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RESUMO

A emissio de raios X induzidos por particulas (Particle-Induced X-ray
emission - PIXE) é uma técnica analitica utilizada para determinar quantitativamente
concentragoes de elementos residuais com uma sensibilidade invejavel. Esta ferramenta
de analise multi-elementar mostrou ser particularmente bem sucedida num grande
numero de aplicacbes em diversas areas desde arqueologia, biologia, medicina as ciéncias
ambientais.

Entre estas aplicacbes podemos igualmente referir a analise de superficies de
materiais utilizando ides de baixa velocidade devido ao seu alcance reduzido em
solidos (até centenas de nandémetros). No entanto, para esta aplicagio em particular, a
falta de secgbes eficazes de produgao de raios X para particulas incidentes de baixa
energia limita a precisao da analise PIXE de baixa energia.

Neste trabalho, um acelerador de particulas recentemente construido foi
estudado, caracterizado, melhorado e utilizado em conjunto com um sistema
experimental PIXE, desenvolvido por nés, para determinar sec¢oes eficazes de produgio
de raios X induzidos por protdes de baixa energia de 10 a 50 keV.

Na altura em que comegamos os trabalhos descritos na presente dissertagao, o
acelerador de particulas estava numa fase muito precoce. Consequentemente, tivemos de
implementar varias melhorias antes de o utilizar para irradiar amostras e realizar os
estudos planeados. Estas melhorias incidiram na fonte de iGes, na aceleracio dos ides, na
caracterizagao do feixe e em diversos componentes da camara de reacgoes.

Além disso, também desenvolvemos um sistema de detec¢dao de raios X baseado
num Contador Gasoso de Cintilagdgo Proporcional, CGCP, para adquirir o0s
espectros PIXE. Este detector foi optimizado para a detec¢ao dos raios X de baixa
energia induzidos pela interac¢do dos ides acelerados com alvos de elementos leves e foi
também adaptado para o sistema experimental PIXE desenvolvido. O detector de
raios X teve de preencher alguns requisitos para esta aplica¢ao particular, nomeadamente
a detecc¢ao de raios X até algumas centenas de eV e a necessidade de ter uma grande area
de detecgao devido as reduzidas secgOes eficazes de produgio de raios X envolvidas. Por
estas razoes, decidimos equipar este CGCP com uma grelha elipsoidal, ao invés de uma
planar, para delimitar as regides de absor¢ao e de cintilagio de modo a melhorar o seu
desempenho para grandes areas de detec¢do. Também consideramos encher este CGCP
com misturas de Ar-Xe em vez de Xe puro para reduzir a perda de electrdes primarios
para a janela do detector, resultante dos comprimentos de absor¢ao reduzidos envolvidos



na detecgao de raios X de baixa energia, e a consequente deteriora¢ao do desempenho do
detector.

Demonstramos que o uso da técnica da grelha elipsoidal com misturas Ar-Xe
como meio de detec¢ao permite boa compensagao para todas as misturas estudadas tanto
em relagao a resolucdo em energia como ao ganho do detector. Por exemplo, para a
mistura 80%Ar-20%Xe, quando o diametro da janela de radiagdo do detector aumenta de
2 até 38 mm a resolu¢do em energia deteriora-se de 7.8% para 9.5% ao utilizar a grelha
elipsoidal enquanto se verifica uma deterioragao até 11.5% com uma grelha planar
convencional. Da mesma forma, o ganho do detector diminui 2% com o aumento do
diametro da janela ao utilizar uma grelha elipsoidal e 4 % com uma grelha planar. Um
estudo sistematico do desempenho do detector mostrou que as melhores condi¢oes de
opera¢ao dependem da composi¢ao da mistura gasosa.

As misturas de Ar-Xe estudadas foram caracterizadas em termos do seu
rendimento de electroluminescéncia, dos limiares de excitacao e ionizacgao, dos valores w
e dos factores de Fano. O desempenho do detector foi avaliado em termos do seu ganho,
da sua resolu¢do em energia e da relagio pico-vale (Peak to Valley Ratio - PVR). As
misturas Ar-Xe demonstraram apresentar resolucbes em energia similares as obtidas
com Xe puro, excepto para a gama dos 250-630 eV como ja era de esperar, e apresentam
melhores factores de Fano para misturas com concentragoes de xénon inferiores a 10 %.
Por exemplo, resolugbes em energia de 17,5% foram obtidos com misturas
de 95%Ar-5%Xe ou 90%Ar-10%Xe para raios X de 1.2keV, enquanto um valor
de 16,9% foi alcancado com Xe puro. Além disso, o PVR melhora por um factor
de 2 0u3 com o aumento da concentracio de Ar. Foi demonstrado que as misturas
de Ar-Xe sao uma boa alternativa ao Xe puro como gas de enchimento de CGCP.

O CGCP desenvolvido foi também utilizado para realizar outro trabalho
complemente distinto, nomeadamente um estudo da cintilagdio primaria induzida por
raios X em Xe gasoso a pressio atmosférica. Nestes estudos, detectimos a luz de
cintilagdio primaria produzida por raios X de 5.9 keV absorvidos em Xe puro e
quantificAamos a sua intensidade comparando o seu sinal com o do rendimento de luz de
cintilagio secundaria através de uma técnica desenvolvida por nés. Estes estudos
revelaram que a energia média necessaria para originar um fotao de cintilagio primaria
em Xe gasoso a pressao atmosférica é iguala 111 = 16 V.

Uma vez concluidos estes estudos relativos ao acelerador de particulas e ao
sistema de deteccio de raios X, realizamos alguns estudos preliminares de PIXE.
Comegamos por estudar a influéncia de alguns parametros do sistema experimental
durante irradiagdes com o intuito de optimizar o desempenho geral do sistema.
Posteriormente, obtivemos alguns resultados de secgdes eficazes produgiao de raios X ao
irradiar alvos espessos de aluminio, através da determinagao da curva de rendimento de
alvo espesso. Determindamos sec¢oes eficazes de produgio de raios X em aluminio
de 8.43 x 10, 1.30 x 10° e 1.81 X 10° barn para protdes de 15, 20 e 25keV
respectivamente. Estes primeiros resultados sio promissores e estio de acordo com



dados publicados, apesar de algumas limitagdes do acelerador de particulas serem
responsaveis pela incerteza relativamente elevada dos valores obtidos. Identificamos
essas limitacOes e apresentamos possiveis melhorias que visam eliminar estas dltimas.

Por dltimo, sugerimos também trabalho futuro para poder fazer uso de todas as
potencialidades do sistema experimental PIXE que desenvolvemos. Algumas dessas

sugestoes ja estao a ser implementadas.






ABSTRACT

Particle-Induced X-ray emission (PIXE) is an analytical technique used for
determining quantitatively trace-elements concentrations with an enviable sensibility.
This multi-elemental analysis tool was shown to be particularly well suited in a large
number of applications in various fields ranging from archaeology, biology, medicine to
environmental sciences.

Among these applications we can also distinguish the analysis of material surfaces
using low-velocity ions due to their reduced range in solids (down to hundreds of
nanometers). However, for this particular purpose, the lack of reliable and accurate X-ray
production cross-sections for low-velocity impinging particles limits the accuracy of such
low-energy PIXE analysis.

In this work, a recently built particle accelerator was studied, characterized,
improved and used together with a PIXE experimental set-up, developed by us, in order
to determine cross-sections for X-ray production induced by low-energy protons in
the 10-50 keV energy range.

At the time we began the works described in this dissertation, the particle
accelerator was at a very early stage. We consequently had to implement several
improvements before using it to irradiate samples and perform the studies planned;
namely in the ion source, in the ion acceleration, in the characterization of the beam and
in the components of the reaction chamber.

Besides, we also developed an X-ray detection system based on a Gas
Proportional Scintillation Counter (GPSC) to register the PIXE spectra. This detector
was optimized for the detection of the soft X-rays induced by the interaction of the
accelerated protons with targets of light elements and was also adapted to the PIXE
experimental arrangement developed. The X-ray detector had to fulfil some requirements
for this particular application, namely the detection of soft X-rays down to 200-300 eV
and the need of having a large detection area due to the reduced X-ray production
cross-sections involved. For these reasons, we decided to instrument this GPSC with an
ellipsoidal grid, rather than a planar one, to delimit the absorption and scintillation
regions in order to improve its performance for large detection areas. We also considered
filing this latter with Ar-Xe mixtures instead of pure Xe to reduce the loss of primary
electrons to the detector window, resulting from the very low absorption lengths
involved in the detection of soft X-rays, and the subsequent worsening of the detector
performance.

The use of the ellipsoidal grid technique with Ar-Xe mixtures as the detection
media was shown to allow good compensation for all the studied mixtures regarding



both the energy resolution and the detector gain. For instance, for the 80%Ar-20%Xe
mixture, the energy resolution worsens from 7.8 to 9.5 % as the detector radiation
window diameter increases from 2 to 38 mm when using the ellipsoidal grid, whereas it
worsens up to 11.5 % with a conventional planar grid. Also as the window diameter
increases, the detector gain decreases 2 % when using the ellipsoidal grid and 4 % with
the planar grid. A systematic study of the best detector performance showed that the best
operating voltages depend on the gas mixture composition.

The Ar-Xe mixtures studied were characterized for their electroluminescence
yield, the excitation and ionization thresholds, the »-values and Fano factors. The
detector performance was evaluated in terms of the detector gain, its energy resolution
and the Peak-to-Valley Ratio (PVR). Ar-Xe mixtures were shown to present similar
energy resolutions than pure Xe, apart from the 250-630 eV energy range as expected,
and to have improved Fano factor with Xe concentrations below 10%. For instance,
energy resolutions of 17.5 % were obtained with either 95%Ar-5%Xe or 90%Ar-10%Xe
mixtures for 1.2 keV X-rays while a value of 16.9 % was reached with pure Xe. In
addition, the PVR improves by a factor 2 or 3 as the Ar concentration increases. Ar-Xe

mixtures were consequently shown to be a valid alternative to pure Xe as the filling gas
of GPSCs.

The developed GPSC was additionally used to carry out another completely
distinct study regarding the primary scintillation induced by X-rays in pure gaseous Xe at
atmospheric pressure. In these studies, we detected the primary scintillation light
produced by 5.9 keV X-rays absorbed in pure Xe and quantified its intensity by
comparing its signal to the one due to the secondary scintillation light yield with a
technique that we developed. These studies revealed than the average energy spent to
create a primary scintillation photon in gaseous Xe at atmospheric pressure is equal
to 111 = 16 eV.

Once these studies concerning both the particle accelerator and the X-ray
detection system were completed, preliminary PIXE studies were finally conducted. We
began by studying the influence of some parameters of the experimental arrangement
during irradiation with the purpose of optimizing the overall system performance.
Afterwards, X-ray production cross-sections results were obtained by irradiating thick
targets and through the determination of the thick target yield curve. We determined
aluminium ~ X-ray  production  cross-sections of  8.43 X 10,  1.30 x 10
and 1.81 X 107 barn for 15, 20 and 25 keV protons respectively. These first results are
promising and in agreement with the very few published data, although some limitations
of the particle accelerator are responsible for relatively high uncertainty in the results. We
have identified those limitations and presented possible improvements to eliminate these.

Finally, future work has also been suggested to use the full capabilities of
the PIXE experimental set-up we developed. Some of these suggestions are already being
implemented.
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STUDIES ON LOW-ENERGY PARTICLE-INDUCED SOFT X-RAY EMISSION

INTRODUCTION

Particle-Induced X-ray emission (PIXE) is a technique for multi-elemental
analysis which consists on irradiating the specimen to analyze with accelerated, charged
light particles, usually protons in the Mega-Electron Volt energy range, and studying the
X-ray yield resulting from the interaction of the ion beam with the target material. The
PIXE technique was shown to be very useful for analytical purposes and has been
developed over the past decades into a fully quantitative analytical tool for determining
trace-elements concentrations with detection limits below the part-per-million level,
corresponding to amounts of matter below 10"* g. This particularly great sensitivity,
together with its non-destructive character, allows this powerful analytical tool to be very

well suited in a variety of application fields.

The determination of such low amounts of matter relies on the knowledge of
several parameters and the accuracy of the technique is usually limited by their precision.
Among these parameters are the X-ray production cross-sections, whose knowledge is
fundamental to perform any quantitative elemental analysis. Although some accurate, and
experimentally obtained, X-ray cross-sections are available in the literature for the most
conventional impinging particle energies, the X-ray production cross-sections usually
used are approximate values calculated from theoretical models with an uncertainty
above 10 %. The situation is even worse when considering low-energy incident particles
since the data available in the literature is scarce or even inexistent and because the
cross-sections predicted by the theoretical models differ widely in this low-energy range.
As a result, the accuracy of an important application of the PIXE technique, which is the
characterization of material surfaces by using low-energy impinging particles due to their
very low range in solids (down to a few hundreds of nanometers), is limited by the lack
of available data in the literature.

In this work, making use of a recently built low-energy particle accelerator at the
Atomic and Nuclear Instrumentation Group (Grupo de Instrumentagdo Atdémica e
Nuclear — GIAN) in the Physics Department of the University of Coimbra, we
conceived and built a low-energy PIXE set-up with the aim of determining of low-energy
particle induced X-ray production cross-sections suitable for the analysis of material
surfaces. The present dissertation is divided in five Chapters:

* ChapterI is a review of the PIXE technique whose goal is presenting this
analytical tool to readers not familiar with the field. The different characteristics

of the technique are briefly described, as well as some of its main applications, in



INTRODUCTION

order to provide enough information for a correct understanding of the work
and the decisions made during the study described along this thesis. This review
also points out some limitations of the technique, among which is the lack of
available cross-sections in the literature for low velocity ions which is at the
origin of the present work.

® Chapter II presents the recently built particle accelerator used to irradiate the
samples. This description reports its early stage at the moment we began the
work described here and presents the improvements implemented and the
studies performed in order to adapt and prepare this experimental set-up to our
particular PIXE application.

® Chapter III describes the Gas Proportional Scintillation Counter built to register
the PIXE spectra. After a brief description in which we justify some of the
decisions taken regarding its optimization for both large detection area and soft
X-ray detection, this section presents the projection, construction and
performance characterization of the X-ray detection system developed. Besides,
this section also presents a distinct study dealing with the primary scintillation
yield induced by X-rays absorbed in gaseous Xe at atmospheric pressure.

* Chapter IV describes the first studies performed with the developed PIXE
experimental arrangement by irradiating metal specimens with protons with
energy up to 50 keV. Aluminium X-ray production cross-sections were deduced
for protons in the 15, 20 and 25 keV protons through the thick target yield curve.
The discussion of the results obtained and their associated accuracy enables us to
point out the limitations of the present experimental arrangement. This section
ends with a discussion concerning the future work to be done to improve both
the particle accelerator and the present PIXE set-up.

® Chapter V resumes the main achievements of the work presented.

The studies described in this dissertation were carried out in the Atomic and
Nuclear Instrumentation Group (GIAN — Grupo de Instrumentag¢ao Atémica e Nuclear)
of the Physics Department of the University of Coimbra.

Besides, the work presented in this dissertation gave rise to the following
publications:

PUBLICATIONS IN INTERNATIONAL REFEREED JOURNALS
- “Absolute primary scintillation yield of gaseous xenon under low drift electric fields

for 5.9 keV X-rays”, S.].C. do Carmo, F.I.G.M. Borges, F.P. Santos, T.H.V.T. Dias and
C.AN. Conde, Journal of Instrumentation 3, P07004 (2008).
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-“Experimental study of the w-values and Fano factors of gaseous xenon and Ar-Xe
mixtures for X-rays”, S.J.C. do Carmo, F.I.G.M. Borges and C.AN. Conde, IEEE
Transactions on Nuclear Science 55(5), pp. 2637-2642 (2008).

-“Ar-Xe mixtures and their use in curved grid gas proportional scintillation counters for
X-rays”, S.J.C. do Carmo, AM.F. Trindade and FI.G.M. Borges, Journal of
Instrumentation 4, P03015 (2009).

-“Performance of Argon-Xenon mixtures in a gas proportional scintillation counter for
the 0.1-10 keV X-ray region”, S.J.C. do Carmo, F.I.G.M. Borges and C.A.N. Conde,
IEEE Transactions on Nuclear Science 56(2), pp. 437-440 (2009).

-“Mossbauer study of Haltern 70 amphora sherds from Castro do Vieito, North of
Portugal”, B.F.O. Costa, G. Pereira, A.J.M. Silva, M. Ramos Silva and S.]J.C. do Carmo,
Journal of Physics: Conference Series 217, n® 012060 (2010).

PUBLICATIONS IN THE PROCEEDINGS OF INTERNATIONAL CONFERENCES

- “A large area room temperature gas proportional scintillation counter for soft X-rays
with Ar-Xe mixtures: Preliminary results”, S.J.C. do Carmo, F.I.G.M. Borges and
C.AN. Conde, Conference Record of the 2007 IEEE Nuclear Science Symposium and
Medical Imaging Conference, pp. 581-584 (2007).

-“Performance of a room temperature gas proportional scintillation counter in X-ray
analysis of metallic alloys excited with alpha particles”, F.I.G.M. Borges, S.J.C. do
Carmo, T.H.V.T. Dias, F.P. Santos, F.P.S.C. Gil, AM.F. Trindade, R.M. Curado da Silva
and C.A.N. Conde, 2007 Denver X-ray conference, Advances in X-Ray Analysis 51,
pp. 249-254 (2008).

- “Performance of Argon-Xenon mixtures in a gas proportional scintillation counter for
the 0.1-10 keV X-ray region”, S.J.C. do Carmo, F.I.G.M. Borges and C.A.N. Conde,
Conference Record of the 2008 IEEE Nuclear Science Symposium and Medical Imaging
Conference, pp. 173-176 (2008).
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— CHAPTER I —

PARTICLE INDUCED X-RAY EMISSION

Following the work of Réentgen that culminates with the discovery of the X-rays
in 1895 [I.1], Moseley observed in 1913 that the X-rays emitted from several excited
elements of the periodic table have characteristic energies, related to their atomic
number [I.2]. Although Moseley also demonstrated qualitatively that the X-rays resulting
from the excitation of brass were the characteristic X-rays lines from its components, it
was only with Glocker and Schreiber in 1928 [L.3], by detecting secondary fluorescent
X-rays obtained from the irradiation of targets with primary X-rays, that the first
quantitative analysis of materials was performed. Their proposal to apply X-ray excitation
as a multi-element analysis tool appeared to be at the origin of the X-ray fluorescence
analysis technique (XRF).

Although the emission of characteristic X-rays was also observed earlier in 1912
by Chadwick by bombarding matter with heavy charged particles instead of primary
X-rays [1.4], it was only much later with the works of Merzbacher and Lewis [1.5],[1.0]
and Khan e# a/. [1.7], in 1953 and 1966 respectively, that the potential of Charged-Particle
X-ray Fluorescence (CPXRF) received noticeable attention for multi-elemental analysis
purposes despite the fact that charged-particle induced X-ray emission was shown to be
more sensitive than XRF. However, Khan ¢7 a/. used a proportional counter to detect the
X-rays emitted from the irradiated targets, whose poor energy resolution did not allow
resolving characteristic X-rays from adjacent elements. As a result, they were not able to
perform any quantitative multi-element analysis.
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In this line of thought, using the recently invented Si(Li) X-ray detector with
improved energy resolution that was not available when Khan ez 4/ performed their
studies, Johansson et al. [1.8] presented in 1970 a pioneer experimental work that became
the starting point of a powerful multi-elemental analysis technique, known nowadays as
Particle Induced X-ray Emission (PIXE). This non-destructive technique consists in
bombarding a specimen with heavy charged particles from accelerators, such as protons,
a-particles or heavier ions, in order to originate the emission of X-rays, characteristics of
the irradiated atoms. These X-rays result from the de-excitation of the inner shell
vacancies created in ionized atoms due to the interaction of the ion beam with the target

and are detected by either a wavelength-dispersive or an energy-dispersive detector.

This Ion Beam Analysis (IBA) technique is highly sensitive and enables
quantitative analysis because there is a relationship between the amount of a particular
element present in the irradiated sample and the intensity of its characteristic K- or L-
X-ray lines in the PIXE spectrum. Accurate knowledge of X-ray production
cross-sections, detector efficiency and absorption coefficients allow the quantification of
very small amounts of matter for several elements in a large variety of materials, down
to 10"% g [1.8] which corresponds to typical detection limits for trace elements lying in
the 0.1-1 Parts Per Million (ppm) range. Furthermore, this method is almost insensitive
to the chemical state of the atom, i.e. it distinguishes atoms rather than molecules [1.9].

In PIXE, the incident charged-particle beam, which is usually formed by light
ions with energy between 1 and 4 MeV, is usually generated by particle accelerators and
goes through an irradiation chamber maintained in vacuum, where it bombards a target.
The target is usually a thin sample of the specimen to be analysed deposited onto a thin
carbon or plastic support layer, although the irradiation of thick targets is also possible.
The beam passes though the sample and is dumped in a Faraday cup connected to a
charge integrator. The X-rays emitted from the sample are detected and separated in an
energy spectrum. A typical spectrum is shown in Figure I.1 where several K- and L-
characteristic peaks are superimposed upon a continuous radiation background. The
cut-off in the low energy range of the spectrum is due to both the high absorption of
these low energy X-rays in the windows of the chamber and/or the detector and in the
sample itself and to the low detector efficiency for this low-energy range.

Besides traditional bombardment in vacuum, known as macro-PIXE, in which
the irradiation is performed with millimetre-sized beams (1-10 mm diameter typically),
PIXE analysis can also be performed with focused micro-beams with only a few
micrometers diameter in such a way that, with scanning techniques, it allows analysis with
high spatial resolution, this variant being usually referred to as micro-PIXE. When the
examination of delicate and/or large objects is required, PIXE analysis can also be
performed with an external beam irradiating the sample either in the laboratory air or in a
nitrogen or helium atmosphere. Moreover, the combination of PIXE with other IBA
techniques, such as Rutherford backscattering spectrometry (RBS), was found to be
useful in several applications [1.10].
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Figure I.1 — PIXE spectrum obtained for a NIST Otrchard Leaves specimen with incident protons of
2.4 MeV [L11].

The PIXE technique presents many advantages over common XRF due to the
fact that it uses charged particles instead of X-rays to irradiate a target, the major one
being its greater sensitivity [I.12]. Another advantage is the fact that the ion beam can be
focussed by electrostatic or (electro)magnetic lenses and may be transported over large
distances without loss of beam intensity, resulting in much higher incident beam densities
in PIXE rather than in ordinary XRF. We also have to refer that, although beam focusing
is also possible with electrons as it occurs in the Electron Probe Micro-Analyzer
technique (EPMA), these originate much larger radiation continuum background
intensity in the X-ray spectrum (due to bremsstrahlung) and so much poorer detection
limits.

As a result of its applicability, versatility and sensitivity for solving numerous
trace element analytical problems for almost all the elements of the periodic table, PIXE
became nowadays a technique of great importance when material analysis is required. It
is consequently used in many practical applications for the examination of a wide variety
of distinct samples from metals and alloys, rocks, environmental samples, medical and
biological specimens, surface of thick samples of technological and industrial interest, to
valuable art pieces for origin identification.

In the next section, the physical processes underlying the PIXE method will be
outlined, while the following ones present considerations about experimental
arrangements and technical details that have to be taken into account when intending to
develop a PIXE experimental set-up to be used as a multi-elemental analytical tool. Then,
another section illustrates the usefulness of PIXE by describing briefly a few practical
applications. Finally, the last section of this chapter deals with the sensitivity and the
accuracy of this technique and also evidences the lack of available X-ray production
cross-sections in the literature for low-energy beams, despite the fact that PIXE surface
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analysis (which is one of the main applications of PIXE) relies on the knowledge of such
cross-sections.

1.1 INTERACTION OF CHARGED PARTICLES WITH MATTER

1.1.1 X-RAY PRODUCTION

While penetrating into matter, heavy charged particles interact mainly through
Coulomb forces between the positive charge of the incoming ions and the negative
charge due to the Coulombic fields of the bound electrons of the absorber atoms. In
such inelastic encounters, ions interact simultaneously with several electrons which sense
the attractive Coulomb force from the travelling ions; and depending on the proximity of
the encounter this interaction leads to either excitation or ionization.

As a result of these inelastic Coulombic encounters, the travelling charged
patticle transmits some of its energy to the excited/ionized electrons and its velocity
therefore decreases. However, since the maximum energy T, that can be transferred
from a charged particle of mass » with kinetic energy E, to an electron of mass 7,
(m>>m,) in a collision is 4E,,/m, this corresponds to a small fraction of the total energy
of the ions in contrast to the case of electron beams. In consequence, the direction of
travel of an incident ion beam is scarcely altered during its continuous slowing process
and the ions have to undergo many interactions until they are stopped.

Many of the Coulombic interactions between charged particles and matter result
in ionization of the target atoms, i.e. ejection of inner-shell electrons and so creation of
inner-shell vacancies. These interactions are of great importance for PIXE since they
may lead to the emission of the desired characteristic X-rays. The following theoretical
approaches have been used through the years to describe this interaction and to calculate
cross-sections for inner-shell vacancy creation in elements of atomic number Z, 64

v The Plane Wave Born Approximation (PWBA). This approach is due to
Merzbacher and Lewis [1.6] and describes the inner-shell ionization process
in terms of a quantum mechanical model. Although this approach explains
the dependence of the ionization cross-section gj for high projectiles
energies, corrections for the binding energy of the target atom electrons and
the Coulombic deflection of the approaching projectile are needed to obtain
quantitative agreement for lower projectile energies.

v' The Binary Encounter Approximation (BEA), used by Garcia [1.13],
considers the interaction to be that of an incident particle and a free electron
with an effective mass in order to take into account the target atom mass.

v" The semi-classical approximation (SCA), developed by Bang and Hansteen
[1.14] and Hansteen and Mosebeke [I.15], uses an impact parameter which

directly takes into account the projectile deflection.
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v" The EPCSSR approach is an improvement of the PWBA theoty performed
by Brandt and Lapicki [1.16],[1.17] that takes into account the deflection and
velocity change of the particles due to nuclear Coulomb field (C),
perturbation of the atomic stationary states (PSS) by the projectile, relativistic
effects (R) and energy loss (E) during the collision.
All these models are based on the assumption that the production of an inner-shell
vacancy results from a Coulombic interaction and are only valid for incident particle
energies much larger than the binding energy of the electrons. All these approaches can
explain the following dependence and variation of ionization cross-section, g:

V" The ionization cross-section increases rapidly with projectile energy.

v" The ionization cross-section is proportional to the square of the projectile

atomic number Z, (for projectile of equal velocity).

v" The ionization cross-section decreases rapidly with the target atomic number

Zr.

v Atomic shells having higher ionization potentials have lower ionization

cross-sections.

One would immediately assume from the Zg dependence of g} that heavier ions
would preferentially be chosen to perform PIXE analysis. However, heavy ions
interactions with matter lead to much more complex X-ray spectra because of the
additional interaction between the two electron systems from the target and impinging
atoms [L.12],[I.18]. Therefore, and despite their higher ionization cross-sections, the use

of heavy ions to perform multi-elemental trace analysis is improbable.

The ionization cross-sections calculated thanks to these theories have been
compared to experimental results [1.13],[1.19],[1.20]. Agreement within &+ 20 % has been
observed in the energy range and atomic number region of interest (target atomic
numbers, Z;, typically between 20 and 40), which is however far from being sufficient for
accurate trace analysis by PIXE. On the contrary, the 05 K-shell predictions provided by
the ECPSSR theory agree within a few percent with the best experimental data, except
for very low atomic number of the target, Z;.

An interesting characteristic to point out is that the magnitude of the ionization
cross-section for 1-3 MeV protons is similar to those of electrons in the energy region
of 10-30 keV employed in electron probe micro-analysis. This is because the principal
determinant of the interaction is the velocity ratio between the projectile and bound
electron, and this ratio is similar for kilo-electron-volt electrons and mega-electron-volt
protons.

