93 94 95 96
rement
Si 1.69 0.226 0.678 0.269 0.0989 1.65 3.28 0.150 0.0447 0.0117 0.0160 0.148 0.149 0.0902 0.0851 0.113 0.0216
P 1.01 0.186 0.415 0.349 0.303 0.864 142 0.288 0.584 0.105 0.282 0.567 0.168 0.256 0.591 0.147 0.351
S| 0.281 0.359 0.808 0.568 0.350 0.527 1.10 0.887 0.917 0528 0.687 0.662 0.177 0.474 3.30 0.412 1.94
Cl 1.01 0.344 0473 0454 0282 0515 0.339 0.698 0.310 0.320 0.369 0.555 0.205 1.63 0.488 1.72 0.305
K| 0.445 0.101 0.232 0.201 0.0799 0.158 0.179 0.233 0.108 0.110 0.0875 0.141 0.0337 0.0675 0.112 0.116 0.0763
Ca| 0905 0.151 0.907 0.650 0.0698 0.285 0.913 0.241 1.11 0.0874 0.0640 0.206 0.0380 0.306 1.67 0.116 0.777
Ti| 0.0140 2.31 0.0063 0.0105 1.92 1.86 0.0092 0.0284 0.0067 0.917 1.32 1.84 0.940 0.427 0.0068 0.473 0.0079
Mn 0.0644 0.0574 0.0036 0.0316 0.0213
Fe| 0.0193 0.0146 0.0207 0.0251 0.0071 0.0078 0.0257 0.0485 0.0143 0.0114 0.0044 0.0333 0.0039 0.0228 0.0244 0.0234 0.0155
Ni 0.0022 0.0041
Cu| 0.0122 0.0944 0.0105 0.249 0.301
Zn| 0.0204 0.0265 0.0275 0.0365 0.0351
Br 1.07 1.34
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Table 11: PIXE measurements of textile fibres measured at the University of Surrey, ratio between the concentrations calculated with a ribbon target model vs.
cylindrical target.

sample 1a 1b 1c 1d 2a 2b 2c 2d 3 4 5 6a 6b 6c

matrix PES Cotton Cotton Cotton PES Cotton Cotton Cotton Cotton Cotton Cotton PES Cotton Cotton
+Lycra +Lycra +Lycra

density 1.38 1.55 1.55 1.55 1.38 1.55 1.55 1.55 1.55 1.55 1.55 1.38 1.55 1.55

width 550 450 300 300 550 350 300 300 350 350 300 300 300 300 400 350 300
[um

megsd 56 57 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73

rement

Si 1129 1134 1158 1156 1129 1.148 1.160 1.164 1.161 1.158 1.162 1.161 1.147 1148 1.158

P 1.161 1.160 1.166 1.162 1.163 1.162 1.147 1.153 1.168

S 1130 1155 1471 1.085 1126 1136 1.134 1143 1142 1.138 1.144 1.139 1.141 1.126 1130 1.154

Cl 1.037 1.084 1.106 1.126 1.033 1.065 1.079 1.079 1.084 1.088 1.084 1.089 1.083 1.084 1.067 1.076 1.098

K 0.989 1.013 1.028 0.948 0.981 0994 0993 0.998 1.000 0.995 1.000 0.997 0.997 0.980 0.987 1.008

Ca 0934 0961 0990 1.002 0.931 0975 0976 0.974 0.978 0979 0977 0.979 0.996 0.991 0.962 0.967 0.983

Ti 0931 0939 0970 0.977 0931 0950 0966 0.966 0.969 0.968 0.969 0.968 0.964 0.967 0.955 0.953 0.968

Mn 0.959 0.968

Fe 0.954 0978 0.977 0.952 0961 0978 0977 0.977 0974 0978 0979 0.973 0.974 0966 0.973 0.973

Ni

Cu 0.987 0.987 0.981 0.983

Zn 0.987 0.977 0.985

Br

Continues on the next page.

09

saanpaooid pue juswrdinbs Surmsesw jo yuswdo[aAa(



sample 6d 7a 7b 7c 7d 8a 8b 9a 9b 10a 10b 11a 11b 12a 12b 13a 13b

matrix PES PES Cotton Cotton PES PES Cotton PES Cotton Cotton PES Cotton PES PES Cotton PES Cotton
+Lycra

density 1.38 1.38 1.55 ¥.55 1.38 1.38 1.55 1.38 1.55 1.55 1.38 1.55 1.38 1.38 1.55 1.38 1.55

width 550 500 350 400 550 300 450 250 400 375 550 300 500 200 400 200 400
m

me[l;sd 79 84 81 82 83 85 86 87 88 89 90 91 92 93 94 95 96

rement

Si 1.127 1136 1.147 1140 1129 1170 1131 1190 1.140 1.136 1.127 1.165 1.137 1.211 1.139 1.209 1.137

P 1.136 1.127 1.153 1133 1.118 1.187 1.145 1195 1.134 1140 1119 1162 1.120 1.213 1.134 1215 1.136

S 1.115 1.101 1132 1112 1.094 1179 1.136 1.164 1113 1112 1.092 1.147 1.099 1.185 1.115 1.184 1.109

Cl 1.069 1.049 1.087 1.061 1.041 1.132 1.108 1.120 1.069 1.060 1.042 1.099 1.041 1.140 1.104 1.139 1.082

K 0976 0962 0991 0.971 0953 1.033 1.000 1.036 0.973 0.973 0954 1.007 0.957 1.065 1.000 1.064 0.982

Ca 0950 0944 0970 0.953 0.934 1.007 0968 1.008 0.957 0956 0936 0.986 0.941 1.034 0977 1.027 0.960

Ti 0933 0939 0956 0.946 0932 0984 0941 0.986 0.942 0949 0930 0.974 0.940 1.002 0.948 1.002 0.945

Mn 0.939 0.936 0.976 0.988 0.986

Fe 0.951 0948 0972 0.965 0944 0979 0952 0.984 0.966 0966 0.948 0.971 0.958 0.987 0.957 0.987 0.963

Ni 0.973 0.974

Cu 0.968 0.981 0.972 0.969 0.974

Zn 0.976 0.981 0.986 0.984 0.983

Br 0.982 0.985
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3.1.2 PIGE measurements of textile fibres

3 MeV protons are able to induce certain gamma-ray-producing reactions in material,
which enables us to measure some light elements and even isotopes in the sample. A
quantification of the PIGE values is difficult though a lower level of detection than with
PIXE can be achieved, but nevertheless some limited accuracy of the results can be
obtained. For example, elements and isotopes which can be measured are: 10B, 11B, Na,
Si, Al, Mg and F. Oxygen can also be detected with a gamma detector, but the problem is
that a high concentration of oxygen is present in the air and we always get an oxygen
peak using an in-air beam.

In order to increase the solid angle, the gamma detector should be positioned as close
to the target as possible. The advantage of the PIGE technique over the PIXE technique is
a much stronger penetration of gamma-rays, so the absorption along the path towards the
detector is negligible, which eliminates the influence of target geometry.

The results of the PIGE measurements done at the 2 MV HVEE Tandetron accelerator
at the University of Surrey can be seen in the table below. The beam energy was
3021 keV, the exit window was an 8 um Kapton foil, the angle of the detector to the beam
directions was 90°, the beam current was around 1.2 nA, the measurement time was
10 minutes and the proton dose was around 0.7 uC. The dose was measured for each
measurement with a chopper device (Figure 15).

