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Abstract

An experimental set-up for the detection of scatigrrojectile ions was constructed at the
external (in air) beamline of the Microanalyti€2énter at the Jo ef Stefan Institute. The
system is composed of a detector for the analysisok-scattered projectiles, casually
called the RBS detector, a precise positioningesysand a meter of impact charge. The
RBS detector was placed in a prototype holder nddduminium with a constant He
flush to reduce stopping of the back-scattered omt The precise proton dose
measurement was accomplished with the implementaifoan in-vacuum wire-mesh
based charge-collecting device. For a possiblerduimplementation of an external
micro-beam, an in-vacuum ion-beam chopper devicéh vein RBS detector was
constructed. The precise positioning system contpo$a laser fixed on a XYZ micro-
positioning stage and a camera was utilized toeaehreproducible positioning with a
precision of better than 100 um. Calibration orckHhiargets was performed at the newly
developed RBS setup. A set of representative samwpdee analysed, some of historical
and archaeological value. The experimental setupisistage was found to be a suitable
candidate for the transfer to a digital acquisitisystem enabling the simultaneous
acquisition of two PIXE, one RBS and a PIGE speutat high count-rates.

The analysis of geometrically structured samplesarticular of cylindrical geometry,
has been somehow neglected in the past, probabiube of mathematical difficulties in
the calculation of matrix effects. A mathematicabdal for an accurate calculation of
X-ray yields induced in cylindrical targets is poged and the results are compared to
more routinely used models that can be applied ammercially available software
packages. The light elements emitting fluorescesafe X-rays are in particular affected.
A set of measurements was performed on fibres contadetectable 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 spektroskopskiesis za analizo plastovitih vzorcev z
elasti nim povratnim sipanjem. Sistem predstavlja nadgmdksperimentalne postaje
arkovne linije z ionskim arkom v zraku na Mikroatitskem centru Instituta Jo ef
Stefan. NajpomembnejSi deli sistema so merilec gtoer sipanih ionov, ki ga olajno
imenujemo kar RBS detektor, sistem za natannastavitev vzorca in merilec Stevila
vpadnih protonov. Detektor je vgrajen v prototipmosilec, narejen iz aluminija, ki
omogoa konstanten pretok plina, v naSem primeru hekja, zmanjSa ustavljanje
povratno sipanih protonov na poti do detektorjatalNaen nain meritve protonske doze
je bil izveden z vgraditvijo kovinske mre ice zali@nje naboja v vakuumu. Za mo nost
nadgradnje arka v zunanji mikro arek smo poskrkelizdelavo prekinjevalca ionskega
arka v vakuumu z RBS detektorjem. Natan sistem za postavitev vzorca, ki omago
postavitev z natamostjo, boljSo od 100 pum, sestavljata: laser, jpritha mikropozicijsko
mizico, premino v treh pravokotnih smereh, in kamera, povezaaaraunalnik.
Umeritev novega sistema je bila izvedena z debelanami. Delovanje sistema smo
potrdili z analizo plastovitih vzorcev, med katerso bili tudi predmeti zgodovinskega in
arheoloskega pomena. Eksperimentalna postaja njeedatanju je primeren kandidat za
prehod na digitalni zajem signala, ki bo omaogjoso asen zajem spektrov iz dveh PIXE,
enega RBS in enega PIGE detektorja pri velikiholstih Stetja.

Analiza geometrijsko strukturiranin vzorcev, preeivs vzorcev s cilindrno
geometrijo, je bila v preteklosti nekoliko zanereag, zelo verjetno zaradi te av pri
ra unanju matrinih u inkov. V disertaciji je predlagan matemati model za pravilen
izra un pridelka rentgenskih arkov pri meritvah tar valjasto geometrijo. Rezultat
analize smo kritino primerjali z rezultatom analize s komercialnostdpnimi
programskimi paketi. Se posebej ran vpliv geometrije je zaznati pri lahkih elementih
ki oddajajo fluoresceme rentgenske arke nizkih energij. S predlaganiatamatinim
modelom smo opravili meritve tekstilnih vlaken,Jsebujejo merljive primesi, te je od
silicija.

Dose ki so bili objavljeni v dvehlankih.
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Abbreviations

List of selected abbreviations used in the thesmder of appearance:

IBA - lon-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

XREF - X-ray fluorescence

ECPSSR (model) - A successful correction of a Plaaee Born approximation (PWBA)
IBANDL - lon Beam Analysis Nuclear Data Library

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

IAEA - International Atomic Energy Agency

SIMNRA - A sowftware program for RBS spectrum siatidn

MIC - Microanalytical Center at Jo ef Stefan Insti (JSI) in Slovenia

JSI - Jo ef Stefan Institute, largest scientifistitute in Slovenia

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

SEM - Scanning electron microscope

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

NDF - Nuclear Data Furnace, a software packagebteod fitting multiple

DEPTH, GISA, MCERD, RBX, RUMP, SIMNRA - programs rfdRBS spectrum
simulation

SRIM - The stopping and range of ions in matter

PIPS (detector) - Passivated implanted planarsil{cetector)

TPI - Threads per inch (unit of threads density)

SEM - Scanning electron microscope

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

IBC - lon Beam Centre at University of Surrey

SPIRIT - Support of public and industrial reseansing ion beam technology

GM (tube) - Geiger-Mdller tube

PWBA- Plane wave Born approximation

ECPSSR (theory) - A successful correction of a PWBA

GUPIX - software for PIXE spectra analysis, writtghGuelph PIXE group

LN - Liquid nitrogen - used for cooling of X-ray dgamma-ray detectors

NIST - National Institute of Standards and Techgglo
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NIM - Nuclear instrumentation module
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MS-DOS - Microsoft disk operating system - very ¢oam computer operation system
PES - Polyester - polymer from which some artificgxtile fibres are produced
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1 Introduction

lon-beam analysis (IBA) is a set of analytical noekh that can be used on a variety of
objects — from the constituents of a living cellpaying proton microbeams [1] from
electrostatic accelerators, to the composition imlenals on Mars, excited by particles and
photons from radioactive sources [2, 3]. In thisrkvave study the use of IBA on
geometrically structured targets that are importanthe analysis of historical artefacts
and in forensics.

The elemental analysis of materials at electrastatcelerators is made by measuring
the X-rays induced in a target. The spectrum ofsuesl X-rays contains characteristic
peaks, from which the concentrations of elements itarget can be extracted. This
technique is called particle-induced X-ray emisgiBiXE) and it is the most often used
IBA technique. However, the geometry of a target &atrong influence on the results of
the PIXE analysis and requires a special evaluationthe scope of this work we
measured cylindrical targets with an ion-beam dfimetre dimensions. However, when
we use a common mathematical model of intermediaté target [4] for the evaluation
of these results, we can make a huge error. Weopeoa new mathematical model for the
calculation of the PIXE concentrations obtainedabgnilli-beam on cylindrical targets.
The need for the new model, especially for ligrenednts, was demonstrated with a
calculation on imaginary sample, containing traleenents in a light organic matrix and
micro-PIXE mapping measurements. When a new matteshanodel is used we can
also expect better agreement with the results mbdaby absolute methods like mass
spectrometry (MS).

Together with PIXE we often also measure the enespectra of backscattered
projectiles (BS, EBS, RBS), or of target atoms tedally recoiled in a forward direction
(ERDA). For the PIXE analysis a 3-MeV proton beantommonly used, since it gives
an optimal signal-to-noise ratio, thus presentimg best available sensitivity [5]. At this
energy the particle scattering is non-Rutherfordifght target elements [6], which means
that experimental or evaluated cross-sections bhav®e used for the particle scattering
spectrum evaluation.

Most of ion-beam analysis can be done also infaasy handling of large and
sensitive objects is possible at the external be@niThe samples can be changed fast
and the impact on the target is relatively smatle PIXE and EBS measurements do not
consume the target as some other analytical tegbsiglo (mass spectrometry or gas
chromatography); on the other hand, the projeatifs have an energy high enough to
ionize atoms and break molecular bonds, thus bmgakie structure of organic materials.
Special care to minimize the irradiation dose labd taken when measuring precious
organic samples (e.g. old and unique paintings;hpaents, ...)

Hitting the light-element atoms with light projde8, most commonly protons, of high
energy (few MeV), triggers nuclear excitation effedue to the weaker Coulomb field of
the light-element nucleus. The nuclear excitatiorsome cases causes the emission of
gamma-rays. The analytical technique employing fiienomenon is called particle-
induced gamma-ray emission (PIGE) and can be usadcamplementary technique with
PIXE for light-elements detection.
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The three IBA methods that are described in thiskwwave to comply with four
requirements to obtain a trustworthy quantitatiesuit:

A measurement of a quantity proportional to thejgrble dose The critical
parameter is a product between charge and solite,abgt when the solid
angle is kept constant, the projectile dose (charythe parameter which has
to be measured. The exception is a sample withntarnial standard, and a
PIXE measurement where RBS is used for the detatiom of the projectile
dose [7].

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

A suitable mathematical mod& simulate the measured particle or photon
yield at a given sample geometry. The mathematicatlel for a certain
geometry is important with the PIXE method, wherga} absorption in the
material is not negligible, as it is with the PIGtethod.

A well defined cross-section or a measurement staadardized reference
material TheX-ray production cross-sectiorsse calculated according to semi
classical and quantum mechanical models, which githeer good results. With
PIGE the gamma-ray production cross-sections areeryg well known, so we
use measured yields of samples with known compuosifstandardized
reference materia)s The particle spectra typically are non-Ruthedfao the
experimental or evaluatgahrticle scattering cross-sectiohsve to be used.

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

The precise geometry of the experimental setud gre@at importance. The distance
from the exit window to the sample, from the santpléhe detector, the filters in front of
the detector and their thickness, the compositioth® atmosphere (air or He) between
the exit foil and the sample, the angle of the ctete the scattering angle for the RBS
measurements, the energy and energy spread ofetira: kall these parameters greatly
influence the result, so they have to be keptghttiolerances to assure the precision of
the measurements. Accuracy of the measurementhisvad by measuring standardized
reference materials.

The geometrical effects of a sample with some IBAhhiques are more important
than with others. With PIXE, the X-ray yield thaewneasure depends strongly upon the
geometry. The curvature of the surface changesierption of the induced X-rays in
the sample matrix, resulting in a higher or loweray yield (depending on the position
of the beam) within the geometrically structurechpkes (fibres, wires, spheres). For an
accurate guantitative result, a mathematical mtateh correct type of sample and of the
sample orientation should be introduced. The matelld include parameters, such as
the beam energy, the width and the shape, the geowofethe sample, the energy of the
characteristic X-rays and their absorption in thengle. The error caused by using the
wrong mathematical model can be significant, wel vgihow that for the most
inappropriate set of parameters it may reach 100%.

Another requirement is a well defined cross-sectmnthe X-ray production (PIXE).
The cross-sections are commonly calculated acogrtbnthe ECPSSR model [9], an
efficient correction of a plane wave Born approxiim@ There are several codes for the
calculation of the ECPSSR cross-sections, like afi&@mit [10] or Liu and Cipolla [11];
we use the former one. For the purpose of estigatie geometry effect to the
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evaluation, which is the main subject of this waithe X-ray production cross-section
data is not crucial, since it is the same for eadluation. Also, the uncertainty of cross-
sections compared to geometrical effects is smalbugh, so no cross-section
measurements will be necessary for the purposaofliesis.

With back-scattered-particle spectra the non-Riheér scattering cross-sections
should be taken into account. The results of measents of many thick mono-elemental
targets are compiled in the databases IBANDL [I®] &XFOR [13]. Gurbich in 2007
published a tool called SigmaCalc [14] to calcultte cross-section data at a selected
scattering angle. The output of SigmaCalc [15] isa&ticle-scattering graph relative to
the Rutherford scattering, which can be importedpnograms for simulating the
scattering spectra, like SIMNRA. With the avail#pilof the SigmaCalc tool online, the
evaluation of non-Rutherford particle scatteringdpa became much easier a task.

In our study we concentrated on the measuremedatyefed samples as well as on the
measurements of textile fibres of cylindrical getipe

Layered structures are very common in archaeoltigicalevant samples. Layers of
paint on ceramics [16], or gilded artefacts [1@ aften investigated. Other examples of
thin metal layers may be silvered or tinned brassnze or iron [17]. Glaze, a thin layer
of glass, has been used in artistic or common tbjec thousands of years [18]. More
recently, modern deposition techniques enable tbdygtion of sub-micrometer layers
and multilayered composites [19]. So the challergfemeasuring layered structures and
correctly interpreting the results are now as rah\as ever in all kinds of applications.
The samples with a layered structure can be armdiyath PIXE for their composition,
but the information on the structure can be mosglyeabtained by measuring the back-
scattered projectiles (BS). There were studiesagéred samples performed by PIXE
alone, where a beam energy of successive measuemas varying, to obtain different
projectile penetration depths, thus probing thgetat different depths. Earliest reference
reaches back to 1972 [20]. This technique was fsened the differential PIXE analysis
technique [21, 22]. A similar technique for deptiofle determination, employing
repeated measurements in the same spot at differgract angles, was proposed by
Pabst in 1974 [23]. The technique was later reagsamong others by Weber al. [24-
26]. An improved depth resolution with the same-b@am can be achieved by a
measurement of the back-scattered ions. The BSurerasnts in combination with PIXE
gives us complementary information on the surfatectire, the possible layered
structure and also the surface roughness, so aigatidn of both techniques was shown
to be a very suitable tool for the analysis of wat heritage objects [27-30]. The self-
consistent analyses using the BS and PIXE data meatdy done on various targets [31-
33] using the DataFurnace simulated annealing [[@plesenting a major step forward in
IBA.

Measurement of cultural heritage objects is onthefmain applications at the external
beamline setup at the Microanalytical Center (Mi&f)the Jo ef Stefan Institute in
Ljubljana, Slovenia; however, a number of successieasurements were made at MIC
in the field of archaeology, conservation and negton, art and even forensics.

PIXE was used for the analysis of prehistoric stwwds [35, 36]. It was possible to
detect elements characteristic for the materialgkea by the tools and thus to identify
them; typically it was possible to distinguish beem cutting bone, wood and soft tissues.
PIXE in air was further used for the wide charagtgron of metals. Gold objects can be
measured without preparation [37]; in our work wewed which objects from a9
century grave belong to the same workmanship. @bjeam copper-based alloys have to
be prepared for the measurement, carefully remosifgw square millimeters of patina
[38]. A large number of measurements of this typeravmade on Roman military
equipment [39]; the analysis involves such firens as the medallion of Augustus [40].
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Its core metal is a base lead-silver alloy whicts w#évered in the front. The detection of
brass in scabbard fittings [41] implied a more d¢sacstudy of brooches, which
demonstrated that brass was intensively used ifRtdman world after 60 BC [42]. The
non-destructive character of PIXE measurements aidicplarly important for coin
analysis, either in combination with XRF for thedyt of the 3rd century BC coins from
Albania [43], or for a systematic study of mediesdVer coinage from the territory of
Slovenia [44]. The measurements confirmed the hestbsupposition that silver from
today's Carinthia was commercially spread towaeds. e

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

Due to its multi-elemental aspect, PIXE can be sssfully applied for the analysis of
glass; however, PIGE has to be used for the detecti light elements between sodium
and silicon. Sorted by historic periods, the analysvolved glass from the Carolingian
period in Slovenia [46] and glass made in the Mianetmanner [47, 48, 49, 50] and
afterwards [51]. The measurements identified theetpf flux necessary for glass
production, and several trace elements presemb@srities.

PIXE and PIGE are not the most appropriate mettfodshe analysis of ceramic
unless it is homogenized. An exception is creanoreal ceramics produced from a fine
white clay since the 18th century. For the cerammaesle in Northern Italy and Slovenia it
was possible to distinguish between different poedsi [52].

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

Limited measurements were also performed on textilee fragments of lace from
Valvasor's tomb were analyzed by PIXE [60, 61], esxkntly we made a PIXE analysis
of textile fibres, which forms the basis of theg@pt work [62].

Objects of nature can also be analyzed by ion-bedtms possible to follow the
elemental variation in the stalagmite growth [G8}d to determine the mineral species in
meteorites. In a meteorite fallen recently in Stugewe were able to determine the
mineral composition of chondrules, characteristmbglar structures formed during the
meteorite's (re)crystallization [64].

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

Another extensive field of analyses, possible tdgoe with an ion-beam in air or in
vacuum, is the analysis of textile fibres. The gse$ of such samples are very relevant to
forensics since much crime scene-investigation engd consists of fibres. It is
recognized that "textile fibores are among the muesjlected and undervalued kinds of
forensic evidence" [65]. For use in forensics thalgsis should be non-destructive, so
ion-beam analyses seem to be a promising candiolateese kinds of applications. The
ion beams used are typically up to a few millimgetne diameter and penetrate up to
0.1 mm in depth, which results in less than 1*hafnanalyzed volume, implying only a



Introduction 5

relatively small sample is required for the anaydihe ion-beam analysis techniques,
more precisely PIXE, were used for the analysiterfiles only on a few occasions [61,
66, 67]. The scanning electron microscope (SEMgrsfh good tool for the identification
of textile fibres due to high magnification imagiagd an additional elemental analysis
[68]; however, compared to SEM-EDS elemental amglyRIXE features a much higher
sensitivity, possibly enabling the measurementratd elements in fibres. A successful
set of trial measurements, indicating a good pakifor use in forensic science, was
performed on a gunshot-residue sample [69]. Theilteesshowed a much higher
sensitivity for the trace elements with PIXE thaithwthe conventional SEM-EDS, but
the precise quantification is hard due to the gedooa effects [33]. The geometrical
effects are also responsible for the difficulties the quantification of textile fibre
measurements. An additional discriminating powerd@de achieved with PIXE's higher
sensitivity to trace elements in textiles; however, the quantification the geometrical
effect should also be taken into account.