By using the BEA model, Garcia [1.13] found out a scaling law for the ionization
cross-section 0 of all elements which only relates the electron binding energy #, (where
=K or L) and the projectile energy E,. A universal curve is obtained by plotting u?oy as
a function of E,/Au, where A is the ratio of the proton mass to the electron mass.

Johansson and Johansson [L.12] compiled experimentally obtained ionization



CHAPTER I — PARTICLE INDUCED X-RAY EMISSION

cross-sections available in the literature to verify the adequacy of this relationship and
found out that theses curves (shown in Figure 1.2) indeed allow the estimation of the
ionization cross-sections with a typical uncertainty of 10-20 % for Z;=20-40 and MeV
ion beams. However, although the values of 0} easily obtained from this scaling law are
useful when studying the feasibility of a particular experiment, they are not sufficiently
accurate to carry out an absolute PIXE analysis.
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Figure 1.2 — The semi-empirical fit of Johansson and Johansson [I.12] for K- and L- ionization
cross-sections g% by plotting uZa} as a function of E,/Au, The dots correspond to experimental values
obtained from thin target measurements.

As a result of the creation of an inner-shell vacancy, the excited target atoms seek
to return to a stable energy state through de-excitation, i.e. an outer-shell electron which
drops down to a lower energy level filling so the inner-shell vacancy. The vacancy moves
therefore towards the outer shells while the superfluous energy results in the emission of
either X-rays or Auger or Coster-Kronig electrons. While X-rays correspond to the
radiative emission of the redundant energy resulting from the electron migration to an
inner-shell (K, L, M... lines produced by electron transition to the K, L, M... shells of
the target atom respectively), Auger electrons consist in outer-shell electrons ejected
from the atomic orbit (creating therefore a vacancy in an outer-shell) due to the
redundant energy. Alternatively, the Coster-Kronig effect which is similar to the Auger
effect with the difference that it occurs between sub-shells of an atomic shell (and
therefore does not take place in the K-shell), corresponds to the shift of a vacancy
created in a lower sub-shell to a higher sub-shell.

Since the energy gap between atomic shells is well defined and characteristic of a
given element, the X-rays emitted have discrete and characteristic energy, hence being
denominated as characteristic X-rays.

10
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Since PIXE analysis relies on the detection of X-rays, only the emission of
characteristic X-rays is relevant among these three competitive processes. Hence, for
practical purposes in any quantitative trace-elements analysis, accurate X-ray production

cross sections for individual X-ray lines G;fz, with p the X-ray line considered for

analysis, are required rather than the ionization cross-section 0. However, the X-ray
production cross-section gp 7 for a given radiative transition (i.c. for a line in a spectrum)
of a given element of atomic number Z is related to the ionization cross sections g
through atomic parameters, namely fluorescence yields and relative line transition
probabilities in the case of the K-shell; and fluorescence yields, Coster-Kronig yields, and
relative line transition probabilities for the L-shell. For instance, the X-ray production

X

cross-section for a K-shell radiative transition, 6%, is related to g as:

D,

Opz =Wpz Opz Tp (Eq. L.1)
where wp, 7 is the fluorescence yield and T, the relative line transition probability to fill
the p-shell vacancy.

The fluorescence yield w,, ; of a shell, which increases gradually with atomic
number Z, can be described as the fraction of emitted X-rays due to transitions to a
particular shell of a given number of primary vacancies created in that shell, ie. the
probability for X-ray emission as a vacancy is created. The K- fluorescence yields are
known with great accuracy (within 5 %) for atomic numbers Z between 20 and 60, but
the situation for the lighter elements is less clear [I.21]. Moreover, the relationship
between the X-ray production and ionization cross-sections also takes into account the
relative X-ray transition probability since more than one X-ray line (K, or Kp lines for
the K-shell, for instance) can occur as the result of the radiative transition to a particular
energy level due to different initial energy states. The fraction of a specific X-ray line
emitted with respect to the total number of X-rays emitted from that shell is referred to

as relative X-ray line transition probability T}, (Equation L.1).

In Figures 1.3, 1.4 and 1.5, we have compiled data available in the literature (see
references in the captions) for proton induced X-ray production cross-sections of K-lines
and represented them as a function of both the incident proton energy E, and the target
atomic number, Z,. We can observe that 0;(, 7 is a rapidly increasing function of the
incident projectile energy up to 2-4 MeV, depending on Z,. X-ray yield for high X-ray
energies, i.c. high Z elements (Z > 25), increases proportionally to E, (where E, is the
projectile energy) but for low X-ray energies the increase is less pronounced [1.22]. It
reaches a maximum for the 7'th shell of a given element when the velocity of the
projectile equals the mean velocity of the electron of the shell under consideration. Then,
for higher energies of the projectile, the cross-sections decrease slowly. Another
conclusion of great importance that is also in evidence in Figure 1.4 is that 0;(, » decreases
sharply with increasing atomic number of the target atom, Z;. Furthermore, we also have
to refer at this point that, as for Ionization cross-sections, X-ray production

cross-sections are proportional to Z; for equal velocity ions, as illustrated in Figure 1.6,

11
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Figure 1.3 — Experimentally obtained K-shell X-ray production cross-sections O'Zfz (logarithmic scale) in
proton impact for aluminium (®), argon(4), iron (W) and copper (*) as a function of the incident proton
energy E, and of the target atomic number Z; [1.23]-[.34]. The solid curve corresponds to X-ray
production cross-sections for protons with a constant energy of 1 MeV and for target of different atomic

number Z;.
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Figure 1.4 — Experimentally obtained K-shell X-ray production cross-sections O'Zfz (linear scale) in proton
impact for aluminium (®), argon(¢), iron () and copper (¥) as a function of the incident proton energy E,
and of the target atomic number Z; [1.23]-[1.34]. The solid line represents the same as in Figure 1.3 but the
difference that a linear scale is used to represent O'Zfz in order to focus its rapid decrease with the target
number Z.
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1.1.2 RADIATION BACKGROUND

In a typical PIXE analysis, beyond the desired characteristic X-rays from the
trace elements to detect, the X-ray detector also registers a large amount of unwanted
background radiation. This can result from the beam interaction with the trace elements
of interest through additional competitive processes (proton and electron
bremsstrahlung, for instance) or, on the other hand, might arise from the impact of the
impinging ions with either the bulk of the host material of the sample or any element
from the backing material. This radiation background, which is the main determinant of
the limit of detection for any element, may be in the form of a continuum distribution or
it may also be composed by discrete peaks corresponding to X- or y-rays from the matrix
material (by matrix material, we consider all the elements that are not the ones under
consideration). As a result, the characteristic X-ray lines of interest are superimposed on
a continuous spectrum of electromagnetic radiation similar to that observed in EPMA
technique, as we can observe in Figure I.1. The high background at low X-ray energies,
combined to the significant drop in the detector efficiency for this low-energy range
because of X-ray absorption in the windows of the experimental set-up and/or the
detector, prohibits accurate analysis of light elements, typically below sulphur, in the
spectrum. This also demonstrates that, although a high X-ray production cross-section is
a necessary condition for high sensitivity, it is not enough.

Therefore, the understanding of this background is as important as the
understanding of the generation of the characteristic X-rays. One has to be aware that
several processes contribute to this radiation background, namely primary proton
bremsstrahlung, electron bremsstrahlung, and nuclear reaction gamma-rays for high
values of E,.

1.1.2.1 ELECTRON BREMSSTRAHLUNG

The low energy background of PIXE spectra, which is actually where the
background is much more intense (as illustrated in Figure 1.1), is largely due to electron
bremsstrahlung as it occurs in the EPMA technique but with the difference that in this
case it is caused by the secondary electrons ejected from the target atoms during the
inelastic collision process rather than with the deceleration of incident electrons. This
assumption is experimentally confirmed by observing PIXE spectra since this
bremsstrahlung decreased rapidly above an energy threshold T, corresponding to the

maximum energy that a projectile of mass M, and energy E, can transfer to a free
electron of mass , which is given by 4(,/M,)E,.

Much of the early work concerning the theoretical understanding of the secondary
electron bremsstrablung was realized by Folkmann e a/l. [1.36]. They gave a comprehensive
understanding of the physical processes involved in the production of the electron
bremsstrablung and, as it can be seen in Figure 1.7, their theoretical estimations (which also
took into account the projectile bremsstrahlung, PB, which we discuss in more detail in

14
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next section) are in good agreement with experimental data. Besides, Figure 1.7 also
illustrates the fact that the intensity of the electron bremsstrahlung background increases
with both the incident projectile energy E, and the atomic number of the target, Z;.
From an experimental point of view, this last observation means that, beyond E,, the
matrix composition of the target also plays a critical role in both the shape and intensity
of the electron bremsstrahlung background.
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Figure 1.7 — Expetimental and theoretical background radiation cross-sections for thin samples of carbon

and aluminium [1.36].

The work of Folkmann e a/. was then complemented later, in the mid-1980s, by

Ishii and Morita and various coworkers [1.37]-[1.40]. Their work demonstrated that
electron bremsstrahlung in PIXE is originated by the following three processes:

V' Secondary Electron Bremsstrablung (SEB): SEB is formed by a two-step process. The

incident particle first ejects an electron from a target atom, and the secondary

electron is subsequently scattered in the Coulomb field of a target nucleus, thus

T as referred

m

producing the bremsstrahlung with maximum energy equal to
earlier.

V' Qunasi-Free Electron Bremsstrablung (QFEB): QFEB arises when the projectile
velocity #, is so large compared with orbital electron velocities that these
electrons are effectively free and at rest; then an electron can be scattered by the
projectile’s Coulomb field and emit QFEB. The QFEB end-point energy is
T,=(1/2)mp,’, which is also equal to T, /4.
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V' Atomic Bremsstrahlung (AB): The AB process occurs when a bound target electron
is excited to a continuum state by the projectile and, returning to its original state,
emits a photon. Atomic bremsstrahlung is the main contribution of the electron

bremsstrahlung to the continuous spectrum at photon energy above T,

The relative contributions of QFEB, SEB and AB to the electron bremsstrahlung
background are represented schematically in Figure 1.8,

intensity

X-=ray energy
Figure 1.8 — Schematic representation of the relative contributions of QFEB, SEB and AB [1.40].

In addition, Ishii and Morita also carried out a large number of experiments to
test the veracity of their theoretical calculations. That work culminates in reference [1.40]

in which the agreement between the theory and measurements is shown to be excellent,

as illustrated in Figure 1.9.
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Figure 1.9 — Bremsstrahlung spectra obtained from aluminium bombarded by 1 and 4 MeV protons. The

curves show calculated contributions of different processes [1.40].

Since both the production of characteristic X-rays and electron bremsstrahlung

are consequences of the same primary process which is the ionization event, ie. the

16



STUDIES ON LOW-ENERGY PARTICLE-INDUCED SOFT X-RAY EMISSION

creation of inner-shell vacancy by the incident particles, the ratio of the X-ray peaks to
the bremsstrahlung background is the same for all projectiles having the same velocity.
Consequently, as long as the electron bremsstrahlung is the dominant form of radiation
background, the signal-to-noise ratio is independent of the projectile specie despite
the Z,* dependence of the X-ray production cross-section. There is therefore, from this
point of view, no reason to use charged particles heavier than protons. In fact, heavier
charged particles also have the inconvenient of leading to more complex radiation
background spectra. Although the contribution of this radiation background can
theoretically be reduced by using extremely thin samples in a way that the electrons can
escape before they have the chance of radiating most of their kinetic energy as
bremsstrahlung in a second collision, this improvement is impossible to accomplish
experimentally because the thicknesses needed are impractical to achieve.

Another important characteristic of electron bremsstrahlung relies on the fact
that, contrary to the X-ray production process, this radiation is emitted anisotropically
being lower at forward and backward angles than at 90° with respect to the direction of
the beam. This statement has been confirmed experimentally by Ishii ez @/ [1.41], who
also explained it theoretically latter by them by incorporating a relativistic retardation
effect in the bremsstrahlung production [1.42]. This matter was again subject of
discussion by Gonzalez et al. [1.43] who compared experimental data from Folkmann e#
al. [1.44] (Figure 1.10) to their theoretical calculations as illustrated in Figure I.11. From
an experimental point of view, this observation is of great importance since it suggests
preferential positioning of the X-ray detector in order to reduce the detection of this kind
of bremsstrahlung. The maximum possible angle between the incident beam direction
and the X-ray detector (typically 135°) was found to reduce significantly the background
in PIXE spectra, as it can be seen in Figure 1.10.
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Figure 1.10 — Experimental spectra obtained by bombatding a 130 pg/cm? Al foil with 2 MeV protons and
with the Si(Li) X-ray detector positioned at different angles with respect to the direction of the incident

beam [1.44].
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Figure 1.11 — X-rays angular distributions for 2 MeV protons impinging on aluminium for photon energies
of 45 and 6.3 keV [1.43].

1.1.2.2  INCIDENT PROJECTILE BREMSSTRAHLUNG

Another component of the continuous radiation background observed in PIXE
spectra is due to zucident projectile bremsstrablung (PB). This radiation continuum results
from the deceleration of the incident charged particles while passing through the sample
because of the Coulomb field of atomic nuclei. The cross-section 0pp for this process is
given by the following formula:

2
d A,Z27% (7 Z
%5 _ ¢ 22T (—”— —T) (Eq. 12)

dEpx EpEpx \Ap Ar
where E, is the energy of the background radiation; Z,, A, E, are the atomic number,
mass and energy of the incident particle and Z; and A, those for the matrix. C'is a slowly
varying factor dependent on Z,, Z; and E, having a value of about 2-3 V.

The intensity of primary bremsstrahlung emitted by a charged particle is
proportional to the square of its deceleration. The Coulombic forces are the same for
electron and heavy charged particles, but since the masses differ by a factor of at
least 2000 in the worst case from this point of view (which corresponds to the lighter
heavy charged particles, i.e. protons) the intensity of the projectile bremsstrahlung due to
heavy charged particles is much less than that when induced by electron beams. As a
result, the intensity of the proton’s primary bremsstrahlung is negligible in comparison
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with that of the electron in the case of the electron microprobe analysis, as illustrated
in Figure 1.12.
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Figure 1.12 — X-ray spectra from a thin biological specimen (human brain) obtained with a) electron and b)

nuclear microprobe excitation. [1.45].

Although its contribution is much less important than electron bremsstrahlung (EB)
in the low energy region of PIXE spectra, PB background continuum is the major
component of the radiation background of PIXE spectra for the high energy part, above
10-20 keV for typical incident particles energies.

An important behaviour of PB that can be deduced from Equation 1.2 is that,
contrary to X-ray production cross-sections and other background processes behaviour,
its yield (i.e. cross-section) increases with decreasing projectile energy. As a result, this
background process is expected to be of great importance for low energy incident
particles as it occurs for surface analysis applications.

On the other hand, Equation 1.2 also demonstrates that if the mass to charge
ratio Z/A is the same for the projectile and an element of the matrix, the contribution of
this bremsstrahlung vanishes. However, even if this term does not vanishes, since most
of the elements of a matrix present a ratio Z;/.A; of approximately 0.5, there should be
little or no incident projectile bremsstrahlung PB for impinging charged particles as

a-particles and heavier ions for which Z,/.A4, almost equals 0.5 too, but not for protons
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(for which equals 1). This effect has been experimentally verified by Watson ez a/. [1.46] as

it can be seen in Figure 1.13.
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Figure 1.13 — X-ray spectra produced by bombarding a 530 pg/cm2 Mylar® foil with 1.7 MeV/amu

particles [1.46].

1.1.2.3  OTHER SOURCES OF BACKGROUND

As explained earlier, charged particles interact with matter mainly through
inelastic Coulomb encounter with bound electrons which lead to ionization. However,
one has to be aware that other kinds of interactions of charged particles with matter are
possible. Despite the fact that the large majority of the interactions of the ions are
inelastic ones, elastic encounters may also occur. The measurement of the elastically
scattered particles provides information on the elemental composition of the sample and
on the distribution of the elements with depth. This information is at the origin of the
Rutherford Backscattering technique (RBS) which is actually sometimes performed
simultaneously with PIXE for complementary results [1.10]. However, the scattered
particles have the great disadvantage of eventually depositing a large amount of energy
into the X-ray detector used and consequently harming this latter. This can be easily
avoided by placing a thin absorber in front of the detector but always at the expense of a
significant reduction of the sensitivity for low energy X-rays from light elements.

20



STUDIES ON LOW-ENERGY PARTICLE-INDUCED SOFT X-RAY EMISSION

Moreover, when PIXE analysis is performed with high energy projectiles
bombarding especially light target elements, nuclear reactions appear as a competitive
interaction. For instance, nuclear reactions such as (p, ¥) present high cross-sections for
protons energies from a few MeV up to tens of MeV. The dependence of the
cross-sections for these reactions with target nuclide and incident particle energy is
irregular but these generally increase with increasing incident energy, while intense
resonance peaks at particular energies may also appear. Due to the Coulomb barrier, the
cross-sections are smaller for the heavier target elements than for lighter ones. Such
interactions may result in the emission of high-energy y-rays, therefore far outside
the 0-30 keV energy range typically observed in PIXE spectra, but which may then give
rise to a high energy tail in the spectrum due to Compton scattering in the detector.
Furthermore, y-radiation can reach the detector after multiple scattering in the target
chamber (including in the Faraday Cup where the beam is dumped) and so the
resulting y-ray background depends not only on the matrix composition but also on the
details of the experimental set-up.

Folkmann e# al. [1.47] found out that this background is dominant for Z;<30 at
proton energies from 3 to 5 MeV. Hence, in an attempt to reduce the y-ray backgrounds
to a minimum, the projectile energy must be kept as low as possible whilst still high
enough to provide sufficiently intense characteristic X-ray vyields. In addition,
Folkmann ez al. [1.47] also concluded from experimental work that ions heavier than
protons, but with the same velocity, have much higher incident energies and therefore
present the great disadvantage of having much larger cross-sections for y-ray emission.
As a result, protons with energy inferior to 3 MeV are the preferable incident particles
from the point of view of y-ray background production.

Particular attention has therefore to be given to avoid any nuclear reaction with
the most abundant nuclides of the matrix, as °C and '°O for instance. As an example, the
observation of some PIXE spectra after the beam was shut off showed that the y-ray
background component decayed with a 10 min half-life and could therefore be attributed
to the positron emitter °’N, formed by the (p, ¥) reaction on “C. For this particular case,
the proton energy and the foil thickness should be chosen such as the proton energy
does not fall through 0.5 or 1.7 MeV while crossing the film in order to avoid enhanced
cross-sections for this nuclear reaction, since these particular energies correspond to two
resonance energies. In addition, it is highly recommended to avoid dealing with samples
or bulk materials with high concentrations of light elements such as aluminium, sodium
or especially fluorine since these elements are at the origin of significant y-ray
background [1.48]. For this reason, Kapton® or polyethylene support films are preferred
rather than Teflon® ones for instance.

These conclusions combined with the fact that, as we already mentioned before,
heavier projectiles do not originate improved signal-to-noise ratio despite the Zj

dependence of the X-ray production cross-sections are the main reasons why 1-2 MeV
protons are the best choice to perform PIXE analysis.
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As a result, , it seems clear from this discussion concerning radiation background
production that a rather adequate understanding of the main processes responsible for
the continuous background in PIXE has been achieved. However, since the background
contributions depend significantly on both the matrix composition and the incident
particle energy (which varies as the beam goes through the specimen), it is unlikely to
reach a simple and yet universal expression that may be used to describe the background
continuum in mathematical terms sufficiently simple to use in routine PIXE analysis. As
a result, in practice, the bremsstrahlung encountered in PIXE spectra is usually modelled

with exponential polynomials in energy.

1.2 EXPERIMENTAL SET-UPS

The ion beams required in PIXE analysis are almost always provided by an
accelerator. Because of the relatively low energy range usually requited of 1-4 MeV/amu,
small accelerators such as electrostatic ones (usually of the Van de Graff type) or small
cyclotrons (especially for high energy PIXE) are sufficient. The ion beam emerging from
the accelerator first passes through an analyzing magnet, which sorts out the ions of the
correct mass and velocity, and then travels through the accelerator tube where it is
normally focused by electrostatic or magnetic quadrupole lenses onto the specimen (the
cross-section of the beam has an approximately Gaussian intensity distribution).
However, when dealing with specimens that may have a non-uniform areal distribution, a
homogenized beam profile is obtained by forcing the beam to pass through a thin metal
foil where multiple small-angle scattering occurs. Useful visual inspection of the beam at
various points along the beam line may be accomplished by retractable quartz viewers
whose fluorescence can be observed by cameras. In addition, the use of several
retractable Faraday cups at critical points allows numerous useful beam current
measurements. The ion beams produced are then used to perform PIXE analysis in
several different ways.

1.2.1 MACRO-PIXE IN VACUUM

Concerning macro-PIXE realized in vacuum, which is probably the most
widespread variant of the PIXE experimental set-ups, the ion beam (typically 1-10 mm in
diameter) penetrates into a vacuum chamber that operates under moderately high
vacuum (10°-10° Torr) and where the irradiation of samples occurs. The main features
of such irradiation chamber include a multi-specimen disposal, both beam and X-ray
collimators, a Faraday cup where the beam is dumped, several exit windows to allocate
several radiation and/or patticle detectors and an absorber holder. A typical set-up of an
irradiation chamber is depicted in Figure 1.14.
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Figure 1.14 — Typical Ion beam monitor arrangement [1.49)].
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It seems important at this point to characterize with some detail each of these
elements. First of all, if the irradiation chamber is not connected to the beam line
directly, the beam ought to cross a window to penetrate into the vacuum chamber. Even
if metal foil windows provide greater longevity, their intense characteristic X-ray
emission, coupled sometimes with undesired y-ray emission via the (p,y) reaction,
forbids their use in this particular case. Instead, beryllium or polymer windows (such as
Kapton® or Mylar®) are preferred. Then, the beam passes through collimators in order to
guarantee that it impinges exclusively on the target sample. Again the material of theses
collimators is chosen in order to withstand bombardment over long periods and
simultaneously give rise to negligible amounts of both detectable X-rays and
undesired y-ray radiation background in the PIXE spectra. Although aluminium provides
low energy characteristic X-rays, it also originates an intense nuclear gamma-radiation
when stopping proton beams. Carbon (graphite foils) is the material of election for beam
collimation purposes. However, for the case of protons, it is preferable to use beam
energies below the 1.7 or 3.2 MeV thresholds because of the nuclear reactions that occur
with "?C and "C respectively. Also for these reasons, regions of the chamber or of the
beam line that are exposed to scattered photons should be lined with graphite foil,
including the Faraday cup where the beam is dumped.

A target holder defines the proper position of the sample during irradiation. A
typical PIXE chamber should be designed to have a target holder that enables the
allocation of several specimens simultaneously. The purpose of such disposal, which may
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range from a simple ladder holding a few specimens to an automatic device remotely
controlled, is to permit target changing (and hence consecutive PIXE analysis) while
maintaining vacuum. Besides, since several analyses may be performed consecutively,
each one giving rise to distinct PIXE spectra, many different absorbers are also required
simultaneously in the vacuum chamber. Hence, beyond the multi-target holder, a PIXE
irradiation chamber also usually provides a multi-absorber disposal that enables a useful
variety of absorbers to be placed in front of the detectors, as we will discuss in more
detail later in section I.2.6. Furthermore, this device may also be used to install
radioactive sources that may be necessary for calibration purposes.

In order to minimize the radiation background contribution to the PIXE spectra,
the X-ray detector should be placed at large angles with respect to the beam direction
(backward angles of 135° or more), as already referred in section 1.1.2.1, and only at a few
centimetres from the irradiated target in order to maximize the solid angle subtended.
Besides, this geometry has the great advantage of resulting in a sample-detector direction
almost perpendicular to the sample surface and so generally gives the smallest X-ray
absorption in the sample. This is of critical importance for analysis of low Z element.

In addition, it is useful in many applications to perform other complementary
IBA techniques. An irradiation chamber should therefore be designed so that it is
possible to incorporate other kind of detectors such as those of the surface barrier type
or HPGe detectors. While surface barrier detectors aim to detect charged particles
scattered from the target to perform RBS analysis, HPGe enables the detection of y-rays
resulting from nuclear reactions with the great advantage of maintaining almost constant
detection efficiency [1.50] well beyond the 25 keV photon energy, which is the energy
threshold from which the detection efficiency of Si(Li) detectors begins to decrease
significantly.

1.2.2 MICRO-PIXE IN VACUUM

There is sometimes interest, in cases where the material properties depend on the
spatial distribution and/or concentration of the component elements present in its
matrix, to determine not only the concentrations of these elements but also to obtain
spatial information from the specimen. In practice, micro-PIXE analyses are performed
just as macro-PIXE ones but with the difference that a scanning system to raster the
micro size beam over a sample is required.

Micro-PIXE (also known as nuclear microprobe) is similar to the EPMA
technique but, as discussed in section 1.1.2.2, heavy charged particle beams from nuclear
probe present the significant advantage over electron microprobe from the EPMA
technique  to  produce much less radiation  background, leading to
sensitivities 100-1000 times better (see further section I.5.1). However, ion beam
focusing is also much more difficult to accomplish with heavy charged particles than
with electrons. The beam focusing can easily be achieved through severe collimation
restrictions [1.51], but always at the expense of a drastic reduction of the beam intensity,

and/or either magnetically (the most widespread technique) or electrostatically [1.52]. As
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a result, while electron microprobe beams with diameters down to the 0.1-0.5 ym range

are commonly obtained, nuclear probes with diameters in the 1-50 um range already

represent quite an achievement. Naturally, micro-PIXE ought to be realized in vacuum

to forbid scattering of the beam by the gas. Otherwise, only moderately small beam

sizes (20-100 um) are feasible.

In addition, comparing to macro-PIXE, micro-PIXE involves a remotely

controlled data acquisition system to scan the nuclear microprobe over the sample

surface [1.53]. Usually such analysis is performed by registering the positional information

while acquiring the PIXE spectra event-by-event for each position and then, with off-line

sorting of data, by constructing a two dimensional picture of the sample for each trace

element. An illustration of the possibilities of such technique is presented in Figure 1.15.

Figure 1.15 — Elemental X-rays maps of the distribution of Ni (a), Cr (b), Mn (c) and St (d) in a 4X4 mm?
thin section of a coarse garnet obtained using the proton microprobe. Dark areas indicate high

concentration of the elements [1.54].
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1.2.3 NON-VACUUM MACRO-PIXE/EXTERNAL BEAM

Non-vacuum PIXE analysis (also known as external beam analysis) is necessary
when large objects are analysed (like in archaeology and art science), or with liquid and
biological materials. In this case, the beam normally exits the vacuum beam line via a thin
foil window (e.g. Mylar®, Kapton® or beryllium to ensure that it withstands high
intensities and a high irradiation dose before mechanical breakdown) towards the sample
that, together with the X-ray detection system, is situated in air, nitrogen or helium
environment. For this latter case, since some X-ray detector windows are not leak proof
to helium, the detector is usually separated from the chamber gas by an additional
window.

This alternative of the PIXE analysis presents simultaneously advantages and
disadvantages when compared to irradiations performed in vacuum. Among the
advantages one can point out the simplified sample preparation and handling and the fact
that the specimens are more effectively cooled at atmospheric pressure than in vacuum
due to the increase of the heat conductivity, avoiding thermal losses of volatile elements
or compounds [I.55]. At this point we should also notice that helium offers better heat
removal than air, which is valuable in the analysis of specimens that are easily damaged,
such as old documents. However, non-vacuum irradiations present intense X-ray
radiation produced in the foil, part of which scattered by the sample into the detector.
Moreover, a strong argon peak appears in the PIXE spectrum because the beam passes
through air. In fact, since the measurement of the beam current is more complicated in
the case of an external beam, the K X-ray peak of argon can be used to provide a useful
measurement of the integrated beam charge. However, such interference can be avoided
by using an helium atmosphere because the stopping power cross-section in helium is
about four times lower than in air. Another disadvantage of bombardment in air is the
danger of sample oxidation during irradiation.