The concentrations x; of an element i were calculated using the formula:

Ny (S)
st st
)
Where <$> is the average stopping power in the sample, N, is the proton dose and Y; is
the gamma yield of the sample material. The concentration x; was calculated with respect
to the concentration of the same element in the standard. The superscript "st" denotes the

respective quantities in the standard material. For qualitative as well as quantitative
analysis the following peaks have been used:

‘:<

X. =X

1 st

(48)

=

Energy (keV) measured counts statistical error of the
on the standard measurement
10B 429 16065 (NIST 93a BS glass) 0.8%
11B 2125 939 3.3%
Na 440 19811 0.7%
1634 & 1636 5015 1.4%
Si 1273 338 5.4%
Al 844 713 3.8%
Al 1014 1071 3.1%
O 495 97 10.2%
O 871 35 16.9%
1982 31 18.0%
F 1236 144 (Teflon, 76 wt% F) 8.3%
F 6129 131 8.7%

The PIGE measurements at the University of Surrey were done in two runs with
different settings: for one we used a static beam of 300 pm FWHM. The beam profile was
presumably Gaussian due to the scattering in the exit foil and the air. A Gaussian profile
was also used in the calculations. In the second run we measured by scanning the beam
over an area of 1x1 mm. In the evaluation of the latter measurements the beam was set to



Development of measuring equipment and procedures 63

a 1x1 mm homogeneous distribution with a square cross-section, so the beam was larger
than the fibres. We took this fact into account by multiplying the result with the ratio of
beam and fibre widths (dy/d):

‘:<

Ny (S) d,
- (49)
P Yis <S‘Y > df

X =X

1 st

=

The proton dose was in both runs measured with a chopper in vacuum, but the ratio of
the chopper signal to the dose was significantly different, so for both runs we determined
two different calibration constants.

The results of the PIGE analysis are presented in the Table 13 and Table 14.

Evaluation of a the influence of distance on the PIGE measurements

The influence of the distance to the target was evaluated measuring the NIST 620
standard at two different locations, one at a distance of 11 mm from the exit window and
the other at a distance of 20 mm from the exit window. The differences in gamma-ray
yields are presented in Table 12.

Table 12: Gamma yield of the NIST 620 glass at two different distances from the exit window.
Measurements were performed at the Jozef Stefan Institute.

element Na Mg Al Al Si

energy 440 keV 1369 keV 844 keV 1014 keV 1273 keV
MIL77 - 11 mm | 362891 1520 2433 3427 984
MIL78 - 20 mm | 319802 1280 1824 1599 750
relative -11.9 % -15.8 % -25.0% -53.3% -23.8 %
difference

The gamma-ray production cross-section for silicon is quite strongly energy
dependent. At energies from 3 MeV to 3.5 MeV the gamma-ray yield increases by an
order or magnitude [169], unfortunately the information on Si the cross-section at
energies below 3 MeV is not available; however according to our measurement the
change is not so drastic.




Table 13: PIGE measurements of textile fibres, done at University of Surrey, first run. The concentrations are in mass%. The beam was static with a
Gaussian profile and a FWHM of 300 um. The concentrations are calculated using Eqn 48. The concentrations in bold print are standard values.

¥9

measurement 345 346 344 343 341 347 348 339 338 332 331 340 349 350
sample NIST 93a Teflon 9b 8b 13b 7c 6c 8a 12a 12b 12a 13a 2b 1b
width [um] 400 450 400 400 300 300 200 400 200 200 350 450
chopper 35.005 3.582 67.733 81.148 67.100 64.116 60.409 68.574 68.310 64.629 68.412 67.400 57.199 57.113
Elem. Energy
[keV]
10B 429 3.9 0.08 0.09
11B 2125 3.9 0.07 0.06
Na 440 3.0 0.02 0.20 0.04 0.09 0.04 0.02 0.03
Na 1634|1636 3.0 0.02 0.21 0.04 0.06 0.04 0.02 0.04
Si 1273 37.8 4.58 4.00 2.16 1.63
Al 844 1.21 0.06 0.03 0.19
Al 1014 1.21 0.02 0.02 0.10 0.08
O 495 53.8 2799 20.15 34.6 2589 2459 2198 2567 16.54 35.27
O 871 53.8 39.66 54.8 56.54 3547 36.54 46.75 3555 7882 70.04 57.50
O 1982 53.8 29.8 2544 26.35 31.09 2722 36.35
F 1236 76.0 2.82 4.05 3.68 2.04 6.36
F 6129 76.0 1.25 1.40 6.88 0.66 5.02
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Table 14: PIGE measurements of textile fibres, done at the University of Surrey, second run. The concentrations are in mass%. The beam was a
homogeneous square of 1x1 mm. The concentrations are calculated using Eqn 49, where the width of a fibre was taken into account. The concentrations
in bold print are standard values.

measurement 99 1000 01 02 03 04 07 08 09 10 11 12 14 15
sample | NIST 93a 1a 1c 1d 2a 2c 3a 4a 4b 5a 5b 2d 3a 6a
d; width [um] 1000 550 300 300 550 300 350 300 300 300 300 300 350 400
chopper 37340 666957 663720 665769 654848 688157 713227 681759 635034 648228 668480 671041 685081 731775
Elem. Energy
[keV]
10B 429 3.90 0.0027 0.0001 0.02
11B 2125 3.90 2.01 1.51 1.19
Na 440 2.95 0.01 0.02 0.27 0.21 0.03
Na 1634|1636 2.95 0.02 0.05 0.05 0.007 0.008 0.02 0.02 0.03 0.28 0.22 0.03 0.01
Si 1273 37.8 6.24 2.78 3.41 4.19 4.20 6.24 6.11 7.56 5.50 5.78 4.53
Al 844 1.21 0.19 0.39 0.26 0.04
Al 1014 1.21 0.04 0.18 0.26 0.02 0.04 0.02 0.03 0.03 0.04 0.04 0.05 0.03 0.04
0] 495 53.8
O 871 53.8 70.4 69.6 35.8 52.7 42.3 51.1 54.0 50.4 42.7 54.3 50.6 40.2
0 1982 53.8 34.1 68.0 67.2 36.4 46.7

sainpadoid pue juswdinba Surnseaw jo Juswdojeasg
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3.1.3 The silicon anomaly

For silicon, significant differences in the concentrations were obtained using the two
methods. With the PIXE method, Si from the surface layer of fibres is detected, due to the
high absorption of soft Si X-rays (1.74 keV) in the material. But when the PIGE method
is applied we make use of the gamma peak of 1273 keV energy, which is not affected by
the absorption in the material. The concentrations measured with PIXE are in general
lower than those measured with PIGE. The detection of Si with 3 MeV protons is hard,
since the cross-section for production of gamma rays is very energy dependent, and the
statistical error as a consequence of the stochastic nature of counting gamma rays is large
in some cases, even close to 20%. Also, the level of detection is high (around 1%), so in
some fibres silicon was not detected with the PIGE method, even though its presence was
confirmed with the PIXE method.

Silicon is present in the oils used for the treatment of fibres during the fibre
production. The result might indicate that silicon concentration is higher at the centre of
the fibre than at the surface; however, the high PIGE limit for the detection of silicon calls
for additional analysis, possibly with another more sensitive method.

Measurements of the 1273 keV peak in Si excited by the 3 MeV proton beam is
somehow delicate since the cross-section for gamma-ray production varies strongly with
the energy of the incoming proton beam. The energy of the projectiles varies slightly
along the path travelled by protons through the air. The positioning of the sample is
critical, however, the silicon peak at 1273 keV is often used for the normalization of the
measurements in glass and ceramics [22, 170]. The strong absorption of the Si-K X-ray
peak (1.74 keV) in comparison to the gamma Si peak was used to determine the thickness
of a thin SnO, layer on the surface of Art Nouveau glass [171], but the energy of the
proton beam was 3.85 MeV; at this energy the cross-section for the production of the
silicon gamma rays (1273 and 1779 keV) is not notably energy dependent.