The diameters of textile fibres are typically ire ttange from 50 um to 500 pm. They
are composed of many fibrils, also called monoféats, with a diameter of 5-50 pum
weaved together in a single fibre or a thread. losest approximation of a thread's
geometry is a cylinder. As shown in this work, theantitative results of a PIXE
measurement of a sample with such a geometry #ieratit from the results obtained
with a model of a planar intermediately thick &ttgcommonly used in PIXE-evaluation
programs (Gupix [70], NDF [71, 72]). This resultripeularly concerns the measurement
of light elements in cylindrical samples with diaers similar to the range of
characteristic X-rays. Also, the orientation of fliee to the beam and the detector axis is
important. Thinking about the influential paramsetePIXE measurements of light
elements in human hair might be substantially &f@by its geometry.

Objects, geometrically similar to fibres, are humaair, for which several
experimental and methodological studies exist. dratements in hair may reveal
biological or environmental impacts on human Iif& 74], such as the influence of life
habits, (tobacco smokers [75]), working conditigesposition of workers to GaAs [76])
or historical events like the potential poisonirigooike Petrovi [59].

In earlier papers the evaluation of concentratiese rather primitive assuming hair
as a thick target, composed of numerous thin laye8$ A realistic hair shape was
considered in the works of Montenegro [77] and long-Kou [78-80]. Montenegro
introduced a correction factor taking into accopirdton stopping along its trajectory and
X-ray attenuation; however, these two effects wesimated using the power
approximations for proton stopping power and iotixa cross-sections, at that time
commonly in use. The correction factors of Li [/@f more refined and include the
effects of inhomogeneous elemental distributioregular hair shape and different mass
density. He also calculated the correction facforsthe surface, uniform and central
distribution of elements [80]. Measurements werefgumed for two hair fibres at
different impact energies. The variation of X-raglgls was found characteristic for the
element distribution. The actual distribution wagasured by microbeam mapping,
conforming the surface distribution of lead andocime and the uniform distribution of
sulphur. Li also combined PIXE and RBS, using tiiéel method to determine the hair
diameter [79]. RBS has already been used earlidetermine the irradiated hair mass in
PIXE [81]. A detailed elemental distribution in h& typically obtained by microbeams,
scanning the cross-section [82] or analyzing paldichair parts such as follicles [83].
Low concentration levels can be achieved by the ptementary use of sensitive
chemical methods, such as INAA and STIM [82] or 4&B. In our work we expect to
obtain better agreement with different analyti@duits using a dedicated mathematical
model for the matrix effects in a fibre, avoidingadytical approximations. The results
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that we developed for cylindrical targets are pal@d in the paper [62].



2 Theoretical introduction, review of experimental mehods

Fast ions interact with matter in different wayadahe resulting products leaving the
target may be used for a number of analytical nastht is important to understand how
the ions interact with matter. Possible methodsanélysis that emerge from the
interaction phenomena will be discussed. Afterwaedsh of the methods will be

described in detail including the physical backgmbwf 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 thatenal. Along their paths they
interact with electrons and elastically scattemfrthe nuclei. Electrons bound to the
target atoms get a sufficient amount of energyetwé the atom, so the atoms are being
ionized. An ion penetrating the material losesitgrgy in collisions with electrons, thus
ionizing the atoms. Each atom which is ionized pess$ either an X-ray photon or an
Auger electron, when a vacancy in the inner elecsieell is filled with an electron from
the outer shell. What we can detect from this adgon, is X-rays or Auger electrons that
are characteristic of a target atom.

A projectile ion can hit the nucleus of a targetnat In this case two things can
happen. If the Coulomb barrier around the nucleustiong (high Z elements), the
projectile ion elastically scatters in a differedirection, depending on the impact
parameter. The first man to observe the scatteaxfrigns in the backward direction was
Sir Ernest Rutherford in 1911. The phenomenon ss,aaresult, called Rutherford
backscattering (RBS). These scattered ions caretected by the particle detector and
the spectrum of detected particles as a functiorersdrgy is obtained. The art of
analysing these spectra has, over the years, gmelinto a successful analytical
technique.

If the Coulomb barrier around the nucleus is nahhenough (low Z elements),
projectile ions may penetrate it and perturb theleus. Two events may result, a nuclear
reaction between the projectile and target nucteugamma 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 patie matter is of key importance in
ion-beam-based atomic spectroscopic methods. Loéssnergy is directly related to
probing depth and affects both qualitative and ¢tative analyses. The physics of
energy-loss phenomena is very complex and invaivasy kinds of interactions between
the projectile ion, the electron and the nucleutheftarget atom. These interactions have
been subject to intense studies for the last cemtue to their significance in many fields
of physics.

The theoretical treatment has been reviewed [84@rg many others, by Bohr (1948),
Whaling (1958), Fano (1963), Jackson (1962 and Y Bibhsel(1970), Sigmund (1975),
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Ahlen (1980), Littmark and Ziegler (1980), Zieglét977, 1980), and in 1985 the
program package for calculations of stopping povaeeid ranges SRIM was developed by
Ziegleret al.[85].

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

The number of experimental studies of ion energs I high. This data on ion
stopping and ranges are collected in a humber wipdations, the most recent and the
most commonly used is collected and maintained leglér et. al. and published in a
package called "The Stopping and Range of lons aité6' (SRIM); at the time of
writing SRIM2010 was available online [91], contaim over 28000 stopping values with
more than 700 scientific citations which are madeSRIM every year [92]. A very
widely used version of SRIM was 2003 [93], recegvby now over 400 citations [94].

The relative importance of various interaction @s8es between the ions and target
medium depend mostly on the ion velocity and onctierges of the ion and target atoms.
At ion velocitiesv, significantly lower than the Bohr velocity of the atomic electrons,
the ion carries its electrons and tends to becosutralized by electron capture. At these
velocities elastic collisions with the target nucies., the nuclear energy loss, dominates.

As the ion velocity is increased the nuclear endogg diminishes as B/ whereE is
the energy of the ion. The electronic energy lass, inelastic collisions with the atomic
electrons, soon becomes the main interaction. dta¢ ¢nergy loss is obtained as a sum
of the nuclear and electronic contributions. In tbe velocity range fromv~0.1v, to
Z:*v,, the electronic energy loss is approximately propoal to the velocity, oEY. At
higher velocitiesr>>\, the charge state of the ion increases and firialhgcomes fully
stripped of its electrons. At a given velocity #ergy loss is proportional to the square
of the ion charge. The theoretical framework of #mergy loss of high-velocity ions
originates from the works of Bohr, Bethe and Bl¢84]. The Bethe-Bloch formula has
the general form:

dE/ =Nz,(ze) t(E/M,), 1)

wheree is the electron charge andEfl;) 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 onddwelopment of physics. In the year
1911 E. Rutherford showed that the scattering esesion depends on the scattering
angle as sifiJ/2 [95]. This angular dependence means that allptbsitive charge is
located in a small nucleus. Today, RBS is a spsctijgic method with which we measure
the composition and thickness of thin layers. Twenpmena are important here [95]:

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

b.) lons in the target are slowing down, so we canutale how deep in the target
they scattered back to the detector.

The collision of an ion and an atom can be regaededn elastic collision in classical
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mechanics, since the bonding energy in a crysttitdais negligible compared to the
energy of the collision. For an elastic collisioe wan assume the conservation of linear
momentum and the conservation of kinetic energych&racteristic parameter of the
collision is the scattering angle, which is consfan a certain detector setup. The energy
of a projectileE; after the collision is lower by the kinematicatfork [96].

E, =k>E,. 2)

‘= Jm2 - mZ(sinJg)? +m, cosJ 2
m +m, '

3)

At the set masses, andm, k is highest in the backward directiof=):

2

k= T2 4)
m, +m

In the limit, whenm,>>my the k factor is 1. This means that for any sceuteangle
the energy of a projectile after the collisionhe same as the energy before the collision.

For mass analysis it is important that the energig¢ke ions scattered from atoms with

different masses differ as much as possible. WighseetDm, the scattered energy differs
by:

_ . dK _ - 4m(m,- m)
DE_EO_ _EO 3 : 5
dm, (m +m,) o ©

From here we get the mass resolutiod=p:

_DE (m+m) 5
oM am(m, - m) ©

We get a good mass resolution with a good enegplugon of the detector (IoRE),
with a high enough energy of the projectilds)(and with the right choice of the
projectiles. The second factor in Egn (6) is minimai,=2my. So with protons we get a
good resolution for light elements, however witle tise of chlorine projectilesn(=35)
we get the best resolution for atoms around gallioex70). The experimental conditions
are more complicated, since with the use of hegwiejectiles we get a worse detector
resolution for scattered ions. The typical resolutid a surface barrier detector for alpha
particles is 15 keV, with heavier ions it goes téew tens of keV. For an example of
alpha particle with an energy of 1 MeV, the mas®igion formy,=16 is 0.63 mass units
and withm,=100 the mass resolution increases to 11 mass[9bits
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2.2.1 Depth distribution of scattering
The relationE, = k>E, can be used just for collisions on the surfacthefsample. If the

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

E,

Figure 1:The scattering geometry of Rutherford backscatterithe energy of the incoming
projectiles isEy, the energy just before scattering from the atoBi,iimmediately after scattering
it is KE', and the energy of an outgoing projectile whenritgathe target i€. [12]

lons are hitting the target with energy at an impact angle (see Figure 1) with
respect to the normal of the sample surface. Jegird scattering they have energy
E'=Eo- rS(B)h/cosa, and just after scatteringE. Here we applied the density
independent expression for the stopping powefdx = -rS and inserted onl\& for
energies of the incoming and outgoing projectid&e assumed a linear dependence
between the loss of ener@¥ and the depth, which gives:

DE = ; k2Eo) , S(E) 7)
cosa coyy

This relation is often written in the forDE = [§h, where § is the average stopping
power. This linear dependence is, despite a roughoapnation, 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 lbancalculated in classical and
guantum approximations. In the limiting casg<<my, a projectile with the collision
parameteb scatters from an atom with an angl¢97].

7, 1
tang = 12— | (8)
4peb 2E,

lons that have parameters of the collision in titerval fromb to b + db scatter into a
solid angle d/= 2p sinJ dJ. So we get an equation for the scattering crossesect
ds _ 2obdb _ b db zz, = 1

—= = = . 9
dW 2pd(coss) 4sinZcos s d(tand) 4pe, X4E, sin'2 ©

The Born approximation yields the same result. Thatagng cross-section can be

more compactly written in the following form [98]:
2
dw 1- cosJ

whered is a known half distance to which the projectippm@aches the nucleus in a
head-on collision.

When the projectile is significantly massive congahto the mass of the target atom,
the scattering cross-section equation also inclbdés masses:

1 2
I R o

AW 406,4E,  msin*J (2 - nfsintJ)

(11)

The cross-section (Egn (11)) is not valid at vesw Iprojectile energies, when the
projectile scattering also depends on the electfond, and at high projectile energies
when scattering is affected by the nuclear force.

The influence of the electron field changes thdtedag cross-section only for a few
percent, so we can use a correction factor. Fomple the Andersen correction factor
[99] looks like this:

2 2 2
f= 1v . v =1586— 4% Zi+75 (12)
1 +E 4pe, X0.8853,
0

lons that due to their high energy penetrate thel@wob barrier in light atoms, scatter
on the nucleus potential. The cross-section forniheear scattering can be few tens or
hundreds of times higher than the Rutherford baatksiing cross-section. In this way we
can increase the sensitivity of the method fortliglements. The scattering cross-section
relative to Rutherford (elastic) backscatteringgootons on He atoms is shown in Figure
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2 [100]. At some combinations of projectile andgtdratoms sharp resonances can be
observed. We can use them for measuring the caatient profiles. A typical example is
the resonance of alpha particles with an energ$.@4 MeV on'®0 atoms (Figure 3)
[101]. The cross-sections from Figure 2, 3 wereuated for a scattering angle of 151°
using the SigmaCalc [15] program. The original expental data on which the
correction is calculated is from the IBANDL databd42], which is the most extensive
and comprehensive collection of nuclear scattedrgss-sections (or non-Rutherford
cross-sections as they are also called). In th#éespay simulation programs, the use of
cross-sections is limited by the present not yehmlete understanding of the scattering
processes, so we must rely on the use of experatiafiies [96].

He—4(pp> Theta = 151

/

E+2

—_—

s

S

Ratic to Ruth
™.,

Cross section.
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Figure 2: The scattering cross-section relativéheo Rutherford backscattering cross-section for
collisions of protons on He atoms corrected with 8igmaCalc program for an angle of 151°.
Continuous increase from 80 to 310 times at engffigien 1.6 to 2.7 MeV is shown. [15]
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Figure 3: The scattering cross-section relativeh® Rutherford backscattering for aa,q)
reaction ont°O atom corrected with the SigmaCalc program foaagle of 151°. A sharp non-
Rutherford resonance (12 times larger cross-sea@npared 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 energlg, is hitting a thin layer with thicknests The layer should be
thin enough to allow us to neglect stopping of iamshe layer, so the scattering cross-
section is not changing with depth. The angle betwthe incident ion and the target
normal isa, the outgoing ion leaves the target at the apgle the target normal and the
scattering anglel is then the angle between the incident projectied the detector
directions (Figure 1). We denote the mass fracta@rseparate compounds in the layer as
X and the atomic densities as In timet the detector with a solid anglRl//detects the
yield of scattered ion¥; [95]:

ds . Ad
Y =——(E,)IDW]|.tn .
' dW( o) Jo ' cosa

(13)

Here j, was the current density of the incoming beam. Vitishgeometrical cross-
section of ared, the number of all the incoming ions b¢; = j, At. The produch; d is the
areal density of the atoms

q=nd=_ %% (14)

"~ N, DWs,(E,)

We have written the scattering cross-sectievddl/ (11) at an angle/ in the short
form si(Eo) and with that adopted that we are talking aboattering on the atom

In a layer which is a simple chemical compound,ateal densities of atoms are in the
stoichiometric ratios. If that is not known, we @®&hine it experimentally from the yields
[95]:

~—

.sj(Eo
i si(EO) .

i (15)
n;

<|=

The only value which we have to know is the ratidh® scattering cross-sections. If
we have the Rutherford scattering regime, the esesfon ratio is approximately
proportional to the ratio of the squares of theratonumbersZ;®/z®. Eqn (15) also works
for slightly thicker targets where we calculate thess-sections at the middle of the layer.

From Eqgn (14) we can calculate an estimation oflidlger thicknessl, if we insert the
atomic densityy;:

% (16)

whereNa is Avogadro's number and is the density of a sample. We calculate the
yield of the scattered ions from a thick targetshging the sample into layers, wheres
the coordinate along the incoming beam. From therlez at the deptlz we get the yield:

r N
M.

dY =s,(E)DWj, t

A x Adz. (17)

We used the shortened equation for a differentiattering cross-section and inserted
the density of atoms; (Eqn (16)). As in Eqn (14), the number of incomiags is:N, =
joAt. The scattering cross-section is a function ofethergy squared [95]:
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si(El)zsi(Eo) = (18)

With thick targets we cannot neglect the stoppihthe projectiles in the target. Also
the outgoing ions get a wider energy distributisn,instead of yield; we measure the
spectrum i/dE:
rN, dz
M. s dE

2
ﬂ:si(Eo) 5 DWN, (19)

Further solving of Egn (19) is done either numdlycaor with analytical
approximations. In the simplest approximation wiewdate the derivativezdE using the
Eqn (7), sincdr = zcos@):

1

rdz _ cosa S(E) ' (20)

ae - B oy

In an approximation which is valid only at the sué of the target, we can also
neglect the factoEy/E'. For a shape of the spectrum (yield as a funaifanergy) we get
[95]:

ae S B PN ey v ) )

coyy

Some simple examples of the scattered ion spesinaylated with the program
SIMNRA [102] are shown in Figure 4 and Figure 5eTdpectrum of a mono-elemental
target has an edge K, (Figure 4a). With multi-elemental target (Figure) 4here are
many steps in a spectrum which all correspond;ig for the ions scattered from the
surface. The multiple-scattering calculation [102}s used to get better agreement at low
energies. In Figure 5a and 5b we can see a twoegl@inthin layer on a mono-elemental
substrate. The atoms of a thin layer are much kedven the atoms in the surface, so we
can distinguish them very well from the substrdtehe mass resolution is a bit worse
(e.g. with lower energies of incoming ions), then botgnals from the top layer can
"melt" together (Figure 5b). This spectrum is mundrder to interpret than the one in
Figure 5a, so it is worth finding the best masslg®n for a given case by choosing the
optimal type and energy of the projectiles.
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dY dy
dE 2) dE b)
0 KE, E 0 kE, E

Figure 4:RBS spectra of a homogeneous sample simulatedvbyFA prograni102]. Spectrum
of a thick mono-elemental target (copper) (a), khisomogeneous multi-element target
(AlI77Fe20Pb3) (b). Spectra are calculated for soag of 3 MeV protons with geometra<0,

y =45°,0=135°) in the full energy range with a cut-off egpenf 10 keV. In graph (b) a multiple-
scattering calculation was used to get bettereageat at low energies.

dY dy
dE 2) dE

- \Uh -\

E

Figure 5:RBS spectra of a two-layered sample simulatederSivINRA progranil02]. The top
layer consisting of two sorts of atoms and the sddayer being a light mono-elemental substrate
(a, b). Spectra are calculated for scattering ®&1e¥ protons with geometryaE0, y =45°,
g=135°). The horizontal energy axis is limited lbe highest 30% of the whole spectrum to zoom
in the affected part. Spectrum (a) is calculatadaf®000e15 at/ctriayer of Zn97Pb3 on top of
the aluminium substrate and spectrum (b) is caledlfor a thicker layer (12000e15 atf3ron

the same substrate. The detector resolution anenby spread of the incident beam were set to
zero to simplify the understanding. Some energgagrstill remains as a consequence of the
energy straggling of protons in a helium atmospladéwag the path to the detector.