A proof of the importance of such variant of the PIXE analysis is the fact that
nowadays renowned museums all over the world own at least one accelerator to perform
PIXE analysis of art objects on a daily basis [1.56],[1.57]. Indeed, PIXE analyses are
common practice when the analysis of old artwork is required without, of course,

damaging to the specimen [1.58].

1.2.4 BEAM CURRENT MEASUREMENT

The accurate measurement of the collected charge is not a simple task to
accomplish since several experimental difficulties may arise. There are two distinct
situations, namely the irradiation of thin or semi-thick samples (for which the beam ions
pass through the specimen) and the bombardment of thick targets (for which the beam is
totally stopped within the specimen).

For thin samples, including targets of intermediate thickness for which ions lose a
considerable part of their initial energy but still cross the whole specimen, the beam is
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usually dumped in a Faraday cup located in the beam trajectory behind the target. The
measurement of the integrated charge is carried out by connecting the Faraday cup to a
sensitive current integrator. Some considerations about the Faraday cup have also to be
made. One is to place a negatively biased ring, or grid, in front of the cup to avoid the
escape of secondary electrons from the cup, which results in an overestimate of
integrated charges. The ratio of secondary electron to incident beam intensity varies
markedly among the elements [1.59],[1.60]. On the other hand, in order to prevent the
detection of both y-ray background and characteristic X-rays resulting from the beam
interaction with the matrix of the Faraday cup, the use of long cup (eventually lined with
graphite foils, as we explained earlier) placed far from the X-ray detector is preferable.

For the case of the irradiation of thick samples, the measurement of the beam
current becomes a more complicated matter that requires an indirect approach for
insulating samples for which the measurement cannot be accomplished on the specimen
itself. A possible way to deal with this problem is to coat the surface of insulating
samples with a thin layer of conducting material to perform direct measurement of the
beam current [1.61]. Nevertheless, this method cannot be used for surface analysis.
Another method consists in using a conducting strip as a beam chopper which
periodically intercepts the beam.

In order to avoid these experimental difficulties, methods that do not rely on any
current measurement have also been developed. Among them, one possible method
consists in interposing a calibrated reference foil in the beam path. While the beam
passes un-deviated through the thin reference foil, a surface barrier detector measures the
intensity of the backscattered particles from the foil [1.49],[1.62]. This method is not
applicable with nuclear micro-probes because the scattering in the foil causes
unacceptable beam divergence. It is also possible to irradiate a reference standard before
bombarding the specimen of interest and then compare the intensity of the characteristic
X-rays lines [1.63]. However, this approach has the inconvenient that it is fundamental to
keep exactly the same irradiation conditions between runs to perform any quantitative
comparison, and this can represent experimental difficulties that originate larger
uncertainties. Another elegant approach consists in spiking the sample with a calibrated,
analysis non-disturbing, known amount of an element that serves as an analysis
non-disturbing internal reference. The amount (or concentration) of the trace-elements
of interest is then obtained by direct comparison between the intensity of their
characteristic X-ray line in the PIXE spectrum and the intensity of characteristic peak
originated by the internal reference [1.65].

1.2.5 TARGET PREPARATION

Although PIXE analyses can ideally be performed with any kind of specimen,
many considerations have to be dealt with depending on the sample to be analyzed. For
instance, the irradiation of liquids samples cannot be performed directly in vacuum
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without any target preparation because of obvious out-gassing during vacuum
pump-down.

Sample preparation differs extremely depending on the state of the sample. This
may vary from simple cleaning of the sample (to remove surface contamination),
polishing (to eliminate surface roughness effects), and powdering (to homogenize the
sample and to reduce the particle size), to some physical or chemical pre-concentration
or separation (this can also be simply drying the sample, for example).

In all cases, these preparation procedures aim to obtain a small but representative
quantity of specimen material on a substrate. The substrate (or support material) to be
used also requires a careful selection since it has to fulfil simultaneously many
requirements; namely to have high mechanical strength, good thermal conductivity, to
withstand high intensity irradiations, to be as thin as possible to minimize continuous
bremsstrahlung background, to be highly pure in order to minimize characteristic X-ray
background interferences, to be made of low Z-elements in order to minimize both
secondary electron and proton bremsstrahlungs and detectable characteristic X-rays.
Although all parameters cannot be optimized simultaneously, plastic foils such as
Formvar®, Kapton®, Mylar® and polystyrene have all been successfully used as thin
backing materials through the years. One has to point out that for biological tissues and
organic material the problems of sample preparation are often more severe.

The contamination issue is the most critical problem. Since a common PIXE
analysis aims to measure Ug/g levels of trace elements, which typically cotrespond to
absolute amounts of matter in the nanogram region or below, contamination control is
fundamental because there is no interest in having a powerful and highly sensitive
multi-elemental technique if impurities mask the results. Hence, one should exclusively
use acid-cleaned plastic and highly pure chemicals, acids and water during sampling and
sample preparations. On the other hand, continuous development on the fabrication of
ultrapure backing materials is therefore an important task. In addition, the use of a clean
bench with laminar flow during sample preparation is advisable.

On the other hand, the heating of the specimen is another issue of practical
importance. When the particles pass through the target, a large amount of energy is
deposited in a limited volume (a situation which is even worse in the case of thick targets
where the beam is totally stopped) and converted to heat. The consequent rise of the
temperature of the target, especially when dealing with material of poor heat
conductivity, can lead to the evaporation of some volatile compounds or elements of the
specimen, such as bromine, leading so to false results of trace elements concentrations.
This issue has been described by many workers of the field [1.12],[1.53]. On the basis of
extensive experience, Maenhaunt [I.11] suggests that the current density should not
exceed 5 nA/mm?” for vacuum irradiations of thin targets. Consequently, arrangements to
prevent heating of the sample are also needed (especially in micro-PIXE), such as
deflecting the beam periodically [1.66]. The beam deflection technique uses a pair of
electrostatic plates that are both maintained at equal potential voltage in order to let the
beam pass un-deflected between them in normal conditions while, when the X-ray
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detector registers an event, its preamplifier triggers fast-acting circuitry to remove the
voltage from one plate, establishing therefore an electric field between the plates which is
sufficient to deflect the beam off the collimator aperture and so off the specimen.
Besides, this eliminates the need of measuring the dead time due to signal processing
since, during this dead time, there is no beam interacting with the target to generate

X-rays.

Beyond heat induced damages, care with sample charging has also to be
considered. When the irradiated sample is an insulator, it becomes highly charged due to
the bombardment. Even if this effect does not lead to any electrical discharge resulting in
the specimen deterioration/destruction, it tresults in a huge amount of radiation
background in the PIXE spectrum that therefore worsens the sensitivity [1.67],[1.68]. As
we can observe in Figure 1.16, an easy way to avoid such deterioration is to make the
sample conducting. Another efficient technique consists in spraying the sample with

electrons during the irradiation, as it can be seen in Figure 1.17.
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Figure 1.16 — Spectra from an insulating air particulate sample before a) and after b) the surface was made

conducting thanks to aluminium tape [1.61].
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Figure 1.17 — Spectra obtained by irradiating of a granite sample with 2 MeV protons and with the low
energy X-rays absorbed in an Al absorber; a) when charging limited the proton beam to 3 nA b) with a
beam current of 50 nA, charging being eliminated by the use of a heated carbon filament in the sample

chamber [1.68].

1.2.6 X-RAY SPECTROMETRY

One can distinguish two kinds of X-ray spectrometry techniques, namely
energy-dispersive and wave-length dispersive techniques. Although wavelength dispersive
techniques present the best energy resolution (typically some tens of eV, i.e. almost an
order of magnitude better than energy dispersive techniques with solid state detectors)
allowing almost interference-free spectrum evaluation, they also have disadvantages such
as low efficiency, further post-irradiation scanning and low detectable area that result in
extremely long irradiations to perform a PIXE analysis with sufficient statistic. As a
result, despite giving rise to eventual interferences in the PIXE spectrum,
energy-dispersive detectors (mainly Si(Li) ones), are the most widespread X-ray detection
systems used in PIXE arrangements. In addition, their relatively large sensitive area
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(some tens of mm®) and high efficiency enables simultaneously convenient, efficient and
fast multi-elemental PIXE analyses.

Si(Li) detectors are provided with several different sensitive areas and different
detection performances. The simultaneous optimization of both characteristic is not
possible since improved energy resolutions exclude large detection and vice versa. As a
result, it is common practice to employ two Si(Li) detectors operating simultaneously.
While a smaller detector (typically 10-30 mm® active area) provides highest energy
resolutions for very low energy X-rays, a second detector is employed (with an absorber
filter to suppress the low-energy region of the spectrum) in order to be used exclusively
for the high-energy region with both large detectable areas (typically 50-80 mm® active
area) and high efficiency.

Besides, since usual Si(Li) detectors do not allow the detection of very low energy
X-rays with energy below 2-3 keV (typically potassium or calcium K-lines) because of its
Be window, the use of windowless detectors is required for the analysis of lighter
elements down to B or C [1.69]. However, the use of such detectors also demands extra
experimental arrangements to avoid the direct interaction of backscattered particles with
energy of a few MeV into the detector. This can be done by using permanent magnets
between the irradiated specimen and the windowless X-ray detector, but always at the
expense of a severe reduction of the detector solid angle. Alternatively, in less critical
cases, the use of X-ray detectors with an ultra-thin window combined with incident
particles of relatively low energy (less than 1 MeV), so that the backscattered ones are still
absorbed in the window, is another solution.

We must point out that the use of a gamma-ray detectors (of the Ge or Na(TI)
types) is often supplied to perform simultaneously Particle-Induced Gamma
Emission (PIGE) analysis since some light elements have high cross-sections for

production fo gamma-rays through nuclear reactions.

A feature which is characteristic of all energy-dispersive detectors (including
therefore Si(Li) solid-state detectors) is the fact that their pulse processing electronic
demands large time constants for optimum energy resolution (tens of us). This is of
great importance from an experimental point of view since it results in experimental
restrictions of great concern. Indeed, when dealing with relatively high counting rates,
this characteristic invariably causes spectral deterioration due to pile-up effects, ie. a
continuum to the right of a given characteristic peak (Figure 1.18), which might prevent
the detection of other characteristic X-rays from trace elements of interest. Moreover,
this pile-up effect can also be observed when an intense characteristic X-ray peak is
present in the PIXE spectrum because of the matrix composition (usually from low Z
elements). For this reason, the limited counting capability of energy-dispersive detectors
must be used wisely. In order to reduce the use of a significant part of the available
counting rate in detecting undesired X-ray counts, the spectral shape can advantageously
be modulated by placing absorbers in front of the detector.
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avoid simultaneously pile-up effects and damages of the specimen [1.70].

As it can be seen in Figure 1.1, PIXE spectra have a significant part of the X-ray
counts in the low-energy region, due to the radiation background contribution, although
this region is not of interest, in most of the cases. As a result, most of the detector
limited counting capability is wasted. A way to avoid this situation is to use an absorber
in front of the detector that significantly absorbs the electron bremsstrahlung
background and the characteristic X-rays up to the 3-5 keV energy range depending on
its thickness, while transmitting without any interference the characteristic X-rays of
higher energies, i.e. from heavier elements. Absorbers consist in thin foils (50-250 pm)
made of either light elements, such as beryllium, aluminium or organic materials as
Kapton® or Mylar®. Although the use of an absorber is unfortunately at the expense of a
significant reduction of detection sensitivity for a number of interesting trace elements
with low atomic number, this also permits stopping scattered particles. Another
advantage of such absorbers is to reduce the acquisition/irradiation time since higher
beam currents are then allowed without pile-up issues.

On the other hand, when an undesired interference consists in a specific X-ray
line from an element which is, for example, the main constituent of the backing material
(and whose contribution is not significantly reduced with a standard absorber because of
a greater X-ray energy), this can interfere with neighbours lines of elements of interest. In
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such cases, a “band-pass” absorber is usually used to attenuate selectively, and almost
exclusively, the contribution of this specific X-ray line in the spectrum. This latter
consists of a thin foil of a specific element whose K-edge absorption is close to the
unwanted characteristic X-ray energy. Then, the absorption is almost nil for all the
energies of the PIXE spectrum, except in the vicinity of that K-edge. For instance, a
chromium absorber suppresses the Fe K- line but still allows high transmission of X-rays
below and above that energy [1.71].

On the other hand, when low-energy X-ray lines (from low Z elements) are the
ones of interest neither usual nor “band-pass” absorbers can be used since they would
suppress the peaks entirely, along with the undesired continuum or provoke a significant
counting rate reduction since characteristic X-rays of neighbouring elements have quite
close energy values. A clever solution consists in using a “funny filter” which is a thin
absorber with a hole in its centre, so that only a fraction of the low-energy X-rays (i.c.
with a smaller solid angle) is allowed to reach the detector while the X-rays from heavier
trace elements pass unaffected by the interposition of the absorber due to their greater
energies. This enables to significantly reduce the number of both low energy X-rays and
low-energy bremsstrahlung background detected but still allow a sufficient number of
counts to be collected in a reasonable time, as illustrated in Figure 1.19. All of the X-rays
detected, and so the available counting capability of the X-ray detector, is therefore
equally balanced between the high- and low-energy regions of the X-ray spectrum.

Another way to emphasize regions of interest is to perform several irradiations
with different absorber thicknesses and/or pinhole diameters and eventually different
beam energies.
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Figure 1.19 — PIXE spectra for a bovine liver specimen with an incident beam of 2.4 MeV. Top spectrum
taken with a funny filter, a beam current of 10 nA and an integrated charge of 20 uC. Bottom spectrum

taken with a 660 pm Mylar® absorber, a beam current of 150 nA and an integrated charge of 200 uC [1.11].
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1.3 QUANTITATIVE ANALYSIS

As already explained earlier, the basis for a PIXE quantitative analysis is the
relationship between the net area of a characteristic K- or L- X-ray line from a particular
element in the PIXE spectrum and the amount of this element present in the sample.
Considering protons of initial energy E, as incident particles, for a homogeneously
distributed trace-element of atomic number 7, atomic mass .4,, and concentration C,
the elemental number of characteristic X-rays of its p-line, dY,,, originated along an
elemental path dx is then

dE
Sm(E)

¥z = Np ol (B) (C; ™2 p) dx = Ny 0,(E) (C,%2)

4, (Eq. 1.3)

where N, is the number of incident protons, N ;- Avogadro’s number, p the specimen
density, 0;(, 7 (E) the X-ray production cross section for the p-line of the element Z and

Su(E) the effective stopping power of the matrix (M) of the target, which is defined as
Su(E) = (1/p) (dE/dx).

By generalizing 6 and ¢ as the angles between the incident beam and the
specimen surface and between the specimen surface and the detector direction
respectively (Figure 1.20), it follows that the number of X-rays N, , of the p- (K-, L- or
M-) X-ray line in the PIXE spectrum due to an element of atomic number Z is related to

X-ray production cross-section 0;{ z(E) through the following relationship:

dE
Sm(E)

Ny 7

= Np % €p.z (CZ NA_AZV) f;;f Ttarget(E) aéz(E) (Eq. 1.4)
where F,is the final energy of the incident patticles, €, 7 is the detector efficiency for the
considered p-line of the element Z (which includes the window transmission, the
transmission of eventual absorbers which are especially used to filter low energy X-ray
and the eventual loss of primary electrons for low X-ray energy to the detector window),
£1/4m is the solid angle subtended by the detector and T, (E) is the X-ray transmission
though the sample itself (i.e. this coefficient takes into account the target X-ray

self-absorption). T,....(E) is defined as (Figure 1.20)

_ upmsing Ef dE
Trargee (E) = exp (- pperoalll ) (Eq. L5)

with [, i as the linear absorption coefficient for the p-line in the matrix (M).

Alternatively, as explained in [1.5],[1.0], for the case of a thick target in which the

ions are totally stopped, N, , can also be expressed as

N

pz =N

sin 0
0] N X —u=—-(xo—x)
p 7 €p.z (CZ —::) pl° e TSm0 X (E(x)) dx (Eq. 1.6)

0
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where x; is the range of the impinging ions of initial energy E,.
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Figure 1.20 — Geometric representation of an ion beam impinging on a target.

1.3.1 'THIN SPECIMENS

For the case of a thin target with thickness 7, for which self-absportion of X-rays
no longer exists (i.e. T,.,.(E) equals unity in Equation 1.4), the ions are almost not
slowed down and their energy E, is therefore constant within good approximation.

Hence, the X-ray production cross-section 0;(, z(E) no longer varies along the sample,

being equal to 0;{ z(Ep), and N, , is then given by:

Moz = Ny 0z (B0 (37) ez (Coqas) (555) (4 17

While 2/47 is determined by the geometry of the experimental set-up, N, is
experimentally obtained from the integrated charge in the Faraday cup, 0, (N,=0,/qe
where ¢ is the charge of an electron and ¢ the charge of the ions of the beam).
Concerning the efficiency ¢,, of the detector, although this is usually provided by the
manufacturer its accuracy might be insufficient and it is therefore advisable to calibrate
the detector, especially in the low-energy X-ray region [1.72].

We can conclude from the above discussion that all the quantities in
Equation 1.7, except C, and N, ,, are either known or can be determined experimentally
and independently. This is the reason why PIXE is an absolute method.

Moreover, the knowledge of the specimen mass thickness 7 is required to express
the results of an analysis in terms of either concentrations or absolute amount of matter.
If the determination of T represents some experimental difficulty [1.73], this latter can be
overcame by the use of an internal standard of known amount in the specimen
[1.63]-[1.65]. This is realized by doping the sample with this standard prior to the
specimen preparation. Then, quantitative calculations involve dividing Equation 1.7 for
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the trace element considered by the same equation for the internal standard so that the
specimen thickness T/sin 6 cancels out. As mentioned eatlier in section 1.2.4, another
advantage of spiking the target is to avoid the measurement of the beam integrated
charge since the number of incident particles N, also cancels out. Alternatively, another
possibility consists in bombarding a standard sample of known composition and
thickness under the same conditions as the sample to be analysed. Then, the elemental
abundances in the unknown specimen are determined by comparing the peaks heights in
the two spectra obtained.

1.3.2 'THICK SPECIMENS

The considerations of the previous section rely on the assumption that the X-ray
production cross-section 0;(, 7(E) is constant, i.e. that the energy of the beam particles
remains almost equal to E, while passing through the target. However, this is no longer
true when incident particles are slowed down, i.e. when dealing with target of substantial
thickness, since these cross-sections depend significantly on the particle energy E. By
targets of considerable thickness, we mean targets for which the incident particles are
considerably slowed down and lose a significant fraction of their initial energy E, while,
on the other hand, thick targets are defined as the ones with thickness larger than the
range of the incident particles.

In such case, Equation 1.4 must be used to carried out a quantitative analysis and
the knowledge of additional parameters is then required when compared to the case of
thin targets. These parameters are the energy loss E-E, (determined either indirectly
through the knowledge of the specimen thickness or by some experimental
determination), the stopping power of the projectile in the matrix (M) and the mass
absorption coefficients for the self-absorption of the X-rays. These latter might originate
difficulties since their determination depends of the knowledge of the composition of the
sample.

1.3.3 SPECTRUM ANALYSIS

Either considering thin or thick targets, any quantitative analysis of an element of
interest requires the determination of the number of counts N, , in each p- (K-, L- or M-)
X-ray lines in the PIXE spectrum. Such determination consists in identifying all the
peaks arising from the radiation background in a PIXE spectrum, determining their
energies, and then extracting the required peak intensities. The intensity of a peak can be
determined manually by estimating and subtracting the background but this is obviously
an impossible task to realize when dealing with spectra containing several peaks.
Consequently, computer programs are invariably used. These programs make use of the
least-square method to fit the radiation background with polynomial or exponential
polynomial functions upon which gaussian functions are used to model the arising
characteristic X-ray peaks.
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On the other hand, instead of using only such a purely analytical tool, other fits
have been developed by using the physics involved in the X-ray generation and detection
for the explanation of the PIXE spectra, originating this way a functional model that
depends on several parameters [1.74]. This approach improves the fit to the radiation
background by considering its expected shape due to the fact that it is composed by
bremsstrahlung emitted from secondary electrons in the low-energy part of the spectrum
and projectile bremsstrahlung and Compton scattering processes for higher energies.
Then, the gaussians superimposed on this generated background, not only fit the peaks
in the spectrum but also present a width that depends on the energy of the X-ray line
considered because of the energy resolution of the X-ray detector. Besides, several peaks
are also considered to have fixed ratio intensities in order to take into account the fact
that a given element gives rise to some characteristic peaks with fixed relative intensities.

In the earlier years of PIXE, these computer programs were actually adapted
from codes generated for y-ray spectroscopy and enabled spectrum evaluation including
up to six peaks. Nowadays, software packages such as GUPIX [1.75] not only identify
and fit to gaussian the peaks beyond the radiation background but also directly calculate
the amount and/or concentration of each trace element present in the sample, by making
use of the amassed knowledge of the X-ray production cross-sections for different
incident particles and at different energies, solid angles effects, X-ray transmission

corrections and calibrated detection efficiencies.

Nevertheless, despite the quality of the software packages, peak interferences are
still unavoidable, mainly due to the limited resolving power of the X-ray detectors
available. Spectra with only few well distinguished peaks are scarce. Indeed, in most of
the practical cases, a multitude of trace and minor component elements compose the
specimen analysed, with each of these giving rise to more than one characteristic line
because of the K-, L- and M- shell transitions (the X-ray production cross-sections are
larger for M- lines than for L-lines, which are themselves larger than for K-lines). K-lines
are usually provided by the lighter elements while L- and M- ones result from the
interaction of the beam with heavier elements. In addition, the K-, L- and M- X-ray lines
are themselves subdivided to give peaks corresponding to Kg, Kg, Lg, Lg, Ly, etc... As a
result, it seems unlikely that neither overlapping nor interfering occurs in typical PIXE
spectra. One can distinguish several kind of interference issues encountered, namely the
overlapping of the K, of an element Z and Kg of the element Z-1 for X-ray energies
below approximately 8-10 keV (beyond such energies the energy differences allow the
detector to separate these interfering lines) or else interferences between the L- X-ray
lines of medium atomic number elements and the K- X-ray lines of low Z elements.
Illustrating issues encountered in practice are, for instance, the ambiguity between the
K, X-ray of sulphur (2.308 keV) and the My, line of lead (2.346 keV) or the coincidence
between Lg peak of cadmium (3.317 keV) and the K, of potassium (3.314 keV).

This complicated task of interpreting the recorded spectrum is a typical issue in
PIXE analysis that cannot be minimized. Hence, an initial idea of the major constituents

making up the specimen may be valuable to avoid such ambiguities.
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1.4 APPLICATIONS OF PIXE ANALYSIS

A demonstration of the potential of PIXE as a multi-elemental analysis tool lies in
the remarkable wide range of applications in which this technique has been applied
through the years, giving rise to a vast number of publications and dedicated
conferences. Among these areas of interest we must point out:

v" Biological and medical samples

v Environmental specimens

v Art and archaeology

V" Analysis of materials

The usefulness of PIXE in such distinct and numerous areas is mainly due to the

fact that the samples to be irradiated can be provided, almost restriction free, in many
ways (which is an advantage of great importance because of the natural severe practical
limitations in most of the cases), namely either thick or thin; they can come in a variety of
shapes and sizes; can be precious or without material value and may take the form of a
solid, liquid or gas. On the other hand, the non-destructive nature of the technique
combined to the minimal beam induced effects on the specimen itself are other valuable
advantages over more classical physical and chemical methods.

One of the most important applications of PIXE is the analysis of biomedical
samples. PIXE is useful for analytical purposes in areas such in physiology and pathology
because in some cases there is a relationship between trace elements levels in biological
samples and diseases such as cancer formation, brain pathologies or pulmonary
disorders. Indeed, trace elements are fundamental in biological systems and the
deficiency or overabundance of such trace elements is known to be associated with
several diseases. Such investigations are wusually accomplished by performing
multi-elemental analyses in several biological specimens such as hair, skin, brain, urine,
bones, teeth, nails, blood and saliva; in both normal and disease states to enable
comparisons. These analyses are focussed in the detection of either “essential” minor or
trace elements (such as K, Ca, Mn, Fe, Cu, Zn or Se) or “toxic” trace elements (like Cd
and Pb) resultant from pollutants from modern industry. For instance, cadmium
concentrations in kidneys might reflect the status of a specific disease under study while
copper, zinc and iron concentrations are fundamental in blood and liver tissues,
scandium and chromium in marrow specimens and fluorine in teeth samples. When
dealing with body fluids and single cells, it is also the ratio between two specific trace
elements of interest that can be used as an index of some pathological states.

Another area that represents a significant portion of the PIXE applications is the
analysis of environmental samples such as water pollutants, air particles, aerosols, soil
and botanical materials (leaves, algae, enzymes and proteins) due to the increasing
concern of governments and international agencies in the gradual erosion of the quality
of the environment by industrial, man-made and natural pollutants. For instance, an
extensive network of aerosol monitoring stations has been developed since the first years
of the PIXE technique in order to investigate the harmful effects of the retention of air
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pollution in the human respiratory system. Such air pollution analyses are requested
indoors (i.e. in hazardous working environments such as found in mining industry, paint
spray shops, welding operations or cement works) and outdoors near specific pollution
sources or urban pollution of large cities (mainly because of the inhalation of automotive
emissions). Besides, the analyses of environmental samples might have totally different
purposes. For instance, trace element concentrations in ground water are used as an
indicator of ore prospecting while the analysis of oil when oil pollution occurs serves as a
“fingerprint” to identify the origin of this pollution. Such samples are typically collected
by deposition of the trace-elements onto thin foils of light elements thanks to devices
such as streakers, cascade impactors or stacked filter units.

The non-destructive feature of PIXE is very convenient for analysis of priceless,
old and unique archaeological and art objects (such as handwriting papyrus or oil
paintings) that cannot obviously suffer any kind of damage despite being in most cases
very sensitive to heat or radiation (as the Gutenberg Bible and the Vinland map for
instance). Such analyses are performed for authenticity, provenance, deterioration and
conservation purposes. In many cases these analyses are performed in either large objects
and/or very small samples of extremely fragile specimens that cannot bear any target
preparation and therefore external beam arrangements are required, which additionally
have the advantage of providing improved heat dissipation. For instance, PIXE analysis
has revealed population movements and trade routes by allowing the analysis of
hundreds of antique objects.

Finally, the last application field that we point out here is the analysis of materials.
This latter varies from the analysis of forensic and geological specimens, to metal
analysis, and to surface analysis of materials. Indeed, PIXE analyses are performed in
geological specimens as a way to study phenomena such as climatic changes or corrosion
and erosion through the variations of the trace-elements concentrations with depth in
either the earth crust or sea water sediments. Besides, PIXE is used to detect the
presence of impurities in the surface of samples of technological and industrial interest
such as electronic components and metallic oxide layers. The latter application is also
used to provide elemental distributions of bulk impurities in integrated electronic devices
or solid-state based materials in order to diagnose errors in the manufacturing process.
The nuclear microprobe is also useful to investigate the spatial distribution of the
elements present in a sample, especially in cases where the properties of a material
depend on it.

Considering the diversity of all the application fields of PIXE, and the still
growing interest in using small accelerators and dedicated ion beam facilities, it seems
likely that PIXE and other IBA techniques will be increasingly applied analytical tools in
the future.