Silicon content in textile fibres

Concentration of Si in mas%
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1a1b1c 1d2a2b 2c2d 3a3b4a4b6a b 6¢6d 7a7b 7¢ 7d 8a 8b 9a 9b104d 0l 1d 1424 2 34 3b1d 2a 2¢ 2d 3a 3a4a4b 5a 5h6a 7c 8a8b 9b

Sample

Figure 34: The concentration of silicon in fibres. The concentrations of Si measured with the
PIGE method is higher than the values obtained by the PIXE method.
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3.1.4 White PES fibres

All white polyester fibres (PES) contain around 1 mass% of Ti. This is probably due to
TiO,, which gives a white colour to the transparent polymer material. A low level of Ti
was observed in fibres 6d and 9a. Fibre 6d exhibited the highest level of Ca and K among
similar fibres, as well as the presence of Cu, Zn and Fe as trace elements. This might
indicate that the main pigment was not TiO,, but CaCOs. The other sample with a low Ti
content, fibre 9a, also exhibits a high content of Fe and Zn trace elements, which may
indicate contamination, but we did not repeat the measurement at some other spot. The
results of the analysis are shown in Figure 35.

Trace elements in white PES textile fibres
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Figure 35: The trace elements in 12 different white PES textile fibres.
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3.1.5 Teflon-treated fibres

The treatment of fibres with Teflon left a measurable fluorine signature, which was only
detected by the PIGE. In the black PES the presence of Ti, Mn, Zn and Br was observed,
most probably due to the use of a different black pigment than in the cotton fibres, where
higher amounts of calcium and sulphur were measured, as well as a lower concentration
of chlorine. However, the only measured element that is characteristic for Teflon dressing
remains fluorine.

Concentration of elements in mas%

Figure 36:
Teflon.

Black PES and cotton fibres
treated with Teflon and non-treated
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The trace elements of black PES and cotton textile fibres, plain and treated with
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3.1.6 Nano-silver-treated fibres

Silver was not detected in the sample. The reason might be that the amount of silver was
below the limit of detection, which was around 10 ppm.

White cotton silver treated vs. non-treated
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[ 2d white cotton
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Figure 37: The trace elements in white cotton textile fibres, plain and treated with silver.
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3.1.7 Microbeam mapping of textile fibres

The textile fibres have been measured at MIC in Ljubljana. The maps were obtained using
two X-ray detectors for PIXE and one particle detector for off-axis STIM measurement.
The Si(Li) detector was positioned at the right and HP-Ge detector was positioned at the
left side from the beam direction. The direction of a fibre was either horizontal or vertical
which means either perpendicular to the plane defined by the beam and detector direction
or laying in the plane and perpendicular to the beam. The geometrical effect is much more
pronounced with vertical positioning for which we also calculated the mathematical
model.

Microbeam elemental maps of a white cotton fibre were recorded at MIC in Ljubljana
(Figure 39). The maps were recorded with OMDAQ data acquisition system [172]. The
energy of a proton beam was 3 MeV, and the beam diameter was below 1.5 um. The size
of maps is 400x400 pm. The geometrical effect can be observed in light elements maps.
A part of the fibre, which is closest to the detector, has the strongest signal, due to the
lower absorption of characteristic X-rays. This effect is most noticeable with light
elements (Si and Al), where absorption in the material is strong. With increasing energy
of characteristic Ko peaks (heavier elements) the geometrical effect diminishes. A STIM
(scanning transmission ion microscopy) map shows us the silhouette of the fibre, from
which we can determine the fibre width: 200£15 um. There are two maps of chlorine,
recorded with two different X-ray detectors, positioned left and right from the beam.
Stronger signal is detected at the side of the fibre, which is closer to the detector, however
the same effect is not noticeable with the titanium maps due to higher energy of
characteristic Ko peaks (4.51 keV for Ti vs. 2.62 keV for Cl). Elemental distribution is
mostly homogeneous, some hairiness can be observed. The PIXE spectrum from Si(Li)
and HPGe detectors is seen in Figure 38.
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Figure 38: PIXE spectrum from Si(Li) (a) and HPGe (b) detectors. The beam energy was 3.021
MeV, the proton dose was 1.36 uC, the time of measurement was 92.1 min, the resulting average
ion-beam current was 0.25 nA. The Si(Li) detector had a 8 um Be window, 10 nm gold layer and
0.75 pm Si dead layer without additional filters and the HPGe detector had a 25.4 um thick Be
window with 20 nm gold layer and 1.1 um Ge dead layer with 100 um Kapton filter. The target to
crystal distance of Si(Li) detector was 3.5 cm at a 45° angle and for HPGe detector the distance
was 3.1 cm at a 45° angle. Elements Cu and Zn were detected only with the HPGe detector.
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Si (Si(Li) at 45° right) Al (Si(Li) at 45° right) P (Si(Li) at 45° right)

CI (HP-Ge at 45° left)

Ti (HP-Ge at 45° left) Ti (Si(Li) at 45° right) STIM

Figure 39: Elemental maps of a white cotton fibre recorded in a vertical position, perpendicular to
the beam and the detector direction. Maps were recorded at MIC, Ljubljana. 3 MeV proton
microbeam with a diameter below 1.5 um was used for the measurement. Dimension of a map is
400x400 um. The geometrical effect can be observed in light elements maps. A part of the fibre,
which is closest to the detector, has the strongest signal, due to the lower absorption of
characteristic X-rays. This effect is most noticeable with light elements (Si and Al), where
absorption in the material is strong. With increasing energy of characteristic Ko peaks (heavier
elements) the geometrical effect diminishes. A STIM (scanning transmission ion microscopy)
map shows us the silhouette of the fibre, from which we can determine the fibre width: 200£15
um. There are two maps of chlorine, recorded with two different X-ray detectors, positioned left
and right from the beam. Stronger signal is detected at the side of the fibre, which is closer to the
detector, however the same effect is not noticeable with the titanium maps due to higher energy of
characteristic Ko peaks (4.51 keV for Ti vs. 2.62 keV for Cl). Elemental distribution is mostly
homogeneous, some hairiness, typical for natural plant fibres can be observed.
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Another example of fibres is a simultaneous measurement of three fibres in a map
2x2 mm. The beam used was the same, but the positioning was horizontal. The fibres are
white cotton fibres where the lower two were treated with antibacterial nano-particles of
silver, however silver concentration is below the detection limit. Duration of the
measurement was 244 minutes at an average beam current of 0.48 nA. Geometrical effect
is seen in the maps of P, Cl an K as a pattern typical of two threads spun around each
other; two diagonal dark lines, crossing the top two fibres. The third fibre is in the
observed part more hairy than the other two, so the pattern is less pronounced. Huge
difference in concentration between untreated fibre and the other two treated fibres is
observed in a potassium map. Less pronounced, but still noticeable difference is in a
chlorine and titanium map. Hairiness, typical for cotton and other natural plant fibres can
be best observed in STIM and silicon map. Width of fibres obtained from the STIM map
is 27050 pm. The maps are constructed from X-ray yields, thus not representing the
absolute concentrations of the elements.