The method is less successful for thin layersgiftimatter on top of a heavy substrate,
because in this case the spectrum of the top-lsyalways superimposed on the low-
energy part of the heavy substrate spectrum.
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2.2.4 Analysis of the spectra

The quantity which we measure experimentally isdM8tlE, but (dv/dE)DE. , whereDE,

is the energy width of a channel in the spectrune Wétermine it with the energy
calibration of the scattered ions. This can be neasily achieved by measuring a few
spectra of thick targets, which have high-energyesdt the energiésE,. The measured
spectra are a convolution of the distributio/dE (Eqn (19)) and the response function
of the detector (usually approximated simply by tBaussian distribution). For this
reason the spectra have more round edges, as Sumatically in Figure 4. The shape
of the spectrum at the low-energy part is deterchimemultiple-scattering [103].

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

For any spectrum simulation program it is importdndt the scattering and stopping
cross-sections as well as the stopping powerseoitiis in matter which are both used for
simulation, can be updated by the user. At the tiheriting the latest set of stopping
powers and ranges of ions in matter was SRIM20Xtichwcan be freely downloaded
from www.srim.org. The measured non-Rutherford tecaig cross-sections, for various
particle/atom combinations can be obtained throtigh IBANDL database [12] with
evaluated EBS cross-sections for selected reaasarg the SigmaCalc online program
[15].

In the frame of the IAEA intercomparison the codhese been tested in two ways.
First by simulating the scattering spectrum with fame parameters and second on a set
of realistic experimental spectra. The intercongzarishowed that all of the codes give
good results within the limits of their design, ahdt the largest difference in the results
is due to the differences in the fundamental datebased (stopping power and scattering
cross-section). Agreement between the codes foRthberford backscattering spectrum
simulation, including energy resolution convolutiognergy straggling and the pileup
effect is at the 0.1% level. This agreement can bks extended to the extraction of the
information from real data [104]. With the use bétsame scattering cross-section data
also the non-Rutherford scattering can be simulatéitin this agreement. There are two
codes which stand out in the Intercomparison, diggrthe amount of features and
implemented calculations. These two codes are SIMNE2] and NDF [106], called
“new generation codes” in the Intercomparison. Thmth feature a pulse pileup
calculation algorithm by Wielopolski and GardneiO7l 108], a dual and multiple-
scattering calculation [109, 110], a stragglingcaddtion using the model by Bohr, Chu
or Chu/Yang, which are reviewed in Szilagi al. [109, 111], and also a screening
correction of the Rutherford cross-section by Asdar[99] or L'Ecuyer [112]. Both
codes are also able to simulate the sample rougtih&8, 114]. A good overview of the
phenomena of surface roughness can be found iBIMBIRA User's Guide [102], and
from a different point of view for NDF [115].

For the purpose of the analysis of the RBS spantithis work, SIMNRA software
was used.

2.2.5 The scattering angle

The scattering angle is the angle between the tbreof the incoming and outgoing
projectile velocities, and is defined by the pasitiof the detector. It is parameter of the
measurement that has to be set during the simnlafian RBS spectrum. The geometry
of the scattering experiment as used in the SIMNIR#Fgram is shown in Figure 6 [116].
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Figure 6:Geometry of a scattering experiment as treatedIBINRA[102]. Incident angle, exit
angle and scattering angle Angles and are always positive and always measured from the
target normal.

The scattering angle is usually fixed by the positof the RBS detector, however
incident anglea and exit angléd can be changed with the position of a target. Boémd
b are always positive and relative to the normaheftarget.

Thin layers can be measured with a larger incidegfles to increase the sensitivity.
Changing the incident angle from 0° to 60° increabe signal from a layer by a factor of
two. A change to the incident angle of 89° increabe signal of a thin layer by a factor
of 60, however the effects of surface topography substantial at the grazing angles
[117]. A fit to the simulated data shows that acréase can be described perfectly by the
longer path which the beam makes through the Ié@igure 7). This path is proportional
to 1/cos@). The scattering angle during this simulation fesd 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. incidengke Detection of a thin layer can be
increased up to a factor of 60 when the incidegteareaches 89°.

The detection of a thin layer can be improved bypm@er of magnitude by a change of
the incident angle.
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2.2.6 The units of thickness

The thicknessed in SIMNRA are always written in the units of ®@toms/cm. But this
unit can be translated into the linear thickndssn nanometres when the density is
known, which is the case for all pure elements. WVa@olycrystalline material is formed,
the density is not necessarily an average of tmsisting single components. However,
the result of an RBS analysis written in 1e15 at/anits is intrinsically correct since it is
not affected by the transformation using the uraderdata of the density.

When a calculation of linear thickness is necessaig atomic density at should be
first calculated from the density Avogadro's number Nand the molar mass M:

_m_nM_NM ,AT:ﬂ:f’NA (22)
V V N, V vV M
The linear thicknesd, in nanometres is then:
5
4 - dpotat/ent| _ d o7 (23)

I [1015at/cm3] I ar

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

2.3 Construction of BS experimental setup

The BS experimental setup was a new implementaitotihe external beamline at the
Microanalytical Center at the Jo ef Stefan InswtuiThere are many laboratories with
external (in-air) ion beams worldwide, among themeds Britain (Guildford) [118]
France (Louvre in Paris, Bordeaux) [119-120, 12Hly (Firenze, Lecce) [122, 123],
Germany (Berlin) [124], Croatia (Zagreb) [125] GregAthens) [126], Spain (Seville,
Madrid) [127, 128] Mexico (Mexico) [129], USA (Anpalis, Albuquerque) [130, 131],
Japan (Takasaki, Tsuruga) [132, 133-134], mosheiitbut not all also adopted the RBS
technique. A very good "Review of external micraneafor ion beam analyses" by
Giuntini was recently published [135].

The passivated implanted planar silicon (PIPS) JX&8ector by Cannberra PD100-
13-100AM was used as the particle detector at amlpeessure. Helium was used to
reduce the absorption of the back-scattered pestialong their path to the detector. The
schematics of the RBS setup can be seen in Figurae3experimental setup with some
measurements was described in [8].

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

scattering
angle 151°

»,\@,.OI/
beam exitnozzle ‘
target

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

2.3.1 The helium flux

A flux of helium significantly reduces the stoppiafjbackscattered projectiles as well as
the attenuation of X-rays [137] along their pathtthe detector. A much better energy
resolution is obtained using helium instead of &rcomparison of the simulated spectra
of a thin Au layer on a copper-tin alloy samplethaand without a He flush, is shown in

Figure 9. The He flux has a great influence ongpectrum, so its flow has to be kept
constant during the measurement.

Simulated RBS spectrum of gold layer on silicon
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Figure 9:An RBS spectrum simulated in a SIMNRA program, reilistic parametersThe red
line is a simulated graph of particles backscattérem a gold plated silicon with helium filling
the space between the target and the detectoharuldck line is the same sample with the same
setup, the only difference is that the gap isdiNgth air. A much worse energy resolution can be
observed.
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A constant flux was achieved by a standard redactialve which changed the
pressure from a cylinder (~200 bar at full cylindés a pressure of 2-3 bar at the
secondary side of the valve (Figure 10). After thdliow-meter with a valve was used to
set the flux of helium to a level of around 1 litrén. In this way the conditions became
stable, also stabilizing the helium flux.

Figure 10:A flow-meter with precision needle valve at extérp@amline at Microanalytical
center at Jo ef Stefan Institut€he flow-meter is necessary to ensure the confitam of helium
gas to the target.

2.3.2 Distance to the target

The optimal distance from the exit window to thegé& was set by the measurements of a
thick target at various distances. The alignmerg wo@timal when the count-rate for the
specific target was maximal. That means the RB®atlet was aimed directly at the
surface of the target. The total counts of the spet were taken as a measure of the
spectrum quality. The spectrum integral versusdiséance of the target from the exit
window can be seen in Figure 11. The interval efdahceptable working distance (count-
rate in the 95% max. interval) is markeddgs+/-Dd.

3
S 95% max.
=
2 Ad
(] ——
d d

opt

Figure 11:Count-rate vs. distance to the targ@ptimal distance g4 was determined in the
region of the count-rate maximum.

The procedure for measuring the optimal distancaulshbe repeated each time a
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geometry is changed.

A simple calculation in SRIM gives us the resulitth 3 MeV proton in 1 mm of air
loses 12.1 keV of energy, whereas a 1 MeV protesds 26.1 keV of energy. This means
the positioning of the target should be repeatabl®00 um to ensure the reproducibility
of measurements within a 3 keV interval. The positi)g system with a laser
triangulation was developed for the purpose ofadpcible positioning [8].

2.3.3 Micro-positioning system

Positioning of the sample is very important for RBIS has to be accurate and
reproducible. The system which enables us a setiisfaaccuracy and reproducibility of
positioning is based on laser triangulation. Theteay consists of a camera connected to a
computer with an adjustable marker and a focusset lith a spot diameter of 100 um.
The laser focus was set to the distance of a taFgether improvement was achieved by
the addition of the aperture at the laser tube atitch decreases the amount of scattered
photons around the spot, thus further narrowingsfia diameter.

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

Figure 12:The positioning system at Microanalytical centerJatef Stefan InstitutA focused
laser mounted on a micro-positioning stage andn@eca 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 ltesis the number of ions (protons)

which hit the target. There are many approachesmeasuring the proton dose in the
external beam. The first and the most straightfodwia measuring the charge on the
target. But in this case the target must be comgricand special care should be taken to
avoid the effect of a local charge build-up andharge increase due to the leakage of
secondary electrons [138]. A review of charge mesaments in external applications is

available in Smiet al[45].

A very commonly used method for measuring the i@sedis a chopper which
periodically intersects the beam [139, 140, 142]1PRarticles elastically backscattered
from the chopper covered with a thin Au foil arg¢edeed by the particle detector. Since
the angular speed is constant the ratio betweetrahemitted and back-scattered protons
depends on the angle covered by the chopper. Toppeh is typically a section of a
circle in order to keep the time the beam spendberchopper constant, regardless of the
beam position. The problem with the chopper metisothat the chopper has to move.
Moving causes vibrations, the vibrations are tramsfl to the other parts of the beamline.
For a milli-beam these vibrations are not repoitethe literature to present a problem.
However, they contribute to a worse resolutionha ticro-beam experimental setups.
The vibrations can be reduced by precisely balanttie propeller, which is possible, but
hard to do. Another problem with the chopper metisotthat a motor running in vacuum
has a problem with cooling. The heat transfer tghothe vacuum is possible only
through radiation, so thermal equilibrium is aclei@\at a high temperature at which the
lifetime of the motor is significantly reduced. Thmtuation can be improved by
increasing the size and thermal conductivity of dmntact between the motor and
chamber, but even with an optimal thermal contactmotor might fail after running
constantly for a long period of time.

The most recent improvement of the chopper methdzhsed on periodical deflecting
of the beam to a gold target [119] or a Faraday[&4@] in vacuum and measuring the
signal of the recoiled ions (RBS). By measuring R&S signal and knowing the precise
time when the beam has been deflected to the gajeéttand the time when the beam was
irradiating the measured sample, we can calculsedbse of ions on the sample. This
system was developed and is used in the AccéleradBrand Louvre d'Analyse
Elémentaire (AGLAE) facility in Paris, France [119}s major improvement over a
motorized chopper is that it does not have movalalgs, however the magnet field
fluctuation to achieve proper deflection of theineaight present a new source of error.

For an external beamline, a good system is deteofithe X-ray or RBS signal from a
thin exit foil [122, 144], separating the vacuuntlie beamline from the surrounding air.
The foil can be a few um thick metal foil (Al, BAu, Ta, ...) or a 100 nm thin $B8l,4
membrane, produced by semiconductor technologibs 3Jystem is practical since it
does not require movable parts, but the problemhas the target X-rays can reach the
detector and interfere with the signal from the daw. As the foil thickness may change
due to irradiation, the system requires frequenalieration. Also the detector can get
damaged in the case of a sudden exit window failure

An efficient solution for proton current measuremento intercept a fraction of the
beam by a metal wire-mesh in vacuum [145]. A systeased on this principle was
implemented at the external beamline at MIC ardkscribed 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 colleatimyge with a wire-mesh intersecting
the beam (Figure 13) was developed and is instatethe external beamline at MIC

(Figure 14). The device does not have any movintspé is constructed in such a way
that the secondary electrons are suppressed bgadiveevoltage on the shield electrodes
in front of and behind the central wire mesh, whimtilects the positively charged

projectiles. The construction and testing of theidke is described in an article by El

Bouananiet al.[145]
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Figure 13:The wire-mesh based charge-collecting normalizatiewice The negative bias at the
shield electrodes in front and behind the centrisbamesh prevents variation of the positive
current on account of the emission of secondamtreles. [145]

Figure 14: The wire-mesh charge-collecting device installed erternal beamline at
Microanalytical center at Jo ef Stefan Instittthe collimator is made of tantalum, with a hole o
0.7 mm diameter. Wire-mesh is Pt-Rh alloy 80 x 88sim the wire diameter is 0.003 inch
(76.2 um). [8]

To prevent current leakage between the wire medhranshield electrodes, ruby balls
are used. The beam is shaped with a tantalum aibiinwith a hole of 0.7 mm diameter.
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The 3 MeV protons should be stopped in the wirehmasd for this reason the alloy of
90 % Pt and 10 % Rh was chosen, which has goodmpstbpping power characteristics,
besides exceptional mechanical properties and mghing point (1850 °C). The wire
diameter is 0.003 inch (76.2 um). The density eftiesh is 80 x 80 mesh, which means
80 wires at a distance of one inch in the horizZoatal vertical directions, giving an
aperture of 57.76 %. The range of 3 MeV protontheéalloy according to SRIM 2008 is
25.84 um. The diameter of the wire is thus almloste times wider than the range. From
this we can calculate the area of the mesh wher@tbtons can penetrate the wire of a
round cross-section. This area is 1.2 % of the a/laoéa of the wire mesh and represents
a negligible part of all the protons, so the wiresim has a small perturbation on the
energy distribution of the probing beam. Howevéeré is a downside of using this
method. The beam has to uniformly cover the areshefwire mesh limited by the
collimator. Reducing the beam current by slightflecting the beam (which is a current
practice at the beamline, results in a wrong canmreading since the wire-to-opening area
ratio of the mesh changes drastically with the beasition, whenever the current density
over the collimator area is not homogeneous. Fersdime reason the device cannot be
used for the measurements of the particle dose dfi@o-beam. To preserve the
homogeneity, a beam current has to be regulateddigcusing of the beam at the
injector.

2.3.6 The chopper method

The chopper method measures the projectile doggehbgdically intersecting the beam.
The intersection is commonly accomplished with t@ting propeller, typically reducing

the current by less than 10%. The beam can alsotbearily small, which is especially

suitable for micro-beam current measurement. Thamige position can be changed
without affecting the current measurement thus g&ng the mapping technique based
on the beam displacement.

There are many chopper systems reported to beindadrature [138, 139-142, 146,
147, 148]. However, during my work | encountereteéhdifferent systems for particle
dose measurement using the chopper method. At BBG,there are two choppers, and
the third one is at the external beamline at loarB&entre (IBC) at University of Surrey
where | performed some measurements of textilegilom the frame of the SPIRIT project
(Figure 15).
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Figure 15:The chamber with a chopper propeller at the extebwamline at the University of
Surrey with a projected path of the bed®BS detector with the possibility of changingefik and
a turn table for observing the beam on a quariescr

The chopper unit at the external beamline [118hatUniversity of Surrey is relatively
massive, it is about half a meter long with a cavexde of a few centimetres thick and
rather heavy glass plate, which enables a vievd&db check if the chopper is turning.
When the chamber is evacuated the air pressureepuble plate to the chamber and
prevents any lateral moving of the plate. The matoning the chopper is outside in the
air and the transmission is made with a help okmofluid (a magnetic fluid). The
transmission sometimes, after a long time of nqQ gets stuck and the glass cover has to
be removed and the propeller is kick-started madyual

At the external beamline at MIC, a much smallemmalization chamber contains an
in-vacuum motor which can be interchanged with i@esmesh charge collection device. It
uses two carbon pieces plated with gold which @réyhthe beam. The gold peak of the
RBS spectrum is then integrated and used as a meeabthe total particle dose in the
beam. The upper cover with a chopper motor andvarl@over with an RBS detector of
the normalization chamber is shown in Figure 16 Phrticle beam is entering from the
left, partly scattering back to the RBS detectdne Tamount of the beam lost by the
chopper is proportional to the angle covered byttt carbon pieces. In our case this is
2x20°, which means that 11% of the beam is losis Mbmber 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 norratibn device at MIC with a
projected path of the beamn in-vacuum motor with a chopper propeller igefi to the upper
cover and an RBS detector on the lower cover ofnihvenalization 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 Roentgentlre &' of November 1895
[149], since than a huge impact of this new teabgwican be observed. This new type of
rays ("eine neue Art von Strahlen”) led to furthevestigation and the discovery of
radioactivity from uranium by Becquerel in 1896,vesll as radiation from radium and
polonium discovered by Marie and Pierre Curie i88.8Soon afterwards in 1906 Barkla
discovered the polarization of X-rays, bands inmato absorption (1909) and
characteristic X-rays, the so called K, L, M...isemwere discovered in 1911. The wave
properties of X-rays were investigated by von Lalm® in 1912 observed the diffraction
of X-rays in three-dimensional structures with gular repeating pattern. But it was W.
H. Bragg who derived the famous Bragg formula asdthg the Bragg spectrometer
observed reflection patterns from single crystdisNaCl and KCI. X-ray diffraction
analysis was born.

Following the investigation of the properties ofré¢s by Barkla, Moseley with an
exchange of communications with W.L. and W.H. Bragmtinued with a study of
characteristic X-rays. Siegbahn measured the wagtis of characteristic X-rays with
his new spectrometer, and precisely and clasdifieh intoa, b, g... according to the X-
ray intensities in the respective series. X-raycgpscopy was established with his work
in 1913-1923. During these years only the gas aiioa chamber invented by Perrin in
1896 was used as a detector, until Geiger and evfiloduced a new useful counter for
the detection of X-rays (ang rays) called the Geiger-Miller counter. With the
development of the high-power X-ray tube, the GMirder and goniometer with a Si
monocrystal, measurement of fluorescent X-rays wessible. The first commercial X-
ray fluorescence spectrometer was produced bymaadand Birks in 1948. This was the
start of modern X-ray spectrometry.