Although the PIXE technique has valuable characteristics that represent practical
advantages of great importance, as mentioned before, it is also true that the spectral
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interferences combined to complicated analytical corrections represent an important
inconvenience in the use of this technique. As a result, it may be useful to make use of
another advantage of the PIXE technique, which is the fact that it can be used
simultaneously and in-situ with other IBA techniques, such as elastic scattering
spectrometry (usually with Rutherford Backscattering Spectrometry - RBS) [1.10] or
Nuclear Reaction Analysis (RNA) (mainly Particle Induced Gamma-ray
Emission - PIGE) [1.77]. Elastic scattering spectrometry techniques involve the detection
of either the elastically scattered incident particles or the elastically recoiled target nuclei.
On the other hand, RNA techniques are based on nuclear reactions of interest between
the impinging particles and the target nuclei and are implemented by detecting the
resulting y-radiation, usually with a germanium detector.

The RBS technique, which is appropriate only for light elements analysis (up to
silicon or phosphorus), has the advantage over PIXE of distinguishing the isotopes of
elements of very low atomic number Z (from chlorine down to boron), as illustrated in
Figure 1.21, and to provide additionally depth profile information; but at the expense of
much more energetic particles to obtain suitable particle deviations (typically about
20 MeV). On the contrary, PIXE enables to resolve identification ambiguities that are
always present in the RBS technique because of the depth dependent energy of the
scattered particles. Additionally, PIGE is fundamental for analysis of very low Z
elements (from potassium down to lithium) with good sensitivity (typically 10-100 ug/g)
by detecting the y-radiation emitted from (p, ¥) nuclear reactions, such as "F(p, p" y)"’F
or "F(p, ay)'°O [1.78]. This technique has however the inconveniences of being suitable
only for low Z elements (for incident particles with energies up to a few MeV) and of
having the need of several distinct impinging particle energies to perform multi-elemental
analysis, since the nuclear reactions involved are of the resonant type.
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Figure 1.21 — Proton scattering (uppetr) and PIXE (lower) spectra obtained for air particulate sample

deposited upon a polystyrene film [1.10].

1.5 SENSITIVITY AND ACCURACY OF THE PIXE TECHNIQUE

1.5.1 DETECTION LIMIT (SENSITIVITY)

One of the main advantages of PIXE as a trace element analytical technique is its
high sensitivity. For instance, even in PIXE early years, it was shown that 4X10"" g of Ti
deposited on a thin carbon backing could easily be detected [I.8]. Since, for this particular
context, the main goal is to detect trace elements in a certain matrix, the sensitivity is
therefore defined as minimum detectable amount of matter (in grams or grams per
centimetre squared) or the minimum detectable concentration of an element (in Parts Per
Million, ppm). As explained earlier, besides the desired characteristic X-ray lines, the
PIXE spectrum also inevitably records a continuous bremsstrahlung background whose
presence then sets a limit to the sensitivity. As a result, the sensitivity corresponds to the
minimum detectable concentrations of trace elements originating a characteristic X-ray
line that is distinguishable above the background in a statistically significant way.
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Even if several definitions were proposed in the early years of PIXE for the limit
of detection, it is now generally assumed that the minimum detection limit (MDL) for a
given trace element corresponds to the amount (or concentration) of that element that
gives rise to characteristic X-ray peak area in which the number of counts in this peak N,
satisfies the following relation:

Ny = 3/N, (Eq. 1.8)

where N, is the number of counts in the background under the peak in an interval having
a width equal to the Full Width at Half-Maximum (FWHM) of the peak.

Knowing the cross-sections for both X-ray production and continuum radiation
background generation, one can calculate the amount of a certain trace element needed
to satisfy Equation 1.8, i.e. the sensitivity. Such calculations [1.47],[1.79] show that the

sensitivity depends on the experimental conditions and that it scales as \/AE / (j 2T ),

where AE is the detector energy resolution, ; the collected charge, £ the solid angle
subtended by the X-ray detector and T the target thickness. As a result, one has to
improve these specific parameters to improve the sensitivity. While AE and £ are
parameters that can scarcely be changed due to practical considerations and are of no
importance for this discussion, much more flexibility is provided by the collected charge ;
and the target thickness 7. Concerning the collected charge, this can be increased either
by a longer irradiation time or by an increase in the beam current. However, running
longer irradiations has practical limitations while, on the other hand, a significant increase
in the beam current can lead to disastrous consequences as already explained in
section 1.2.5. On the other hand, the target thickness should be as large as possible, but
however within certain limitations. Indeed, besides the fact that moderate target
thicknesses are recommended to avoid excessive heating and deterioration of the target,
it is on the contrary advisable to have specimens thin enough to hold the thin-specimen
criterion so that the slowing-down of the ions and the absorption of the resulting X-rays
can both be neglected.

We should also note that in external beam or non-vacuum PIXE (in air or in
helium or nitrogen atmosphere) poorer sensitivity is inevitably expected due to an
increased background contribution that results from both the interaction of the beam
with the exit window material and within the air or chamber gas and the substantial
attenuation of soft X-rays by the same gases.

Although a qualitative understanding of the behaviour of the sensitivity with
experimental parameters is therefore known, it is unlikely to calculate quantitatively the
sensitivity since it is impossible to have an exact estimation of the radiation background
yield. Indeed, since the background depends on both the composition of the matrix of
the sample and the geometry of the set-up, it is impossible to have a general, simple
expression for this cross-section. However, since in most cases of practical interest the
matrix and/or the backing material are composed of carbon or organic material,
Johansson and Johansson [I.12] and Folkmann ez a/ [1.47] both approximate the
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background matrix to pure carbon to simplify the calculation of the radiation background
cross-sections. The results of their calculations are presented in Figures 1.22, 1.23
and 1.24.
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Figure 1.22 — Theoretical minimum detectable concentration as a function of the atomic number Z of the

sample and the energy of the bombarding protons, E, [1.12].
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Figure 1.23 — Theoretical minimum detectable concentration as a function of the atomic number Z for

proton energies E, of 1 and 3 MeV [L1.12].
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While the work of Folkmann e# a/. (Figure 1.24) shows that protons are the best
choice for impinging particles over the whole periodic table from the sensitivity point of
view, Johansson and Johansson have chosen arbitrarily typical values (even if quite
conservative ones) of all the experimental parameters to illustrate the effect of beam
energy on the sensitivity with atomic number of the target element, Z;. Figure 1.23 shows
that all the sensitivity curves, each one corresponding to different proton energies, have a
minimum (maximum sensitivity). While the sensitivity for the light elements decreases
mainly because of the significant reduction of the fluorescence yield and to the increase
in secondary electron bremsstrahlung at low photon energies, the decrease in sensitivity
for heavier elements is due to the significant decrease of the X-ray production
cross-sections while the background is relatively constant. Interesting is the fact that the
maximum sensitivity is achieved for Z=20-30 which is the region of greatest interest in
most cases. Therefore, the most appropriate proton energy is about 2 MeV (Figure 1.22).

For heavier elements (Z>40), better sensitivity can be achieved by using more
likely L- X-rays for analysis rather than K- X-rays. Consequently, by using either K- or L-
X-rays a minimum detectable concentration which only varies by about an order of
magnitude (~10°) over practically the whole periodic table (elements with Z between 15
and 90) is obtained (Figure 1.22). This smooth variation in sensitivity is a very important
attribute that distinguishes PIXE as powerful analytical multi-elemental technique.
Nevertheless, one should be aware at this point that XRF is a much more practical and

less expensive technique when high sensitivity is not required.
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Another important characteristic is the fact that the position of maximum
sensitivity depends on the energy of the incident protons. This is of great importance
from an experimental point of view, since it means that the incident particles energy may
be chosen in order to provide maximum sensitivity for a specific Z region.

Although sensitivity is usually defined as the minimum detectable concentration,
it can also be expressed in terms of absolute minimum detectable amount of a given trace
element in the sample material irradiated by the incident beam. For instance, with typical
values of thickness and impinged area of 10™* g/cm™® and 1 cm? respectively, 2 minimum
detectable concentration of 1 ppm corresponds to 10" g, but minimal amounts down
to 510" g are theoretically detectable with improved conditions (particularly for high
density beams, as it occurs in micro-PIXE) [1.12]. However, we must repeat at this point
that the high sensitivity of PIXE has no interest if some trace elements in the material to

be analysed are masked by impurities.

1.5.2 ACCURACY

Another characteristic of great importance that has to be taken into account in
such analytical multi-elemental analysis is its accuracy. This feature mirrors all the cares
taken in all the stages of an analysis, from specimen preparation to data analysis. For
instance, issues such as target contamination or possible heat-induced losses during
PIXE bombardment (S, Ag, Se and Hg especially) of some elements can result in severe
discrepancies in the analysis, as we already mentioned.

Again, there are different ways to define the accuracy of a technique. This can be
seen either in terms of repeatability, hence the ability to reproduce successively the same
results, or on the other hand in terms of reproducibility, i.e. the aptitude to obtain the
same results using totally different experimental conditions. Other ways to define the
accuracy of a PIXE procedure consist in analysing certified reference materials [1.80] or

in comparing the PIXE results with the ones of other analytical techniques [1.81].

In order to estimate the repeatability of an entire PIXE analytical procedure it is
necessary to perform an extensive amount of irradiations of specimens from the same
material and then calculate the standard deviation from the spread in the results obtained.
This standard deviation should equal the one expected from counting statistic alone
when working under optimum conditions but, however, many studies demonstrate that
typical experimental standard deviations are slightly worse but still acceptable [1.63].

On the other hand, inter-laboratory comparison exercises [1.82] were also carried
out throughout the years to compare analysis results from totally different experimental
set-ups. This presents an advantage over the previous evaluation of accuracy since it
takes into account eventual differences resulting from others parameters that can vary
between experimental arrangements, such as spectra fitting programs [1.83] or detector
efficiency calibrations. The results of these measurements indicate that trace element

analysis quantification varies within a maximum of 10 % [1.82].
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1.6  MOTIVATION OF THE WORK

All these conclusions regarding the sensitivity and the accuracy of the PIXE
technique are satisfactory from an experimental point of view. Nevertheless, we still have
not mentioned what may be considered as the Achilles” heel of the PIXE analytical
technique: even working in ideal experimental conditions, any quantitative measurement
relies on the knowledge of one fundamental parameter whose accuracy cannot be
evaluated by some comparison exercise, which is the X-ray production cross-section.
Although its accuracy is essential to perform accurate trace element quantifications,
available X-ray production cross-sections present typical uncertainties of about 10-20%,
which is by far too much. This situation is actually the best scenario, since in some cases
the cross-sections needed have not been experimentally determined yet and the values
used to perform quantitative analysis are estimations from theoretical calculations, giving
rise to even less accurate analytical results.

It seems clear from the above discussion about PIXE accuracy that the data in
the literature is either not enough, or even worse, unavailable. Consequently, much work
remains to be done in the field to improve the precision and accuracy of PIXE analyses,
namely providing and experimentally obtained and accurate X-ray production

cross-sections, as pointed out recently by Lapicki [1.84].

In this line of thought, and making use of the recently assembled, although not
completed, particle accelerator [1.85] at the Atomic and Nuclear Instrumentation Group
(Grupo de Instrumentagiao Atomica e Nuclear — GIAN) in Coimbra, we decided to carry
out the following research work, whose main purpose was the determination of X-ray
production cross-sections for low-energy light-ions impinging in light elements since
there is an evident lack of these values in the literature [1.84]. Indeed, despite their
usefulness, particularly for surface analyses where the bombarding particles must have
less than 1 MeV, the determination of such X-ray production cross-sections has scarcely
been considered throughout the years. We believe this is due to the additional
experimental difficulties brought by the use of incident particles with lower energies, i.e.
by the consequently reduced X-ray production cross-sections involved when compared
to the ones obtained with impinging particles in the 1-4 MeV energy range. Besides, we
also decided to focus our interest in target elements of low atomic number Z;, for which
the lack of data in the literature is even more evident. The lack of accurate data may also
be explained by the additional difficulties encountered in the detection of the resultant
low energy characteristic X-rays (i.e. below 2 keV) since these X-ray energies are near, or
even below, the detectable energy threshold of semiconductor based X-ray detectors
usually used with this technique.

In order to carry out successfully such investigation, we developped an entire
PIXE experimental set-up based on the referred particle accelerator. Besides, it was
fundamental to overcome several experimental difficulties; namely the detection of
low-energy X-rays (below 2 keV) with improved detection efficiency, which is necessary
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due to the small cross-sections involved. Consequently, conventional Si(Li) detectors do
not seem to be the most suitable choice for this particular application, and so alternative
X-ray detectors must be used. Since gaseous detectors offer simultaneously large
sensitive areas and relatively large detection efficiency for low energy X-rays down to the
carbon or K-line (277 V), this was our choice to perform the work that is presented
here.
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— CHAPTER II —

THE PARTICLE ACCELERATOR

This Chapter aims at describing the experimental arrangement we built up to
perform our PIXE studies. At the time that my colleague A. Trindade finished his work
on the particle accelerator we wused [IL.1], the experimental set-up (illustrated
in Figure IL.1) that we further improved and converted into a PIXE set-up was at an
early stage. At that time, it allowed to obtain proton beam currents up to only a few nA
in the reaction chamber. Moreover, no high voltage HI” was applied to the accelerating
tube, and therefore the maximum energy of the impinging protons was limited by the
voltages of the ion source (up to 5keV per elementary charge). The ion source was
already fully incorporated into the developed particle accelerator and the polarizing high
voltages were supplied by an electronic module with fluctuating ground potential [IL.1].
The batteries installed (shown in Figure II.1) supplied the power to this electronic
module.

Prior to reporting the improvements made to this particle accelerator, we must
describe briefly the experimental set-up referred. This description can be simplified by
distinguishing 3 main parts (for a detailed description see [11.1]); namely the 707 source, the
accelerating tube and the reaction chamber (Figure 11.1).
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Figure 11.1 — Photogtraph of the particle accelerator built at GIAN by A. Trindade [II.1].

The ion source (model 1G20 from HIDEN) consists in a vacuum vessel where a
gas is inserted and ionized, and whose resultant ions are successively extracted and
focused. The gas is inserted into the cage inside the ion source through a very precise
needle valve in order to control the incoming gas flux since pressures higher
than 10” Torr are not allowed inside the ion source. As shown in Figure 11.2, this cage is
biased at a potential [’y higher than the ion source fluctuating ground potential HI”, so
that electrons are accelerated in its direction and ionize the gas molecules that are inside.
These electrons are released, through thermionic effect, from the surface of a filament
heated by Joule’s effect due to the flow of a current I.. The resulting positive ions inside
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the cage are then extracted out of the ion source cage because the potential [, of the
extractor is lower than the cage voltage ;. Furthermore, at the output of the extractor
are 3 electrodes with voltages successively equal to 0V, ".and 0V (with 1. lower
than 17,)), defining an Einzel lens used to focus the emerging ion beam. The
voltages I/, 17, 17, and the filament current I are supplied by a homemade electronic
module with fluctuating ground potential that 1is fed by rechargeable
batteries (Figure II.1). The emerging ion beam leaves therefore the ion source focussed
and the ions have energy equal to g1y where ¢ is the ion charge.

The accelerating tube isolates electrically the ion source from the reaction chamber
and accelerates the ions. It consists of 6 metallic rings alternatively mounted
onto 5 insulating glass rings. The metallic rings are connected in series by resistors of
high ohmic value (165 MQ each), defining an equal voltage drop from ring to ring. The
high voltage H1” used to accelerate the ions during their drift along the accelerating tube
is applied to the upper ring which is in electrical contact with the ion source while the
lower ring is connected to the reaction chamber and therefore at ground potential. The
high voltage H1” is consequently the electric potential of reference for the ion source.
Since the ions emerge from the source with a maximum energy of 5 keV, the high
voltage HI” applied to the accelerator (up to 50 kV) defines the energy of the ions when
these come out into the reaction chamber.

The reaction chamber consists of a cylindrical vacuum vessel which is connected to
the accelerating tube through its upper face. As it can be seen in Figure II.1, it has several
vacuum sealed flanges in its lateral surface which allow connecting various radiation
detectors and all kinds of equipment needed. The larger of these flanges is used to
connect the overall particle accelerator to a vacuum system that uses a turbo-molecular
vacuum pump to reach a residual vacuum in the reaction chamber in the 107 Torr range.
Besides, the bottom circular flange is used to insert the sample holder.

Gas =
e

/ Macor

Stainless steel (H1)

Filament

[ AL -
) f
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—
e
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{
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—— — — .
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Figure I1.2 — Schematic of the ion source.
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We have to refer at this point that our colleague A. Trindade still performed
important improvements on the experimental arrangement beyond the work described
in [II.1], namely the inclusion of an insulating vacuum tube connected to the ion source
in order to keep the gas insertion system at ground potential while having the accelerator
biased at high voltages (shown in Figures 11.3, I1.4 and II.5), the replacement of the high
voltage power supply used to bias the source cage (Iy) with a more powerful one and the
construction of a second electronic unit (also with fluctuating ground potential),
described in more detail later on, to polarize the ion selecting device built by us. We have
to point out that the replacement of the high voltage power supply of the source cage
was fundamental since the limited power delivered by the previous module (1 W) was
limiting the maximum value of the filament current I to 1.75 A, which was far away
from the maximum value of 4.5 A indicated by the manufacturer. Although we are now
still far from making full use of the capabilities of this ion source since the new power
supply installed (model H50P from EMCO with a power of 15 W) only enables to reach
a new improved maximum current filament of 2.20 A, this slight increase in ;. leads to a
massive improvement in the ion beam current of a factor of about 1000, as we will see in
more detail further in section II.1.

However, many improvements still had to be implemented in order to use this
experimental set-up to perform PIXE analysis, namely:

V' Safety: First of all, from the moment that high voltages could be applied to the
accelerating tube the top priority was to ensure that the system did not present
any danger to the people working with it.

v’ lon selecting device: The ion source naturally originates many different ions for each
gas ionized inside it (H", HH"... for the case of H,) and all these different ions
are extracted, accelerated due to their positive charge and reach the Faraday cup
placed in the reaction chamber. Since the cross-sections of the interaction
processes differ with the type of ions concerned, the insertion of an ion selecting
device is essential.

V' Beam characterization: Prior to any target irradiation, it is also fundamental to fully
characterize the dimensions and the profile of the beam, as well as the influence
of each parameter on it (HI/, I, 1/, 17...).

v’ Reaction chamber components: Both beam and X-ray collimators, a Faraday cup with a
secondary electron suppressor, a movable target holder had to be projected and
installed since these were not implemented in the reaction chamber yet. Besides,
the installation of the developed X-ray detector (shown in Figures 11.3 and 11.4)
to the existing reaction chamber was also necessary.

Concerning the improvements in the security of the experimental set-up, the idea
was to make impossible any kind of hazardous electrical discharge to the worker while
still having access to the potentiometers used to control the different voltages of the ion
source. As it can be seen in Figure II.1, eight supports were placed at the top of the
reaction chamber. These were used to support a metallic cage for the protection from the
high voltage HI” used to bias the top of the accelerating tube, as shown in Figure I1.3.
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This metallic cage was designed and built by us and is connected to ground potential,
avoiding direct contact with the high voltages. Figures I1.4 and II.5 show the cage
attachment that follows the insulator pipe that connects the ion source (at high voltage)
to the gas insertion system (at ground potential). However, since external access to both
the electronic modules and to the needle valve that controls the gas flow in the ion
source is indispensable, it was also necessary to create insulated accesses to control each
potentiometer of the electronic modules, as well as to the needle valve. This was
accomplished by using insulating plastic rods (Figures 11.6 and IL.7) so that each
potentiometer and the precision needle valve could be controlled from the outside of the
cage. In the meantime, the displays of the electronic modules that indicate the voltage
values could still be seen from outside the cage.

Figure 11.3 — Photograph of particle accelerator with the surrounding protecting metallic cage.
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Figure 11.4 — Another view of the protecting metallic cage sutrounding the particle accelerator.

— Photograph of the extension of the cage that follows the insulating vacuum tube until the gas

Figure I1.5

insertion system.
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y

Figure 11.6 — Photograph of both electronic modules with the plastic rods used to control the diffrent
voltages from the outside of the cage.

Figure I11.7 — Photoaph of the plastic rods used to control the potentiometers of the electronic modules
from outside of the cage.
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II.1 BEAM CHARACTERIZATION

Since no ionic current had been measured before with high voltage HI” applied
to the accelerating tube and with the recently improved electronic module, we decided to

first evaluate the total ionic current [,, achievable in the reaction chamber without any

collimation restriction before performing any other study. Although all the pieces we
projected for the ion selecting device were already built and installed between the ion
source and the accelerating tube, this latter was not working yet at this time. Figure I1.8
presents the behaviour of [, with the pressure of hydrogen P;, and for several values

won

of HI”. This latter shows that P, is of great influence on the current I,, measured since
an increase by a factor of 10 of the pressure leads to currents about 10 times larger.
Besides, Figure I1.8 also shows that the high voltage H1” applied to the accelerating tube
also is of great influence in [, since the current obtained by applying 30 kV in the

accelerating tube is higher than the one without any acceleration voltage by a factor of
almost 10. We also concluded from Figure I1.8, by comparing the curves of I, for the
two distinct filament currents I of 1.75 and 2.20 A (which are the maximum filament
currents reachable with the older and the recently improved electronic modules
respectively) that I has an enormous influence in I,,. Besides, it is clear that the
replacement of the power supply of the source cage represents a great improvement

since it originates an increase in I, of a factor of almost 1000.
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Figure 11.8 — Ionic cutrent [, measured in the reaction chamber as a function of the pressure of hydrogen,
Py, for several high voltages HI” applied to the accelerating tube, and for 2 distinct value of I of 2.20 A
(full symbols) and 1,75 A (open symbols), and with 5, 17 and 17 equal to 1200, 780 and 730 V
respectively.
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As mentioned eatlier, it was fundamental to characterize the beam profile (namely
its intensity and the cross-section dimensions) as a function of the parameters H1/, 17,
I, and 17 in order to size the components of our PIXE set-up. For this purpose, we
have projected two segmented circuit boards (Figure I1.9), with rectangular quadrants
and concentric circular segments, which were placed in the center of the reaction
chamber. Each square segment of the circuit board is 20 mm wide while the diameter of
the larger concentric ring equals 50 mm. The ionic current received by each electrically
isolated segment during irradiation could be measured independently since each segment
was connected to a different feedthrough of the reaction chamber. Information about
the spatial distribution of the impinging beam was obtained by comparison of the
measured currents. We then studied the beam shape as a function of the different
parameters of the particle accelerator.

Figure 11.9 — Photograph of the circuit boards with concentric (left) and rectangular (right) segments.

We first decided to study the influence of the high voltage H1” applied to the
accelerating tube on the beam profile. This was made by setting typical values for Py, I,
Vs, IV and 17 and then irradiating alternatively the rectangular and concentric ring
segments. As shown in Figure I1.10 where current densities are schematically represented
for the several segments, the high voltage H I applied to the accelerating tube guarantees
that almost all the ionic current is delimited inside a relatively restricted circle of about
5-8 mm in diameter, as intended. However, the beam seems to be slightly deflected from
the center of the segmented targets.

In order to study in more detail the beam profile, we looked at the influence of
the several parameters of the ion source on it. We therefore varied the voltages I, 17
and [ alternatively, by keeping appropriate values for the remaining ones. Figure I1.11
shows that the value of 17 is of little importance in both the distribution and quantity of
ions reaching the segmented targets given the appropriate values of 17, and 1/} of about
approximately 17-300 V and 0.617; respectively, as indicated by the manufacturer.
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Figure 11.10 — Schematic representation of the distribution of the ion beam as a function of the high
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We also observed that the value of 17} is neither relevant from both the beam
shape and dimensions point of view given the appropriate values of 1. of about 0.617,
although an optimal value of 17, around 17-300V, as indicated by the source
manufacturer, indeed lead to optimum ionic currents.

On the contrary, Figures I1.12 and I1.13 clearly show that, for a given set of
values for 17 and 7, the value of the voltage applied to the Einzel lens 17 is of extreme
importance concerning the beam profile. Indeed, although almost no ionic current is lost,
the ion beam spreads broadly when using inappropriate values of 7.
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Figure I1.12 — Schematic representation at scale of the density distribution of the ion beam current,
with 35 keV protons, as a function of the voltage of the Einzel lens 17 by combining the information
given by both the rectangular (top) and concentric tings (bottom) segments (Figure 11.12), with Py, and I,
equal to 6 X 10> Torr and 2.15 A respectively.
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Another study was carried out in order to evaluate the spread of the ion beam
profile along the axis of the reaction chamber (Figure 11.14). For this purpose, we used
the concentric ring segments at several points along the beam direction above (+) and
below (-) the proper position of the irradiated targets (denominated here as z=0) by
moving the circuit board with concentric ring segments with the help of a feedthrough
with millimetric screw upon which this latter was assembled. As Figure 11.14 shows that
the ion beam spreads as the deviation from the proper position increases, we can
conclude that the parameters of the ion source are indeed optimized for the spot where
the samples to irradiate are positioned.

=35mm =25mm
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Tion (nA/mm?)

=-25mm =45 mm

Tion (nA/mm?)
Tion (1 nA/mm?)

Figure 11.14 — Schematic representation of the distribution of the ion beam, with 40 keV energy protons, as
a function of position z along the beam direction, obtained by using the concentric rings segments, with
Py I, Vg, Vg and 1 equal to 6 X 10 Torr, 2.15 A, 1500 V, 1150 V and 1050 V trespectively.
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All these studies demonstrate that a large fraction of the total ionic current is
invariably collected in only one quadrant, even operating with optimal sets for the
voltages of 17, 17, and 17, as it can be seen from Figure I1.9 where the dark spots in the
copper surface correspond to the most irradiated areas. Consequently, we concluded that
the overall accelerating tube is deviated from the symmetry axis of the reaction chamber.
In fact, even with optimal sets of voltages in the source, for which the inner ring presents
high values of current density, the second concentric ring is invariably, and by far, the
one with the highest current densities. However, we can also conclude from the studies
performed that this deviation is slight (between 1.0 and 2.3 mm away from the symmetry
axis) since the third concentric ring constantly presents much lower current densities
than the two first ones. Consequently, except for the case where severe beam collimation
is required (beams with maximum diameter less than a few millimeters), this slight beam
deviation from the symmetry axis was not considered important for our future work. A
much more important result from these studies is the confirmation that the great
majority of the ion beam is confined within a few millimeters as intended. Such
conclusion is verified in Figure 11.15 where it is possible to see a small dark ellipse (about
5-6 mm?) resulting from the beam interaction in a 45° titled thick target with an optimal
set of voltages for the source components (for instance, these are 1150, and 1050 V for
7, and 17 respectively with 17y equal to 1500 V). Moreover, Figure I1.14 also
demonstrates that an optimal set of voltages for the ion source components indeed
optimize the beam shape for the postion where the samples are placed since this latter
worsens as the target departs from it.

Figure 11.15 — Photograph of an aluminium thick target irradiated with protons in the 10-45 keV energy
range.

Finally, these studies about the dimensions and the shape of the beam have
confirmed that a beam collimator is necessary since residual density currents are still
present in the furthest areas from the spot where the targets to be studied will be placed.
However, we had to find a compromise concerning beam collimation: on one hand, it is
necessary due to both the limited dimensions of some of the targets and the geometry of
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the reaction chamber (including defining correctly the detector solid angle) but, on the
other hand, it cannot be too severe to provide ion beams with sufficient intensities.

I11.2 COMPONENTS OF THE REACTION CHAMBER

Concerning the reaction chamber, we had to project, build and implement all the
components necessary in a typical PIXE set-up (as described in section 1.2.1) although it
has a confined volume. Great care was taken to make the equipment as versatile as
possible.

First of all, the X-ray detector we developed (described in Chapter III) needed to
fit into the reaction chamber and to simultaneously ensure vacuum seal. This was done
by manufacturing a flange adapter (Figure 11.16) which was connected simultaneously to
one of the exit flanges of the reaction chamber and to the top flange of the X-ray
detector.

Figure 11.16 — The X-ray detector assembled to the teaction chamber with the help of an adapter flange.