PIXE spectrum from Si(Li) and HPGe detectors is seen in Figure 40.
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Figure 40: PIXE spectrum from Si(Li) (a) and HPGe (b) detectors. The beam energy was 3.021
MeV, the proton dose was 7.02 puC the time of the measurement was 244 min, the resulting
average ion-beam current was 0.48 nA. The Si(Li) detector had a 8 um Be window, 10 nm gold
layer and 0.75 pum Si dead layer without additional filters and the HPGe detector had a 25.4 um
thick Be window with 20 nm gold layer and 1.1 um Ge dead layer with 100 um Kapton filter. The
target to crystal distance of Si(Li) detector was 3.5 cm at a 45° angle and for HPGe detector the
distance was 3.1 cm at a 45° angle. Ka peaks of detected elements are marked: Mg, Si, P, S, Cl,
K, Ca, Ti, and Fe. The elements Mn, Ni, Cu, Zn and Sr were detected only with HPGe detector.
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Ti (HP-Ge at 45° left) Ti (Si(Li) at 45° right) Fe (HP-Ge at 45° left)

Figure 41: Elemental maps of three white cotton fibres, recorded in a horizontal position,
perpendicular to the beam, but in the same plane as the detector axis. Maps were recorded at MIC,
Ljubljana. 3 MeV proton microbeam with a diameter below 1.5 um was used for the
measurement. Dimensions of the map are 2x2 mm. Geometrical effect is seen in the maps of P, Cl
an K as a pattern typical of two threads spun around each other; two diagonal dark lines, crossing
the top two fibres. The third fibre is in the observed part more hairy than the other two, so the
pattern is less pronounced. Huge difference in concentration between untreated fibre and the other
two, treated fibres is observed in a potassium map. Less pronounced, but still a noticeable
difference is in a chlorine and titanium map. Hairiness, typical for cotton and other natural plant
fibres can be best observed in STIM and silicon map. Fibres are mostly homogeneous, with some
particles (<20 um) containing high amount of calcium or iron. Average width of the fibres
obtained from the STIM map is 27050 pm.
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3.2 RBS measurements

The RBS technique is an ion-beam analytical technique complementary to PIXE and
PIGE. The information gathered from it is mainly focused on the depth distribution of the
elements, which is impossible to measure with the conventional PIXE/PIGE technique.
The samples where most information can be obtained from the RBS technique are plated
targets, where the surface layer is sufficiently thin for protons to penetrate it twice, first
on the way into the material and then on their way out of the material to the detector.
Besides plated samples, we can also measure some light elements, which due to resonant
nuclear reactions express a response up to few hundred times higher than expected for
elastic scattering in a Coulomb field.

3.2.1 Nuclear scattering cross-sections

Nuclear scattering cross-sections are very different from Rutherford cross-sections, which
may be erroneously expected when observing the back-scattered projectiles. The
differences to the Rutherford value are higher for light target elements. With protons as
projectiles, the non-Rutherford cross-sections are especially important. The known
nuclear scattering cross-sections, calculated for a scattering angle of 151° with the
SigmaCalc [15] program based on IBANDL [12] database, are displayed in the following
figures. The cross-sections are displayed relative to the Rutherford elastic cross-section.
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Figure 42: Non-Rutherford nuclear scattering cross-section for protons on helium, carbon and
nitrogen. The vertical axis is in a logarithmic scale. [15]
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Figure 43: Non-Rutherford nuclear scattering cross-section for protons on oxygen, fluorine and
sodium. The vertical axis is in a logarithmic scale. [15]
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Figure 44: Non-Rutherford nuclear scattering cross-section for protons on phosphorus, sulphur
and argon. The vertical axis has a linear scale. [15]
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Figure 45: Non-Rutherford nuclear scattering cross-section for protons on natural magnesium,
aluminium and natural silicon. The vertical axis has a linear scale. [15]
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Figure 46: Non-Rutherford nuclear scattering cross-section for protons on potassium, calcium and
natural titanium. The vertical axis has a linear scale. [15]



Development of measuring equipment and procedures 79

3.2.2 Calibration of the RBS system

An RBS spectrum depends on various parameters. Some of them can be determined from
the measured geometrical quantities and some by using the SRIM database for proton
stopping in materials. The others have to be determined by fitting a simulated spectrum to
the measured data in a process of calibration. Each parameter and its uncertainty will be
described later on.

3.2.2.1 Beam Energy

The beam energy in vacuum is set by the voltage at the terminal of the accelerator and by
the initial voltage at the ion source. The beam energy in a vacuum was checked by NRA
measurements [173]. The corrections based on this work were taken into account when
calculating the beam energy in a vacuum. The beam energy used in a simulation program
like SIMNRA is the energy of the beam with which the projectiles hit the first layer of the
measured material. In our case this is the energy of projectiles in a vacuum, decreased by
the energy lost in the exit window and in the atmosphere between the exit window and the
target. Additionally, energy scattering of the beam occurs. The thickness of the Al exit
window was confirmed to be 8.0 um, with a good fit to one of the first measured spectra
shown in Figure 47.

RBS spectrum of a 8 um Al exit window foil
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Figure 47: RBS spectrum of an 8 um Al exit window. The width of the Al foil "peak" depends on
the actual width of the Al foil. A He resonance peak and a peak due to scattering in air behind the
Al foil is also denoted.

An important variable that is not very well determined is the composition of the
atmosphere in the space between the exit window and the target. Since we are using He
gas to reduce the stopping of backscattered protons along their path to the detector, some
He is spilled in front of the target, mixing with the air and reducing the stopping of the
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beam. Taking into account the correction of the beam energy and all the uncertainties in
the target position and composition of the atmosphere, the beam energy was set to 2880
keV with an estimated error of 50 keV. The energy spread of the incident beam was set to
65 keV.

3.2.2.2 The scattering angle

The scattering angle is the angle between the beam and the detector directions. It is set by
the detector holder which is fixed to the exit nozzle. The only parameter determining the
scattering angle is the inclination holder. The angle is 29°+0.2°, which translates to a
scattering angle of 151°. All the cross-sections which vary significantly from the
Rutherford cross-sections were extracted for an angle of 151° from the SigmaCalc [15]
tool based on the IBANDL [12] database in an R33 format used by the SIMNRA. Non-
Rutherford cross-sections for He, B, C, N, O, Na, Al, Si, S, all calculated for a scattering
angle 151°, were used.

3.2.2.3 The foil in SIMNRA

The term "foil" in SIMNRA denotes the material between the target and the detector. This
distance was filled with He gas, to reduce the stopping of the projectiles. With our early
experiments also a 1.5 um Al foil was used to reduce the light that could influence the
measurement with an additional noise at low-energy channels. Since the RBS nozzle was
made of Al, which is not transparent to light, the thin foil was removed. In the case of
using a transparent (e.g. white plastic) nozzle, the light protection foil should be mounted
back. The distances were carefully measured and the thickness of the He layer was set
accordingly to 207011e15 at/cm”. The foil thickness depends very much on the flow. If
the He flux is interrupted, the air rushes into the RBS nozzle and increases the stopping of
the projectiles, which would result in a spectrum moved towards lower energies. The
same effect on the spectrum would be achieved by lowering the beam energy, or
increasing the layer of air or He in front of the target, which corresponds to increasing the
distance from the exit nozzle to target.

3.2.2.4 Energy calibration with a set of thick targets

When all the other parameters described in the previous sub-chapters were set we can
perform a calibration of the RBS system with a set of thick targets. The remaining two
parameters that we can adjust are the energy and the dose calibration.

The energy calibration is made by setting the energy/channel parameter in the
SIMNRA program. The edge of the simulated spectrum of a mono-elemental thick target
should agree with the edge of the experimental data. The energy/channel parameter is set
accordingly, and should not change when the sample is changed, hence exact positioning
is of utmost importance. An energy calibration with a set of thick targets makes sense
only if we have a reproducible positioning, with an error margin below 0.2 mm. With a
higher positioning uncertainty we cannot say if the misfit in the energy axis is the
consequence of the positioning error or of the thin layer of light (low Z) element on the
top of a heavier (high Z) substrate.

The high-energy edge of the simulated spectrum and the spectrum measured on a
mono-elemental thick target without a surface layer, should agree perfectly, otherwise the
parameters have changed between the measurements. If a disagreement is observed, the
parameters which were modified should be identified. The calibration should then be
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repeated with the identified parameters kept constant.