XRF is a spectroscopic method where high-energgyé-or gamma-rays are used to
achieve the emission of secondary X-ray photors @fled fluorescent X-rays. With this
technique we can perform the chemical analysis efalm, ceramics, glass, or other
materials. The method is extensively used in geodtey, archaeology, forensics and
recently in live sciences. The apparatus used fBF Xanalysis can be made portable
which enables quick in-situ measurements.

An incident X-ray photon (Figure 17 [150]) ionizé#ge atom by ejecting an electron
from the inner shell of the atom. A vacancy isefillby an electron from an outer shell.
This electron displacement causes the emissionseicandary X-ray, which is detected
by the X-ray detector. Each element has a speeifergy of electron transitions, so the
secondary X-rays are characteristics of a spe@fmment. A representative XRF
spectrum of a multi-elemental target can be seefrigure 18 [151]. The spectrum
consists of characteristic lines, also called "géaindicating the presence of a particular
element. The amount of an element is not direatbpprtional to the area of the peak, it
also depends on the X-ray production cross-seetimhabsorption in the filter in front of
the detector and in the sample itself.
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Figure 17:Secondary X-ray production schen¥RF 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 sampdenfi®°Cd cathodeSpectrum is in
linear scale. It depictures the capability of sitaneous multi-elemental analyses of XRF method.

[151]

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

The levels of detection for most elements with gpgctroscopic method are around
10-100 ppm and depend on the cross-section fortaitelement. The cross-sections for
the production of characteristic X-rays depend lon énergy of incident X-rays (Figure
19).

Secondary X-rays can also be induced with partickeselectrons, protons or other
ions. Electrons with a few ten keV energies araluse the chemical analysis of targets
in electron microscopes. But electrons, which heslatively low mass compared to
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protons or other ions are stopped in the matenddkly. At energies of 20 keV they

penetrate up to 1 um of material. This means theystpped from a velocity of a few
tenths of the speed of light to zero over a distasfcl um. This rapid deceleration results
in huge bremsstrahlung, which is not desirabletha resolution of the spectrometer,
since secondary X-ray peaks are lost in the breatdang background, if the

concentration of an element is below, for exampl&%. The linear scale is more suitable
for displaying the spectra induced by electrons dwoethe intense bremsstrahlung
background, however logarithmic scale is more imfative for spectra induced by
protons (Figure 19).

Bremsstrahlung can be reduced for many orders @ninale by the use of heavier
particles. Protons are especially suitable for thigpose. The higher mass of projectiles
means the penetration depth will be higher anddineeleration will be slower, which
induces lower bremsstrahlung. But in order to achen efficient ionization in the target,
projectiles should be accelerated to higher engrgypically above 1 MeV. In this case
the spectroscopic method based on the analysiedofced secondary X-rays is called
PIXE - particle induced X-ray emission. With theeusf ~1 MeV protons or other ions,
the penetration depth in the solid matter ranges f10 um to ~100 um, depending on
the density and atomic number of the analyzed nataWith a significantly reduced
bremsstrahlung (Figure 19) a higher resolutionlmamchieved and the level of detection
drops to an impressive ~10 ppm for most elements.

PIXE vs. SEM-EDS spectrum
measured for 10 minutes

—— PIXE spectrum
—— SEM-EDS spectrum

arbitrary units - logarithmic scale
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Figure 19:SEM-EDS vs. PIXE spectru@omparison of SEM-EDS and PIXE spectrum of textile
fibre in a logarithmic scale. Both spectra were soead for 10 minutes. Spectra are normalized to
the height of the highest identified peak, howeter height of a detected peak in a SEM-EDS
spectrum was 106 times lower than the height afakn PIXE spectrum.
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2.5 The PIXE method

PIXE measurements have a long tradition with imgdrtapplications in archaeology,
environment sciences, aerosol measurements ancediome. Recently an interest from
the forensics community was observed to performBPixeasurements of gunshot residue
[69], glass fragments [152, 153] and other typesewidence used in a criminal
investigation [154, 155, 156]. One of a most comindound evidence is fibres. The
guantitative results of fibre analysis would be mhest useful for forensics. The fibres are
typically threads of woven fibrils (mono-fibres) carare in one dimension very long
(infinite), however in the other two dimensions (ross-section) their dimensions are
similar to the range of a few MeV protons. The getinal cross-section of a fibre is a
bundle of fibrils, which have a shape of their owsyally their cross-section is circular,
but also other shapes exist. Measuring such a buwfdibrils is obviously very different
from measuring a thick target. The fibrils are tighwoven, thus forming an
approximately close packed lattice in the crossi@ec However, the first-order
approximation of the fibre geometry is a cylinder.

The effect of cylindrical geometry was accessediegein the literature [78, 80]. It has
been shown that the result of the measurement depgron many parameters. The most
important parameters are: the radius of the meddiee, the orientation of the fibre, the
density and structure of the fibre, and the tratmments present in the fibre. A
mathematical model which takes into account thesameters was developed to obtain
the quantitative results of fibore measurements. Miozlel is described in a separate
chapter of the thesis. Measurements made at theetsity of Surrey and at MIC are
presented and calculated using the cylindrical etargpodel. The PIXE results were
extended with PIGE measurements and compared widr mmdependent methods.

2.5.1 The PIXE yield

The yield of photons upon irradiation with protatepends on the cross-section for X-ray
production si*, the density of particle currefy, the timet, and the number of atoms
impacted by projectilell;:

Y =57 N; (24)

The fraction of X-rays detected by the X-ray deteds OW4p) e hi, whereDW4p is
the solid angleg is the efficiency of the detector for photons whieit its entrance
window, andh; is the transmission of filters between the taeget detector. The number

m N

of atomsN; inside the beam is proportional to the malls:= A . whereM,; is the

molar mass of the atomsNais Avogadro's number and the masss expressed with the
riN,Ad . The
M, cosa

target is in general inclined by an angleelative to the beam, so its effective thickness i
d/cos@). N; is inserted in Egn (24), the produgd is replaced with the area densify
andjpAtis the number of protoris,. The X-ray yieldY; for element is then proportional
to g

partial mass density; and volume of the irradiated part of the target=
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v =PWy N, 808G
4ap M. cosa

(25)

To determine the area densify we have to know the efficiency and the solid angj
the detector, the transmission of the absorbefsoimt of the detector, the cross-section
s*, and we have to measure the number of pratgns

The area density is very rarely derived directhnirEqn (25), since the solid angldV/
is hard to measure. Instead, we prefer to use atdadwhich are samples of very well
known composition and area density and are availatwmmercially. During the
calibration procedure we measure the product ofrthariable parameters and mark it as
1/FiZ

Z—ZVNAeh.s.X °oF* =0 M osa, (26)

[ | S S

Np qi

where theY;® andN,® are the X-ray yield and proton dose, measuredhferstandard.
The area density is then:

g ° F M, cosa J—' (27)

p

The parameter; need not be calibrated for each element separatleé/functionF is
changing continuously with the atomic number Z, ddo 10 points are sufficient.
Between those points we use interpolation. A separalibration for the K and L shells
has to be used. This calibration procedure usiagdstrds has to also be applied with
strong absorbers. The transmission of X-rays caoab®ulated with an error lower than
5% only if it is higher than 19%. For lower transsions it is better to use a calibration.

We can avoid the measurement of a proton dose din@a@n internal standard to the
sample.

2.5.2 The thick target model

In a thick target, we are interested in the magsgmsx; of single components. With
partial densities’; they are related as = ri /r ; wherer is the density of the sample.
Charged projectiles decelerate in the sample, sb depth also the ionization cross-
section decreases. When calculating the yield, pl¢ the target into layers with a
thickness d (Figure 20). If we measure the coordinat@ a direction of the beam, the
contribution of a single layer is [95]:

dy, ZZ_,:?A NpNAEI\i/l—/hsix(z) expt mx(2))r.dz. (28)

In Egn (28) we took into account the cross-secéinargy dependence and absorption
of X-rays along their escape path through the taMyith a smooth thick target model,
the escape lengthis simply a function of coordinate
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_ cosa
coy/

X zZ. (29)

Herey is the exit angle of the X-rays (Figure 20).

E,

Figure 20:The schematics of PIXE thick target geomeliye energy of the incident projectilés
decreases t& along the patlz. Absorption along the escape pathis taken into account in
Eqgn (28). [95]

In the samples with irregular surfacéz) is not a simple linear function, but rather a
probability distribution function. The X-ray yielt; is obtained by the integration of
Egn (28). As the cross-sectiati is a function of proton energy, we have to tramesthe
integration alongz to the integration along energy. We achieve this with the
transformation:

dz

dz="92 4E = dE/(dE/ d2) = - —9E
dE

r S(E)

(30)

Here,S(E)is the stopping power which is independent of dgnkqgn (30) serves us
also for the calculation of the path along whicle ttroton energy decreases from the
incident valueg;, to E(z)

1% dE

S SE (31)

r E(2z)
Energy-dependent factors in Eqn (28) are combingle thick target factor:

_"s'(E)

G exp- mx(E))dE. (32)

Now the yieldY; of an elemenit can be written:
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(33)

The yield seemingly depends only on the mass racti actually it is a function of
the concentration of all the elements in the targdtich determine the value of the
stopping powelS(E)and the attenuation coefficiept in the thick target factor; (Eqn
(32)). Values can thus be calculated with an iterative procedure

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

A known amount (determined by a precise balancenoélement which is not present
in the sample is intermixed with the sample and dgemized. Thus the measurement of
the proton dose can be avoided as well. A popul@rnmal standard is J0s, since it is
almost never present in the samples.

b.) Calibration with standards.

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

c.) Normalization taS;x; = 1.

In a sample where all the elements emit measub&ibe/s the statement that the sum

of all the mass fractiong is one (100%) holds. With this we eliminate thea¢o know
the solid angle as well as measurements of theoprdose, since the constant factors
don't influence the normalization procedure. We gs@ the method when measuring the
metal alloys, and also with the analysis of glasglesre 100% is the sum of all the mass
fractions of metal oxides [39, 46]. With strong atiers, the use of standards with similar
compositions to the samples is advisable. The redidn consists of a trial and error
procedure to determine the correction factors fera¥ yields, until the values of the
standard are reproduced.
Algorithms based on the normalization procedure rarmerically very stable, so the
calculated concentrations converge already in a $eeps to the final values. With
normalization the influence of errors, due to thaistical fluctuations and uncertainties
in the databases, are also reduced.

d.) Combination of PIXE and RBS

Both PIXE and RBS spectra are proportional to thetgm dose, so with a
simultaneous measurement of X-rays and back-sedtf@ojectiles and correlated fitting
of both spectra to the model values we can elireitfa need to measure the proton dose
[157]. However, we should know the ratio of solithkes of both detectors.

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

The uncertainty of the results of the best perfarnmeasurements still depend upon how
well the cross-sections have been measured inirdtepface. Most of the cross-sections
for interactions with protons have been meticulpuseasured many times, so the data is
accurate up to a few percent. Some other reactiithsmore exotic beams have not been
measured so frequently, so the cross-sections rogmuch different than found in the
literature. However for PIXE measurements with atgm beam of few MeV we can
safely say the X-ray production cross-sections areurate to within 5% uncertainty
[158].

The physical process of atomic ionization with avheprojectile and the accompanied
X-ray production can be theoretically modelled. Tinest simple model approximates the
wave function of the projectile far from the atonithwa plane wave. The ionization is
calculated as a scattering of a plane wave on adelectron. The calculation is made
using the Born approximation, so the method is rhmigh the acronym PWBA (Plane
wave Born approximation). The PWBA method was widgdread with the review article
[159] and due to its simplicity, it was widely ade@g. Much effort was put into the
method's improvement by the inclusion of factorsnpensating for phenomena not
included in the basic model. The most successfdlvaidely accepted set of corrections
of the PWBA method is called ECPSSR theory, whishsiill used in work with
experimental data and databases. The theory wadoged by W. Brandt and G. Lapicki
[9]. The name of the theory is an acronym of tHea$ taken into the account:

1. Energy loss of the projectile (E)

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

3. Change of a binding energy in a perturbed statiostate model (PSS)

4. Relativistic effects (R)

A program for the calculation of X-ray productioross-sections using the ECPSSR
theory is not very complex since the integration ba avoided with the use of tables. The
cross-sections used for data quantification in thiesis were calculated by the direct
integration method [10] applied to the ECPSSR rhadestated 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 tasgef cylindrical geometry when the
beam is homogeneous, the surface is smooth, andeléments are distributed
homogeneously. A schematic of the geometry is shownFigure 21 [62]. The
discrepancies from real samples will be discusadtiér on in the thesis.

E.(y)

Figure 21:A schematic for the integration of a cylindricatdat. Exit lengthx varies across the
diameter of the cylinder. [62]

The target of radius R is sliced into layers otkimess g, perpendicular to the axis
In a particular layer the local coordinates measured along the proton path. The number
of X-rays excited in the differential volunhglzdy and detected by an X-ray detector with
a solid angleDW efficiency g (for a particular ling), and equipped with an absorber of
transitivity /; is given by:

dN! =%si i, t N ™ (34)
4p

wheres; is the X-ray production cross-sectidns the measuring time and; is the

number of atoms in the layeN., =ﬁNAdV with M; the atomic mass of the atoms
and Na the Avogadro's number. The partial dengityis a fraction of the total sample
density: ri=xr. Using the usual transformatiore & (dzZdE)*JE and the density
independent stopping poweE/Miz= rS(E) and realizing thaiN, =j,2RlIt is the total
number of protons that hit the target segnmlemte obtain for the detected number of
X-raysi:
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R g 2
N =, DWes Nay 170 % siE)expe m) o (35)
40 "'M, " 2R S(E)

-RE(Y)

The double integral is essentially a typical thiekget factor, averaged transversally
(in y direction) for a cylindrical targe€,(y) is the proton exit energy; if the target is
sufficiently thick, the protons may stop in thegeirandg; is set to zero. The calculation
of E, requires (besides the radidsalso a knowledge of the total target densijtywhich
has to be determined by some other method. As tthgpieg powers and attenuation
coefficients in Egn (35) are matrix dependent, ¢bacentrations are evaluated from
Eqgn (35) by an iterative procedure.

The X-ray detector is positioned at an andlevith respect to the beam. X-rays are
leaving the target along the escape lengtivhich depends on the radius of the cylinder
R, and the coordinatasandv in the rotated coordinate system:

x=4JR?*-V?-u. (36)

To get the coordinates andv we have to rotate the coordinate system counter-
clockwise by the angl@- J. The coordinatesi andv are obtained by multiplying the

coordinatey, /R*- y® - 2) by the rotation matrix:

v| |cosp-J) -sin-J)

y
sin(p-J) cosp-J) H\/RZ- vyl -z

The integration in Eqn (35) was performed by amoBv¥pGaussian integration using
the transformation [39] which densifies the inteigma points in the region where the
integrand is large. If the proton beam is not hoemsgpus, the integrand in Egn (35)
should also contain the normalized transverse iligion of the proton current. The
limiting cases of Egn (35) are a very thin cylindgth no matrix effects, and a thick
cylinder with a radius that surpasses the protogeay several orders of magnitude. The
thick target factor in this case is then an avermigthe thick target factors obtained by
slowly rotating a large plane target perpendictitathe beam. The thick target factor in
Eqgn (35) is typically larger than for a flat target

. (37)
u

2.5.5 Evaluation of the geometry impact

The cylindrical geometry influences only two paraeng in Eqn (35). That is the escape
length x and the exit energlf,. Three sets of simulations have been done to ateathe
influence of these two parameters:
a.) A concise cylindrical model as presented in Eqgn) (@8ing Egn (36) for the
calculation of the escape lengttand the calculation @, for each g.
b.) A calculation of the ribbon geometry. The escapuytle x is calculated as in a
thick target (Eqn (29)). The exit ener@y corresponds t&;, in a model a) at a
depth of R and is constant across the ribbon. The geometrcals-section is a
square. The edge effects for absorption are notitzdéd.
c.) Calculation of a reduced ribbon geometry. The esdapgthxis calculated as in
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a thick target (Egn (29)). The area of the georoaiiiross-section is the same as
the area of a circle used in the model a). ThegnEs corresponds t&; in a

model a) at a depth of,E R and is constant across the ribbon. The crosseseisti
a square. The edge effects for absorption arealotilated.

The advantage of models b) and c) is that theybeamplemented in the programs for
the calculation of concentrations like Gupix [70] DF [160], since they represent a
section of the layer with an intermediate thicknéise thin layer target at one end and the
thick layer target at the other end.

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

For the purpose of simulation, an imaginary sangbleotton with a few percent of
trace elements (Si, Ca, Ti, Fe, Cu, Br) was sedecte concentrations were calculated
using the models a), b), and c). The ratio betwegtentrations is shown in Figure 22 (b
vs. a) and Figure 24 (c vs. a).

Square vs. circular
cross-section

Si

1.3 5

1.2

1.1 4

ratio between ribbon and cylindrical model

—3Si
0.9 Ca
Br Ti
Fe
Cu
0.8 Br
T T T T T T T T T T T T 1
0 50 100 150 200 250 300

fibre width (um)

Figure 22:The influence of cylindrical geometryhe model for the cylindrical target was
compared to the simpler model of ribbon geometsguaing a square cross-section with a side of
2R. Much higher concentrations in a target are asdumth the light elements (Si, Ca) when the
ribbon geometry model is used, however when theneliar of a cylindrical target approaches
zero, the concentrations calculated with ribbonngetoy model are underestimated due to
difference in the area of the cross-section (sqwarecircle area, where side of a square is a
diameter of a circle).
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The largest difference in the ratios between thecentrations of Si and Br at 50 um
fibre width is 56%. The maximum difference for ¢ata was lower, 14% at a fibre width
of 90 um. The range of 3 MeV protons in the sanfpteton matrix with trace elements)
calculated with SRIM2008 is 101 um, which is twibe diameter of the fibre.