As we already mentioned, it was also fundamental to provide beam collimation to
guarantee that the beam impinges only on the sample so that the registered X-ray events
correspond to the beam interaction with the specimen only. As shown in Figures I1.17
and 11.18, this was made by inserting 3 parallels rings with 15 mm diameter holes in their
center that can additionally house other inner rings with reduced holes of distinct

diameters so that it is possible to select different collimation restrictions (as represented
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in Figure I1.17). The first of these rings is larger than the accelerating tube aperture to
ensure that only the ions close to the system axis interact inside the reaction chamber.

Also for collimation purposes, an X-ray collimator was mounted to prevent
scattered and/or characteristic X-rays resulting from the interaction of the beam with the
collimator material from reaching the detector window. This consists on three parallel
rings between the target and the detector window. These rings, also parallels to the
detector radiation entrance window, have holes in their center with increasing diameter
as the specimen-to-collimator distance increases, as represented in Figure I1.17.

In addition, we built a target holder (Figures I1.17 to 11.19) to keep the specimen
in the proper position. The bombarded sample surface defines a 45° angle with respect to
both the beam direction and the detector radiation entrance window. As we intended to
irradiate thin specimens, this target holder has a hole in its center to allow the beam to
reach a Faraday cup located below. The specimen holder (Figure 11.18) was built upon a
ring that enables rotation of the entire target holder around the axis of the reaction
chamber. Besides, the entire target holder was also mounted upon a linear motion
feedthrough with millimetric screw that enables to vary precisely its height inside the
reaction chamber so that the irradiated sample can be placed properly in front of the
X-ray detector. Both these movements allow the optimization of the specimen position.

The Faraday cup, shown in Figure 11.18.b), is an electrically insulated metallic disk
where the beam is dumped after passing through the thin targets irradiated and whose
diameter is much larger than the maximum beam diameter. It is connected to an external
charge integrator or to an ammeter through a feedthrough allocated in the bottom flange
of the reaction chamber (Figure II.18) to make possible the measurement of the
integrated charge of the beam. In order to avoid the escape of secondary electrons from
the Faraday cup surface while the beam is impinging on it, which would originate a
mistaken measure of the integrated charge, we also installed a secondary electrons
suppressor (Figure I11.18.b)) a few millimeters above the Faraday cup disk. It consists on
a very thin mesh mounted on a circular frame, biased with a negative voltage so that the
secondary electrons are forced to remain in the Faraday cup. This ring is connected to a
feedthrough so that it can be biased with a negative voltage. Besides, we also projected
these reaction chamber elements to enable the irradiation of thick targets for which the
beam is dumped in the specimen itself. In this case, beyond measuring the beam current
on the target itself, we also modified the beam collimators in order to place another
secondary electron suppressor ring upon the sample. This was realized, as it can be seen
in Figure 11.19, by replacing the rods used to support the collimator rings (Figure 11.18)
by insulating ones so that the secondary electron suppressor ring is electrically isolated.

Finally, we also have incorporated a beam chopper. It consists of a thick disk
placed at the end of a linear motion feedthrough whose linear displacement
perpendicularly to the beam direction enables to intercept the beam between the two first
collimator rings.

All these components were incorporated in the reaction chamber, as
schematically represented in Figure 11.17.
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Figure 11.18 — Photographs of the target holder assembled on a feedtilrough with millimetric screw
connected to the bottom flange of the reaction chamber. The left photograph shows the entire set-up,
including the beam collimators, while the right one focus on the Faraday Cup with a secondary electron
suppressor ring which was used during the irradiation of thin samples.
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Figure 11.19 — Photograph of the target holder with an electrically insulated secondaty electron suppressor
upon the sample spot which was used during the irradiation of thick samples.
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11.3 WIEN FILTER

As mentioned eatlier, it was also fundamental to incorporate an ion selecting
device in the particle accelerator in order to guarantee that only one kind of ions
impinges on the specimens at a time. We decided to build a Wien filter to accomplish
this task: this device acts as a velocity filter, and hence as a mass filter for charged
particles, and consists of a magnet and a pair of electrostatic plates arranged
perpendicularly to magnet poles, as illustrated in Figure I1.20.

Ion beam ®L% Electric field

Figure 11.20 — Schematic of the Wien filter.

The electric and magnetic fields, € and B respectively, are perpendicular to each
other and to the ion trajectory as represented in Figure I1.20. The electric and magnetic
forces, Fe) and En) respectively, felt by the incoming ions inside the device have therefore
the same direction, perpendicular to the beam direction, but with opposite ways. While
the electric force F, felt is the same for all the ions extracted from the source with the
same positive charge ¢ (for a given potential difference AV between the plates, which
equals 2V 4tes, Whete Vpjqtes is the absolute value of the voltage applied to each plate),
the magnetic force F, depends on the ion velocity and hence on its mass. The net
force F felt by the ions is a characteristic of the ion velocity v;, i.e. of its mass » as
shown by the following relationships:

—

F=F+FE,=q@E+ ?xB) (Eq. IL1)
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and so
F=q(g—vB) (Eq. 11.2)

Equation II1.2 shows that it is possible to set the value of the electric field, i.e.
of AV, so that F vanishes for ions with a certain initial velocity #,. This initial velocity is
determined by the electric potential [ applied at the ion source cage. lons of mass 7,
and charge ¢,acquire a kinetic energy equal to ¢,1” in the ion source and have therefore
an initial incoming velocity #,, equal to \/m when leaving it.

These ions with mass 7, and charge ¢,, for which 2,= €/B, go through the device
unperturbed, exiting the Wien filter while the ions with different ¢/ ratio therefore feel
a non-zero net force F and are deviated to one side of the filter because this net force F
is perpendicular to their motion. This way, we guarantee that only ions with a given
velocity, and hence a given ¢,/#, ratio, go through this filter in direction to the
accelerating tube.

Another ion with mass » and charge ¢, different than , and ¢, respectively,

leaving the ion source has an initial velocity », (different from ;) equal to /2qVs/m.
This ion consequently suffers a transversal constant acceleration, X, described by the
following relationship:

mx = F = q(e — v;B) = q(v;oB — v;B) = qB,[2V; (\/:l:‘; - \/%) (Eq. 11.3)

where x is the coordinate in the direction of both electrical and magnetic forces, which is
perpendicular to the direction defined by the motion path of the ions.

Consequently, since both x(0) and x(0) are nulls,

x(¢) = Wtates ( 1— m) +2 (Eq. 11.4)

md qom

and -1,

plates*

where the plates are biased with + 1

plates

distance z travelled within the Wien filter:

_ Vplates _ qmo 2
x(z) = Save ( 1 /qo m) z (Eq. IL5)

where z is the is the coordinate of the axis defined by the direction of motion of the

Alternatively, as a function of the

ions (z(t =0) =0 and 2(t = 0) = v;) and 4 is the distance between the two plates
that define the electric field €.
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We projected this Wien filter by taking into account Equation IL5, the
components available in the market and the construction restrictions due to limited space
between the poles of the magnet acquired.

We first decided to use a permanent magnet rather than an electromagnet in
order to avoid both the manufacturing of an additional power supply with fluctuating
ground potential and the consequent increase in energy consumption due to the limited
power delivered by the batteries. As a result, the filter we built has constant magnetic
field and we only can vary the electric field, by varying the voltage difference AV between
the plates since the distance & separating these is also constant. We acquired a permanent
major magnet with a “U” shape, model Major Magnet 862 from Eclipse (schematically
represented in Figure I11.20 and shown in Figures I1.21 and I1.22), which is characterized
by having a uniform magnetic field of 0.21 T between its 2 parallel poles. These poles are
plates of 22.2 X 52.4 mm? separated by 27.3 mm. As shown in Figure I1.22, this
permanent magnet was placed around but outside the vacuum tube inside which the ions
travel and mild steel plates where used upon each of its faces in order to cancel the
magnetic field outside the filter. Concerning the electric field, both plates of the filter
were biased using an additional electronic module developed by my
colleague A. Trindade. We decided to apply the same voltage Vpqtes to both plates, but
with opposite polarity, to define the electric field inside the filter rather than to have one
plate at ground potential with the other biased with high voltage. This decision enabled
to add a second and more precise voltage increment for each plate independently rather
than optimizing the voltage value in a single plate with the other one at a fixed potential.
The electronic module built therefore enables to vary very precisely the voltage of each
plate independently using an additional potentiometer.

We also took into account the following aspects in the projection of this filter:

v we are considering very light ions, i.e. the ones resulting from the ionization
of either H, or D, gases.

v independently of the kind of ion considered, all the ions that reach the Wien
filter have an energy which is exclusively defined by the source voltage 1
and the ion positive charge ¢, being therefore equal to ¢l

v the maximum value of 17, is 2 kV.

v’ we considered the most critical case to size the filter, which is the case of
protons due to their lower mass (i.e. their higher incoming velocity), since
this implies larger voltage difference AV to be applied between the plates for
the referred ion to be selected.

v’ the Wien filter was placed between the ion source and the accelerating tube
(as shown in Figure I1.21) to limit the voltages required to select the ions.

v the exit collimator has to allow the selected ions to go though the filter
unperturbed and without any loss of intensity while preventing the other
ions from exiting the filter.
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Tl

Figure 11.21 — Photograph of the permanent magnet with “U” shape with mild steel plates upon each face.

Figure 11.22 — Photograph of the permanent magnet surroundmg the \X/len ﬁlter i.e. the rectangular tube
inside which the ions are selected.

Besides, considering the work of Leal-Quiros and Prelas [I1.2], we projected
plates with tilted edges in order to improve the performance of the filter regarding
focusing. We used the Maxwell® software [I1.3] to study the electric field force lines as a
function of both the dimensions and the shape of the tilted edges for a few cases, as
illustrated in Figure 11.23, in order to choose a preferred geometry.
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Figure 11.23 — Comparison of the electric ﬁeld hne forces for the case of standard rectangular electrodes

(left picture) and tilted ones (right picture).

Magnet pole

+

In order to determine the dimensions of the exit collimator we used
Equation II.5 which describes the trajectory of ions inside the filter. We considered that
this exit diameter had to have a minimum diameter so that the desired kind of ion still
exits the filter even when the voltage applied to the plates AV has an uncertainty up to
5 % around its optimal value. We also determined the deviation of all the possible kind
of ions resulting from the ionization of a given gas when the filter is set for one of these
ions to guarantee that only the desired ion specie exits from the filter. An exit collimator
diameter of 5 mm was chosen from these calculations. The entrance collimator is shown
in Figure I1.24 where it can be seen that it is made of mild steel, just as the exit
collimator, in order to close the magnetic field lines resulting from the presence of the
surrounding permanent magnet.

Figure 11.24 — Photograph of the inside central region of the Wien filter. The two stainless steel plates
define the electric field and are surrounded by an insulator support (left picture); a double feedthrough
with insulated wires connected to each plate (picture at the centre) and the top collimator at the entrance of
the filter (right picture) is made of mild steel in order to close the circuit of the magnetic field lines (an
identical mild steel collimator piece is placed at the output of the filter).

As we finished installing the manufactured Wien filter, we performed a few tests
in order to verify that it was working correctly. First of all, without the permanent
magnet installed, i.e. without any magnetic field, we tested the filter by studying the

minimum voltage of Vp4tes to apply to the plates to guarantee that protons do not exit
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the filter as a function of the source cage potential [’ since the incident protons energy
is proportional to it. In this case the net force felt by the ion is only due to the electric
filed between the plates, and so:

mx =F = qg = q % (Eq II6)
where 4 is the distance between the plates than define the electric field and is equal to
10.8 mm.

Hence, since both X and x; are nuls

x = (‘e 52 (Eq. IL7)

It is therefore possible to relate the minimum voltage of Vyjqtes from which, after
travelling a distance / corresponding to the length of the filter, the ions are deviated
transversely of a distance x of at least 2.5 mm (corresponding to the radius of the exit
aperture hole) and hence do not exit the filter. Consequently, the minimum value of 17,
from which no ionic current is detected varies linearly with 7. The results obtained
experimentally are presented in Figure 11.25 where it is also possible to see that these are
in good agreement, within experimental errors, with the expected behaviour. The slight
discrepancies between the experimental values and the expected behaviour can eventually
be attributed to small uncertainties in either the distance between the plates as well as in
their parallelism. Both discrepancies can be attributed to uncertainties during the

manufacturing processes or in the assembly of the different pieces.

We then installed the permanent magnet so that the ions travelling into the filter
felt simultaneously both electric and magnetic forces. In order to guarantee a proper
operation of the filter we studied the behaviour of the voltage Vjigtes to apply to the
plates so that the electric and magnetic forces vanish for protons, i.e. that maximizes the

ionic current [, measured in the reaction chamber, as a function of the energy of the

won

incident ions, i.e. of 7. In this case, protons travel though the filter undeflected since

Vio = &/B =,/2qoVs/mq where € = 2V 4405/ d. As a result,

Vplates = <dB /2(1700) \/VS (Eq' H'8>

The results obtained are presented in Figure I1.26 where it is possible to verify
that the experimental data are in agreement with the expected behaviour. It is possible to
deduce the value of the magnetic field from the fit made to the data obtained
experimentally. We determine a value of the magnetic field of 165.7 = 5.7 mT, which is
slightly lower than the value of 210 mT indicated by the manufacturer but however in
good agreement with the maximum value of about 180 mT that we measured with a

magnetic field meter.
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Figure 11.25 — Voltage 17, to apply to each plate in order to deflect the protons from the outside the filter
without the presence of the magnetic field as a function of the voltage 17 of the source cage.
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Despite all the improvements presented in this Chapter, we still have not
considered another feature that is essential to carry out this work successfully which is
the X-ray detection system. Due to both the very low X-ray production cross-sections
expected and the very low energy of the X-ray to detect, a traditional Si(Li) detector
cannot be used, as explained earlier in Chapter I, to register the fluorescence spectra. For
these reasons, we built and characterized the performance of an X-ray detector which we
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optimized for this particular application. This X-ray detector, a Gas Proportional
Scintillation Counter, is the subject of the following Chapter.
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— CHAPTER III -

THE X-RAY DETECTION SYSTEM

As referred at the end of Chapter I, the X-ray detection system is a fundamental
feature in the framework of these PIXE studies since it has to present simultaneously a
large detection area and a good efficiency for the detection of soft X-rays below 2 keV
because of the very low cross-sections expected. For these reasons, and despite their
much better performance in terms of energy resolution, neither wavelength dispersive
X-ray detectors, X-ray calorimeters, nor conventional Si(Li) or other semiconductor
based radiation detectors typically used in PIXE set-ups are suitable choices to carry out
these studies successfully. On the contrary, despite leading to poorer energy resolutions,
room temperature gaseous X-ray detectors fulfil both these requirements. Besides,
gaseous detectors are easily adaptable to the existing reaction chamber without the
insertion of any additional radiation window, which is fundamental to obtain improved
detection efficiency for soft X-rays.

One can distinguish two types of gaseous radiation detectors to perform X-ray
spectrometry: gas avalanche multiplication detectors (proportional counters) and gas
proportional scintillation counters (GPSC). Both produce output pulses with amplitudes
proportional to the number # of primary electrons resulting from the X-ray interaction
with the filling gas; # being approximately proportional to the energy E of the incident
X-ray. Since # is small, about 200-300 primary electrons for a 5.9 keV photon in pure Xe,
an amplification stage is required prior to further electronic treatment of the detector
signal.
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The different processes used to achieve the signal amplification are what
distinguish GPSCs from gas avalanche electron multipliers. While gas avalanche electron
multipliers use charge amplification, the signal amplification in GPSC relies on the
production of secondary scintillation light which has the advantage of leading to much
reduced statistical fluctuations and thus to improved energy resolutions when compared
to those obtained in PCs (about 8 % for 5.9 keV X-rays with a GPSC [IIL.1] instead of at
least 11 % for a PC [II1.2]). Moreover, GPSCs present several other advantages over
PCs. For instance, the absence of space charge effects in GPSC (since charge
multiplication is avoided) allows to operate at considerably high counting rates, up to
typically 10* counts/s, which is fundamental to our particular application since not only
the X-ray detection system will register the counts from the X-ray fluorescence peaks
(that do not represent any problem due to the expected low cross-sections involved) but
also the bremsstrahlung continuous that has a high counting rate. Another important
advantage of GPSCs over PCs, which is fundamental for our work, is their performance
for the detection of very low energy X-rays, an application where GPSCs are particularly
competitive since they can outperform even solid-state detectors in the 0.2-1 keV
range [I11.3].

For all these reasons, we decided to build a GPSC to register the X-ray spectra of
our PIXE studies.

II1.1'THE GAS PROPORTIONAL SCINTILLATION COUNTER

The Gas Proportional Scintillation Counter (GPSC) has been introduced by
Conde and Policarpo in 1967 [IIL.4]. It consists of a vessel filled with a noble gas and in
its most conventional design it has two distinct regions: the absorption/drift region and
the secondary scintillation region as illustrated in Figure I11.1.
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Figure II1.1 — Schematic of the Gas Proportional Scintillation Counter [1I1.1].
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The incident ionizing radiation of energy Ey up to typically 50 keV is absorbed,
mostly by photoelectric effect [IIL.1], in the noble gas medium of the absorption/drift
region where a number » of primary electrons is produced, and which is in good
approximation proportional to the energy E. Thanks to a weak reduced electric field in
this absorption/drift region, E,/p (typically about 0.1 V.ecm™ Torr"), these primary
electrons drift towards the secondary scintillation region where the reduced electric
field E,/p is higher, since it must be above the threshold for excitation of the filling gas
but however lower than its threshold for ionization. This way, the drifting electrons gain
enough energy between collisions to excite, but not to ionize, the gas atoms whose
de-excitation leads to the emission of secondary scintillation light. This secondary
scintillation light is characteristic of the filling gas and is then detected by a photosensor
that produces an electrical signal proportional to the amount of light detected and thus to
the absorbed radiation energy E.

Since the efficiency of production of secondary scintillation light is high for noble
gases, the signal amplification is high and has the advantage of presenting less statistical
fluctuations than the charge amplification processes used in the competitive detectors.
For example, up to 500 VUV photons per primary electron can be produced in Xenon
per cm per bar [II1.5].

GPSCs are usually filled with pure Xe at slightly above atmospheric pressure
because this particular noble gas combines a large secondary scintillation yield and a large
photoelectric cross-section to a small average energy to create a primary electron-ion
pair, which is usually denominated as w-value (w=E,/71), and also a small Fano factor F
defined as the relative variance of , F = g, /7.

Three distinct GPSC geometries have been implemented in the last decades;
namely the spherical anode geometry [IIL.6], the cylindrical geometry [I11.4] and the
uniform electric field one [IIL.7]. The latter geometry is the most used due to its
improved performance.

On the other hand, several alternative filling gas and/or photosensors have been
the subject of many publications throughout the years. While photomultiplier tubes
(PMT) were almost exclusively used in the eatly years of the GPSC, several kinds of

photosensors are nowadays used depending on the detector application [IIL.1].

A detailed description of the GPSC can be easily found in several review papers
and books [III.1],[IIL.8] and is therefore not presented here since it is not the purpose of
this work. Nevertheless, it is inevitable to relate some of the characteristics of the GPSC
for the understanding of the choices made concerning the projection/optimization of the
X-ray detector that was built.

Since we expect low counting rates, we need to build a large sensitive area GPSC.
As all the photosensors available have inevitably finite dimensions, this implies
compensating the decreasing amount of secondary scintillation light reaching the
photosensor, because of solid angle effects, with the radial coordinate of the point of
absorption of the radiation. As explained in [IIL.9],[IIL.10], there are two ways to
compensate the radially decreasing amount of the VUV secondary scintillation light
reaching the photosensor (and so the decreasing detector output signal amplitude) and
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therefore avoiding the consequent degradation of the energy resolution for high
detection areas. The first consists of increasing radially the detection efficiency of the
secondary scintillation light, by using either masks with radially decreasing transmission
covering the photosensor or photosensors with radially increasing efficiency, in order to
keep constant the amount of secondary scintillation light detected independently of the
point of absorption. The second method relies on increasing radially the intensity of the
secondary scintillation produced in the scintillation region, ie. the number of VUV
photons produced, by increasing radially the electric field between these grids. This latter
technique was successfully implemented by using a curved grid [I11.9]-[111.11] since it led
to improved performance for radiation windows with diameters up to 40 mm [II1.12].

However, the implementation of such technique is of little or no interest if the
photosensor used has, independently of the resultant GPSC performance, a limited
sensitive area as it is the case of Large Area Avalanche Photodiodes (LAAPD) [IIL.13].
On the other hand, only few photosensors enable the detection of very soft X-rays
below 2 keV, the others being too noisy electronically. Despite all the recent publications
about alternative photosensors as wire chambers with photosensitive vapours like
tetraaminoethylene  (TMAE)  [II1.14], Large Area Avalanche Photodiodes
(LAAPD) [III.15], microstructures covered with photocathode films like Gas Electron
Multipliers (GEM) in single and multistage versions [III.16],[II1.17], Micro Hole and
Strip Plates (MHSP) [II1.18] or Microstrip Plates (MSP) [II1.19], the Photomultiplier
Tube (PMT) remains the only photosensor that fulfils both these two fundamental
requirements.

On the other hand, our goal of detecting very low energy X-rays with a GPSC
has another consequence. Despite being the preferred GPSC filling gas due to its several
advantages [II1.1], pure Xe also presents an important disadvantage in the detection of
soft X-rays because of its large atomic number. Indeed, the short absorption length of
soft X-rays in pure Xe at atmospheric pressure (few hundred um for energies below
1 keV) is at the origin of the loss of primary electrons to the detector entrance window
by diffusion and backscattering [II11.20]. A consequent spectra distortion thus appears as
a low energy tail which worsens the energy resolution and the peak-to-valley ratio.
Numerous papers report several techniques which aim to reduce this undesirable spectra
distortion, either by increasing the electric field in the absorption region [IIL.21] or by
eliminating the absorption region with the so called driftless GPSC [II1.22]. The latter
authors have shown very good results in attenuating this distortion, but the technique
requires elaborate electronic pulse processing. Alternatively, significant performance
improvements were also observed using another simple method which consists in filling
the detector with a lighter gaseous mixture in order to increase the X-ray absorption
length [I11.23]. Besides, the addition of a lighter gas to Xe not only leads to longer X-ray
absorption lengths and so to reduced tails in the energy spectrum [II1.20] but can also
lead to Penning mixture effects which may originate improved Fano factors and w-values.
For instance, the use of Ne-Xe mixtures as an alternative to pure Xe has already been
studied with good results in reducing the low energy tail distortion, although these do not
exhibit the expected energy resolution improvement [II1.23]. This was attributed to the
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lower secondary scintillation yields and larger »-values of Ne-Xe mixtures in comparison
to pure Xe ones.

In this line of thought, and by taking into account the recognized potential of
Ar-Xe mixtures as a valid alternative to pure Xe [I11.24]-[IIL.27], we considered the use
Ar-Xe mixtures as GPSC filling gas for soft X-ray detection. This decision relies on the
fact that not only Ar-Xe mixtures provide longer absorption lengths than pure Xe, but
they also potentially present similar or even improved energy resolutions,
w-values [I11.27], Fano factors and secondary scintillation yields in comparison to
pure Xe [111.24]-[111.20]. Indeed, some Ar-Xe mixtures have larger ionization yields than
pure Ar or pure Xe for a-particles [I11.24] and a similar behaviour is expected for X-rays.
However, the larger ionization yields must arise from the non-metastable Penning effect
since the metastable Penning effect is energetically impossible for Ar-Xe mixtures.

Therefore, although the increase in the absorption length is not expected to be as
large as for Ne-Xe mixtures [I11.23], Ar-Xe mixtures appear as a good compromise

between detector performance and reduction of the spectra distortion.

Due to the particular requirements that our PIXE X-ray detection system has to
fulfil for our application, we have carried out the present work, which consists in
studying the performance of a large area GPSC using a curved grid to delimit the
absorption and scintillation regions and filled with pure Xe and Ar-Xe mixtures for the
detection of X-rays in the 0.1-10 keV energy range. Particular attention was paid to
the 0.1-2 keV energy range, where performance improvements are expected by using
Ar-Xe mixtures instead of pure Xe as the filling gas.

III.2CONSTRUCTION OF A LARGE DETECTION AREA GPSC

I11.2.1 DESCRIPTION OF THE EXPERIMENTAL SYSTEM

The design of this GPSC had to take into account its optimization for the
detection of soft X-rays in the 0.1-10 keV energy range and a large detection area, but it
also had to fit to the reaction chamber of the particle accelerator. Additionally, we also
intended to make it as versatile as possible. The projection of this GPSC therefore took
into account the following considerations:

V' Drift region length sizing to ensure that the incident radiation of maximum energy
(about 10 keV) is fully absorbed in the detector volume independently of the
filling gas (i.e. even with high Ar concentration mixtures).

V' Scintillation region length siging to guarantee the production of enough secondary
scintillation light to detect very low energy X-rays. The detector has been
designed in order to collect a maximum amount of VUV secondary scintillation
photons, especially for Ar-Xe mixtures with low Xe percentages (for which the
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threshold for ionization and the light yield is expected to be much lower than for
pure Xe).

V' Large detection area: i.e. both large sensitive area radiation window and a large area
photosensor combined with a curved grid.

V' Low electronic noise level to enable the detection of X-rays down to 200 eV with
improved energy resolutions to distinguish characteristic X-rays from
neighbouring elements of the periodic table.

V' Adaptability of the GPSC to the PIXE experimental set-up.

V' Versatility by allowing the use of different radiation windows with different
geometry, material and/or thickness. This was made by using a common window
holder for all the windows we built.

V' Improved detection efficiency by minimizing the X-ray absorption in the detector
entrance window and maximizing the radiation absorption in the
absorption/drift region of the detector.

V' Possibility to adapt a vacunm sealed vessel on the detector top flange in order to
perform studies concerning the detection of very low energy X-rays.

The GPSC projected for these studies is depicted in Figure I11.2 and shown in
Figure I11.3. All the pieces have been designed and projected tri-dimensionally using the
Autodesk Inventor® software and then machined in the workshop of the Physics
Department.
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Figure I11.2 — Schematic of the Gas Proportional Scintillation Counter built.

86



STUDIES ON LOW-ENERGY PARTICLE-INDUCED SOFT X-RAY EMISSION

I

L

Figure 111.3 — Photograph of the Gas Proportional Scitﬂlation Countet.

The detector has a 105 mm internal diameter stainless steel cylinder body, 2 mm
thick, which was grounded during the experiments. The vessel is vacuum sealed by
compressing the top and bottom flanges against the detector body using Viton o-rings
seals. A Macor® ring (Figure I11.2) was fixed with an insulating and low vapour pressure
epoxy (BB-2116 from TRA-BOND) to the detector body for insulating both the
feedthrough of grid G1 biasing and the PMT tube from the grounded detector steel
body (Figure I11.2).

Special care was taken with the top flange (Figure II1.3) since, not only it is
supposed to seal the detector and to accommodate different radiation windows using the
same holder (as we will see further in this Chapter), but it also had to be coupled to the
PIXE system through an adapter (already shown in Figure I1.3). Moreover, it has
additionally been designed to house a vacuum sealed vessel (Figure II1.4) where several
targets of light elements were placed to be excited with O-particles from a ***Cm
radioactive source in order to obtain different X-ray energies corresponding to their Kq
and K, fluorescence lines. These different X-ray energies were used when testing the
detector performance.

The detector cylindrical body is 57 mm long and has a 46.5mm thick
absorption/drift region and a 11.2mm long scintillation region. As shown
in Figure I11.5, the 46.5 mm thick drift region guarantees the absorption of X-rays up
to 10 keV even using Ar-Xe mixtures with large Ar concentration. These two regions are
separated by a grid, G1, built from a mesh, made of 80 um diameter wires distributed in
a 1 mm pitch rectangular patch, framed onto a stainless steel ring. This ring is supported
by 3 pillars, one of them being the feedthrough used to bias this grid. While the
beginning of the absorption/drift region is naturally the radiation entrance window, the
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end of the scintillation region is the PMT photocathode surface because a second
chromium grid, G2, with 1 mm thick crossed-stripes was vacuum evaporated onto it to

optimize the collection of secondary scintillation light [II1.28].