3.2.2.5 Dose calibration with a set of thick targets

The dose calibration was done with the program SIMNRA [102], which we also used for
an interpretation of the measured spectra. The number of protons which hit the target is
proportional to the counts in the spectrum and has to be set for each measurement
correctly. The proton dose has to be measured independently in order to properly calibrate
the system. The dose calibration is a process in which we determine the number of
particles hitting the target and flying back in the detector solid angle. In the program
SIMNRA the parameter we are looking for is denoted as "particles*sr". To properly
determine this parameter, the proton dose is measured and multiplied by a calibration
factor. The calibration factor is determined by fitting the parameter "particles*sr" on the
mono-elemental thick target and correcting it for the dead time. The mean calibration
factor is the average of the calibration factors for different mono-elemental thick targets
and is used further for measuring all the unknown samples. The "particle*sr" parameter is
calculated according to Eqn 50.

particle* sr = dose - mean _ calibration _ factor-(1+ DT) (50)

The uncertainty of the calibration factor indicates the accuracy of the measurement.
The results of the thick target measurement for the dose calibration is shown in Table 15.

Table 15: Calculation of the dose calibration factor. Dead time was up to 30.6% for tantalum.

Element dose [uC] DT [%] fitted particles*sr [1e10] calibration factor [1e10/uC]

Ta 0.1 27.0% 1.08 13.72
Cu 0.1 7.5% 1.25 13.45
Al 0.1 3.0% 1.25 12.88
Al 0.1 3.4% 1.25 12.93
Ta 0.3 30.6% 2.4 10.45
Cu 0.3 8.3% 3.36 12.13
S 0.3 3.5% 3.36 11.59
average 12.45

st. dev. 1.14

rel. error 9.2%

To calculate the dose calibration factor, the projectile dose has to be measured by a
chopper or a wire-mesh charge-collecting device, and also the influence of the dead time
(DT) is taken into account. The calibration factor is a fitted parameter "particles*sr" in the
SIMNRA program. The results for thick target measurements are divided by the dose and
multiplied by the dead-time correction factor. The average calibration factor for a given
set of measurements is 12.45 = 1.14 1e10/uC, which shows a 9.2% standard deviation
(Table 15).

A much more precise calibration was obtained using a low count-rate, with a dead time
of up to 2%, Table 16. Each count of a dose measurement represents a collected charge of

1 nC, which is roughly proportional to 1 nC on the target (the transmission of the wire
mesh is 58%).
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Table 16: Calculation of the dose -calibration factor, using careful calibration,
measurements at a low count-rate. The proton dose is determined with the wire-mesh
charge integration, where each count is 1 nC.

Element dose[cnt] DT [%] fitted particles*sr [1€10] calibration factor [1e10/cnt]

Rh 1013 2% 1.10 0.001086
Cu 1005 0.95% 1.05 0.001045
Si 1012  0.50% 1.10 0.001087
C 1010 1% 1.05 0.001040
Al 1004 0.25% 1.10 0.001096
average 0.001071

st. dev. 2.62E-05

rel. error 2.45%

A much better uncertainty of the calibration factor was achieved with a measurement
at low count-rates. This might be a consequence of an improper correction for the dead
time as well as a lower precision of the positioning.

3.2.3 The samples for RBS measurements

First some samples with a known structure were measured to check the system. We
measured plated targets, some targets we expected to be plated, and also some multi-
elemental targets, which turned out not to be plated, or the plating was too thick for the
3 MeV protons to penetrate it.

Samples of copper, plated with tin and alternatively with a tin-lead alloy were
produced to test the method further. The actual structure (thickness) of the samples was
observed in the electron microscope and tested using the SEM-EDS elemental analysis
technique. The effect of the roughness was observed.

Samples of thin hard layers on substrates of silicon and glass were measured and the
thicknesses were determined.

Another set of measurements was made on archaeological samples. One was a
presumably tinned Roman brooch, and another was a gilded bronze fragment of a cross
with a motive of Mary's annunciation. The effect of roughness as well as the porosity of
the archaeological samples was observed. Two medals of bravery from the 2nd World
War were also measured. Both had the same motive of a partisan with a rifle on the face
side and were produced for Yugoslav partisans. But one was produced in Russia during
1944-1945 and the other one in Yugoslavia in later years. The thickness and roughness of
the gold layer on both medals were determined.

3.2.4 Results of BS measurements of representative samples

A tantalum foil with a declared 2 pm thickness was measured with a 3 MeV proton beam.
The RBS detector was positioned at a scattering angle of 135°. The graph shows good
agreement between the simulated spectrum of a 2 um thick Ta layer and the experimental
data. However the incident angle might deviate from the usual 0° due to a loose sample
surface.
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Figure 48: RBS spectrum of a 2 um Ta foil. The structure left of the Ta signal corresponds to air
behind the foil. The fitted thickness is 2.35 um (13000e15 at/cm?).
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Figure 49: Medal of bravery produced for Yugoslav partisans in Russia in 1944-45. The fitted
thickness of the Au layer is 1.6 um (9700e15 at/cm’). [8]
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Figure 50: Yugoslav medal of bravery produced in Yugoslavia after 1945. The fitted thickness of
the Au layer is 0.4 um (2400e15 at/cmz). [8]

Modern Au medal from London

2500 4
2000 H H
: i, - '-
1500 . ks
c
]
o
© 1000 4
. Au
500
Zn
____________ N o O Nl‘ ,\}:,'
0 T T T 1
0 300 400 500 600

channel

Figure 51: Modern Au plated commemorative medal from London. The thickness of the Au layer
is 42 nm (250e15 at/cm®). The substrate is brass (alloy of Cu, Zn and Ni). The energy of the peak

on the top of the slope corresponds very well to a 2000e15 at/cm” CI in the layer between the Au
and the substrate, but such a constitution is improbable and thus not fitted.
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Figure 52: Gilded artefact with a motive of Mary's annunciation. Arrow shows the place of the
proton impact. The thickness of the Au layer is 2.25 um (13300e15 at/cm®) with 11 at% Hg as a
consequence of amalgamation. The fitted roughness FWHM is 1.86 um (11000e15 at/cm®). The
substrate is bronze with traces of iron and silver.
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Figure 53: Sn layer on the top of copper substrate. A fitted Sn layer thickness is 8.3 um
(30500e15 at/cm?) and roughness FWHM is 2.7 um (10000e15 at/cm?). [8]
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Figure 54: Sn layer on the top of a copper substrate, annealed for 10 min at 250°C. m phase

(CugSns) and a thin layer of € phase (Cu3Sn) can be seen. The fitted Sn layer is 18.9 um

(70000e15 at/cm’®) and the roughness FWHM is 8.1 um (30000e15 at/cm®). A fitted 1 layer: 7.3
pm (27000e15 at/cm?) and the roughness FWHM of 2.7 um (10000e15 at/cm?). [8]
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Figure 55: Tinned Roman brooch. Arrow shows the place of proton impact. The effect of porosity

of the top tin layer is seen. 1 layer: 10000e15 at/cm” (2 um) and € layer: 5000e15 at/cm® (1 um).
The arrow denotes the point of proton impact. [8]
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4 Conclusions

The aim of the work was the development of experimental equipment and numerical
procedures for the analysis of targets that depart from simple plane geometry. The
achievements were in two directions. One is represented in a construction of a BS
analytical system that is now part of the external beamline and is intended for the analysis
of layered objects. The second part of the work was development of numerical procedures
for the analysis of textile fibres that were assumed to be of cylindrical symmetry.

A BS detector holder with an aluminium nozzle was produced. The volume between
the detector and the target was filled with helium to reduce the stopping of back-scattered
protons. A flow-meter with a high-precision needle valve was added to regulate the flow
of He. During the first trials of the BS energy calibration, we realized that positioning is
of utmost importance, and that an energy calibration with a positioning uncertainty above
I mm is not good enough. Positioning by hand by measuring the distance with a ruler is
simply not precise enough. A positioning system with laser triangulation was used to
achieve positioning with a reproducibility below 100 pm. The system consists of a red
laser with a spot size of 100 um, and a camera connected to the computer. When the cross
on the computer screen and the laser spot overlap, the target is at the required distance
from the exit window.