At the diameters of the cylinder close to zero, #féect of X-ray absorption
diminishes, so only the amount of material irraglibits important. Thus the ratio between
both models for all elements approaches the nu@B&5 which is the ratio between the
areas of a circle with radiu® and a square with a sid®k2The model of a ribbon for
thicknesses much smaller than the range of prigediius translates into the model of a
thin target. To avoid the effect of a larger cresstion of ribbon model compared to the
model of a cylinder at dimensions close to zerostveuld equal the cross-sectional area
of both models (Figure 23). We repeat the calomfatior the square ribbon of the
dimensions:

a?=pR*=pD?/4 a=+JpR=4-pD.
a=v\1 ‘R
D\
2R
\___

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

Pt N
N——Y

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

The evaluated concentrations in fibres of diametdose to zero in the improved
ribbon model are practically the same as in therags cylindrical geometry model. The
differences increase with a fibre thickness andirath maximum at a radius of 50 pum.
For thicker fibres they are smaller, as we apprdhelplane thick target geometry. At the
maximum, the highest difference of 47% was foundsibcon that emits soft X-rays of
1.74 keV energy, 12% for calcium emitting 3.69 kahoton.

The improved ribbon model can in principle be im@d further with the inclusion of
the edge effects; this is correction of the absonptlue to the limited width of the fibre,
but in this case the use of a dedicated programagsired. When a dedicated program is
used, it is better to implement a more appropretandrical geometry model described
earlier. However, such dedicated programs are nmuate 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 ashpogss necessary to take into account
also the shape of the beam. The beam is collimatedcuum either by a square or by a
circular collimator. After the collimation the begmasses a thin metal foil separating the
vacuum and the air at room pressure, resultingsnlestantial angular straggling, which
is further increased in the air path between thedod the target. An infinitely small
beam withN, projectiles would spread into a spot with the esponding projectile areal
densityP' = jp¥with a Gaussian profile of the widg:
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N
p e 25.2
12

20s

P'=

(38)

The areal densit? for a broad primary beam is then obtained by avolution of the
distributions (Egn (38)) across the beam area betbe exit foil. For a circular
collimator, the integration across the beam ares#rgsght forward. The complete circle is
divided into small areasSthat contribute N, projectiles to the projectile areal dendty
(Figure 25 [62]).

Figure 25:The model for the calculation of the projectile signP on the target for a broad exit
collimator of radiuRR;. Area fractions 8 contribute &, to the projectile areal density. [62]

The radius of the collimator (diaphragm) Rs. The proton density distribution is
assumed to be homogeneous, so e&lerdits dN, = N, dSpR projectiles. After an
integration by & = s ds da (Figure 25), we find that the projectile areal signat the
target depends only on the distance from the centre
2

pl2 2

3 S,
2-eX -—— -exp - —— da
0 P 25" P 252
W . se=/R-rsmatrcosm R
P R (39)
de P arcsin(Ry /r) S§ 512
exp- —Z; -exp- 1, da

0

s, =R} - r’sina +rcosa r3 R,

Eqgn (39) distinguishes two cases, one is wheresplo¢ A is in the geometrical shade
of the primary beanr (£ Ry), and the other is where the spot A’ of the targeut of the
geometrical shade of the primary beam3( Ry). An integration overa is done
numerically. The distributionP from Eqgn (38) tends towards the Gaussian with
decreasing values &/s' (Figure 26). The experimental beam profiles wasasured by
scanning a thin metal wire across the beam andtilgehe induced rays. The values can
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be well fitted with a Gaussian function. Conseqglyerat pure Gaussian distribution was
assumed in the subsequent evaluation of the mehslag. The width of the beam
always depends upai, which is influenced by the thickness and theemat of the exit
window, as well as the air gap.

Rd =0.25mm

c' (mm)

—0.05
----0.1

OfF——T =777 T y
-10 08 06 -04 02 00 02 04 06 08 10

r (mm)

Figure 26:The calculated projectile areal density at the &trg he primary beam diameter was
0.5 mm and three different valuessdfwere assumed. The distribution tends towards usSian
with a decreasingy/s' ratio. [62]

2.5.7 Measurement of the beam profile with a metal wire

The beam profile was measured by scanning a 25etal wire across the beam. The
controlled horizontal displacement of the wire velme with a motorized XYZ stage.
The smallest step of the motors was 1/125 mm. Tete saf measurements were made:
2.5 MeV protons were extracted into the air throtwgh different windows. At a distance
of 10 mm the protons hit a 0.25 mm thick copperewkt the distance 5.5 cm from the
target the X-rays were measured with a Si(Li) detedNo additional absorber was used.
The results show that the beam-intensity profilé&aussian with a fitted width €2 of
0.483 £ 0.005 mm for an 8 um thick Al exit windofsiqure 28) and 1.029 + 0.003 mm
for a 2 um thick Ta exit window (Figure 29). Theabe profile obtained with the Ta
window was normalized using two different methodsth Ar in the air and with a
chopper intersecting the beam between the exit avindnd the target (Figure 27),
revolving with a frequency of approximately 2 Hhelnormalization did not cause much
difference in the measured width of the beam (1829003 mm vs. 1.070 + 0.004 mm
with normalization according to the chopper), hoa\Ar normalization was affected by
the wire geometrically shadowing the beam and tkdsicing the Ar signal (Figure 30).
The wire was also preventing a part of the Ar digmaits geometrical shadow towards
the detector, from being measured.
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Figure 27:The external chopper with Ti wire at MIC, J8ked as an alternative to the Ar dose
measurement, before the in-vacuum wire-mesh waalled.
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Figure 28:The measured beam profile for an 8 um aluminiurhveixidowand a 1 cm air gap at
the position of the target. Fitted widths(2s 0.483 + 0.005 mm. [62]
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Figure 29:The measured beam profile for a 2 um tantalumweixitiowand a 1 cm air gap at the
position of the target. Normalized according to #resignal from the air and the signal from the
in-air chopper. The fitted widths ¢2 are 1.029 + 0.003 mm and 1.070 + 0.004 mm, aduglsd
[62]
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Figure 30:The ratio between the X-ray intensities from theaagon and titanium choppeifhe
wire shadows the Ar signal, but the Ti signal friiva 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 beéarhomogeneous arid, is the number
of all the protons hitting the target. In realibnly a fraction of the beam hits the target,
soN; is calculated as:

N, = NL‘“E, (40)
a

where Ny® is the total number of protons in the beam anis the width of a

homogeneous beam. Due to angular scattering irexitewindow and atmosphere the
beam profile tends towards a two-dimensional Gansgistribution:

o . R R
N = j,dS Jp:N:’t—Zpszezs (41)

The fibre is assumed to be parallel with the ax@éd centred at= 0. The number of
detected X-rays, combining all the parameters diegend on the transverse coordinate
only in the functiori(y), reduces to:

N©t R 7y§
Y F(y)ﬁBezs dy (42)
2R DS

When s is large, the exponential function approachesyurtoving the constants
\/?p% can be moved out of the integral we find:

NtOt R
Y. g F(y)d 43
" 20 s . (y)dy (43)
The functionF(y) is a shorthand notation for the integral from E8).
E C
Ex(y) S(E)

The integration of(y) across the cylinder gives us the thick targetdfad}® for an

elementi in the cylindrical target. The detected number efa¥si (35) now translates
into the formula:

N! = Ng’t Eﬂﬂveihiﬁ

pSs 4p M.

XT<. (45)

The number of protoni,® is proportional to a proton do&as measured by one of

the current measurement techniques described ipréveous chapters.
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N, =k>D. (46)

DW , . .
The product of constants4— N,k can now be combined into a new instrumental consta
19
which is supposed to be constant for all energiestius all elements. The number of detected X-
rays is now:

eh 2R- hamogeneousheam

N = HDxEhxTe * 47)

. ) .
Tops Gaussianbeam

Some uncertainties in the detector efficieyand the transitivity of X-rayg; can
also be compensated by replacing the instrumeotadtantH with an energy dependent
functionH.

The instrumental constaikt was first introduced by J. L. Campbell in GupixXB
spectra evaluation program [161]. For flexibiliglasons (when the detector response is
not very well known) théd constant in the current Gupix version can be set function
of the measured X-ray energy.

2.5.9 The determination of the instrumental constantH

The instrumental constaht combines the geometric solid angle of the X-ragd®er and
any systematic normalization factor in the prot@sea normalization system. In practice,
with a well defined detector, the instrumental ¢ansis indeed approximately constant
for the K series X-rays from elements in the rafrgen calcium to tin (20<Z<50) [162].
A calibration for the measurement performed atWméversity of Surrey was adequate
even down to silicon (Z=14). The calibration withrious mono-elemental targets and/or
standards with known concentrations can be perfdraral the instrumental constatit
can be applied in further measurements if it daggdiffer much for different elements.

The H constant does not depend on the sample geometrif, an be determined
separately using a flat standard, preferably witkinailar composition as the measured
samples. Since silicon is the lightest elementibret and thus the most sensitive to the
absorption, it was important to compare its yi@dhe standard. Glass standards always
contain a large amount of silicon, so we also ugetbr our measurements. The
calculation of the instrumental constant has beesdenfor measurements at the
University of Surrey and for measurements at thef Xtefan Institute.

2.5.9.1 H value calibration at the University of Surrey

At the external beamline at the University of Sumylead glass standard BER26A
[163] was used, its composition is given in thditieate shown below.
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Table 1:BCR - 126A lead glass certified reference materidhe mass fraction of oxides
contained in a glass standard, and its densit® 4C2[163]

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

Mass Fraction

Certified value ¥ | Uncertainty 2 | Unit p
SiO, 57.80 0.11|g/100g | 11
PbO 23.98 0.06 |g/100g | 14
K,0 9.99 0.07 | g/100 g 9
Al,O3 0.126 0.013 | g/100 g 8
Fe,O3 0.0055 0.0012 | g/100 g 8
Sh,0; 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
ZnO 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 2 | Unit p
Density at 20 T 2.9905 0.0016 | g/lcm® 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 filtergap to the detector) were optimized,
so the calculated concentrations approached thiéedralues as much as possible. The
results of an evaluation using the BCR 126A stashdan be seen in the table below:

Table 2:H value calibration performed on a lead glass BCR 126A at IBC, Ursiigiof 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 deteediifor all the measured elements
(Si, K, Ca, Zn, Sh, Ba and Pb) with the highestiatlean of 18% for Zn. Iron was not
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included in the calibration due to its low concatitn, high uncertainty and the known
issue of the non homogeneous distribution in tliereace material. With deviations in
this range it is safe to use the mean calibratiatofr for all elements.

2.5.9.2 H value calibration at the Jo ef Stefan Institute
At the external beamline at the Jo ef Stefan Ingtita NIST 620 [164] glass was used; its
composition is transcribed from the certificatehe table below.

Table 3:NIST 620 soda-lime flat glass certified referencaeanal. 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,O5 1.80 0.03|g/100 g
K,0 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,O3 0.043 0.004 | g/100 g
TiO, 0.018 0.002 | g/100 g

The parameters of the beamline (detector filtergap to the detector) were optimized,
so the calculated concentrations approached théexvalues as much as possible. The
results of an evaluation using the NIST 620 stashdan 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) 4.510 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 + 0.2Wa determined for the elements
from K (3.313 keV) to As (10.543 keV). The higheseasured deviation of 21% was
observed for As.
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2.5.10The PIXE experimental setup

PIXE measurements were made with a liquid-nitrogeoled Si(Li) detector with an
energy resolution of 160+5 eV at the energy of ke K-a peak (5.898 keV). The
detector was positioned 55 mm away from the targbich was 10 mm away from the
exit window at an angle 45° to the beam. Betweend#tector and target there was air.
With this setup we can measure elements heavier $1aThe experimental setup is
shown in Figure 31.

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

Figure 31:The external beam experimental setup at Microaiytcenter at Jo ef Stefan
Institute with the PIXE, PIGE and RBS detectors. Normalizatahamber with the wire-mesh-
based charge-collecting device is seen, as wélleapositioning system with a camera and a laser
fixed on a micro-positioning stage.

For heavier elements (starting with Fe) we increaseproton current and use filters in
front of the detector, in order to reduce the sidgran the light elements. Kapton filters
with thicknesses variable in steps of 50 um weeslwsd sometimes a 100 or 300 um Al
filter, depending on the required absorption of kemergy X-rays. The transmission of X-
rays [167] at different energies can be seen inrei@2.
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Figure 32:X-ray transmission of various filterX-ray transmission of a 100 um and 300 um Al
foil and a 300 pm Kaptdh(C,,0sN,H:0) polymer foil. [167]
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2.5.11The PIXE measurement uncertainty

The parameters which have the strongest influencth® PIXE measurement in air are:
the exit window thickness, the distance to thedgrthe air density, the standard material
composition uncertainty, and the proton dose uno®st. Later, | will discuss each of
them.

The exit window has a strong influence on the prdteam. Protons in the material
lose part of their energy and also their energyritiution becomes wider due to energy
straggling, thus it is important to know the thieks of the exit foil. Typically an 8 pm
aluminium exit window lasts several 100 hours ofaswements, and a 2 um tantalum
window even longer. So, the exit window thicknesgaat expected to change during a set
of measurements, unless the window breaks and dvde treplaced. In this case an
additional calibration is necessary.

The distance to the target is probably the mosicatiof the parameters. Protons are
being decelerated by the atmospheric atoms andcoleke thus losing energy. A 3 MeV
proton travelling 1 mm in air loses around 13 ké\éwergy. The variation in the distance
to the target also coincides with the variatiorthe distance to the detector, which means
higher absorption. Both effects lead to a lowetdyigf detected elements, thus a lower
measured concentration than expected. This is nheparameter which is different for
every sample; moreover, positioning of the previsasiple is unrelated to the positioning
of the next one.

The air density (atmospheric pressure) has ananfla on the PIXE measurements
since it changes the attenuation of the X-rays a6 & stopping of the protons in air.
However, it stays constant within 4% (40 mbar araof atmospheric pressure around
1 bar in the worst case) during a set of measurtenikthey are made in one day. So the
influence of the air density is included in thetrasnental constarti.

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

The proton-dose uncertainty depends on the metifiadeasuring the proton dose.
With a wire-mesh we got very good results, the gharollected was measured with a
charge integrator and digitally measured with aneutainty of 1 of the preset unit of
charge, typically more than 100 preset units ofrghavere collected per measurement.
The argon calibration takes into account the signathe Ar peak in the spectrum,
obeying a law of counting statistics, which medrat for an uncertainty of 3% more than
1000 counts should be collected, and 10000 foatsstal uncertainty of 1%. However,
the proton number directly affects only the abslabncentrations, the ratios between
elements remain constant regardless of the probse.dBut care should be taken when
doing the Ar normalization on a sample containiiiges, since its la line coincides with
the Ar Ka line, and also the thorium dMline is located close to Ar&line.

The stability of the accelerator terminal voltagebetter than 100 V at the terminal
voltage of 1.5 MV, which means the proton beam gyemariation due to the terminal
voltage oscillations is insignificant and can bgleeted.

Table 5 presents a list of parameters influentieguncertainty of the measurements.
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Table 5: List of parameters and their influence tbe absolute and relative results of the

measurements, done at the University of Surrey.
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parameter absolute relative uncertainty of | uncertainty of
uncertainty uncertainty | absolute results| relative results
[%] [%] to Ti [%]
exit window 8+x1pum +12.5 3.4 (Cu) 1.9 (Si)
thickness (Kapton)
distance to the target 4.5+ 0.25mm 5.5 0.70 (Fe) | 0.45 (Si)
air density 1.176-1.224 | +4 7.5 (Si) 6.6 (Si)
g/dnt 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 \ (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 tbe absolute and relative results of the

measurements, done at the Jo ef Stefan Institute.

parameter absolute relative uncertainty of | uncertainty of
uncertainty uncertainty | absolute results| relative results
[%] [%] to Ti [%)]
exit window 8x1um +12.5 3.6 (Cu) 1.2 (Cu)
thickness (Al foil)
distance to the target 10+ 0.25mm +2.5 4.2 (Mn) .3 (PIn)
air density 1.137-1.183 | +4 1.2 (Ca) 0.6 (Ca)
g/dnt 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 \% (negligible) | (negligible) (negligible)
sum or squares 6.25 1.53
max. geometrical 20% (Ca) Ca/Cu = 14%
uncertainty Cu- (at diameter
(cylinder vs. plane with maximal
target) effect)

The distance to the target has the highest infleean the uncertainty of the
measurement, because of the ~30% shadowing of ithséggAal by the exit nozzle [45].
For this reason, much care has to be put into diséipning of the sample. This error will
be much reduced when other means of proton dossuregaent will be utilized. The air
density, however, does not have as high an impactoathe University of Surrey,
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because silicon could not be measured at all dubedarge distance (5.5 cm) to the
detector, and due to 100 um kapton absorber usg¢bddaoneasurements.

The parameter with largest impact, which was notuithed in the estimation of the
measurement uncertainty, is the geometrical paemmetlated to the diameter of the
fibres. It is written in the tables above just tot jit into perspective. The geometrical
uncertainty for some of the most inappropriate sas@n play a prominent role in the
interpretation of results, especially when meagurthe X-ray emission of low-Z
elements, like silicon (1.74 keV) or calcium (3.68V), and should be investigated in
more detail.

2.5.12Reproducibility

For a measurement to be valuable in future stutissimportant that it is reproducible.
The PIXE method by itself is reproducible and ashsuseful in scientific studies. But on
the other hand the sensitivity of the PIXE methe®do high that it is important to know
the uncertainties and detection limits so as natver-interpret the data. Another thing
important to know is the distribution of elementsidhe 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 féie$ using an in-air proton beam, and a
proton micro-beam in vacuum. The samples wereléefitires extracted from the cloths,

which were either treated with various dressingsair The treated cloths were in most
cases easily distinguished from the untreated slbth their texture, but once a single
thread was extracted from the cloth, the differecmald not be observed any more. The
aim of the measurements was to determine if thendtgon could be made on the basis of
the composition. We expect to perform more preamasurements with the ion-beam
analytical methods than with the methods commordgdufor such purposes (optical

microscopy, SEM-EDS).