Fluorescence
X-rays

Cm a-particle
source

il

1Bl 3SR

S\

0,9 um thick

RN

N

Ar-Xe mixtures

N Mylar window

(800 Torr) 5

Absorption/ Drift region

Scintillation region

Photomultiplier
tube

Y
[ ] Macorceramic
10 mm

Figure 111.4 — Schematic of the GPSC with the vacuum sealed vessel described on its top to ensure that
fluorescence X-rays reach the radiation window by evacuating the air between the sample and the detector.
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II1.2.2 VACUUM SYSTEM

The detector was coupled to a high vacuum system, schematically represented in
Figure I111.6, which includes an evacuation system and a gas admission system that uses
ultra pure (purity above 99.9995 %) rare gases (Ne, Ar, Kr or Xe). The high vacuum
system is mainly made of DNCF16 pipes and ultra high-vacuum valves. A
turbo-molecular pump (with a pumping speed of 150 Ls") connected to a mechanical
pump are used in this vacuum system. These pumps are the ones used to evacuate the
particle accelerator set-up described in Chapter II.
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acelerator @ @
O Pirani gauge

Figure I11.6 — Schematic of the high-vacuum system used to both evacuate the detector and fill it with Ar,
Ne, Ke or Xe based mixtures.

The vacuum measurement is guaranteed with both a Pirani type gauge and a
Penning one (vacuum measurements in the 10°-1000 and 10°-10° Torr ranges,
respectively) (Figure I11.6). On the other hand, the pressure measurement needed during
the detector filling process is assured, for pressures up to 5atms, by a Pirani and a
Bourdon transducers. Although the turbo-molecular pump enables the pressure in the
vacuum line to decrease down to about 1X10” Torr, the gas system and the detector
chamber were typically evacuated down to 5X10” Torr prior to filling. The detector was
then filled at slightly above atmospheric pressure to avoid vessel contamination from air.

As shown in Figure III.6, the detector cylindrical body has 2 lateral exits to
DNCF16 flanges to tack the detector to a closed piping circuit and to the vacuum
system. This closed circuit around the detector is used to connect it to a purification
system, composed by a tube filled with tens of getters (model ST 707 /washer/833 from
SAES) that consist in small rings of an alloy of Zr, Fe and Va that absorbs (via a 3 steps
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adsorption mechanism: surface dissociation, surface sorption and bulk diffusion) any
undesired chemical active impurity (mainly H,O and N, in our case) when maintained at
a temperature of about 150-180 °C. Due to the high temperature of the getters, the gas
continuously goes through these by convention guaranteeing therefore continuous
purification.

I11.2.3 RADIATION WINDOWS

As mentioned before, the top detector flange has been designed to enable
exchanging the radiation window without affecting the detector body. This care was
taken because of expected difficulties in obtaining/acquiring windows that meet all the
requirements for this particular application: i.e. vacuum sealing, large area, enough
mechanical strength to bear atmospheric differential pressure, but still thin enough to
allow transmission of soft X-rays down to 200 eV. The top flange was designed with a
dedicated inner flange for the entrance window, placed onto it with an o-ring seal, in
order to experiment different windows and several ways to use them.

The materials selected for the radiation window were chosen by taking into
account both their mechanical strength (to bear the difference of pressures when
evacuation operations are needed both inside and outside the detector vessel),
permeability, X-ray transmission for soft X-rays and available thicknesses. Although
Beryllium has been commonly used in the last decades, we did not choose this option
due to its high toxicity and price (about 1500 € for a few cm” of a 0.25 um thin
foil [II1.30]) and low mechanical resistivity when compared to other possible materials.
Besides, it has the disadvantage of presenting almost no X-ray transmission in

the 200-300 eV energy range and hence for the 277 ¢V Carbon Ky line (Figure II1.7). We
then considered the use of thin plastic films, like Kapton® or polypropylene, with Mylar®
as our final choice since it was the only one available with thicknesses below a
few micrometers.

However, all these polycarbonate based materials are naturally extremely difficult
to handle with such low thicknesses. Their use for manufacturing vacuum sealed
windows that stand significant differences of pressure brings extreme experimental
difficulties. For this reason, we used a 75 pm thick and 38 mm diameter Kapton®
window to perform our first studies with this GPSC. Although its large diameter enables
to carry out performance studies for large detection areas, its thickness forbids the
detection of soft X-rays (Figure I11.8).

Additionally, in order to detect soft X-rays down to 200 eV we manufactured a
second radiation window (shown in Figure I11.9) from a 0.9 um thick Mylar” film glued
onto a 4 mm thick stainless steel frame. Since the detector was filled at slightly above
atmospheric pressure and will be operating with vacuum in the other side of the radiation
window, we had to ensure that such a thin Mylar® film stands atmospheric differential
pressure. In order to manufacture a window with significant sensitive area and that
stands this pressure difference, we built a window frame with 6 circular holes 1.5 mm in
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diameter circularly distributed 1.5 mm apart around a similar seventh hole centred in the
middle of the frame in such a way that each of these holes has sufficiently low area to
stand the atmospheric pressure when evacuation operations are needed. The active area
of this window is 12.4 mm”.
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Figure I11.7 — X-ray transmission as a function of the incident X-ray energy for different materials [I11.29].

Figute II1.8 — Large area radiation window, 38 mm diameter, made of a 75 um thick Kapton® film.
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Figure 111.9 — Inside (left) and outside (right) sides of the second radiation window used in the studies
concerning the detector performance in the detection of soft X-rays in the 0.1-10 keV range.

Finally, although this second window enables us to make all the studies
concerning the detector performance in the detection of soft X-rays, it has neither
sufficient sensitive area nor enough mechanical strength to stand the repeated evacuation
operations needed in our PIXE experimental arrangement. A third radiation window was
therefore built combining simultaneously improved soft X-ray detection and large
detection area. We decided to use a 6.0 um thick Mylar® film glued onto another 4 mm
thick stainless steel frame because it seemed to be a good compromise between
mechanical strength safety while presenting large sensitive areas and good X-ray
transmission down to 1 keV, which is enough for the first PIXE studies we planned
since these aim to detect the K-line from aluminium, whose energy is 1.487 keV. Again,
we built a radiation window that consists of a multitude of holes that enable to maximize
the pressure difference supported by the thin film. This way, a large detection area of
192 mm?® was easily achieved with improved mechanical strength. This X-ray window is
schematically represented in Figure II1.10 where it is possible to see that the edges of
each hole were smoothed in order to avoid damaging the thin film.

Figure I11.10 — Schematic of the inside side of the third window built. This is the side upon which the 6 pm
thick Mylar® film is glued, showing the smooth edges of each individual drilled hole.
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We have to refer at this point that, for all the three radiation windows
manufactured, a thin layer of Aluminium (about 50 nm thick) was evaporated under
vacuum onto the plastic film to insure electrical conductivity of the radiation window
with the detector body. This was necessary to guarantee uniformity of the electric field in
the drift region.

I11.2.4 DETECTOR POLARIZATION

As we explained before, the detector window and body have to be grounded to
be used in the PIXE set-up. This constraint imposes the use of a ceramic ring
(represented in Figure I11.2) to insulate electrically the PMT from the metallic vessel as
well as the need to polarize the PMT with fluctuating voltages in its cathode and its
anode.

The PMT (model 9266QB from Electron Tubes) was chosen because its
photocathode of fused silica has relatively high detection efficiency for the VUV
secondary scintillation light of Xe and also provides high gains up to 7x10°. As shown
in Figure 1112, the PMT window (2” in diameter) is the end of the scintillation region.
Since a uniform electric field has to be applied in this region (between G1 and the PMT
optical window external surface) to produce the secondary scintillation light, a chromium
grid G2 has been evaporated onto the PMT window under vacuum, with 1 mm wide
crossed-stripes with a pitch of 2.5 mm. The grid pattern was obtained by a second
evaporation with the mask rotated 90°. We also evaporated a chromium thin layer on the
lateral external surface of the PMT cylinder to establish electrical contact between the
chromium evaporated grid G2 and the PMT cathode. These latter are therefore at the
same potential, [

Since the detector window is grounded, the grid G1 is biased with a positive
voltage 17, (typically 500 V) through the feedthrough represented in Figure I11.2 so that
a uniform reduced electric field, E,/p, directs the primary electrons towards the
scintillation region. In the scintillation region, the high voltage 17, applied to G2 (up
to 6000 V) defines a uniform reduced electric field, E;/p, higher than E,/p but below the
ionization threshold of the filling gas, as explained in section III.1. Finally, the
amplification of the detector signal by the PMT is obtained by establishing a voltage drop
oy between the PMT’s cathode and anode. Since the high voltage applied to the
cathode is 7, the PMT anode is biased with a positive voltage 1/, higher than 17, so that
I onir= V-V (typically about 1000 V).

Concerning the PMT polarization, we used the voltage divider distribution
indicated by the manufacturer (schematized in Figure I11.11), to which we added a
resistor Ry, placed between the PMT cathode and ground potential and the capacitors C;,
C, and C; between the last dynodes (dg, dy and d,, in Figure I11.11). The values of the
different components involved, i.e. of the capacitors and the resistors, were determined
by taking into account the PMT specifications; namely the maximum current and voltage
applicable to the PM'T’s anode, cathode and between dynodes.
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Figure I11.11 - Schematic of the polarization circuit of the PMT. R, Ry and R equal 0.5, 9.4 and 1 MQ
respectively while G, Cs, C3 and C equal 0.1, 0.1, 1 and 0.1 nF respectively.

The capacitors C,, C, and C; were added in the last amplification stages, where
the signal charge is already significant, in order to stabilise the voltage drop between
consecutive dynodes due to the presence of the charge signal itself, since the charge
provided by the capacitor is much larger than the one due to the detector signal.

Anode ‘

4‘ Cathode
—
|
= oamo gRs

<=
Is l <600 uA

Figure 111.12 — Simplified representation of the PMT polarization circuit.

As illustrated in Figure II1.12, the voltage divider of the PMT can be represented
as a resistor Ry (which equals 13R) between its cathode and anode. Figure 111.12 points
out that Ry and Ry compose a voltage divider. Since the value of 17, depends strongly
on the filling gas used because the thresholds for scintillation and ionization are expected
to decrease with decreasing Xe concentrations, the value of the resistor Ry was
determined to guarantee that, independently of the filing gas considered, a minimum
voltage drop V. between the PMT’s cathode and anode is applicable, even for low
values of 17, (ie. around the threshold for scintillation for mixtures with low Xe
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concentrations). On the contrary, Ry also simultaneously ensures that, for high values
of 17, up to 6000 V (i.e. around the threshold for ionization for mixtures with high Xe
concentrations and pure Xe), the power supply used to bias to PMT’s cathode does not
exceed the possible current delivered (1 mA in our case). It also ensures that the power
supplies used for 17, and I, never work in the “accepting current” mode.

The charge signal from the PMT anode is collected through a capacitor C
followed by a resistor K. at ground potential into the preamplifier. This RC filter
eliminates the DC component due to the anode biasing. The temporal constant of this
filter, R.C, must be much higher than the drift time of the electron cloud in the
scintillation region of the detector (about 0.1-1 ps) and still much lower than the average
time between events (1 ms for a 10’ events/s count rate). The collected charge was then
integrated in a Canberra 2005 charge sensitive preamplifier which is used due to its good
signal-to-noise ratio. There, the charge signal is converted into a voltage one and
simultaneously amplified by a factor of 5.

The outcoming voltage signals were then amplified with a Tennelec TC243 linear
amplifier which differentiates the pulses (with a shaping time in the 2-8 us range).
Simultaneously this latter amplifies the pulses with a variable gain to adjust their
amplitude to the 0-8 V range of the multichannel analyser (MCA) (Nucleus model
PCA-II with 1024 channels) where the energy spectrum is processed.

We have to point out that extreme care was taken in order to reduce the
electronic noise to its minimum value during the experiments. Beyond opting for high
voltage power supplies with low ripple voltage to avoid significant fluctuations in the
PMT amplification, we also wrapped the PMT and the electronic components needed for
its polarization into a cylindrical metallic tube (Figure II1.3), in order to shield it from
interfering electronic noise. Besides, the tube was painted in black inside to avoid any
refection of the light passing through the PMT glass, and was also used to prevent
incoming light from the surroundings.

I11.2.5 PRELIMINARY RESULTS

Prior to any study concerning Ar-Xe mixtures as the filling gas of GPSCs, we
characterized the GPSC performance in an already known application, i.e. with pure Xe
at atmospheric pressure as the filling gas. The radiation window used to perform these
preliminary studies was the 38 mm diameter Kapton® one, which enables the detection
of X-rays down to 2-3 keV. The first studies concerning the performance of the
developed GPSC were made with an *’Fe radioactive source emitting the characteristic
Kq and K, lines of Manganese (with energies of 5.895 and 6.492 keV respectively). A
Chromium thin film (15 pm thick) was used as a filter to absorb the K line while
allowing the Kq line to go through it. The resulting mono-energetic X-ray beam was
collimated through a 2 mm diameter hole in a Lead absorber centered in front of

the 75 wm thick Kapton® radiation window used in this study.
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The detector grid and the PMT cathode were biased so that the reduced electric
fields in the absorption/drift and scintillation regions, E,/p and E/p respectively,
equals 0.1 and 5V em™ Torr™ in order to correspond to the best operating conditions for
a GPSC [IIL.1]. Each pulse-height distribution obtained in the MCA was then fitted to a
gaussian  curve superimposed on a linear background by wusing the
Grid-Least-Squares-Method in order to determine the peak amplitude, the gaussian
centroid, ¢, and its Full Width at Half Maximum (FWHM). The energy resolution K is
then defined as the ratio FWHM/«.

As referred earlier, the detector has been designed with a considerably long
scintillation region (11.6 mm) in order to guarantee the production of a large amount
of VUV secondary scintillation photons even for Ar-Xe mixtures with low Xe
concentrations for which lower scintillation efficiencies are expected. Due to high voltage
power supply limitations, this choice limits the F/p value to 5.3 V cm™ Torr", which is
slightly lower than the threshold for ionization in pure Xe [II1.31]. This maximum FE/p
value was nevertheless enough for a good detector performance since an energy
resolution of 7.7 % was obtained for 5.9 keV X-rays with pure Xe as the filling gas.

As a test to the performance of this GPSC filled with pure Xe, we carried out the
analysis of some materials [II1.32],[II11.33]. As shown from the characteristic X-ray
spectra of Figures III.13 and III.14, which we obtained by exciting the targets
with Ol-particles from a **Cm radioactive source, the detector can separate clearly
characteristic X-rays peaks from neighbour elements (except for very soft X-rays);
showing therefore that it is suitable to carry out our PIXE studies due to its superior
performance over standard PCs.

K.Si

1000 /

Counts
QW
£
aq

500 | a from the

/ 24Cm source
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Energy (keV)
Figure 111.14 — Typical X-ray fluorescence spectrum obtained by exciting a sherd obtained from the

excavation of the Castro de Vieito in North of Portugal with a 2#Cm o-particle source [111.33]. For this
particular application, we used the 0.9 um thick Mylar® window in order to detect such soft X-rays.
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Figure I11.13 — X-ray fluorescence spectra obtained by exciting with a 2#Cm a-particle source some old

pieces of interest [I11.32].

Besides, we also considered the influence of the counting rate on the detector
performance, although we do not expect high counting rates during our PIXE studies
due to the very low X-ray production cross-sections expected. In the latter studies,
spectra wete acquired by keeping the counting rate lower than 1000 counts/s to prevent
any slight performance deterioration. While spectra wete obtained for a 150 counts/s
rate with an energy resolution of 7.7 %, this latter worsens up to 8.2 % with a rate
of 20 000 counts/s. Moreover, we have to point out that the peak centroid ¢
shifts 150 eV to higher energies because of pile-up effects with high counting rates. For
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these reasons, the spectra of the following studies have been acquired with a maximum
counting rate of 1000 counts/s.

I11.3 AR-XE MIXTURES

Since the purpose of this work is to study the potential of Ar-Xe mixtures as an
alternative to pure Xe as the filling gas of GPSCs, we performed several studies to
characterize such mixtures. Not only have these studies naturally dealt with the relevant
characteristics of any GPSC filling gas such as their electroluminescence yield, excitation
and ionization thresholds, »-values and Fano factors, but we also paid particular
attention to the performance of this Ar-Xe filled GPSC in two specific applications of
interest to carry out our PIXE studies, namely large sensitive area and the detection of
very low energy X-rays.

111.3.1 CHARACTERIZATION OF AR-XE MIXTURES

Since the signal amplification stage of a GPSC relies on the electroluminescence
of the filling gas, we began by studying the secondary scintillation yield of Ar-Xe
mixtures, i.e. the number of scintillation photons produced per X-ray photon per unit of
distance drifted and per unit of gas pressure Y*/p, as a function of the reduced electric
field applied to the scintillation region E;/p. This study also allowed us to obtain for each
Ar-Xe mixture considered the thresholds for scintillation, E_/p, and ionization, E,,/p, as
well as the best operating conditions, i.e. the values of E;/p and of the reduced electric

¢t

field in the absorption region, E,/p that originate the best performance.

For each Ar-Xe mixture considered, we have acquired pulse-height distributions
(Figure I11.15), using a planar grid G1 to delimit the absorption/drift and scintillation
regions and a 2mm diameter collimated beam of 5.9 keV X-rays. Curves of the
secondary scintillation yield Y*/p (proportional to the gaussian centroid ¢ of the
pulse-height distribution) and of the energy resolution R were obtained as a function of
the electric fields used in both absorption and scintillation regions, E,/p and E/p
respectively, keeping constant the PMT voltage, 7.

As shown in Figure IIL.16, the reduced electroluminescence yield, Y*/p, increases
linearly with the reduced electric field in the scintillation region E;/p for all the studied
mixtures, until the ionization threshold E
pure Xe [111.34]. Above E
to charge multiplication. However, as reported in [II1.35] for pure Xe, the energy
/p until a
value we called E,/p, showing that a slight charge multiplication contributes to an

/p is reached, with a behaviour similar to

ion

ion

/p, the pulse amplitude begins to increase exponentially due

resolution continues to improve for values of E;/p slightly higher than E

ion

VA

improvement of the detector performance. However, for E/p values higher than E, /p,
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we observe a deterioration of R and a clear exponential gain rise due to charge
multiplication (Figure II1.16).

We can notice that, although Y*/p is larger for Ar-Xe mixtutes than for pure Xe
in the low reduced electric field region, its upper value decreases as the Xe concentration
in the mixture decreases, originating, in the best operating conditions, a smaller detector
pulse amplitude than for the pute Xe case. This decrease in Y*/p is explained by the
slight reduction of the scintillation yield as the Ar concentration increases in the
mixture [I11.24]-[I11.20], together with a shift of the scintillation light spectrum to lower
wavelengths, a region where the efficiency of the PMT used decreases. This effect also
explains the observed deterioration of R with decreasing Xe concentrations.

We also determined the scintillation threshold, E_/p of each investigated Ar-Xe
mixture by considering the extrapolated x intercept of the linear fits to the experimental
data of the non-normalized Y*/p below E,,/p. Figure I11.16 shows that the scintillation
threshold also decreases for lower Xe concentrations, an effect that was also observed

¢t
ion

for Ne-Xe mixtures [II11.36] and was explained in terms of the energetic balance between
the energy gained by the electrons between collisions from the electric field and their
energy loss through collisions with the filling gas atoms. Indeed, although the electron
energy loss by collision with the filling gas atoms, which is about 27z/M (with 7 the
electron mass and M the atom mass), is larger for Ar than for Xe atoms, the collision
cross-section of electrons in Ar is lower and so the electrons reach the energy necessary
/p. This

energetic balance is responsible for the larger scintillation yield observed for Ar-Xe

for excitation of the filling gas atoms at lower reduced electric fields, E

¢t

mixtures in the low E;/p region when compared to the pure Xe.
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Figure I11.15 — Typical energy spectrum obtained for 5.9 keV X-rays from the >*Fe radioactive source and
using 95%Ar-5%Xe mixture as the filling gas.
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Figure I11.16 — Reduced electroluminescence yield, Y*/p, (open symbols) and energy resolution, R, (full
symbols) for 5.9 keV X-rays as a function of the reduced electric field in the scintillation region, E/p, for
different Ar-Xe mixtures (E,/p was kept constant).

The operating electric fields in the absorption and scintillation regions, E,/p
and E,/p, which originate the best detector performance, the thresholds E,/p and E,,/p
and the best energy resolution achieved are summarized in Table I11.1 for each studied
mixture. Due to the referred high voltage power supply limitations, E,,/p and E,/p wete
not determined for pure Xe and for the 60%Ar-40%Xe mixture, and so the
indicated 5.7 V cm™ Torr" value is a lower limit. Both E,/p and E,/p decrease with
increasing Ar concentration. This is also the behaviour obsetved for E ;/p, except for
the 99%Ar-1%Xe mixture.

Although the R values for pure Xe and 80%Ar-20%Xe are very similar, we did
not obtain the performance improvement observed in [II1.37] for Ar-Xe mixtures when
compared to pure Xe. We believe that this is due to the fact that the efficiency of the Csl
covered microstrip plate used in[II1.37] increases towards lower wavelengths [II1.38], a
wavelength region to which the scintillation light shifts as the Ar concentration increases
in the mixture, compensating in this way the slight reduction in the total scintillation yield
of the Ar-Xe mixtures as Xe concentration decreases [II1.24]-[II1.26]. We note however
that the performance of the GPSC instrumented with the PMT is superior to the GPSC

100



STUDIES ON LOW-ENERGY PARTICLE-INDUCED SOFT X-RAY EMISSION

that uses a Csl covered microstrip plate (MSP) as the photosensor, since in the latter case
the best R wvalue obtained for 59 keV X-rays and 80%Ar-20%Xe was
about 11 % [111.37].

TABLE II1.1
EXPERIMENTAL VALUES OF E /P, E,/P, E,,»/P AND E, /P AND THE BEST ENERGY RESOLUTION R
ACHIEVED FOR THE DIFFERENT AR-XE MIXTURES STUDIED
100% 40% 20% 10% 5% 3% 1%
Xe Xe Xe Xe Xe Xe Xe

0.20 0.20 0.13 0.07 0.07 0.07 0.07

E,/p(£0.02)
(V cn” Torr"

E./p (£ 2%)
(5 et Torr® 08 0.97 0.87 0.76 0.74 0.73 0.85
E,./p (£0.1) S S
. 2 1 2. 2.
(& e Tor™ >57 >57 4.9 3 3 8 3
E,/p (£0.1) S S
(0 on' Tore >57 >57 5.0 3.6 3.5 3.0 2.8
Best R (%) 7.7 7.8 7.8 8.3 8.5 9.1 11.5

In order to determine the Fano factors of the Ar-Xe mixtures considered we used
the following analytical tool, already reported in many works [111.39]-[111.41]: for reduced
electric fields in the scintillation region E/p below the threshold for ionization E,,/p,
the energy resolution R of a GPSC is given by [111.1]

= 2. 355\/—+ + (Eq. 111.1)

where A, the pulse amplitude, is proportional to the intensity of the secondary
scintillation, F represents the Fano factor, E is the energy of the incident X-ray, » is the
w-value, K is a constant that describes the statistical fluctuations introduced by the
photosensor that detects the scintillation light, and 1

n

is a term, usually small, that
describes the contribution of the electronic noise of the detection system to the energy
resolution.

However, neglecting the fluctuations introduced by the electronic noise, which
are quite small in our case, from Equation III.1 we can write

2 _ Ffw_, K
= 5.546 ( Iy + - ) (Eq. 111.2)

where A is proportional to the centroid channel, ¢, of the Gaussian fitted to the spectrum
main peak.

Therefore, in a plot of R® versus the reciprocal of the pulse amplitude 1/.4 (as
shown in Figure II1.17 for the 99%Ar-1%Xe mixture) the extrapolation to infinite
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amplitudes (ie. 1/A4—>0) gives the square of the so-called intrinsic energy
since then R®>— R’ = 5.546 (Fw/Ey) (Equation I11.3). Consequently,

the Fano factor F can be obtained from the value of R, if Ey and w are known.

resolution, R,
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Figure 111.17 — R” as a function of the reciprocal pulse height amplitude, 1/.4, (in arbitrary units) for the
GPSC filled with 99%At-1%Xe. The etrors bars are about the size of the dots.

For each Ar-Xe mixture studied, the experimental data for R* and 1/A4 were
fitted to straight lines with the least squares method with errors in both coordinates.
These errors were obtained in the way described below. Low values of 1/4 were not
considered since they deviate from the linear behaviour. For the example shown
in Figure II1.17, the lowest value of 1/.4 included in the fit was 0.005. This is due to the
fact that these experimental data points were obtained with high values of E;/p, for
which ionization already occurs.

The errors in the 1/.A4 coordinate were obtained from the errors in A4, A ,, which
are due mainly to instabilities of the photomultiplier power supply and are estimated to
be 1% of A, ie. A, , = 0.01/A. The errors in the R* coordinate, A, were estimated
from the errors in the Gaussian fit to the experimental pulse-height
distributions Ag= % 0.05 (in units of %). Therefore, Ay, = 2RA; =% 0.10 R (%°).

The least squares method gives the best parameters of the linear fits to
Equation IIL.3. These results allowed us to determine R, Fw and then F for 5.9 keV
X-rays and several Ar-Xe mixtures, which are listed in Table III.2 and shown

nty

in Figure II1.18, together with their errors.

The only w-values available in the literature for Ar-Xe mixtures are the ones
from [I11.27] and are therefore the ones we used to carry on our calculations of the Fano
factors. However, since no »-values for mixtures with low Xe concentrations (1%, 3%
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and 5%) were available, we assumed that these values do not differ significantly from
the 10 % Xe mixture ones for the investigated mixtures and used the »-value of 21.5 eV
in these cases to estimate the Fano factors for these mixtures.

TABLE I11.2

EXPERIMENTAL RESULTS OF Ryyr, FI?7, 7 AND F FOR THE STUDIED AR-XE MIXTURES
AND FOR 5.895 KEV X-RAYS

Xe w (eV)
(0 F F
% R (70 w(eV) (from(IIL.27]])
1 6.67 £ 0.21 473 +0.29 _ =(.22
3 6.77 = 0.09 4.87 +0.12 _ =(.23
5 6.98 = 0.05 5.18 £ 0.07 _ =(0.24
10 7.18 =+ 0.04 5.48 = 0.06 21.42 + 0.21 0.256 = 0.004
20 7.14 £ 0.02 5.41 £ 0.03 21.64 + 0.21 0.250 = 0.003
40 7.25 £ 0.02 5.59 £ 0.03 21.63 + 0.21 0.258 = 0.003
100 7.19 £ 0.02 5.49 + 0.03 21.61 + 0.21 0.254 + 0.003
12 n
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Figure 111.18 — Intrinsic energy resolutions R,,, Fw and energy resolutions Ry obtained experimentally
with the present GPSC filled at 780 Torr with Ar-Xe mixtures as a function of the concentration of Xe.

As shown in Table IIL.2, the experimentally measured Fano factors tend to
decrease with increasing Ar concentrations corresponding to Xe contents below 10%.
This can be attributed to Penning effects that lower the fluctuations in the number of
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primary electrons released, as was observed before for Ne-Xe mixtures [I11.42].
However, while the latter are metastable Penning mixtures and therefore exhibit such
behaviour for Xe concentrations below 5 %, Ar-Xe ones are non-metastable Penning
mixtures  which reveal Penning effects for Xe concentrations below
about 8-10 % [111.43].