The measurement of proton dose was made with a wire-mesh charge-collecting device,
which gives results with low uncertainty as long as the secondary electrons are adequately
suppressed. This technique offers more reproducible results than Ar normalization,
however some additional restrictions apply. The beam current cannot be reduced using
beam deflection, as was common practice before. The distribution of the beam across the
beam area has to be homogeneous, so the current has to be changed by defocusing the
beam at the injector of the accelerator, which is unpractical. For the same reason the wire-
mesh is not useful for beams with a diameter smaller than 0.7 mm. For such beams a
chopper method has been developed and can be used as an alternative to the wire-mesh-
based device in the same normalization chamber.

Through the analysis of textile fibres we recognized that a geometrical effect is
important for evaluation of concentrations in cylindrical targets. The qualitative PIXE
analysis of a hypothetical cotton fibre showed that with certain sample diameters (in the
case of a 3 MeV proton beam and cotton matrix, these are around 50 pm) the
concentration of Si is overestimated by 50% when an intermediate-thickness target model
is used instead of our cylindrical target model. What we learn from this example is that
we cannot trust the ratios of concentrations between light and heavy elements measured
with PIXE without taking the proper geometry into consideration. The geometrical effect
is also clearly seen in the microbeam maps of light elements (Si, Cl) in a cotton fibre. We
proposed a mathematical model, correcting for the effect; however, the diameter of a fibre
enters the equation as a parameter and thus should be measured separately. The model
could be used for evaluation of light element concentrations in human hair, which has
cylindrical geometry. The concentrations are expected to be more accurate, and thus
achieving better agreement with results of the methods like INAA or ICP-MS; however,
additional measurements should be done to confirm the suitability of the model for a
specific application.
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The efficiency of the BS system was demonstrated by the analysis of several layered
objects similar to typical cultural heritage samples. Thin layers of Al and Ta foil were
measured, and their thicknesses were determined. The thickness and roughness of a gold
layer on brass was measured on two military medals and a modern commemorative
medal. A layer of gold with traces of mercury was determined on a bronze substrate and
thus the process of amalgamation was confirmed on a historic sample. Artificial samples
with a layer of tin on copper were produced and annealed. Various phases of inter-
metallic alloys were identified with SEM-EDS and with a good agreement confirmed
employing the RBS method. An antique sample of a Roman brooch was measured with
RBS, confirming the corroded layer of tin on the surface.

The textile fibres showed contents of silicon, probably due to the silicone oil used in
the textile production. The PIGE measurements on average showed much higher contents
of silicon than PIXE, but on the other hand, the sensitivity for silicon in PIGE is worse
than in PIXE, so it was impossible to measure low silicon concentrations with PIGE.
Another reason could be that the concentration of silicon in the centre of the fibre is much
higher and the information depth is much larger for PIGE than it is for PIXE. A set of
white polyester fibres were tested. An average content of 1 mas% of Ti was detected with
9 of 11 fibres, leaving two fibres with content of Ti below 0.05 mas%. Those two fibres
contained higher amounts of Ca, which might indicate the use of CaCO; substance
instead of TiO, as a whitening medium. Trace elements Mn, Fe, Cu and Zn were present
in concentrations below 0.1 mas%. In fibres treated with Teflon, fluorine was detected by
PIGE. In anti-bacterial treatment of cotton fibre with nano-silver, the silver itself was not
detected, however, the elevated amount of Ti, Zn and Fe were detected in the treated fibre
compared to the non-treated.

The results of the fibre analysis employing ion-beam techniques might be useful for
forensics, since the detection limit values with PIXE are much lower compared to SEM-
EDS, a technique commonly used in forensics. More trace elements could be detected
with PIXE, but there is always a question how representative the sample is. To answer
this question, further studies should be done. What we can offer to forensic scientists is
the model to extract the concentrations of sample with a known cylindrical geometry.

The present achievements are however, not final but represent a good starting point for
further development of the beamline This should include the transition to a digital
acquisition system. The spectra from all the detectors should be measured simultaneously
instead of sequentially, which would also minimize the radiation damage to the sample.
The spectrum from a particle detector measured simultaneously with PIXE also enables
the use of a self-normalizing measurement where the back-scattered spectrum is used as a
measure of projectile beam dose. Further on, the NDF software with the "simulated
annealing" data reduction procedures could be used to gather additional information on
the sample composition and structure. Digital acquisition would also significantly shorten
the acquisition times, due to the possibility of measuring at up to 1000 times higher
count-rates. This feature would be most welcome where the PIXE detector is equipped
with a nozzle for He flow to reduce the X-ray attenuation in air, thus enabling the
measurement of elements down to sodium. Another possibility for the beamline upgrade
is a sample-moving PIXE mapping. This can be realized with the xyz positioning table,
already installed at the beamline, enabling the mapping of a large area (around
0.5x0.5 m). By such technique it is possible to follow the elemental variations in
paintings, coloured decorations, soldered junctions and other examples.
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Figure 1: The scattering geometry of Rutherford backscattering. The energy of the
incoming projectiles is Ey, the energy just before scattering from the atom is
E', immediately after scattering it is kKE’, and the energy of an outgoing
projectile when leaving the target is E. [12]..ccc.ceeiiiiiiiiiniiiiniiiiieeeieeee e 10

Figure 2: The scattering cross-section relative to the Rutherford backscattering
cross-section for collisions of protons on He atoms corrected with the
SigmaCalc program for an angle of 151°. Continuous increase from 80 to 310
times at energies from 1.6 to 2.7 MeV is shown. [15] ...ccccvvvviiieniiiiiiiecieeeieeee, 12

Figure 3: The scattering cross-section relative to the Rutherford backscattering for
an (o,0) reaction on '°O atom corrected with the SigmaCalc program for an
angle of 151°. A sharp non-Rutherford resonance (12 times larger cross-
section compared to the Rutherford value) at an energy of 3.038 MeV can be
ODSEIVEA. [15] ittt e et e e e e e e e e eeaeaeees 12

Figure 4: RBS spectra of a homogeneous sample simulated by SIMNRA program
[102]. Spectrum of a thick mono-elemental target (copper) (a), thick
homogeneous multi-element target (Al77Fe20Pb3) (b). Spectra are calculated
for scattering of 3 MeV protons with geometry (a=0, y=45°, 6=135°) in the
full energy range with a cut-off energy of 10 keV. In graph (b) a multiple-
scattering calculation was used to get better agreement at low energies. ............... 15

Figure 5: RBS spectra of a two-layered sample simulated in the SIMNRA program
[102]. The top layer consisting of two sorts of atoms and the second layer
being a light mono-elemental substrate (a, b). Spectra are calculated for
scattering of 3 MeV protons with geometry (0=0, y=45°, 6=135°). The
horizontal energy axis is limited to the highest 30% of the whole spectrum to
zoom in the affected part. Spectrum (a) is calculated for a 5000e15 at/cm’
layer of Zn97Pb3 on top of the aluminium substrate and spectrum (b) is
calculated for a thicker layer (12000e15 at/cm2) on the same substrate. The
detector resolution and the energy spread of the incident beam were set to
zero to simplify the understanding. Some energy spread still remains as a
consequence of the energy straggling of protons in a helium atmosphere along
the path to the dEtECLOT. ......uiiiiiiiiiiiiiie e e 15

Figure 6: Geometry of a scattering experiment as treated by SIMNRA [102].
Incident angle a, exit angle B and scattering angle 6. Angles o and [ are
always positive and always measured from the target normal............cccceeieeneenne. 17