3.1.1 The textile fibre samples

The samples were single threads (yarns) extracted the weaved cloths. If the warp

and weft yarn were different, both were measuregufé 33 [168]). Sometimes there was
more than one warp yarn in a single cloth, in tase all used threads in the cloth were
measured.

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

The cloths were treated with different dressingadbieve various properties of the
tissue. The so-called "silver dressing" suppos&digtaining silver nano-particles was
used to achieve an antibacterial effect and waspeoed to the Actigaftidressing. A
one-side anti-slip dressing was used only on athe &f the cloth to reduce the wettability
of the cloth. The dressing with an unknown compasitvas used to increase the fire
resistance. With the cloth of black colour the ®efdressing was used to improve the
properties. All the samples with the denoted tresmtimmaterial and colour are listed in
Table 7. The texture of the threads in the standartation for the textile industry is
denoted, where the information was available.



54 Development of measuring equipment and procedures

Table 7:Table of the textile fibre samplegarious 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 dressin
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
10 a dressed PES white
b dressed PES yellow
1 1 a undressed PES white
b undressed PES yellow
Teflon dressing
12 a dressed PES black
b dressed Cotton black
13 a undressed PES black
b undressed Cotton black

The fibres were measured at the external beamlinbealon Beam Centre at the
University of Surrey, and at the Microanalyticalnfa at the Jo ef Stefan Institute in
Ljubljana. The measurements using the micro-beane @so made in both places.

Both in-air beamlines at the University of Surreylahe Jo ef Stefan Institute exhibit
similar characteristics. The parameters of botmbie@s 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 pm Kapton

160 eV @ 5.9 keV

Si

yes, max. 3x3 mm

8 pum 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

Jo ef Stefan Insti tute
Microanalytical Center - MIC
external beamilne
air

PIXE

Si(Li)-LN cooled

10 mm

55 mm

45°

12.5 uym 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 protampand at IBC the scan over
an area of 1x1 mm was performed to simulate a squamogeneous beam. Of course in
reality the beam is convoluted with a 300 um FWHIsEluGsian type beam, but the error
made by assuming a homogeneous square beam isemaljh to be neglected in the
calculations. The concentrations of trace elemants cotton matrix of the textile fibres
were calculated using the model of a cylindricaf¢éd and the model of a ribbon with a

square cross-section (Figure 22). The measureraentllected in Table 9-10.
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Table 9: PIXE measurements of textile fibres meadat the University of Surrey, concentrations ass% were calculated with a cylindrical target nhode

sample la 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]
measu 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 0.437 0.217 0.481 0.0852 0.191 0.218 0.294 0.291
0.239 0.483 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
ClI{ 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 0528 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
0.0778 0.674 0.732 0.553 0.0796 0.522 0.747 0538 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
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
Cu 0.100 0.0453 0.0038 0.0479
Zn 0.0158 0.0039 0.0040
Br

Continues on the next page.
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sample 6d 7a 7b 7c 7d 8a 8b 9a 9 10a 10b 1la 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 1.55 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
mgr:\sm] 79 84 81 82 83 85 86 87 88 89 90 91 92 93 94 95 96
rement
Si 150 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| 0.889 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
0.252 0.326 0.714 0,511 0.320 0.447 0968 0.762 0.824 0475 0.629 0577 0.161 0.400 296 0.348 1.75
Cl| 0945 0.328 0435 0428 0.271 0.455 0.306 0.623 0.290 0.302 0.354 0505 0.197 1.43 0.442 1.51 0.282
K| 0456 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 o0.0777
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
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
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 mesbat the University of Surrey, concentrationsnaiss% were calculated with a ribbon target mod#i wi

square cross-section.

sample la 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
0.270 0558 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 0505 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
0.0727 0.648 0.725 0.554 0.0741 0509 0.729 0524 0829 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
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
Cu 0.0987 0.0447 0.0037 0.0471
Zn 0.0156 0.0038 0.0040
Br

Continues on the next page.
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sample 6d 7a 7b 7c 7d 8a 8b 9a 9 10a 10b 1la 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 1.55 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
mgr:\sm] 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 0415 0.349 0.303 0.864 1.42 0.288 0.584 0.105 0.282 0567 0.168 0.256 0.591 0.147 0.351
0.281 0.359 0.808 0.568 0.350 0.527 1.10 0.887 0917 0528 0.687 0.662 0.177 0.474 3.30 0412 1.94
Cl 1.01 0.344 0473 0454 0.282 0515 0.339 0.698 0.310 0.320 0.369 0.555 0.205 1.63 0.488 1.72 0.305
K| 0445 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
0.905 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 0940 0.427 0.0068 0.473 0.0079
Mn 0.0644 0.0574 0.0036 0.0316 0.0213
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
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 fibores mesbat the University of Surrey, ratio between ¢bacentrations calculated with a ribbon target rhede
cylindrical target.

sample la 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]
measu 56 57 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73
rement
Si 1.129 1.134 1.158 1.156 1.129 1.148 1.160 1.164 1.161 1.158 1.162 1.161 1.147 1.148 1.158
P 1.161 1.160 1.166 1.162 1.163 1.162 1.147 1.153 1.168
1.130 1.155 1.171 1.085 1.126 1.136 1.134 1.143 1.142 1.138 1.144 1.139 1.141 1.126 1.130 1.154
Cl 1.037 1084 1106 1.126 1.033 1065 1079 1079 1084 1088 1084 1.089 1.083 1.084 1.067 1.076 1.098
K 0.989 1.013 1.028 0.948 0981 0994 0993 0.998 1.000 0.995 1.000 0.997 0.997 0.980 0.987 1.008
0.934 0961 0.990 1.002 0.931 0975 0976 0974 0978 0.979 0.977 0.979 0.996 0.991 0.962 0.967 0.983
Ti 0.931 0.939 0.970 0.977 0931 0950 0966 0966 0.969 0.968 0.969 0.968 0.964 0.967 0.955 0.953 0.968
Mn 0.959 0.968
0.954 0.978 0.977 0.952 0961 0978 0977 0977 0974 0.978 0.979 0.973 0.974 0966 0973 0.973
Cu 0.987 0.987 0.981 0.983
Zn 0.987 0.977 0.985
Br

Continues on the next page.
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sample 6d 7a 7b 7c 7d 8a 8b 9a 9 10a 10b 1la 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 1.55 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
mgr:\sm] 79 84 81 82 83 85 86 87 88 89 90 91 92 93 94 95 96
rement
Si 1.127 1136 1.147 1.140 1.129 1170 1.131 1.190 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 1.133 1.118 1.187 1.145 1.195 1.134 1.140 1119 1.162 1.120 1.213 1.134 1.215 1.136
1.115 1101 1.132 1112 1.094 1179 1136 1.164 1.113 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 0.976 0962 0.991 0.971 0953 1.033 1000 1036 0973 0.973 0.954 1.007 0.957 1.065 1.000 1.064 0.982
0.950 0.944 0.970 0.953 0.934 1.007 0968 1.008 0.957 0956 0.936 0.986 0.941 1.034 0.977 1.027 0.960
Ti 0.933 0.939 0.956 0.946 0932 0984 0941 0986 0942 0.949 0.930 0.974 0940 1.002 0.948 1.002 0.945
Mn 0.939 0.936 0.976 0.988 0.986
0.951 0.948 0.972 0.965 0.944 0979 0952 0984 0966 0.966 0.948 0.971 0.958 0.987 0.957 0.987 0.963
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 gammapraghucing reactions in material,

which enables us to measure some light elementseaed isotopes in the sample. A
quantification of the PIGE values is difficult thglua lower level of detection than with

PIXE can be achieved, but nevertheless some limamiracy of the results can be
obtained. For example, elements and isotopes wtdohbe measured aréB, *'B, Na,

Si, Al, Mg and F. Oxygen can also be detected witamma detector, but the problem is
that a high concentration of oxygen is presenthm air and we always get an oxygen
peak using an in-air beam.

In order to increase the solid angle, the gammecti@t should be positioned as close
to the target as possible. The advantage of th& RéGhnique over the PIXE technique is
a much stronger penetration of gamma-rays, solikergtion along the path towards the
detector is negligible, which eliminates the infiae of target geometry.

The results of the PIGE measurements done at e BIVEE Tandetron accelerator
at the University of Surrey can be seen in theetditlow. The beam energy was
3021 keV, the exit window was an 8 pm Kapton fii€ angle of the detector to the beam
directions was 90°, the beam current was arounchA,2the measurement time was
10 minutes and the proton dose was around 0.7 |h€.dbse was measured for each
measurement with a chopper device (Figure 15).

The concentrationg of an element were calculated using the formula:

x =y, Y N (S)
t Np Yist <Sst>
Where <S> is the average stopping power in the sami@s the proton dose and is
the gamma yield of the sample material. The comagahx was calculated with respect
to the concentration of the same element in thedstal. The superscript "st" denotes the
respective quantities in the standard material. ¢aalitative as well as quantitative
analysis the following peaks have been used:

(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 Surreyewdone in two runs with
different settings: for one we used a static bedB06 um FWHM. The beam profile was
presumably Gaussian due to the scattering in tiifakand the air. A Gaussian profile
was also used in the calculations. In the secondnv@ measured by scanning the beam
over an area of 1x1 mm. In the evaluation of tietaneasurements the beam was set to
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a 1x1 mm homogeneous distribution with a squaresesection, so the beam was larger
than the fibres. We took this fact into accountniyitiplying the result with the ratio of
beam and fibre widthgl{/d):

Y, N$ (S) d

X = XStN_Ip Yist <Sst>d_t:

(49)

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

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

Evaluation of a the influence of distance on the PAE measurements

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

Table 12:Gamma yield of the NIST 620 glass at two diffeckstances from the exit window
Measurements were performed at the Jo ef Stefaituies

element Na Mg Al Al Si

energy 440 keV 1369 keV 844 keV 1014 keV, 1273 ke
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 silicisn quite strongly energy
dependent. At energies from 3 MeV to 3.5 MeV thengm-ray yield increases by an
order or magnitude [169], unfortunately the infotima on Si the cross-section at
energies below 3 MeV is not available; however atiog to our measurement the
change is not so drastic.



Table 13: PIGE measurements of textile fibres, dangniversity of Surrey, first run. The concentvat are in mass%. The beam was static with a

Gaussian profile and a FWHM of 300 um. The conegiains are calculated using Egn 48. The conceofr&in bold print are standard values.

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 27.99 20.15 34.6 25,80 2459 2198 2567 16.54 35.27
o] 871 53.8 39.66 54.8 56.54 35.47 36.54 46.75 3555 78.82 70.04 57.50
o] 1982 53.8 29.8 25.44 26.35 31.09 2722 36.35
F 1236 76.0 2.82 4.05 3.68 1.30 2.04 6.36
F 6129 76.0 1.25 1.40 6.88 1.15 0.66 5.02

79

sainpasoud pue Juswdinba Buunseswyswdojanag



Table 14: PIGE measurements of textile fibres, danéhe University of Surrey, second run. The catretions are in mass%. The beam was a
homogeneous square of 1x1 mm. The concentratiensadculated using Eqn 49, where the width of eefibas 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 la 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 2.01 151 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
O 495 53.8
(0] 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
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3.1.3 The silicon anomaly

For silicon, significant differences in the congeatibns were obtained using the two
methods. With the PIXE method, Si from the surfiager of fibres is detected, due to the
high absorption of soft Si X-rays (1.74 keV) in tmaterial. But when the PIGE method
is applied we make use of the gamma peak of 12¥3ekergy, which is not affected by
the absorption in the material. The concentratioreasured with PIXE are in general
lower than those measured with PIGE. The detecifoi with 3 MeV protons is hard,
since the cross-section for production of gamma iayery energy dependent, and the
statistical error as a consequence of the stochaature of counting gamma rays is large
in some cases, even close to 20%. Also, the ldvaétction is high (around 1%), so in
some fibres silicon was not detected with the Pifsdhod, even though its presence was
confirmed with the PIXE method.

Silicon is present in the oils used for the treatmef fibres during the fibre
production. The result might indicate that siliomncentration is higher at the centre of
the fibre than at the surface; however, the highBlimit for the detection of silicon calls
for additional analysis, possibly with another mseasitive method.

Measurements of the 1273 keV peak in Si excitedhgy3 MeV proton beam is
somehow delicate since the cross-section for ganaypgroduction varies strongly with
the energy of the incoming proton beam. The en@fgthe projectiles varies slightly
along the path travelled by protons through the &ire positioning of the sample is
critical, however, the silicon peak at 1273 ke\often used for the normalization of the
measurements in glass and ceramics [22, 170]. ffbegsabsorption of the Si-K X-ray
peak (1.74 keV) in comparison to the gamma Si peak used to determine the thickness
of a thin SnQ layer on the surface of Art Nouveau glass [171l the energy of the
proton beam was 3.85 MeV; at this energy the csession for the production of the
silicon gamma rays (1273 and 1779 keV) is not ngtabergy dependent.

Silicon content in textile fibres

0.1

Concentration of Si in mas%

0.01

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 fiboreThe concentrations of Si measured with the
PIGE method is higher than the values obtainedheyPtXE method.
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3.1.4 White PES fibres

All white polyester fibres (PES) contain around assf6 of Ti. This is probably due to
TiO,, which gives a white colour to the transparenyp@r material. A low level of Ti
was observed in fibres 6d and 9a. Fibre 6d exldlile highest level of Ca and K among
similar fibres, as well as the presence of Cu, Ad Be as trace elements. This might
indicate that the main pigment was not 7iBGut CaCQ. The other sample with a low Ti
content, fibre 9a, also exhibits a high contenFefand Zn trace elements, which may
indicate contamination, but we did not repeat treasarement at some other spot. The
results of the analysis are shown in Figure 35.

Trace elements in white PES textile fibres

15 | B 1a
] [ 2a
I Ga
[ Jed
B 7a
[ ]7d
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] 1 H °a
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I 10b
! [ EE
0.01 5 B 11b

Concentration of trace elements mas%

"Si P S C K Ca Ti Mn Fe Cu zn
Element

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

The treatment of fibres with Teflon left a measleatuorine signature, which was only
detected by the PIGE. In the black PES the presehte Mn, Zn and Br was observed,
most probably due to the use of a different blagknent than in the cotton fibres, where
higher amounts of calcium and sulphur were measwa®dvell as a lower concentration
of chlorine. However, the only measured element ihaharacteristic for Teflon dressing
remains fluorine.

Black PES and cotton fibres
treated with Teflon and non-treated

I 12a black PES - Teflon

1 [ 12b black cotton - Teflon
7 I 13a black PES

i [ 13b black cotton

0.1

Concentration of elements in mas%

0.01 5

Si P S Cl K Ca Ti Mn Fe Zn Br F F
PIXE — PIGE —

Element

Figure 36: The trace elements of black PES andmrdtxtile fibres, plain and treated with
Teflon.
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3.1.6 Nano-silver-treated fibres

Silver was not detected in the sample. The reagghtrbe that the amount of silver was
below the limit of detection, which was around J0rp

White cotton silver treated vs. non-treated

10 -

I 1d white cotton - silver
[ 2d white cotton

Concentration of elements in mas%

Si § CIl K Ca Ti Fe Zn 10B11B Si Al Al O O

PIXE PIGE
Elements

Figure 37: The trace elements in white cotton keXiores, 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 irbligtna. The maps were obtained using
two X-ray detectors for PIXE and one particle deiedor off-axis STIM measurement.
The Si(Li) detector was positioned at the right &flGe detector was positioned at the
left side from the beam direction. The directioradfbre was either horizontal or vertical
which means either perpendicular to the plane ddfiny the beam and detector direction
or laying in the plane and perpendicular to thenineBhe geometrical effect is much more
pronounced with vertical positioning for which wésa calculated the mathematical
model.

Microbeam elemental maps of a white cotton fibreenmecorded at MIC in Ljubljana
(Figure 39). The maps were recorded with OMDAQ datquisition system [172]. The
energy of a proton beam was 3 MeV, and the beametexr was below 1.5 um. The size
of maps is 400x400 um. The geometrical effect camliserved in light elements maps.
A part of the fibre, which is closest to the detechas the strongest signal, due to the
lower absorption of characteristic X-rays. Thiseeff is most noticeable with light
elements (Si and Al), where absorption in the ni@tés strong. With increasing energy
of characteristic i peaks (heavier elements) the geometrical effentrashes. A STIM
(scanning transmission ion microscopy) map showheassilhouette of the fibre, from
which we can determine the fibre width: 200+15 rhere are two maps of chlorine,
recorded with two different X-ray detectors, pasid left and right from the beam.
Stronger signal is detected at the side of thefilmhich is closer to the detector, however
the same effect is not noticeable with the titaniomps due to higher energy of
characteristic &4 peaks (4.51 keV for Ti vs. 2.62 keV for CI). Elemad distribution is
mostly homogeneous, some hairiness can be obsefedPIXE 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 HP®& detectors. The beam energy was 3.021
MeV, the proton dose was 1.36 UC, the time of megmsent was 92.1 min, the resulting average
ion-beam current was 0.25 nA. The Si(Li) detectad b 8 um Be window, 10 nm gold layer and
0.75 um Si dead layer without additional filtersdahe HPGe detector had a 25.4 um thick Be
window with 20 nm gold layer and 1.1 um Ge deaetayith 100 um Kapton filter. The target to
crystal distance of Si(Li) detector was 3.5 cm &a angle and for HPGe detector the distance
was 3.1 cm at a 45° angle. Elements Cu and Zn detexted only with the HPGe detector.
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Si (Si(Li) at 45° right) Al (Si(Li) at 45° right) i(i at 45° right)

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

Ti (HP-Ge at 45° left) Ti (Si(Li) at 45° right) 3

Figure 39: Elemental maps of a white cotton fitgearded in a vertical position, perpendicular to
the beam and the detector direction. Maps wererdedoat MIC, Ljubljana. 3 MeV proton
microbeam with a diameter below 1.5 pm was usethi® measurement. Dimension of a map is
400x400 um. The geometrical effect can be obseivdight elements maps. A part of the fibre,
which is closest to the detector, has the strongéptal, due to the lower absorption of
characteristic X-rays. This effect is most notideatvith light elements (Si and Al), where
absorption in the material is strong. With incregsenergy of characteristicakpeaks (heavier
elements) the geometrical effect diminishes. A STBdanning transmission ion microscopy)
map shows us the silhouette of the fibre, from Whiee can determine the fibre width: 200115
um. There are two maps of chlorine, recorded with dlifferent X-ray detectors, positioned left
and right from the beam. Stronger signal is detkatehe side of the fibre, which is closer to the
detector, however the same effect is not noticeatilethe titanium maps due to higher energy of
characteristic l& peaks (4.51 keV for Ti vs. 2.62 keV for Cl). Elemted distribution is mostly
homogeneous, some hairiness, typical for natueadtglbres can be observed.
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Another example of fibres is a simultaneous measent of three fibres in a map
2x2 mm. The beam used was the same, but the pusgiovas horizontal. The fibres are
white cotton fibres where the lower two were trdatgth antibacterial nano-particles of
silver, however silver concentration is below thetedtion limit. Duration of the
measurement was 244 minutes at an average beaemicafi0.48 nA. Geometrical effect
is seen in the maps of P, Cl an K as a patterrcaymf two threads spun around each
other; two diagonal dark lines, crossing the tom tibres. The third fibre is in the
observed part more hairy than the other two, soptigern is less pronounced. Huge
difference in concentration between untreated fiome the other two treated fibres is
observed in a potassium map. Less pronounced, thluhaticeable difference is in a
chlorine and titanium map. Hairiness, typical fotton and other natural plant fibres can
be best observed in STIM and silicon map. Widtlilmies obtained from the STIM map
is 270+50 um. The maps are constructed from X-iiaydy, thus not representing the
absolute concentrations of the elements.