In Table II1.3 we compare the Fano factor results obtained in this work with the
ones available in the literature, some of them for radiation other than 5.9 keV X-rays, as
indicated in the Table. Results for Oi-particles are also included for comparison, though

the physical processes involved are different from those for X-rays.

As shown in Table IIL.3, the results for the Fano factors have significant
discrepancies, that cannot be attributed only to the use of radiations other than the *Fe
X-rays. The result obtained for pure Xe in this work, 0.254 £ 0.003 is in good agreement
with some of the experimental (0.26 [IIL.46]) and simulation (0.24 [1I1.5§]
and 0.3 [1I1.42]) values published, but deviates strongly, by a factor of more than two,
from other results [II1.39],[I11.54] and [I11.59]. This also applies to the values obtained
for Ar-Xe mixtures [111.39].

Such large differences may be due to geometric effects arising from the use of
a GPSC with spherical geometry. In fact, in a parallel grid geometry GPSC the secondary
scintillation is always produced uniformly along a straight electric field line connecting
the parallel grids and so, the fraction of light reaching the PMT remains constant as the
voltage between the grids is varied, varying only its intensity. In a spherical anode
geometry like the one used in [II1.39], the secondary scintillation is produced non-
uniformly along a line that extends away from the anode, and so, as the voltage increases,
the fraction of light reaching the PMT due to anode shadowing and eventually other
geometry effects, will depend on the applied voltage, eventually distorting the plots of
the type of Figure III.17. Another source of plot distortion may result from noisy
photosensors that increase the energy resolution for small .4 values, and so for
large 1/.A. This originates an increase in the slope of the straight line fit, which leads to
intercepts at lower values of R? and so to lower Fano factors.

These and other effects related to charge multiplication, fluctuations in the yield
of the secondary scintillation, or impurities can eventually explain the discrepancies
obtained by the different authors for the Fano factor values. However, since the energy
resolution achieved in the present work for Xe (Table III.2) is as good as the best
published results it is unlikely that the large Fano factors we obtained result from
impurity effects.

Comparing the w-values and the Fano factors of Ar-Xe mixtures to the ones
for 100% Xe, it seems that these mixtures represent a valid alternative as detection media
for gaseous X-ray detectors, either in standard proportional counters or in gas
proportional scintillation counters.
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TABLE I11.3

FANO FACTORS AND W-VALUES FOR PURE AR, PURE XE AND THEIR MIXTURES AT ATMOSPHERIC PRESSURE

FOR 5.9 KEV X-RAYS

Mixture

Fano Factor

Previous experimental

results This work

Simulation results

w-value (eV)
[111.27]

100% Ar

0.19 for 5.68 MeV a-particles
[111.44]

<0.40 £ 0.03 for 1.49 keV

Xrays [IIL39] 0.17 [I11.44]

0.16 for electrons

0.23 £ 0.05 (extrapolation to [1IL51]

infinite pressutes) [111.45]

0.30 % 0.04 [I11.48] 0.15 [111.52]

0.2039, [I1.49] 0-16 [HL53]

0.22 for 6.0 MeV a-particles
[II1.50]

99%Ar-1%Xe

=0.22

97%Ar-3%Xe

=0.23

95%Ar-5%Xe

<0.147%0.03 for
1.49 keV X-rays [I11.39]

=0.24

90%Ar-10%Xe

0.256£0.004

21.42F0.21

80%Ar-20%Xe

<0.16X0.02 for

+
1.49 keV X-rays [111.39] 0-250=0.003

21.64F0.21

76%Ar-24%Xe

<023 0.02 for
1.49 keV X-rays [I11.39]

60%Ar-40%Xe

0.258£0.003

21.63F0.21

20%Ar-80%Xe

<021 0.03 for
1.49 keV X-rays [I11.39]

100% Xe

0.13 & 0.01 [I11.54]
0.17% 0.007 [I11.55]

<0.15 X 0.03 for
1.49 keV X-rays [I11.39]

0.304 [111.47]

0.17 [I11.44]
0.26 [111.46]

0.21 [IIL41] 0.254%0.003

<0.12 [111.40]

0.290.02 for 5.3 MeV
o-particles [111.56]

0.30 [111.42]

0.24 [I11.58]
<0.15 £ 0.01 for
1.49 keV X-rays [II1.57]

0.13 £ 0.02 [I11.59]

21.61F0.21
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I11.3.2 LARGE DETECTION AREAS

The fact that the reduced electroluminescence yield Y*/p of Ar-Xe mixtures
increases linearly from a threshold with the reduced electric field in the scintillation
region E/p, with a behaviour similar to pure Xe, makes possible the implementation of
the curved grid technique [I11.9],[111.10] when using Ar-Xe mixtures, and with the shape
of the grid similar to the one used for pure Xe.

For this reason, we have tested the performance of this GPSC with the ellipsoidal
grid of [II1.12] as G1 (instead of the planar one) for different Ar-Xe mixtures and using
the 38 mm diameter window. In Figure III1.19 we present the spectra obtained
for 80%Ar-20%Xe and 5.9 keV X-rays with both planar and curved grids as G1, and
compare these spectra with the one obtained for a 2 mm diameter collimated beam. We
can observe that a distortion appears as a low energy tail on the left of the gaussian
distribution, due to solid angle scintillation losses for off-centred absorbed X-rays, which
are also responsible for a slight decrease in the position of the centroid of the
distribution and for a deterioration of the energy resolution R observed for large
detection areas. Comparing the spectra with planar and curved grids, we can observe
significant improvements achieved when the elliptical grid is used, namely a smaller
spectrum distortion and improvements in both the detector pulse amplitude and its

energy resolution.

1000 :
—siie—— 48eV
5.9keV X-rays 178V coonceome 5 lgemmmme e
s00 | 80% Ar-20%Xe
R =7.8 % for a2 mm diameter collimated
600 X-ray beam and either planar or curved grids
2]
-—
g R =9.5% for the curved grid with a 38 mm
o diameter window and uncollimated X-rays
400
R =11.7 % for the planar grid with a 38 mm
diameter window and uncollimated X-rays
200
0

X-ray energy (keV)
Figure 111.19 — Energy spectra obtained with 80%Ar-20%Xe for a 2 mm diameter collimated beam and
using the full 38 mm diameter detection area for both the planar and the curved grids.

For each Ar-Xe mixture, we obtained for 5.9 keV X-rays the detector pulse
amplitude normalized to the value obtained for a 2 mm diameter collimated beam and its
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energy resolution as a function of the window diameter. The results were obtained with
both planar and curved grids. For each grid, 4 different voltages Al” were applied to the
scintillation region, as illustrated in Figure I11.20 for the 80%Ar-20%Xe case, since for a
certain grid curvature, the Al” that best compensates solid angle distortions depends on
the gas. For the 80%Ar-20%Xe case (Figure 111.20), the degradation of R with increasing
window diameters is minimized and the decrease in the pulse amplitude is almost
inexistent when 4600 V are applied to the scintillation region. A similar behaviour was
observed for all other Ar-Xe mixtures studied, and the best operating voltage Al” was

different for each studied mixture as expected.

+3800V T 4
105 | 44000V T 1 09

e 4300V -~

Nt
[£1]
T

= 4600V

Energy Resolution (%)
Relative pulse amplitude

0 5 10 15 20 25 30 35 40
Window Diameter (mm)
Figure I11.20 — Detector relative pulse amplitude G (open symbols) and energy resolution R (full symbols)
for the 80%Ar-20%Xe mixture as a function of the window diameter for 4 different voltages AV in the
scintillation region using the elliptical grid (solid lines) and the planar grid for A7 =4600 V (dotted and
slashed lines).

In Figure II1.21 we present, for each mixture studied, the ratio between the
energy resolutions R and between the relative pulse amplitudes G obtained with the
planar and the curved grids, identified with the subscripts p and ¢, respectively. As already
referred, the behaviour is similar for all the mixtures studied, in particular comparing
with the pure Xe case, showing that the shape of the curved grid effectively compensates
the solid angle distortion for all the studied mixtures. Since this compensation ideally
occurs for a specific voltage difference in the scintillation region, which is gas dependant,
these voltages Al” are the ones that appear in Figure I11.21 for each mixture.

We can observe that while the energy resolution improvement is almost
independent of the filling gas considered, the relative gain compensation seems to

worsen as the Xe concentration dectreases in the mixture.
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1,55 -
1,45
—4 0,98
13 o 100%Xe (5200V)
4 0,9 _
o.? o
| 4 80% Ar-20%Xe (4600V) 2
o o
* 90% Ar-10%Xe (3500 V) 1 00s
1,15 |
R/R,
4 0,92
1,05
*
0,05 \ \ \ \ \ \ \ 0,9
0 5 10 15 20 25 30 35 40

Window Diameter (mm)

Figure 111.21 — Ratios between the detector relative pulse amplitudes G (open symbols) and energy
resolutions R (full symbols) as a function of the window diameter, and obtained with the planar grid (p)
and the curved one (g) with the best operating voltages for each Ar-Xe mixture.

I11.3.3 SOFT X-RAYS DETECTION

We then installed the 0.9 um thick Mylar” window on the detector top flange and
used the experimental set-up as schematized in Figure II1.4 to detect low energy X-rays
below 2 keV. Prior to the detection of any soft X-rays we calculated the detection
efficiency of the present detector filled with pure Xe (Figure 111.22) since the knowledge
of such parameter is fundamental to carry on quantitative PIXE studies. Such
calculations were performed in a way described in [III.3] by taking into account the
transmission of both Mylar® and Al layers [IT1.29] and the loss of primary electrons by
backscattering to the detector window [I11.20], which depends on the filling gas used.

108



STUDIES ON LOW-ENERGY PARTICLE-INDUCED SOFT X-RAY EMISSION
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Figure 111.22 — Calculated detection efficiency of the present GPSC filled with pure Xe as a function of the
energy Ey of the incident X-ray.

X-ray spectra were obtained for several X-ray energies I and for several Ar-Xe
mixtures with 100%, 40%, 20%, 10% and 5% Xe concentrations, as shown in Table 111.4
and Figures 111.23 and I11.24. For each Ar-Xe mixture studied the reduced electric fields
in both absorption and scintillation regions were chosen in order to reach the optimal
energy resolution, keeping the PMT voltage constant.

These different X-ray energies E correspond to the unfiltered Ko and Kg
fluorescence lines of various elements from C to Ge, obtained by exciting pure or
compound element targets with O-particles from a 30 kBq **Cm radioactive source
placed under vacuum as shown in Figure II1.4. As we can observe in Figure I11.24, the
spectra present high counting rates in the very low energy region. This behaviour is due
to the presence of electronic noise and of the C and O X-ray fluorescence K-lines
resulting from the interaction of the incident X-rays with the C and O atoms present in
the Mylar® window.

The performance of the GPSC is evaluated in terms of both the energy
resolution R and the Peak-to-Valley ratio (PVR) [IIL.23], which is defined as the ratio of
the counts at the centroid ¢ and the average number of counts for 5 points located at a
distance of 1.5 FWHM from the peak [IIL.60]. The PVR gives a quantitative
measurement of the distortion of the spectrum in the low energy region.
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TABLE I11.4
ENERGY RESOLUTIONS, R, OBTAINED FOR THE GPSC FILLED WITH SEVERAL AR-XE MIXTURES

FOR THE Kol X-RAYS FROM LOW ATOMIC NUMBER ELEMENTS

. R (%) £0.1
Ka line energy
Element E. (eV) 5% 10% 20% 40% 100%
) Xe Xe Xe Xe Xe
C 277 - - 57.5 42.6 37.2
@) 525 34.5 334 304 24.7 24.1
F 677 244 24.0 243 223 21.9
Mg 1254 17.5 17.5 18.3 18.1 16.9
Al 1487 15.3 15.9 15.7 15.3 15.7
Si 1740 14.7 14.7 14.5 14.4 13.7
S 2307 13.2 12.9 12.9 12.5 11.7
Cl 2622 12.9 12.8 12.3 11.8 11.5
Ca 3690 10.2 10.0 9.7 9.7 9.4
Ti 4508 9.5 9.5 9.4 9.1 8.8
vV 4949 9.4 9.4 9.3 9.2 8.8
Cr 5411 9.3 9.0 9.0 9.0 8.7
Mn 5895 9.2 8.6 8.6 8.6 8.4
Co 6925 8.7 7.9 8.1 8.5 7.6
Ni 7422 8.5 8.1 7.9 7.8 7.6
Cu 8041 8.4 8.1 7.8 7.5 7.4
7n 8631 8.1 7.9 7.7 7.5 7.3
Ge 9876 7.9 7.8 7.5 7.5 7.1
/ CKa line (277 eV)
2000 8
——100% Xe
1500 ———-40% Xe |
A
c
|
& 1000 .
500 OKaline (525 V) |
0 = L v ! .
0 500 1000 1500 2000

Incident X-ray energy Ey (eV)

Figure I11.23 — Experimental pulse height-distributions in pure Xe and 60%Ar-40%Xe for the 277 and 525 eV Kq
fluorescence lines from C and O respectively.
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Table II1.5 shows that the PVR generally improves by a factor of about 2 or 3 as
the Ar concentration increases in the mixture. This behaviour shows that the loss of
primary electrons to the detector window is reduced with the addition of Ar, as it can be
seen in the spectra shown in Figure II1.24. However, these improvements in the
reduction of the spectra distortion do not result in the expected improvement of the
energy resolution, R, as shown in Table I11.4. Indeed, R remains approximately constant
for pure Xe and the Ar-Xe mixtures. This might be explained by the slightly lower
scintillation yield of Ar-Xe mixtures when compared to pure Xe.

Moreover, this improvement in the PVR is not achieved for the C and O Kg
lines (277 eV and 525 eV respectively) (Figure I11.23) since the absorption length is
shorter in Ar than in Xe for the 250-630 eV energy range. This also explains why the
energy resolution R worsens with increasing Ar concentrations in this energy
range (Table I11.4). In fact, the carbon peak becomes almost undistinguishable from the
low energy tail, becoming impossible to determine its energy resolution for low Xe
concentrations (Table I11.4).

Figure I11.25 confirms that the energy resolution R is approximately proportional
to the square root of the reciprocal X-ray energy 1/E, [IIL.1], except for the data
corresponding to very low energy X-rays which are over the linear behaviour. This is due
to the significant worsening of R below approximately 1 keV resulting from the low
energy tail distortion. Small deviations apart from this linear behaviour can also be
attributed to the expected discontinuities in the Fano factors I and the w-values for
Ar-Xe mixtures with the X-ray energy E. Indeed, such variations in FF and » have been
studied before for pure Xe [I11.61] and Ne-Xe mixtures [I111.42], but no data is available
in the literature for Ar-Xe mixtures.

TABLE IIL5
PEAK-TO-VALLEY RATIOS FOR DIFFERENT SOFT X-RAY ENERGIES AND FOR THE GPSC FILLED
WITH PURE XE AND AR-XE MIXTURES

% Xe Peak-to-Valley ratios
F Ka line Mg Ko line Al Ko line Si Ko line
(677 eV) (1254 eV) (1487 eV) (1740 eV)
100 2.9 2.9 4.8 6.2
40 4.4 34 6.7 8.8
20 4.9 6.9 9.7 14.2
10 3.2 8.2 10.5 14.7
5 2.7 6.9 11.0 15.7

We have also observed, as illustrated in Figure I11.26, that the response of the
detector is linear within the experimental error, apart from the discontinuities at
the Xe L-, Xe M- and Ar K- edges [II1.62], which is of great importance for registering
PIXE spectra. We have also noticed that the discontinuities at the Xe L- and M-edges
decrease as the Xe concentration decreases while the Ar K-edge becomes more
pronounced as the Ar concentration increases. The values of these discontinuities in the
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linearity were calculated in a way described in [IIL61]. Discontinuities of 63 and 37 eV
were obtained in pure Xe for the Xe L- and M- edges respectively for instance, values
which are in good agreement with the published data [I11.61],[111.63],[111.64].

&
3000 R
2500 ——20% Xe B
—0—40% Xe
2000 R
~&-100% Xe
— @]
ol
==
el
o7 1500 - B
1000
500
0
0 0,5 1 1,5 2 25 3 3,5

1/ Ey (keV-1)
Figure I11.25 — Plot of R? as a function of the teciprocal X-ray energy, 1/E.

We have shown that, although no performance improvement was achieved by
using Ar-Xe mixtures instead of pure Xe, the performance of the present GPSC filled
with Ar-Xe mixtures is similar to the one reached with pure Xe as the filling gas. Indeed,
energy resolutions of 7.8 % were obtained for 5.9 keV X-rays with either 60%Ar-40%Xe
or 80%Ar-20%Xe mixtures while a value of 7.7 % was reached with pure Xe. We can
also conclude that similar, or even improved, secondary scintillation yields, w-values,
Fano factors can be achieved with Ar-Xe mixtures.

Concerning large detection area with Ar-Xe mixtures as the filling gas, it was
shown that the curved grid technique allows a good compensation for all the studied
mixtures, with the best operating voltages depending on the gas mixture.

Moreover, the GPSC filled with Ar-Xe mixtures presents energy resolutions for
soft X-rays that, apart from the 250-630 eV energy range, almost as good as the ones
obtained for pure Xe. These mixtures have also the great advantage of exhibiting
improved peak-to-valley ratios (PVR) as the Xe concentration decreases from 100%
down to 5%. This improvement in the PVR is particularly important regarding the use of
the present GPSC to acquire PIXE spectra since Ar-Xe mixtures filled GPSCs therefore
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enable reaching improved sensitivities for soft X-rays below 2 keV when compared to
pure Xe filled GPSCs.

For all these reasons, the use of large area GPSCs with Ar-Xe mixtures was
shown to be a good alternative to pure Xe to register PIXE spectra.
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Figure 111.26 — Centroid position ¢ as a function of the incident X-ray energy Ey for pure Xe and
80%Ar-20%Xe.

III.4PRIMARY SCINTILLATION

In addition to the studies concerning Ar-Xe mixtures as the detection media in
GPSCs, we also performed another distinct study with the developed GPSC: an
investigation on the primary scintillation produced by weakly ionizing radiation in Xe in
the gas phase. The slow-down of the electrons resulting from the absorption of an
ionizing radiation in a noble gas produces both excited and ionized atoms from collisions
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with electrons. The primary scintillation is the result of the radiative decay of the excited
species produced directly during the radiation absorption or indirectly after electron-ion

recombination.

The primary scintillation is produced in the noble elements during the formation
of the primary electron cloud following the absorption of ionizing radiation (i.e. X-
and Y-photons or heavy particles) and its relevance relies on its application in several
fields, such as time coincidence measurements or Time Projection Chambers (TPC). A
recent private communication with David R. Nygren (from the Lawrence Berkeley
National Laboratory) concerning his last work [II1.65] which aims to measure both
primary and secondary scintillation in a TPC in order to study the double B-decay of
"*Xe in gas phase, combined to an evident lack of available information in the literature,
encouraged us to perform the following study to measure the primary scintillation yield
in pure Xe.

Indeed, some previous works concerning the primary scintillation [111.66]-[111.68]
deal with condensed noble gases (usually in liquid state), and/or heavily ionizing
radiation such as a-particles, but the published results for the direct interaction of X-rays
are scarce particularly due to difficulties in detecting such small amounts of light.

For pressures above ~10 Torr in Xenon, the excited- and ion-dimers Xe,* and
Xe," are easily formed in three body collisions (Equations I11.5 and I11.8). Then, the
primary scintillation produced (Equations I11.6 and I11.10) consists essentially of the UV
continuum characteristic of the decay of the Xe,* excimer (excited dimer) states (peaked
at ~173 nm) [111.69].

As pointed out by Kobayashi e 2/ [I11.70], there are 2 mechanisms leading to the
production of primary scintillation, namely:

excitation luminescence, which follows excitation by electron impact

e + Xe — Xe*+ e (Eq. 111.4)
Xe + Xe + Xe* — Xe + Xe,* (Eq. I1L.5)
Xe,* — Xe + Xe + hy (Eq. I11.6)

and recombination luminescence, which follows ionization by electron impact

e +Xe—>Xe +2¢ (Eq. I11.7)
Xe + Xe + Xe" — Xe + Xe," (Eq. 111.8)
Xe,” + e — Xe,** — Xe,* (Eq. I11.9)
Xe,* — Xe + Xe + hy (Eq. 111.10)
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both reactions leading to the production of Xe,*, followed by the emission of a VUV
scintillation photon with energy hv.

While in the case of condensed media and/or heavily ionizing particles the
recombination component [II1.71] is strong due to the large concentration of primary
electrons and of noble gas positive ions along the radiation track, this primary
scintillation component is much weaker, or even inexistent, in the case of weakly ionizing
radiation (such as electrons or X- and y-rays) interacting in gas phase noble
gases [111.72]-[111.75], leading therefore to much weaker primary scintillation yields. This
difference is experimentally evidenced by comparing published data for the average
energy spent to produce a primary scintillation photon, W, in liquid and gaseous
mediums. While Chepel e @/ [I11.76] measured W, of 183 £ 1.5eV and 17.1 £ 1.4 eV

for 59.54 keV y-rays and O-particles respectively in liquid Xe (in liquid phase the primary
scintillation receives a much stronger contribution from recombination), much larger
values of W, of 76 % 12eV have been measured by Parsons e al [111.74]

for 60 keV 7y-rays in Xe and 90%Xe-10%He at 20 atm.

Nevertheless, even in gas phase, the recombination component can still be
important for heavily ionizing particles. In this case, its contribution is expected to
decrease with increasing applied electric fields.

We used the GPSC experimental set-up to detect 5.9 keV X-rays from a “Fe
radioactive source, just as we explained in section II1.2.5. However, in this particular
application, we took special attention to the detector output pulse resulting from the
primary scintillation, beyond the usual detector signal output resulting from the detection
of the secondary scintillation. The production of primary scintillation light occurs due to
the de-excitation of the excimers resulting from the radiation interaction, whose lifetimes
are short (about a few tens of s [I111.77]), while the production of secondary scintillation
takes place only after the drifting of the primary electron cloud towards G1 (i.e. tens of
us latter). As a result, the primary scintillation can be considered as a prompt signal in
comparison to the detector signal output, and so its signal appears prior to the one due
to the secondary scintillation, as represented in Figure I111.27. Figure II1.27 represents
both primary and secondary scintillation pulses amplitudes, which were measured with
a'TDS 1012 Tetronix digital oscilloscope. Although it is difficult to distinguish the
primary scintillation signal from the electronic noise because of its very low amplitude
(only about 0.5 mV after electronic amplification and with a high PMT gain), we
managed to obtain a clear distinction of the primary scintillation pulse from noise by
averaging out the noise level close to zero, making therefore possible its measurement:
the digital oscilloscope was triggered not with the primary scintillation pulse but later
with the secondary scintillation pulse, at a low threshold of ~10-20 mV in order to
observe simultaneously the primary scintillation pulse, and averages of 128 pulses were
taken for both the primary and secondary scintillation signals. These averaged pulses
were then recorded so that the amplitudes of both signals were determined by fitting
these to gaussian curves. We also related the separation between the centroids of the

gaussian fits to the time d separating the two peaks, i.e. events. To avoid saturation when
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measuring the amplitude of the secondary scintillation pulses, we reduced the gain of the
linear amplifier by a factor of 10, as compared to the primary scintillation case, and this
factor was taken into account when comparing the primary with the secondary

scintillation amplitudes.
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Figure I11.27 — Primary (left panel) and secondary (right panel) scintillation pulses obtained for 5.9 keV
X-rays.

However, we have to take into account that this averaging technique relies on the
following assumptions:

V" First of all, any comparison between both scintillation pulse amplitudes is only
possible under the fair assumption that the primary and secondary scintillation
have the same spectral distribution (peaked at 173 nm); otherwise the
non-uniformity of the PMT efficiency for different wavelengths would forbid any
comparison.

v" Besides, the absorption point of the X-ray is considered to be constant to
guarantee that the solid angle subtended by the PMT photocathode remains the
same. This condition has also to be taken into account to consider that the
drifting time of the primary electron cloud towards G1 is constant, since we
considered a constant time difference between the primary scintillation pulse and
the secondary scintillation one. Otherwise, we would be averaging pulses with
different amplitudes and centred at different instants. This condition is almost
verified for 59keV X-rays since their absorption length in Xe
at 800 Torr (2.62 mm [II1.78]) is much shorter than the 46.5 mm drift distance D
travelled by the primary electrons cloud before reaching G1.
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Because of this latter reason, this technique can no longer be used for X-rays with
energies higher than about 8-10 keV with a GPSC filled at atmospheric pressure. On the
other hand, for X-rays below about 4 keV, the primary scintillation signal is, even using
this averaging technique, less distinguishable from the electronic noise. As a result, this
averaging technique is only viable for X-rays in the 4-10 keV energy range.

We first plotted in Figure II1.28 the time difference & between the 2 peaks of
Figure II1.27 as a function of E,/p to confirm that the first pulse preceding the
secondary scintillation pulse corresponds in fact to the primary scintillation signal. This
delay 8 of the secondary scintillation pulse in relation to the signal from the primary
scintillation is due, as already explained, to the time that the primary electrons take to
drift through the remaining part of the 46.5 mm deep absorption region towards grid G1.

Indeed, the observed delays & in the 25-34us range for FE /pin
the 0.05-0.4 Vem™ Torr" range are consistent with published drift velocities of
about 1-2 mm/s for electrons in Xe for this E,/p range [IIL47],[II1.79]. Besides, the
fact that the time lag & between primary and secondary scintillation pulses decreases

as E,/p increases is also expected since the drift velocity of the electrons increases with
increasing E,/p.
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Figure 111.28 — Delay & between the secondary and the primary scintillation pulses as a function of the
reduced electric field E,/p in the GPSC drift region, when the field applied in the secondary scintillation
region is Ese/p = 2.9 V em! Torr ! in Xe at 800 Torr.

We then studied the amplitudes of both primary and secondary scintillation
pulses, 17, and 17, respectively, as a function of the reduced electric field E,/p applied in
the drift region; with a constant reduced electric field in the secondary scintillation

region E, /p of 2.9 Vem™ Torr™. As expected, and with exception for very low electric
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fields E,/p < 0.05 Vem™ Torr™ for which allowance for primary electron recombination
.. remains approximately constant within the experimental
errors (Figure 111.29). The small drop in 17,

ec

is larger, the amplitude 1
at higher E,/p may be explained by the
lower transmission of electrons from the absorption/drift to the scintillation region due
to the smaller difference between E,/p and E/p [IIL.80]. On the other hand, the
amplitude I, does not seem to be sensitive to increasing E,/p, within the experimental
error. This experimental error in 17, is considerably large, as it can be seen
in Figure I11.29, but this is expected since it involves the measurement of a signal with

very small amplitude.
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Figure 111.29 — Amplitudes 17, and 17, of the primary (L) and secondary (®) scintillation pulses as a
functdon of the reduced electric field E,/p in the GPSC dtift region, when the field applied in the
secondaty scintillation tegion is Esc/p = 2.9 V cm! Torr! in Xe at 800 Torr.

In Figure 111.30 we plotted the ratio I,/1/, between the secondary and primary
scintillation pulse amplitudes. We observed that, for E,/p > 0.05 Vem™ Torr", the
17,/ 1V, ratio remains approximately constant within the experimental error and equals
(142 £ 2.1) X 10’. The 1,/ 1/, ratio shows a slight trend to decrease with E,/ p because

of the already referred small drop in 17, at higher E,/p. This constant value of the ratio

sec

proves that the recombination process gives a negligible contribution to the primary
scintillation yield for 5.9 keV X-rays in Xe gas at 800 Torr.
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Figure IT1.30 — Ratio 1,/ I, between the secondary and the primary scintillation pulse amplitudes as a
functdon of the reduced electric field E,/p in the GPSC drift region, when the field applied in the
secondaty scintillation tegion is Ec/p = 2.9 V cm Torr!in Xe at 800 Torr.