Figure 7: A simulated signal from a thin layer vs. incident angle. Detection of a thin
layer can be increased up to a factor of 60 when the incident angle reaches
B ettt b bt et h ettt bt bt eat e she et et 17

Figure 8: The schematics of the RBS experimental setup. The incident angle is 0°
and the scattering angle iS 151°. [8]..ccuviiiiiiiiiee e 19
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Figure 9: An RBS spectrum simulated in a SIMNRA program, with realistic
parameters. The red line is a simulated graph of particles backscattered from
a gold plated silicon with helium filling the space between the target and the
detector and the black line is the same sample with the same setup, the only
difference is that the gap is filled with air. A much worse energy resolution
CAN DE ODSETVEA. ...ttt ettt 19

Figure 10: A flow-meter with precision needle valve at external beamline at
Microanalytical center at JoZef Stefan Institute. The flow-meter is necessary
to ensure the constant flow of helium gas to the target. .........cccoeeeeeviiiiniieinieennnen. 20

Figure 11: Count-rate vs. distance to the target. Optimal distance dop was
determined in the region of the count-rate maximum...........cccceccvveerreeenieeenreeennenn. 20

Figure 12: The positioning system at Microanalytical center at JoZef Stefan Institut.
A focused laser mounted on a micro-positioning stage and a camera
connected to the computer are parts of the laser-triangulation positioning
SYSERIIL. .uutiteniiieeitteeeitee ettt e ettt e ettt e ettt e ettt e ettt e sabbeeeabteesabteesabeeeeabeeeeabeeeeabeeeeabeeeanbeeeas 21

Figure 13: The wire-mesh based charge-collecting normalization device. The
negative bias at the shield electrodes in front and behind the central wire-
mesh prevents variation of the positive current on account of the emission of
secondary electrons. [145] .....uii ittt et e eaae e 23

Figure 14: The wire-mesh charge-collecting device installed on external beamline
at Microanalytical center at JoZef Stefan Institut. The collimator is made of
tantalum, with a hole of 0.7 mm diameter. Wire-mesh is Pt-Rh alloy 80 x 80
mesh, the wire diameter is 0.003 inch (76.2 pm). [8]...ccccceeriviiriieiniieiiieeieeeee, 23

Figure 15: The chamber with a chopper propeller at the external beamline at the
University of Surrey with a projected path of the beam. RBS detector with the
possibility of changing filters and a turn table for observing the beam on a
QUATEZ SCTELIL. ..vveeuvreerurreesureeeaureeensseeensseeessseesnsseesnsseesseeessseeessseesssseessssessnsseeensseessssees 25

Figure 16: Upper and lower cover of the chopper-based normalization device at
MIC with a projected path of the beam. An in-vacuum motor with a chopper
propeller is fixed to the upper cover and an RBS detector on the lower cover
of the normalization chamber. The gold plated carbon pieces on the chopper
PIOPEIIET AT€ MISSINE. ...vveeeeiieeiiieeeiiieeeitreeeieeeeieeesteeesaeeesbeeessseeensreeesseeesseesssessnees 26

Figure 17: Secondary X-ray production scheme. XRF is based on detection of
secondary X-rays induced by incident X-rays. [150] ......cccocverriiiiiniiiiniiiiniieiieens 28

Figure 18: X-ray fluorescence (XRF) of multi-element sample from 1%¢cd cathode.
Spectrum is in linear scale. It depictures the capability of simultaneous multi-
elemental analyses of XRF method. [151]...cccceeiiieiiiiiiiieiieeeeeeeeee e 28

Figure 19: SEM-EDS vs. PIXE spectrum. Comparison of SEM-EDS and PIXE
spectrum of textile fibre in a logarithmic scale. Both spectra were measured
for 10 minutes. Spectra are normalized to the height of the highest identified
peak, however the height of a detected peak in a SEM-EDS spectrum was 106
times lower than the height of a peak in PIXE spectrum.............cccccoviiniiininnnennne. 29

Figure 20: The schematics of PIXE thick target geometry. The energy of the
incident projectiles E; decreases to E along the path z. Absorption along the
escape path £is taken into account in Eqn (28). [95] ..cvvvvevivierierieiieieeeeeeee 32

Figure 21: A schematic for the integration of a cylindrical target. Exit length &
varies across the diameter of the cylinder. [62] ........ccccvveviiieiiiieeniiiieiee e, 35
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Figure 22: The influence of cylindrical geometry. The model for the cylindrical
target was compared to the simpler model of ribbon geometry, assuming a
square cross-section with a side of 2R. Much higher concentrations in a target
are assumed with the light elements (Si, Ca) when the ribbon geometry model
is used, however when the diameter of a cylindrical target approaches zero,
the concentrations calculated with ribbon geometry model are underestimated
due to difference in the area of the cross-section (square vs. circle area, where
side of a square is a diameter of a CITCle). ......coovviiiviieiiiiiiieeeeee e 37

Figure 23: The improved ribbon model vs. model of cylindrical geometry. The area
of both cross-sections are the SAME. .............cceeuvieieeiiiiieeeeiieee et e ee e 38

Figure 24: The improved ribbon model vs. cylindrical geometry model. The model
for a cylindrical target was compared to an improved ribbon model. The
cross-section area of both mathematical models are the same. The
concentrations calculated with the improved ribbon model are overestimated,
but accurate when the diameter approaches zero. The largest difference is
with lightest elements (Si, Ca). ...cccveeriiiiiiiiiiiiieeeeeeeeee et 39

Figure 25: The model for the calculation of the projectile density P on the target for

a broad exit collimator of radius R,. Area fractions dS contribute dN, to the

projectile areal density. [62].....c.coiiuiiiriiiiiiiieiieeee e 40
Figure 26: The calculated projectile areal density at the target. The primary beam

diameter was 0.5 mm and three different values of ¢' were assumed. The

distribution tends towards a Gaussian with a decreasing R,/ ratio. [62]............... 41
Figure 27: The external chopper with Ti wire at MIC, JSI, used as an alternative to

the Ar dose measurement, before the in-vacuum wire-mesh was installed. ............ 42
Figure 28: The measured beam profile for an 8 um aluminium exit window and a

1 cm air gap at the position of the target. Fitted width (26) is 0.483 +

0.005 MM [02] 1.ttt ettt et sttt et et et ae e teeneeenean 42
Figure 29: The measured beam profile for a 2 um tantalum exit window and a 1 cm

air gap at the position of the target. Normalized according to the Ar signal

from the air and the signal from the in-air chopper. The fitted widths (26) are

1.029 + 0.003 mm and 1.070 £ 0.004 mm, accordingly. [62].......cccccuverrrirrnreernnnen. 43
Figure 30: The ratio between the X-ray intensities from the air argon and titanium

chopper. The wire shadows the Ar signal, but the Ti signal from the chopper

is independent of the wire position. The line is a fitted Gaussian. [62].................... 43
Figure 31: The external beam experimental setup at Microanalytical center at JoZef

Stefan Institute with the PIXE, PIGE and RBS detectors. Normalization

chamber with the wire-mesh-based charge-collecting device is seen, as well as

the positioning system with a camera and a laser fixed on a micro-positioning

Figure 32: X-ray transmission of various filters. X-ray transmission of a 100 um
and 300 um Al foil and a 300 um Kapt0n® (C205N,H o) polymer foil. [167]....... 49

Figure 33: The plain weaved cloth. Warp and weft yarns (threads) are indicated.
O8] ettt ettt et a et ettt e bt entesaeebeenee 53

Figure 34: The concentration of silicon in fibres. The concentrations of Si measured
with the PIGE method is higher than the values obtained by the PIXE method...... 66

Figure 35: The trace elements in 12 different white PES textile fibres..........ccccceeieennen. 67