PIXE spectrum from Si(Li) and HPGe detectors isngeerigure 40.
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Figure 40: PIXE spectrum from Si(Li) (a) and HP®& detectors. The beam energy was 3.021
MeV, the proton dose was 7.02 pC the time of th@asueement was 244 min, the resulting
average ion-beam current was 0.48 nA. The Si(Li¢cter had a 8 um Be window, 10 nm gold
layer and 0.75 um Si dead layer without additiditedrs and the HPGe detector had a 25.4 um
thick Be window with 20 nm gold layer and 1.1 um @ad layer with 100 um Kapton filter. The
target to crystal distance of Si(Li) detector was @ at a 45° angle and for HPGe detector the
distance was 3.1 cm at a 45° angle. peaks of detected elements are marked: Mg, B, E],

K, Ca, Ti, and Fe. The elements Mn, Ni, Cu, Zn 8navere detected only with HPGe detector.
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STIM Si (i(Li) at 45° right) P ((Li)t 45° i)

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

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

Figure 41: Elemental maps of three white cottorrefib recorded in a horizontal position,
perpendicular to the beam, but in the same platieeadetector axis. Maps were recorded at MIC,
Ljubljana. 3 MeV proton microbeam with a diameteeldw 1.5pum was used for the
measurement. Dimensions of the map are 2x2 mm. €eigal effect is seen in the maps of P, Cl
an K as a pattern typical of two threads spun ataacth other; two diagonal dark lines, crossing
the top two fibres. The third fibre is in the obha=t part more hairy than the other two, so the
pattern is less pronounced. Huge difference in eotmation between untreated fibre and the other
two, treated fibres is observed in a potassium nh&ss pronounced, but still a noticeable
difference is in a chlorine and titanium map. Hasss, typical for cotton and other natural plant
fibres can be best observed in STIM and silicon.rkéires are mostly homogeneous, with some
particles (<20 um) containing high amount of caiciwr iron. Average width of the fibres
obtained from the STIM map is 27050 pum.
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3.2 RBS measurements

The RBS technique is an ion-beam analytical tealmigomplementary to PIXE and

PIGE. The information gathered from it is mainlgdised on the depth distribution of the
elements, which is impossible to measure with thieventional PIXE/PIGE technique.

The samples where most information can be obtdirmed the RBS technique are plated
targets, where the surface layer is sufficientiy flor protons to penetrate it twice, first

on the way into the material and then on their way of the material to the detector.

Besides plated samples, we can also measure sgimellements, which due to resonant
nuclear reactions express a response up to fewrédiiines higher than expected for
elastic scattering in a Coulomb field.

3.2.1 Nuclear scattering cross-sections

Nuclear scattering cross-sections are very diffefrem Rutherford cross-sections, which
may be erroneously expected when observing the -beatkered projectiles. The
differences to the Rutherford value are higherlifgint target elements. With protons as
projectiles, the non-Rutherford cross-sections aspecially important. The known
nuclear scattering cross-sections, calculated fascattering angle of 151° with the
SigmacCalc [15] program based on IBANDL [12] datahame displayed in the following
figures. The cross-sections are displayed relatiibe Rutherford elastic cross-section.

Figure 42: Non-Rutherford nuclear scattering cremgtion for protons on helium, carbon and
nitrogen. The vertical axis is in a logarithmic lscgl15]
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Figure 43: Non-Rutherford nuclear scattering cestion for protons on oxygen, fluorine and
sodium. The vertical axis is in a logarithmic scflé]

Figure 44: Non-Rutherford nuclear scattering csesstion for protons on phosphorus, sulphur
and argon. The vertical axis has a linear scafg. [1
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Figure 45: Non-Rutherford nuclear scattering cresstion for protons on natural magnesium,
aluminium and natural silicon. The vertical axis ladinear scale. [15]

Figure 46: Non-Rutherford nuclear scattering cisesstion for protons on potassium, calcium and
natural titanium. The vertical axis has a linealesc[15]
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3.2.2 Calibration of the RBS system

An RBS spectrum depends on various parameters. $6them can be determined from
the measured geometrical quantities and some mgube SRIM database for proton
stopping in materials. The others have to be deternby fitting a simulated spectrum to
the measured data in a process of calibration. pachmeter and its uncertainty will be
described later on.

3.2.2.1 Beam Energy

The beam energy in vacuum is set by the voltagleeaterminal of the accelerator and by
the initial voltage at the ion source. The beanrgyné a vacuum was checked by NRA
measurements [173]. The corrections based on tbik were taken into account when

calculating the beam energy in a vacuum. The be®rgyg used in a simulation program
like SIMNRA is the energy of the beam with whicle brojectiles hit the first layer of the

measured material. In our case this is the enefrgyagectiles in a vacuum, decreased by
the energy lost in the exit window and in the atpiwse between the exit window and the
target. Additionally, energy scattering of the beaaturs. The thickness of the Al exit

window was confirmed to be 8.0 um, with a goodditne of the first measured spectra
shown in Figure 47.

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

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

3.2.2.2 The scattering angle

The scattering angle is the angle between the lzahthe detector directions. It is set by
the detector holder which is fixed to the exit HezZa he only parameter determining the
scattering angle is the inclination holder. Thelang 29°+£0.2°, which translates to a
scattering angle of 151°. All the cross-sectionsicivhvary significantly from the
Rutherford cross-sections were extracted for arleaofy151° from the SigmaCalc [15]
tool based on the IBANDL [12] database in an R33nft used by the SIMNRA. Non-
Rutherford cross-sections for He, B, C, N, O, Nj, S\, 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 be®wn the target and the detector. This
distance was filled with He gas, to reduce the @itup of the projectiles. With our early
experiments also a 1.5 um Al foil was used to redine light that could influence the
measurement with an additional noise at low-enefgnnels. Since the RBS nozzle was
made of Al, which is not transparent to light, thé foil was removed. In the case of
using a transparené.g. white plastic) nozzle, the light protection foilaild be mounted
back. The distances were carefully measured andhtbkness of the He layer was set
accordingly to 207011e15 at/éniThe foil thickness depends very much on the fltiw.
the He flux is interrupted, the air rushes into R&S nozzle and increases the stopping of
the projectiles, which would result in a spectruroved towards lower energies. The
same effect on the spectrum would be achieved lmeriog the beam energy, or
increasing the layer of air or He in front of tlaeget, 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 theiguevsub-chapters were set we can
perform a calibration of the RBS system with a afethick targets. The remaining two
parameters that we can adjust are the energy artbge calibration.

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

The high-energy edge of the simulated spectrum tAedspectrum measured on a
mono-elemental thick target without a surface lagbould agree perfectly, otherwise the
parameters have changed between the measurenfeamtdishgreement is observed, the
parameters which were modified should be identifi€de calibration should then be
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repeated with the identified parameters kept conista

3.2.2.5 Dose calibration with a set of thick targets

The dose calibration was done with the program SRAN102], which we also used for
an interpretation of the measured spectra. The pummbprotons which hit the target is
proportional to the counts in the spectrum and toade set for each measurement
correctly. The proton dose has to be measured emtkgntly in order to properly calibrate
the system. The dose calibration is a process iithwtve determine the number of
particles hitting the target and flying back in tdetector solid angle. In the program
SIMNRA the parameter we are looking for is denoted "particles*sr". To properly
determine this parameter, the proton dose is medsaind multiplied by a calibration
factor. The calibration factor is determined b¥iriij the parameter "particles*sr" on the
mono-elemental thick target and correcting it foe tdead time. The mean calibration
factor is the average of the calibration factonsdifferent mono-elemental thick targets
and is used further for measuring all the unknoam@es. The "particle*sr" parameter is
calculated according to Eqgn 50.

particle* sr = dosemean_calibration_ factor: (1+ DT) (50)

The uncertainty of the calibration factor indicathe accuracy of the measurement.
The results of the thick target measurement fodttee calibration is shown in Table 15.

Table 15:Calculation of the dose calibration fact@ead time was up to 30.6% for tantalum.

Element dose [uC] DT [%] fitted particles*sr [Le1l0] calibration factor [1e10/uC]

Ta 01 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 potijle dose has to be measured by a
chopper or a wire-mesh charge-collecting devicd, @so the influence of the dead time
(DT) is taken into account. The calibration fag®a fitted parameter "particles*sr” in the
SIMNRA program. The results for thick target measoents are divided by the dose and
multiplied by the dead-time correction factor. Ténerage calibration factor for a given
set of measurements is 12.45 = 1.14 1el0/uC, wsholws a 9.2% standard deviation
(Table 15).

A much more precise calibration was obtained usif@wv count-rate, with a dead time
of up to 2%, Table 16. Each count of a dose measmerepresents a collected charge of
1 nC, which is roughly proportional to 1 nC on tlaeget (the transmission of the wire
mesh is 58%).
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Table 16: Calculation of the dose -calibration factor, usingareful calibration,
measurements at a low count-rafiéhe proton dose is determined with the wire-mesh
charge integration, where each count is 1 nC.

Element dose[cnt] DT [%] fitted particles*sr [1e10] calibration factor [1el0/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 facikaas achieved with a measurement
at low count-rates. This might be a consequencanaimproper correction for the dead
time as well as a lower precision of the positignin

3.2.3 The samples for RBS measurements

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

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

Samples of thin hard layers on substrates of sil@od glass were measured and the
thicknesses were determined.

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

3.2.4 Results of BS measurements of representative samgle

A tantalum foil with a declared 2 um thickness wasasured with a 3 MeV proton beam.
The RBS detector was positioned at a scatteringeanigl35°. The graph shows good

agreement between the simulated spectrum of a thjcknTa layer and the experimental

data. However the incident angle might deviate ftbe usual 0° due to a loose sample
surface.
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Figure 48:RBS spectrum of a 2 um Ta fdihe structure left of the Ta signal correspordait
behind the foil. The fitted thickness is 2.35 urB@@0e15 at/cA).

Figure 49:Medal of bravery produced for Yugoslav partisansRimssia in 1944-45The fitted
thickness of the Au layer is 1.6 pm (9700e15 afycf8]
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Figure 50: Yugoslav medal of bravery produced in Yugoslaviaraf945.The fitted thickness of
the Au layer is 0.4 pm (2400e15 atRnji8]

Figure 51:Modern Au plated commemorative medal from Londdm thickness of the Au layer
is 42 nm (250e15 at/cin The substrate is brass (alloy of Cu, Zn and Nile energy of the peak
on the top of the slope corresponds very well 280@0e15 at/ciCl in the layer between the Au
and the substrate, but such a constitution is itvgdsle and thus not fitted.
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Figure 52:Gilded artefact with a motive of Mary's annunciatid\rrow shows the place of the
proton impact. The thickness of the Au layer is52u2n (13300e15 at/cinwith 11 at% Hg as a
consequence of amalgamation. The fitted roughn@#<N is 1.86 um (11000e15 at/énThe

substrate is bronze with traces of iron and silver.

Figure 53:Sn layer on the top of copper substrage.fitted Sn layer thickness is 8.3 um
(30500e15 at/cf and roughness FWHM is 2.7 um (10000e15 &cj8]
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Figure 54:Sn layer on the top of a copper substrate, annefdedlO min at 250°Ch phase
(CusSrs) and a thin layer ok phase (Csbn) can be seen. The fitted Sn layer is 18.9 um
(70000e15 at/cfp and the roughness FWHM is 8.1 pm (30000e15 &Y/cinfitted h layer: 7.3
um (27000e15 at/cthand the roughness FWHM of 2.7 um (10000e15 &j/d8]

Figure 55:Tinned Roman brooclirrow shows the place of proton impact. The effe#gborosity
of the top tin layer is seeh. layer: 10000e15 at/cnf2 pm) ance layer: 5000e15 at/ch{1l pm).
The arrow denotes the point of proton impact. [8]
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4 Conclusions

The aim of the work was the development of expentiaeequipment and numerical
procedures for the analysis of targets that defrarh simple plane geometry. The
achievements were in two directions. One is remtesein a construction of a BS
analytical system that is now part of the extebedmline and is intended for the analysis
of layered objects. The second part of the work e#&aslopment of numerical procedures
for the analysis of textile fibres that were assdrwebe of cylindrical symmetry.

A BS detector holder with an aluminium nozzle wasdoiced. The volume between
the detector and the target was filled with helitanneduce the stopping of back-scattered
protons. A flow-meter with a high-precision needédve was added to regulate the flow
of He. During the first trials of the BS energyibedtion, we realized that positioning is
of utmost importance, and that an energy calibnatidh a positioning uncertainty above
1 mm is not good enough. Positioning by hand bysueag the distance with a ruler is
simply not precise enough. A positioning systemhwdser triangulation was used to
achieve positioning with a reproducibility below@@m. The system consists of a red
laser with a spot size of 100 um, and a cameraeamad to the computer. When the cross
on the computer screen and the laser spot ovaHaparget is at the required distance
from the exit window.

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

Through the analysis of textile fibores we recogdizbat a geometrical effect is
important for evaluation of concentrations in cgliical targets. The qualitative PIXE
analysis of a hypothetical cotton fibre showed thih certain sample diameters (in the
case of a 3 MeV proton beam and cotton matrix, e¢haee around 50 pm) the
concentration of Si is overestimated by 50% whem#asrmediate-thickness target model
is used instead of our cylindrical target model.attve learn from this example is that
we cannot trust the ratios of concentrations betwiggnt and heavy elements measured
with PIXE without taking the proper geometry intonsideration. The geometrical effect
is also clearly seen in the microbeam maps of lgatments (Si, Cl) in a cotton fibre. We
proposed a mathematical model, correcting for ffexe however, the diameter of a fibre
enters the equation as a parameter and thus sbeuideasured separately. The model
could be used for evaluation of light element comiaions in human hair, which has
cylindrical geometry. The concentrations are exgedb be more accurate, and thus
achieving better agreement with results of the wagHike INAA or ICP-MS; however,
additional measurements should be done to confirensuitability of the model for a
specific application.
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The efficiency of the BS system was demonstratethbyanalysis of several layered
objects similar to typical cultural heritage sangpl&hin layers of Al and Ta foil were
measured, and their thicknesses were determinedthitkness and roughness of a gold
layer on brass was measured on two military medald a modern commemorative
medal. A layer of gold with traces of mercury watedmined on a bronze substrate and
thus the process of amalgamation was confirmed loistaric sample. Artificial samples
with a layer of tin on copper were produced andeated. Various phases of inter-
metallic alloys were identified with SEM-EDS andthvia good agreement confirmed
employing the RBS method. An antique sample of en&wo brooch was measured with
RBS, confirming the corroded layer of tin on theface.

The textile fibres showed contents of silicon, @iolly due to the silicone oil used in
the textile production. The PIGE measurements amname showed much higher contents
of silicon than PIXE, but on the other hand, thes#gvity for silicon in PIGE is worse
than in PIXE, so it was impossible to measure lowea concentrations with PIGE.
Another reason could be that the concentrationlioba in the centre of the fibre is much
higher and the information depth is much larger R6GE than it is for PIXE. A set of
white polyester fibres were tested. An averageartmf 1 mas% of Ti was detected with
9 of 11 fibres, leaving two fibres with contentTfbelow 0.05 mas%. Those two fibres
contained higher amounts of Ca, which might indicttie use of CaCfQOsubstance
instead of TiQ as a whitening medium. Trace elements Mn, Fe, i€uZn were present
in concentrations below 0.1 mas%. In fibres treatéd Teflon, fluorine was detected by
PIGE. In anti-bacterial treatment of cotton fibréghanano-silver, the silver itself was not
detected, however, the elevated amount of Ti, ZhFenwere detected in the treated fibre
compared to the non-treated.

The results of the fibre analysis employing ionthe@chniques might be useful for
forensics, since the detection limit values witiKPlare much lower compared to SEM-
EDS, a technique commonly used in forensics. Maomeet elements could be detected
with PIXE, but there is always a question how repreative the sample is. To answer
this question, further studies should be done. Wieattan offer to forensic scientists is
the model to extract the concentrations of samjitle azknown cylindrical geometry.