Figure 36: The trace elements of black PES and cotton textile fibres, plain and
treated With Teflon. ........cocooiiiiiiiii e 68
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Figure 37: The trace elements in white cotton textile fibres, plain and treated with

Figure 38: PIXE spectrum from Si(Li) (a) and HPGe (b) detectors. The beam
energy was 3.021 MeV, the proton dose was 1.36 uC, the time of
measurement was 92.1 min, the resulting average ion-beam current was 0.25
nA. The Si(Li) detector had a 8 um Be window, 10 nm gold layer and 0.75
um Si dead layer without additional filters and the HPGe detector had a
25.4 um thick Be window with 20 nm gold layer and 1.1 um Ge dead layer
with 100 um Kapton filter. The target to crystal distance of Si(Li) detector
was 3.5 cm at a 45° angle and for HPGe detector the distance was 3.1 cm at a
45° angle. Elements Cu and Zn were detected only with the HPGe detector........... 71

Figure 39: Elemental maps of a white cotton fibre recorded in a vertical position,
perpendicular to the beam and the detector direction. Maps were recorded at
MIC, Ljubljana. 3 MeV proton microbeam with a diameter below 1.5 pm
was used for the measurement. Dimension of a map is 400x400 um. The
geometrical effect can be observed in light elements maps. A part of the fibre,
which is closest to the detector, has the strongest signal, due to the lower
absorption of characteristic X-rays. This effect is most noticeable with light
elements (Si and Al), where absorption in the material is strong. With
increasing energy of characteristic Kot peaks (heavier elements) the
geometrical effect diminishes. A STIM (scanning transmission ion
microscopy) map shows us the silhouette of the fibre, from which we can
determine the fibre width: 200+15 um. There are two maps of chlorine,
recorded with two different X-ray detectors, positioned left and right from the
beam. Stronger signal is detected at the side of the fibre, which is closer to the
detector, however the same effect is not noticeable with the titanium maps due
to higher energy of characteristic Ka peaks (4.51 keV for Ti vs. 2.62 keV for
Cl). Elemental distribution is mostly homogeneous, some hairiness, typical
for natural plant fibres can be ObServed...........coouiieiiiiiiiieniiiiini 72

Figure 40: PIXE spectrum from Si(Li) (a) and HPGe (b) detectors. The beam
energy was 3.021 MeV, the proton dose was 7.02 uC the time of the
measurement was 244 min, the resulting average ion-beam current was 0.48
nA. The Si(Li) detector had a 8 um Be window, 10 nm gold layer and 0.75
um Si dead layer without additional filters and the HPGe detector had a
25.4 um thick Be window with 20 nm gold layer and 1.1 um Ge dead layer
with 100 um Kapton filter. The target to crystal distance of Si(Li) detector
was 3.5 cm at a 45° angle and for HPGe detector the distance was 3.1 cm at a
45° angle. Ko peaks of detected elements are marked: Mg, Si, P, S, CI, K, Ca,
Ti, and Fe. The elements Mn, Ni, Cu, Zn and Sr were detected only with
HPGE AELECIOT. ....eiiieiiiiieeeieee ettt ettt e e st e e e st e e e sabaeeeens 73
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Figure 41: Elemental maps of three white cotton fibres, recorded in a horizontal
position, perpendicular to the beam, but in the same plane as the detector axis.
Maps were recorded at MIC, Ljubljana. 3 MeV proton microbeam with a
diameter below 1.5 um was used for the measurement. Dimensions of the
map are 2x2 mm. Geometrical effect is seen in the maps of P, Cl an K as a
pattern typical of two threads spun around each other; two diagonal dark lines,
crossing the top two fibres. The third fibre is in the observed part more hairy
than the other two, so the pattern is less pronounced. Huge difference in
concentration between untreated fibre and the other two, treated fibres is
observed in a potassium map. Less pronounced, but still a noticeable
difference is in a chlorine and titanium map. Hairiness, typical for cotton and
other natural plant fibres can be best observed in STIM and silicon map.
Fibres are mostly homogeneous, with some particles (<20 um) containing
high amount of calcium or iron. Average width of the fibres obtained from the

STIM Map 1S 270E50 M. ..eeeeiiiieeiieeciieeeiee e eeiee et e eveeesteeeseaeeeereeesaeeensneeennnas 75
Figure 42: Non-Rutherford nuclear scattering cross-section for protons on helium,
carbon and nitrogen. The vertical axis is in a logarithmic scale. [15].........c............ 76

Figure 43: Non-Rutherford nuclear scattering cross-section for protons on oxygen,
fluorine and sodium. The vertical axis is in a logarithmic scale. [15] ..................... 77

Figure 44: Non-Rutherford nuclear scattering cross-section for protons on
phosphorus, sulphur and argon. The vertical axis has a linear scale. [15]............... 77

Figure 45: Non-Rutherford nuclear scattering cross-section for protons on natural
magnesium, aluminium and natural silicon. The vertical axis has a linear
o721 (< [0 S 78

Figure 46: Non-Rutherford nuclear scattering cross-section for protons on
potassium, calcium and natural titanium. The vertical axis has a linear scale.
LL S et e e e e s e et et e e e e e e e ——aareeeaas 78

Figure 47: RBS spectrum of an 8 um Al exit window. The width of the Al foil "peak"
depends on the actual width of the Al foil. A He resonance peak and a peak
due to scattering in air behind the Al foil is also denoted. ............ccccevveerniieiniennnne 79

Figure 48: RBS spectrum of a 2 um Ta foil. The structure left of the Ta signal
corresponds to air behind the foil. The fitted thickness is 2.35 um (13000e15
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Figure 49: Medal of bravery produced for Yugoslav partisans in Russia in 1944-45.

The fitted thickness of the Au layer is 1.6 um (9700e15 at/cm?). [8]......ccccvveene.... 83
Figure 50: Yugoslav medal of bravery produced in Yugoslavia after 1945. The

fitted thickness of the Au layer is 0.4 pm (2400e15 at/cm?). [8] ....vveveeeeereereerenn. 84

Figure 51: Modern Au plated commemorative medal from London. The thickness of
the Au layer is 42 nm (250e15 at/cmz). The substrate is brass (alloy of Cu, Zn
and Ni). The energy of the peak on the top of the slope corresponds very well
to a 2000e15 at/cm” Cl in the layer between the Au and the substrate, but such
a constitution is improbable and thus not fitted. ...........ccccveeviieiiiieiniieeeeeee e, 84

Figure 52: Gilded artefact with a motive of Mary's annunciation. Arrow shows the
place of the proton impact. The thickness of the Au layer is 2.25 ym
(13300e15 at/cm?) with 11 at% Hg as a consequence of amalgamation. The
fitted roughness FWHM is 1.86 um (11000e15 at/cm?). The substrate is
bronze with traces of iron and SIIVET. ........c.cccooiiiiiiiiiiiiiieeeeeeee 85
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Figure 53: Sn layer on the top of copper substrate. A fitted Sn layer thickness is 8.3
pm (30500e15 at/cm?®) and roughness FWHM is 2.7 um (10000e15 at/cm?).

Figure 54: Sn layer on the top of a copper substrate, annealed for 10 min at 250°C.

1 phase (CugSns) and a thin layer of € phase (CuszSn) can be seen. The fitted

Sn layer is 18.9 um (70000e15 at/cm?) and the roughness FWHM is 8.1 um

(30000e15 at/cmz). A fitted m layer: 7.3 um (27000e15 at/cmz) and the

roughness FWHM of 2.7 um (10000e15 A/CINZ). [8] oo 86
Figure 55: Tinned Roman brooch. Arrow shows the place of proton impact. The

effect of porosity of the top tin layer is seen. 1 layer: 10000e15 at/cm” (2 um)

and € layer: 5000e15 at/cm” (1 um). The arrow denotes the point of proton
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