The present achievements are however, not finaldpresent a good starting point for
further development of the beamline This shouldiude the transition to a digital
acquisition system. The spectra from all the detscshould be measured simultaneously
instead of sequentially, which would also minimthe radiation damage to the sample.
The spectrum from a particle detector measured l&@mepusly with PIXE also enables
the use of a self-normalizing measurement wherdao&-scattered spectrum is used as a
measure of projectile beam dose. Further on, thd- NDftware with the "simulated
annealing" data reduction procedures could be tseghther additional information on
the sample composition and structure. Digital asigjon would also significantly shorten
the acquisition times, due to the possibility ofasring at up to 1000 times higher
count-rates. This feature would be most welcomerwiiee PIXE detector is equipped
with a nozzle for He flow to reduce the X-ray attation in air, thus enabling the
measurement of elements down to sodium. Anothesilpiisy for the beamline upgrade
is a sample-moving PIXE mapping. This can be redliwith the xyz positioning table,
already installed at the beamline, enabling the pmmap of a large area (around
0.5x0.5 m). By such technique it is possible toloiwl the elemental variations in
paintings, coloured decorations, soldered juncteom other examples.
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Figure 1:The scattering geometry of Rutherford backscattefiine energy of the
incoming projectiles iy, the energy just before scattering from the atom i
E', immediately after scattering itk&', and the energy of an outgoing
projectile when leaving the targetlS [12].......uueciiiniieieeeeeeieeeeeeeiv e 10

Figure 2: The scattering cross-section relativihnéoRutherford backscattering
cross-section for collisions of protons on He at@mmsected with the
SigmaCalc program for an angle of 151°. Continuaaeease from 80 to 310
times at energies from 1.6 to 2.7 MeV is shown] [15...........ccooeeiiiiiiiiiiiiiiiinnnnn, 12

Figure 3: The scattering cross-section relativinéoRutherford backscattering for
an @,a) reaction orf°0 atom corrected with the SigmaCalc program for an
angle of 151°. A sharp non-Rutherford resonancdi(d@s larger cross-
section compared to the Rutherford value) at anggnaf 3.038 MeV can be
(0] 0151 Y7o N 1 1 12

Figure 4:RBS spectra of a homogeneous sample simulatedvdyF5A program
[102]. Spectrum of a thick mono-elemental target (copf@r)thick
homogeneous multi-element target (Al77Fe20Pb3)3pégctra are calculated
for scattering of 3 MeV protons with geometas0, y =45°,q=135°) in the
full energy range with a cut-off energy of 10 kdW graph (b) a multiple-
scattering calculation was used to get bettereageat at low energies. ............... 15

Figure 5:RBS spectra of a two-layered sample simulatedarStivVINRA program
[102]. The top layer consisting of two sorts ofragand the second layer
being a light mono-elemental substrate (a, b). 8pece calculated for
scattering of 3 MeV protons with geometa~0, y =45°,9=135°). The
horizontal energy axis is limited to the highe8¥3of the whole spectrum to
zoom in the affected part. Spectrum (a) is caledldor a 5000e15 at/ém
layer of Zn97Pb3 on top of the aluminium substeatd spectrum (b) is
calculated for a thicker layer (12000e15 aflcom the same substrate. The
detector resolution and the energy spread of ttident beam were set to
zero to simplify the understanding. Some energgagbistill remains as a
consequence of the energy straggling of protomshalium atmosphere along
the path to the deteCtor. ..........uueieieeee e 15
Figure 6:Geometry of a scattering experiment as treatediB\NRA[102].
Incident angle , exit angle and scattering angle Angles and are
always positive and always measured from the targehal......................ooeennnnnn. 17

Figure 7:A simulated signal from a thin layer vs. incidengke Detection of a thin
layer can be increased up to a factor of 60 whenrtident angle reaches
S TR 17

Figure 8:The schematics of the RBS experimental s@tup incident angle is 0°
and the scattering angle iS 151°. [8].......cemmmiiiiiieeieeieeeeeeeeee e 19



104 Index of Figures

Figure 9:An RBS spectrum simulated in a SIMNRA program, redhistic
parametersThe red line is a simulated graph of particleskisaattered from
a gold plated silicon with helium filling the spaoetween the target and the
detector and the black line is the same sample tivélsame setup, the only
difference is that the gap is filled with air. A ofluworse energy resolution
CaAN DE ODSEIVEA. ... e e e e e e e e e eeeeeee 19

Figure 10:A flow-meter with precision needle valve at extebeamline at
Microanalytical center at Jo ef Stefan InstitufEhe flow-meter is necessary

to ensure the constant flow of helium gastothgefa..............ccoooeeeiiiiiiinnnns 20
Figure 11:Count-rate vs. distance to the targ@ptimal distance g was
determined in the region of the count-rate maximum...............cccoevvvvvivvrennnnnnnn. 20

Figure 12:The positioning system at Microanalytical centedatef Stefan Institut
A focused laser mounted on a micro-positioning stagd a camera
connected to the computer are parts of the lagaremlation positioning
YY1 (=] 1 1P 21

Figure 13:The wire-mesh based charge-collecting normalizatievice The
negative bias at the shield electrodes in frontlztdnd the central wire-
mesh prevents variation of the positive currenaceount of the emission of
secondary electronS. [L45] ... .cccciii i e oot e e e e e e e e ————————— 23

Figure 14:The wire-mesh charge-collecting device installecggiernal beamline
at Microanalytical center at Jo ef Stefan Institithe collimator is made of
tantalum, with a hole of 0.7 mm diameter. Wire-missRt-Rh alloy 80 x 80
mesh, the wire diameter is 0.003 inch (76.2 pm)..[8......oovmriiiiiiiiiiii 23

Figure 15:The chamber with a chopper propeller at the extebeamline at the
University of Surrey with a projected path of tleaim RBS detector with the
possibility of changing filters and a turn table &bserving the beam on a
(0[N F= T w4 o (T =7 o 1R PP UPPTTRPPPIN 25

Figure 16:Upper and lower cover of the chopper-based norratibn device at
MIC with a projected path of the beaAn in-vacuum motor with a chopper
propeller is fixed to the upper cover and an RBt&ater on the lower cover
of the normalization chamber. The gold plated canpeces on the chopper

Propeller are MISSING. .......uuuuuiiiiiie e e e e eeeeee ettt e e e e e eeeeeeeeeeesaennnneeeeessnnes 26
Figure 17:Secondary X-ray production schemn¥®F is based on detection of
secondary X-rays induced by incident X-rays. [18Q].........cccovviiiiiriiiiiiininnneeeennn. 28

Figure 18:X-ray fluorescence (XRF) of multi-element sammenfi’®Cd cathode.
Spectrum is in linear scale. It depictures the baiyaof simultaneous multi-
elemental analyses of XRF method. [151].....ccccorriiiiiiiiiiiiiiiiiiee e 28

Figure 19:SEM-EDS vs. PIXE spectru@omparison of SEM-EDS and PIXE
spectrum of textile fibre in a logarithmic scaletB spectra were measured
for 10 minutes. Spectra are normalized to the ha@fthe highest identified
peak, however the height of a detected peak inM-EBS spectrum was 106
times lower than the height of a peak in PIXE SRBOL.............ccvvviiiiiiiiiiiieeeeeen, 29

Figure 20:The schematics of PIXE thick target geomeTiye energy of the
incident projectile€; decreases th along the patla. Absorption along the
escape pathlvis taken into account in EQN (28). [95]....cccceeeeeeeiiiiiieeeeen 32

Figure 21:A schematic for the integration of a cylindricatdgat. Exit lengthx
varies across the diameter of the cylinder. [62]..........coovveviviiiiiiiiiiiiieeeeeee, 35
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Figure 22:The influence of cylindrical geometfhe model for the cylindrical
target was compared to the simpler model of ribjpeommetry, assuming a
square cross-section with a side Bf #luch higher concentrations in a target
are assumed with the light elements (Si, Ca) whenibbon geometry model
is used, however when the diameter of a cylinditi@ajet approaches zero,
the concentrations calculated with ribbon geometoglel are underestimated
due to difference in the area of the cross-se¢sqnare vs. circle area, where

side of a square is a diameter of & CirCle). coooeveeviviiiiiiiii e 37
Figure 23:The improved ribbon model vs. model of cylindrigabmetry The area
of both cross-sections are the same. ... 38

Figure 24:The improved ribbon model vs. cylindrical geometigydel The model
for a cylindrical target was compared to an imprbxiebon model. The
cross-section area of both mathematical modeltharesame. The
concentrations calculated with the improved ribbwodel are overestimated,
but accurate when the diameter approaches zerdaigest difference is
with lightest elements (Si, Ca). ....ooooee i iiiiie e 39

Figure 25:The model for the calculation of the projectile siénP on the target for
a broad exit collimator of radilRy. Area fractions 8 contribute &, to the
projectile areal density. [62].........uuuuuuiccrrsi e 40
Figure 26:The calculated projectile areal density at the &trtd he primary beam
diameter was 0.5 mm and three different values ofere assumed. The

distribution tends towards a Gaussian with a detngd&y/s' ratio. [62]............... 41
Figure 27:The external chopper with Ti wire at MIC, J8&ed as an alternative to
the Ar dose measurement, before the in-vacuum mvgsh was installed. ............ 42

Figure 28:The measured beam profile for an 8 um aluminiurmveixidowand a

1 cm air gap at the position of the target. Fitkedth (2s) is 0.483 +

0.005 MM [B2] 1ettveeieiiieeiieeee e smmmmm bttt e et e e e e e e e e e e e e e s s rmnnnr e e e e e e eeas 42
Figure 29:The measured beam profile for a 2 um tantalumvexilowand a 1 cm

air gap at the position of the target. Normalizedoading to the Ar signal

from the air and the signal from the in-air chopgdre fitted widths (8) are

1.029 £ 0.003 mm and 1.070 = 0.004 mm, accordif@B}.............ceevrrvrrrrrrrnnnns 43
Figure 30:The ratio between the X-ray intensities from threaggon and titanium

chopper The wire shadows the Ar signal, but the Ti signain the chopper

is independent of the wire position. The line fgtad Gaussian. [62]................... 43
Figure 31:.The external beam experimental setup at Microarcytenter at Jo ef

Stefan Institutevith the PIXE, PIGE and RBS detectors. Normalizatio

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

the positioning system with a camera and a lagedfon a micro-positioning

Figure 32:X-ray transmission of various filterX-ray transmission of a 100 pm
and 300 um Al foil and a 300 pm Kaptd(C20sN2H10) polymer foil. [167]....... 49

Figure 33:.The plain weaved clotiWarp and weft yarns (threads) are indicated.
(B8] . eeeiieee ettt e e e e et e e e e e e annee e e e nrereaeaeaaans 53

Figure 34:The concentration of silicon in fibreshe concentrations of Si measured
with the PIGE method is higher than the valuesiaobthby the PIXE method...... 66

Figure 35: The trace elements in 12 different wRIES textile fibres...............ccccvveeee. 67

Figure 36: The trace elements of black PES andwcaéxtile fibres, plain and
treated With TeflON. .......coooiiii e 68
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Figure 37: The trace elements in white cotton tkeXibres, plain and treated with

Figure 38: PIXE spectrum from Si(Li) (a) and HP®gdetectors. The beam
energy was 3.021 MeV, the proton dose was 1.3&hetjme of
measurement was 92.1 min, the resulting averagbeam current was 0.25
nA. The Si(Li) detector had a 8 um Be window, 10 goid layer and 0.75
pm Si dead layer without additional filters and HieGe detector had a
25.4 um thick Be window with 20 nm gold layer andl tm Ge dead layer
with 100 um Kapton filter. The target to crystastdince of Si(Li) detector
was 3.5 cm at a 45° angle and for HPGe detectadittance was 3.1 cm at a

45° angle. Elements Cu and Zn were detected oritythe HPGe detector.......

Figure 39: Elemental maps of a white cotton fileeorded in a vertical position,
perpendicular to the beam and the detector dinecktaps were recorded at
MIC, Ljubljana. 3 MeV proton microbeam with a diat@ebelow 1.5 pum
was used for the measurement. Dimension of a mé&@Gis400 um. The
geometrical effect can be observed in light elesmemps. A part of the fibre,
which is closest to the detector, has the strorgjgstl, due to the lower
absorption of characteristic X-rays. This effeatigst noticeable with light
elements (Si and Al), where absorption in the niates strong. With
increasing energy of characteristia lheaks (heavier elements) the
geometrical effect diminishes. A STIM (scanninghg@ission ion
microscopy) map shows us the silhouette of theefirom which we can
determine the fibre width: 200+15 um. There are tmaps of chlorine,
recorded with two different X-ray detectors, pasitd left and right from the
beam. Stronger signal is detected at the sideedfilbine, which is closer to the
detector, however the same effect is not noticeafitethe titanium maps due
to higher energy of characteristi@akpeaks (4.51 keV for Ti vs. 2.62 keV for
CI). Elemental distribution is mostly homogeneaamne hairiness, typical

for natural plant fibres can be observed. ......ccccooiiiiiiiii e 72

Figure 40: PIXE spectrum from Si(Li) (a) and HP®gdetectors. The beam
energy was 3.021 MeV, the proton dose was 7.02heCGime of the
measurement was 244 min, the resulting averagbeam current was 0.48
nA. The Si(Li) detector had a 8 um Be window, 10 goid layer and 0.75
pm Si dead layer without additional filters and HieGe detector had a
25.4 um thick Be window with 20 nm gold layer andl tm Ge dead layer
with 100 um Kapton filter. The target to crystastdince of Si(Li) detector
was 3.5 cm at a 45° angle and for HPGe detectadittence was 3.1 cm at a
45° angle. Ka peaks of detected elements are marked: Mg, S, €], K, Ca,
Ti, and Fe. The elements Mn, Ni, Cu, Zn and Sr vdetected only with
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Figure 41: Elemental maps of three white cottonehbrecorded in a horizontal
position, perpendicular to the beam, but in theesatane as the detector axis.
Maps were recorded at MIC, Ljubljana. 3 MeV protoicrobeam with a
diameter below 1.5 um was used for the measuremanensions of the
map are 2x2 mm. Geometrical effect is seen in tapswf P, Clan K as a
pattern typical of two threads spun around eachrotivo diagonal dark lines,
crossing the top two fibres. The third fibre igle observed part more hairy
than the other two, so the pattern is less pronedinduge difference in
concentration between untreated fibre and the dih@rtreated fibres is
observed in a potassium map. Less pronouncedtibhat soticeable
difference is in a chlorine and titanium map. Heess, typical for cotton and
other natural plant fibres can be best observ&irii and silicon map.

Fibres are mostly homogeneous, with some part{ei28 pm) containing
high amount of calcium or iron. Average width oé tiibres obtained from the
STIM MaP IS 270250 M. oeeeiiiiiiiies e e e e eeeeee s 75

Figure 42: Non-Rutherford nuclear scattering cresstion for protons on helium,
carbon and nitrogen. The vertical axis is in a tageic scale. [15]...................... 76

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

Figure 44: Non-Rutherford nuclear scattering cresstion for protons on
phosphorus, sulphur and argon. The vertical axgsahlanear scale. [15]............... 77

Figure 45: Non-Rutherford nuclear scattering cresstion for protons on natural
magnesium, aluminium and natural silicon. The eattaxis has a linear
S or= 1[0 L ) SR 78

Figure 46: Non-Rutherford nuclear scattering cremsstion for protons on
potassium, calcium and natural titanium. The vattaxis has a linear scale.
1) [OOSR 78

Figure 47:RBS spectrum of an 8 um Al exit windd\e width of the Al foil "peak”
depends on the actual width of the Al foil. A Heaeance peak and a peak
due to scattering in air behind the Al foil is al$Enoted. ...........cccccooeiiiiiiiins 79

Figure 48:RBS spectrum of a 2 um Ta fdihe structure left of the Ta signal
corresponds to air behind the foil. The fitted kimess is 2.35 pm (13000e15
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Figure 49:Medal of bravery produced for Yugoslav partisan&ussia in 1944-45,

The fitted thickness of the Au layer is 1.6 pm (Q&05 at/crf). [8].......c.eceur...... 83
Figure 50: goslav medal of bravery produced in Yugoslaviaref®45.The

fitted thickness of the Au layer is 0.4 pm (2400@Y8nT). [8] ....ceovvveveeeeereeenne. 84

Figure 51:Modern Au plated commemorative medal from Londde. thickness of
the Au layer is 42 nm (250e15 at/miThe substrate is brass (alloy of Cu, Zn
and Ni). The energy of the peak on the top of thpescorresponds very well
to a 2000e15 at/chCl in the layer between the Au and the substtatesuch
a constitution is improbable and thus not fitted. ...........ccoovvvviriiiiiciiiiiee 84

Figure 52:Gilded artefact with a motive of Mary's annunciatiérrow shows the
place of the proton impact. The thickness of thdayer is 2.25 um
(13300e15 at/cf) with 11 at% Hg as a consequence of amalgamaFios.
fitted roughness FWHM is 1.86 pm (11000e15 afjcifhe substrate is
bronze with traces of iron and SilVer. ............ooovveiciiiii e, 85
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Figure 53:Sn layer on the top of copper substratditted Sn layer thickness is 8.3

um (30500e15 at/cfhand roughness FWHM is 2.7 um (10000e15 &ycm
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Figure 54:Sn layer on the top of a copper substrate, annefaled0 min at 250°C.

h phase (CgBrs) and a thin layer of phase (CgBn) can be seen. The fitted

Sn layer is 18.9 um (70000e15 atfyrand the roughness FWHM is 8.1 pm

(30000e15 at/cA). A fitted h layer: 7.3 um (27000e15 at/énand the

roughness FWHM of 2.7 um (1000015 aflErB]........cocvevevereeeeererseerereeseeo 86

Figure 55:Tinned Roman brooclrrow shows the place of proton impact. The
effect of porosity of the top tin layer is seérlayer: 10000e15 at/ch{2 pm)

ande layer: 5000e15 at/ch{1 um). The arrow denotes the point of proton
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