The experimental value of the ratio I,/ 17, combined to the knowledge of the
secondary scintillation yield enables the determination of the primary scintillation yield
since the amplitudes 17

sec

and 17, are proportional to the average numbers 7, and 7, of
secondary and primary scintillation photons reaching the PMT, so that:

V. n
=L = == (Eq. TI1.11)
Vp np

Concerning 7, this can be related to the number of primary scintillation photons
per X-ray event 7 as 7, = Tmf) where T is the grid optical transmission and 2 is the
average of the solid angles £2(x) subtended by the PMT window at each scintillation
point along the drift region weighted by the X-ray absorption rates g(x) = (1/A) ¢*/*
where A is the x-ray absorption length (1=0.262 cm for E,=5.9 keV in Xe at p=800 Torr
and so A<<D as needed).

As illustrated in Figure II1.31, the solid angles £2(x) subtended by the PMT

window are given by Q(x) = 2= (1 —(D+dx)/ \/ (D+ d-x)2 + R2> with x measured

from the detector entrance window (else by Xx) = 2= (1 — x/J(x)?+ RZ)

with x'=D+d-x) and where D and 4 are the lengths of the absorption/drift and
scintillation regions respectively and R the radius of the PMT photocathode (which
equals 2.4 cm).
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Figure 111.31 — Schematic of the Gas Proportional Scintillation Counter.

On the other hand, 7, equals NL|, [? +d.(2(x)dx, where N is the average number

of primary electrons per X-ray event (N = Ey /) and L is the secondaty scintillation
yield per primary electron and per cm. The behaviour of the pressure reduced secondary
scintillation yield, I./p, is well established: below the threshold for ionization, it increases
linearly with the pressure reduced electric field Eg/p, according to the empitical relation

=S _B (Eq. 111.12)

first reported in 1977 in [IIL.81], and afterwards investigated in detail with accurate
Monte Catlo calculations [II1.82]. The values obtained in [III1.82] for the constants .4
, E; in Vem', p in Torr, and T=293K)
are A= 0.1389 photons electron” V' and ~ B=0.1325 photons electron” cm™ Torr ",
which are also in good agreement with the recently published absolute

andB (x in cm

measurements [I11.83].

As a result,
E D+d
Veec Ngec NL f§+dﬂ(x)dx VX L [y T 000 dx
= = = = — (Eq. 1I1.13)
Vp ny TmQ ™Tma

Considering the value 17,/17, =14.2 x10° obtained experimentally and by
introducing »=21.61 eV [I11.84], [.=216 photons electron” cm™ (calculated from

Equation I11.12 with the pressure p=800 Torr and E,/p =29V cm™ Torr™), T=0.84
(calculated on geometrical grounds for the grid used), f; *G0dx =5.62 cm,

Ssec

and 2 =0.52, we deduced the value 7#=53 * 8 for the number of primary scintillation
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photons produced when a X-ray photon with an energy E of 5.9 keV is absorbed in Xe
at 800 Torr. The error in 7 was determined by taking into account the error associated to
the ratio I,/ 1/, this latter being itself calculated by taking into account the errors in
both 17, and 17,

Finally, we also have deduced that the average energy IV, expended to produce a
primary scintillation photon (W=E/m) is W=111 1+ 16¢eV for E,=59keV in Xe
at 800 Torr.

The obtained value of IV, is in agreement with an estimation that was made by
comparing the Xe electron impact scattering cross sections g, for ionization and ¢, for
excitation from [IIL.47]: this estimation relies on the assumption that the ratio W,/
between the wvalues I, for primary scintillation and W for primary ionization
approximately equals the ratio ¢,,/0,.. As we can obsetve in Figure II1.32, where we

both plot ¢,

e together with the ratio 7= ¢,/ 0. as a function of electron

on

and O-i()ﬂ
energy &, this ratio 7 varies only from about 4 to 9 in the ¢ range from 100 eV to 10 keV.
Since W~22 eV, this implies an expected value for IV, to be in the 80-200 eV, which is

compatible with the value we deduced experimentally.
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Figure 111.32 — Electron impact scattering cross sections e for excitation and gen for ionization in Xe,
together with the ratio 1 = dlon / Gesc.

The experimental value V=111 * 16 eV we obtained for 5.9 keV X-rays in Xe
at atmospheric pressure is somewhat larger than the value 76 * 12 eV measured
by Parsons ¢ al. [I111.74] for 60 keV p-rays at 20 atm which was mentioned before.
Nevertheless, these values are quite compatible within the frame of our previous
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discussion since we expected larger W, as the energy decreases and the detection media

becomes less dense. Also for these reasons, our experimentally obtained value of W, in

gaseous Xe is much larger than for a-particles, for which the values 343 £ 1.6 eV

and 49.6 £ 1.1 eV have been measured at atmospheric pressure by Saito e a/. [111.66]

and Miyajima e# al. [I111.67] respectively. A qualitative comparison confirms again our

previous discussion concerning the contribution of the recombination process in the

primary scintillation yield.
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— CHAPTER IV —

PIXE STUDIES

The first PIXE experiments that we performed were conducted by bombarding
several samples with protons in the 10-45 keV energy range. These intended to guarantee
that our experimental set-up was working properly; regarding both the particle
accelerator, the X-ray detection system and the data processing procedures. However, as
explained in Chapter I, the data in the literature available for comparison is scarce or
even inexistent for this low energy ion range, i.e. below 100 keV. Indeed, the works of
Basbas ¢ al. [IV.1], Szegedi ez al. [IV.2] and Khan and Potter [IV.3], that present results
for thick aluminium and/or copper targets irradiated with low energy protons down
to 25, 40 and 60 keV respectively, are the few exceptions. Even so, the values presented
in [IV.1] are not absolute X-ray yield measurements but results normalized to the value
presented in [IV.3] for 100 keV protons.

We decided to irradiate aluminium targets first since this particular element is
subject of study in these three works. Besides, aluminium has the advantage of being a
conducting material and we also have the possibility of manufacturing extremely thin
aluminium samples through vacuum evaporation techniques. Three distinct approaches
can be applied experimentally to determine aluminium X-ray production cross-sections,
each having naturally its own advantages and inconvenients over the others; namely:

V' Selfsupporting thin target: in this case, the incident ions go through a thin
self-supporting specimen of known thickness. By thin we mean targets
whose thickness is thin enough so that the bombarding ions only lose a
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very small part of their initial energy in a way that the X-ray yield
measured results from the interaction of ions with approximately
constant energy.

V' Thin target upon a substrate: the incident ions impinge on a thin specimen of
known thickness which is deposited upon a thick substrate, usually made
of a carbon based material in order to avoid simultaneously any unwanted
characteristic X-rays from the backing material where the beam is
dumped and an additional large amount of bremsstrahlung. This
approach enables to irradiate thin targets which hold the thin target
criterion but with much easier sample preparation procedures.

V' Thick target yield: the impinging ions are totally slowed down and stopped
in a thick specimen. The emitted X-rays consequently correspond to the
interaction of the incident ions at different energies (integral from their
initial impinging energy to 0) for which the X-ray production
cross-sections are different.

Our first attempt in determining experimentally X-ray production cross-sections
was through the irradiation of se/fsupporting thin targets of known thickness (section 1.3.1)
since this approach leads to more precise experimental results since the impinging ions
keep, within good approximation, a constant energy while travelling through the sample.
Moreover, corrections due to self-absorption effects are not needed since the emitted
X-rays travel very small distances in the target before leaving the sample. Also, a reduced
bremsstrahlung background is present in the PIXE spectra since no X-rays are originated
from the interaction of the ions with the baking material. The ion beam, after crossing
and interacting with the thin specimen, is dumped in a Faraday cup with a secondary
electron suppressor (Figure 11.18) where the ionic current is measured.

Nevertheless, this approach also presents experimental problems of great
importance; namely the accurate knowledge of the specimen thicknesses and the difficult
preparation and handling of such thin samples. For our particular application, this latter
practical difficulty is even more severe due to the very low energy of the incident protons
which implies the use of extremely thin films. For instance, the range of 50 keV protons
in aluminium is about 500 nm and, if it is intended that the incident protons lose
only 5% of their initial energy, the maximum thickness of the film should
be 40 nm [IV.4]. Of course, for lower energies, the targets will have to be even thinner.
Despite the practical difficulties in the manufacture of such thin films, we prepared
several films with thicknesses in the 40-300 nm range by vacuum evaporating high-purity
aluminium onto glass plates covered by a thin layer of liquid soap. The thin evaporated
specimens were then extracted away from the glass by submerging the aluminium coated
glass plates in water and floating the thin films. The thin aluminium samples were then
carefully deposited upon a Teflon support with a hole in the centre, which was covered
by the thin target film and placed in the ion beam trajectory. The hole of this Teflon
support is larger than the ion beam cross-section so that the ions interact only with the
sample, being afterwards dumped in the Faraday cup. However, these thin targets did not
stand irradiations for more than a few minutes before being destroyed, even for beams of
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very low intensity. This was of course far from being enough to acquire PIXE spectra
satisfactory from a statistical point of view. Besides, although we managed to handle
samples with thicknesses down to only 40 nm, these were still too thick to hold the thin
target criterion for protons of energy below 30 keV. Another important limitation we
had when manufacturing these thin films was the difficulty in the accurate measurement
of the specimen thicknesses, despite the use of a thickness meter during the vacuum
evaporation.
In view of all these difficulties, we decided to try alternative approaches.

We then considered the irradiation of #hin targets upon a substrate. These latter
consist in thin targets of known thickness, also obtained by vacuum evaporation, but
with the difference that the film target is evaporated on a thick backing material in which
the ion beam is dumped. The measurement of the ion beam current is therefore
performed on the bombarded target. This alternative avoids the severe practical
difficulties concerning the specimen handling and allows the irradiation of these thin
targets for much longer periods, but at the expense of a slight worsening of the
sensitivity due to the presence in the PIXE spectrum of bremsstrahlung from the
backing material where the beam is dumped. We prepared thin films by evaporating
aluminium deposited upon carbon based substrates. This enabled us to prepare films
with thickness down to 10 nm since no handling of the sample was necessary. However,
the difficulty regarding the inaccuracy in the specimen thickness remained. Also, an
additional issue appears due to the use of carbon based substrates since the current
measurement can no longer be done in a Faraday cup below the target, such
measurement being particularly complicated when irradiating insulating samples.

Since it is not possible to determine X-ray production cross-sections with
accuracy without a precise knowledge of the thickness of the thin specimen irradiated, we
could not proceed with any valid study with such targets. Considering these
disadvantages, we decided to perform our studies using thick targets (section 1.3.2). This
decision has resulted in a much simpler target preparation, but however at the expense of
a much more complex analytical data processing.

The irradiation of #huck targets enables an indirect calculation of X-ray production
cross-sections through the experimental determination of the #hick farget yield curve. In this
case, the knowledge of the specimen thickness is no longer required and almost no
sample preparation is necessary, avoiding so several practical difficulties. However, the
energy of the impinging ions is no longer constant and the X-ray yield registered results
from the interaction of protons with different energies. As explained in section 1.3.2
(Equation 1.6), the number of characteristic X-rays N, , of the p- (K-, L- or M-) X-ray
line in the PIXE spectrum due to the irradiation of a thick target of atomic number Z is

related to the X-ray production cross-section 0;(, 7 (E) through the following relationship:

sin 8

Mo (X0—X)
N,; = N, (Q/4n) €pz np [ e sme ™ 6X (E) dx (Eq. TV.1)
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where x is the beam direction, x, the range of the incident particles in the target in this
direction, u the target absorption coefficient for its own characteristic X-ray line, 8 and ¢
the angles between the incident beam and the specimen surface and between the
specimen surface and the detector axis direction respectively, p the density of the
target, N, the number of impinging protons, £2/47 the solid angle subtended by the
detector, €y 7 the detector efficiency for the considered p-line of the element Z (taken
from data of Figure II1.22) and # the number of target atoms per gram (which
equals Ny, / A, where Ny is Avogadro’s number).

The thick target yield I, ,(x;), defined as the number of X-rays produced in a thick
target per impinging proton of initial energy E, with range x, [IV.1],[IV.5], is therefore
related to the number of X-rays counts Ny, 7 in the PIXE spectrum through

sin 6

_ xXo —pHo—(Xo—X)
=np fO e 'sing

Np,z

0’ ~_ X
Np (%/ar) €p.z Op,z (E) dx (Eq. IV.2)

Ip,Z (xo) =

It is possible to obtain an expression relating the X-ray production cross-section
0;(, 7(E) and the thick target yield Ipz (xo) by differentiating Equation IV.2 using the

following relationship

LD f ) da] = [10) Z(FeD)dx +f, D2 — fu, )L
(Fq. 1V.3)

For ¢ = 0, we obtained:

1 dl 1 [dl dE
CIEG = o= | 22 4w (EG)| = 3 [T2E5 4 L (B G
(Eq. IV 4)
and consequently,
_ 1 dl VA u
o[E]= 1| 222 5(8) + . ly,2(E))| (Eq. IV.5)

where S(E) is the target stopping power at energy E (in keV cm?/g).

Equation IV.5 shows that X-ray production cross-sections can be calculated,
given the value and the slope of the thick target yield function Ip,Z(E ). The value of
dl, ,/ dE is obtained analytically through the fit of the experimentally obtained thick target
yield curve I, 7 as a function of the incident ion energy F,, as explained in [IV.1],[IV.5].

We registered PIXE spectra with the developed GPSC by bombarding an
aluminium thick target, 31 mm in diameter (shown in Figure I1.15). The sample was
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irradiated by protons with energy in the 10-45 keV range and the determination of the
integrated charge was performed through the measurement of the ion beam current
directly on the bombarded sample. This was made by isolating electrically the target and
by connecting it to an electrometer through one of the feedthroughs placed in the
bottom flange of the reaction chamber (Figure I1.19). A typical PIXE spectrum is
presented in Figure IV.1 for a thick aluminium sample bombarded by 40 keV protons.

Counts

0 2 4 6 8
X-ray energy (keV)
Figure IV.1 — PIXE spectrum obtained by irradiating an aluminium thick target with 40 keV protons.

Our decision of irradiating aluminium targets is not only due to the fact that this
particular element is one of the few for which there is published data in the literature for
such low velocity protons, but it is also because this particular element seems to be a
good compromise between the difficulty in detecting the soft X-rays from lighter
elements, ie. below 1keV, and the difficulty in obtaining relevant X-ray yields from
heavier elements for which the X-ray production cross-section decreases considerably.

Besides, aluminium is a conducting material, which is another important
advantage since we observed that the irradiation of insulated targets (either insulating
materials or properly insulated conducting samples) leads to considerable changes in the
PIXE spectra. As illustrated in Figure IV.2, the irradiation of non-conducting targets
leads to PIXE spectra that present considerably higher X-ray yields and bremsstrahlung
per integrated charge unit, resulting in much worse signal-to-noise ratios. This
phenomenon is in agreement with observations related in [IV.6] and is due to the fact
that the target becomes highly positively charged due to the ion bombardment, as already
referred in Chapter I.
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Figure IV.2 — Spectra from a thick aluminium target bombarded with 40 keV protons, with a total

integrated charge of 70 uC in both cases, with and without electrical contact established between the
sample and ground potential.

Additionally, by examining the GPSC output signal with an oscilloscope during
the irradiation of non-conducting targets with a constant proton beam current, we
observed that the X-ray counting rate registered by the GPSC is not constant. Indeed, it
varies periodically, increasing massively first until it suddenly returns to its original state.
This effect occurs because of the build-up of the electric potential of the target due to
the accumulation of beam charge, followed by a rapid discharge that releases a flux of
energetic electrons through the sample material. During charge build-up, electrons in the
vicinity of the target (both secondary electrons from the sample irradiated and electrons
from the residual gas) are accelerated towards the highly positively charged target. These
energetic electrons hit the target, producing X-rays with enhanced yields observed in the
same way as electron excitation leads to X-rays in the EPMA technique (as referred
in Chapter I, the X-ray production cross-sections for electrons of tens of keV are similar
to the ones for MeV protons). This effect has been reported through the years in the
work of Pillay and Peisach [IV.7]-[IV.9] who not only observed this phenomenon, which
they named CHarge-Induced X-ray fluorescence (CHIX), but also carried out several
studies in order to get a better understanding of it. In one of these studies, they recorded
time-resolved spectra to monitor the X-ray yield and showed that the discharges
produced in non-conducting targets can be recognized by a periodic increase in X-ray
counting rate [IV.10]. These observations are in agreement with the effect we observed.

Although the CHIX enhanced X-ray yield is not significant for impinging ions
with energy higher than 1 MeV since the relevant X-ray production cross-sections
for PIXE are particularly large for such energetic ions, i.e. about 1-100 barn, this effect
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was shown to be particularly relevant with low energy ions [IV.8], i.e. when considering
an energy range where ion induced X-ray production cross-sections are considerably
low (10°-10° barn). Indeed, since this enhanced CHIX X-ray yield remains relatively
constant with low-energy ions while the relevant PIXE contribution falls considerably
with decreasing energy of the incident particles, the CHIX contribution to the X-ray yield
increases dramatically becoming by far the dominant effect at low ion energies in
insulating targets [IV.8]. This behaviour at low ion energies therefore explains the
enormous differences we observed between the PIXE spectra of insulated and
conducting samples bombarded with 40 keV protons (Figure IV.2).

We point out that CHIX is a strong alternative to PIXE regarding
PIXE-induced XRF (XSQR) studies since large X-ray fluxes are obtained even with low
beam currents [IV.9],[IV.11].

IV.1 MEASUREMENT OF THE BEAM CURRENT

Even when irradiating conducting samples for which the CHIX effect does not
occur, great care has to be taken to measure accurately the integrated beam charge.
Indeed, secondary electrons resulting from the beam interaction with the target can
escape the bombarded sample leading to an additional false positive current and hence to
an overestimate of the integrated charge. Therefore systematic errors in the
observed X-ray yield per unit charge will appear if suppression of these secondary
electrons is not made. The release of these secondary electrons can be minimized by
inserting a negatively biased grid in front of the target, as shown in Figure 11.19.

We studied the dependence of the measured current, I, with the negative
voltage applied to the grid, 17, concluding that it decreases as 7 increases in absolute
value, reaching a constant value, I\, which is the current due to the charge of the ions
in the beam only, i.e. when there are no secondary electrons leaving the sample.
In Figure IV.3, we present the ratio between I ;s and [,y as a function of absolute value
of 17, for different H, pressures and it can be seen that, in all cases, this ratio drops to
one as —|’; increases. Moreover, Figure IV.3 shows that the escape of the secondary
electrons increases with increasing H, pressures. This can be explained by the fact that
the number of molecules in the vicinity of the target increases for higher residual
pressures, making the interaction of the secondary electrons with the gas molecules and
therefore their escape from the target easier. On the contrary, no dependence of I
with the energy FE, of the impinging protons was observed. Moreover, irradiations of
targets of different elements have showed that the dependence of the ratio Iyps/ Loy
with —1/ varies among the elements as it can be seen in Figure IV.4; confirming the
observations described by Traxel and Mandel in [IV.12].

We also confirmed that the value of 1V, does not influence the number of X-rays
events registered in the PIXE spectra as long as the parameters of the ion source remain

constant.
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Figure IV.3 — Ratio between the measured current Iygs and the actual proton current [ion, obtained by
suppression of the secondary electrons, in a copper target irradiated by 35 keV protons as a function of the
voltage 17 applied to the secondary electron suppressor grid for several Ha pressures inside the reaction
chamber.
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Figure IV.4 — Ratio between the measured current Iyes and the actual proton current lion, obtained by
suppression of the secondary electrons, in a aluminium (@), titanium (m) and copper (#) thick targets
irradiated by 35 keV protons as a function of the voltage I applied to the secondary electron suppressor
grid. The residual pressure inside the reaction chamber was 8.0 X 10- Torr.
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IV.2INFLUENCE OF THE RESIDUAL HYDROGEN PRESSURE

We also considered the influence of the residual H, pressure in the reaction
chamber on the performance of the PIXE set-up because we observed that the vacuum
in the reaction chamber increases massively from the moment the H, gas is injected into
the ion source. This is due to the lack of a radiation window separating the ion source
and the overall particle accelerator, including the reaction chamber, to guarantee the
transmission of the low-energy protons (range of less than 500 nm in solids[IV.4]). A
worsening of the residual vacuum from 2-3X10° Torr up to the 10%-10”° Torr range
could be observed as the H, gas was inserted in the ion source. A mass spectrometer
confirmed that this high residual pressure is mainly composed by hydrogen gas. This
worsening of the vacuum in the reaction chamber is critical and inevitable in our
particular case since we are forced to operate the ion source with high H, fluxes to
maximize the intensity of the proton beams since the filament current ;. achievable in
the ion source with the actual electronic module is limited (section II.1).

We also observed that, even keeping the proton current that impinges on a thick
target constant, the residual H, pressure inside the chamber influences the number of
X-ray counts recorded in the PIXE spectra. In addition to this unexpected effect, we also
observed that, for large H, pressures inside the ion source, a “residual” current on the
target, Iy, was always measured even without having ions hitting it, i.e. when using the
Wien filter to deviate all the possible ions from its exit collimator. Moreover, we also
observed that this “residual current” Iyg originates X-rays characteristic of the target
element. The results concerning the dependence of the X-ray counts with the residual
pressure can be observed in Figure IV.5 where both total and residual counts obtained
for an aluminium thick target irradiated with a constant proton beam current of 200 nA
are presented. For each pressure, the number of counts originated by the proton beam
alone is therefore the difference between the two bars.

In Figure IV.6, we present the ratio between the residual current and the current
measured when protons bombatd the target, i/ Lyps, also as a function of the residual
pressure, concluding that this ratio also increases with pressure. From Figures IV.5
and IV.6 we can observe that both the residual X-ray counts and the residual current are
a significant part of the total and that both increase with increasing H, pressures,
becoming predominant in the total of counts registered. The same behaviour was
observed for titanium and copper thick targets.

We believe that these unexpected phenomena can be explained by the collision of
neutral atoms or molecules with the target, since it is possible to measure a “residual”
current Ipg on target for high H, pressures even when the filter Wien is polarized to
guarantee that all the possible ions are deviated from the target. Such neutral
patticles/molecules can be originated by the interaction of the protons produced in the
ion source with the H, molecules eventually before entering the Wien filter. Indeed,
collisions of protons with H, molecules leading to fast neutral hydrogen atoms have
cross-sections up 10" cm® range for protons energies with energy in the 1-50 keV
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range [IV.13], showing that this interaction is likely to occur at pressures above
about 10°-10” Torr. Such deterioration of the ion beam with poor vacuums has already
been described in [IV.14], where the degradation of proton beams is shown to occur in
poor vacuum conditions. Besides, Figure IV.6 shows that the behaviour is the same for
all the targets used, confirming therefore that this phenomenon is due only to the
higher H, concentration in both the accelerator tube and reaction chamber.

The “residual” current Iy measured therefore can eventually correspond mainly
to the escape of secondary electrons form the target when this latter is hit by those fast
neutral atoms. This hypothesis was confirmed increasing the negative voltage 17 of the
secondary electron suppressor ring. For high values of 17, the measured current
dropped to zero showing that the “residual” current is indeed due to secondary electrons
that leave the target.

Since we are interested in determining the X-ray yield for protons, we must
remove the contributions of both the “residual” measured X-ray counts and current once
we have concluded that these are not due to protons. With this in mind we defined an
“effective” X-ray yield as the number of X-ray counts in each spectrum due to the
proton beam, obtained from the difference between measured and residual counts,
divided by the current due to protons which is also the difference between the measured
and residual currents. This effective X-ray yield is represented in Figure IV.7 for a
titanium thick target and we can observe that this effective yield also increases with the
increase of H, pressure in the reaction chamber, indicating eventually that the proton
beam is also perturbed by the increase of H, in its path towards the target.

Consequently, it is clear that the PIXE spectra have to be acquired with minimal
residual H, pressure. However, on the other hand, the limitation in the maximum current
available in ion source filament with the existing electronic module forces us to use high
values of H, pressure within the ion source to obtain acceptable proton currents on
target. Due to these limitations we expect to register X-ray yields somewhat larger than
the expected ones due to the unavoidable contribution of this competitive process to
the PIXE spectra (Figure IV.7). This residual contribution can be reduced if the gas
evacuation in the reaction chamber during irradiations is improved or else if the current
in the ion source filament, I}, could be increased.

However we should point out that independently of the operating H, pressure we
still observed that the number of recorded counts in the PIXE spectrum varies linearly

with the integrated charge, as expected.
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Figure IV.5 — “Total” and “Residual” X-ray yields from an Aluminium thick target irradiated by 35 keV
protons with a constant current of 200 nA as a function of the residual Hz pressure during irradiation. The
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Figure IV.7 — “Effective” X-ray yield for a Titanium thick target irradiated by 35 keV protons as a function
of the residual Hy pressure. The cutve is only guide for the eyes.

IV.3THICK TARGET YIELD CURVE AND DEDUCED X-RAY
PRODUCTION CROSS-SECTIONS

After having observed the behaviour of the experimental set-up and having
optimized it regarding both the voltage 17, and the operating H, pressure, we
registered PIXE spectra while bombarding the aluminium thick target with protons of
energy E, in the 10-45 keV range with a step of 5keV in order to obtain the thick
target X-ray yield curve I(E,) for the K-line of aluminium.

As already referred, the X-ray yield I(E,) at a given energy E,, is defined as the
number of characteristic X-ray events, IN, originated due to the impact of a proton of
energy E, on the target. N is also related to the number of X-ray events registered by the
radiation detector used through Equation IV.2, this latter being the number of counts in
the peak of the pulse-height distribution obtained for the aluminium K-line. With this
purpose, the pulse-height distributions registered were fitted to gaussian functions
superimposed on a linear background. I(E,) was then determined using Equation IV.2,
where the integrated charge was obtained through the measurement of the proton
current with an electrometer connected to the target, the solid-angle € subtended by
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the GPSC was calculated to be 0.0188 sr and its detection efficiency for the aluminium K,
line was calculated 0.45.

The results for the thick target yields I(E,) obtained for aluminium bombarded
with protons of energy E, in the 10-45keV range are presented in Table IV.1
and Figure IV.8. We have also included in Figure IV.8 the published data from [IV.3] for
comparison. We have estimated the error in the number N of counts in the peak to be
of £1% because of the low statistic of the recorded spectra and the error in the
integrated charge to be *5 % due to the difficulties encountered in maintaining a fixed
impinging current during the long acquisition times. The error in the calculated X-ray
yields I(E,) was estimated through the error propagation formula (Table TV.1).

Figure IV.8 shows that our experimentally obtained X-ray yields I(E,) are in good
agreement with the results from [IV.3]. Concerning the dependence of the X-ray yield
curve with the energy of the impinging protons E,, Figure IV.8 shows that this latter is
qualitatively satisfactory although we have to point out that the X-ray yields registered for
proton energies higher than 25 keV seem to present a lower increase than expected. We
attributed this phenomenon to the deterioration of the proton beam due to the poor
vacuum which leads, as described in [IV.14], to protons with lower energies than
expected. Indeed, as the proton energy increases, the cross-sections involved in
the H'-H, interactions also increase, allowing the protons to lose a fraction of their
energy and to therefore originate lower X-ray yields. For this reason, when we fitted
the I(E,) points obtained experimentally to a curve of the power type we have only
considered the I(E,) points for E, below 25keV. As a result, X-ray production
cross-sections were determined only for protons energies lower than 25 keV (Table IV.1
and Figure IV.9).

As it can be observed in Figure IV.8, there is a relatively good agreement between
the general trend exhibited by the I(E,) curve and the published data from Khan
and Potter [IV.3]. Such behaviour shows that the experimental system is working
correctly although quantitative measurements may present the small discrepancies as long
as the referred limitation remains. As already mentioned, the limitation regarding the
residual H, pressure might be at the origin of larger X-ray yields than
expected (Figure IV.7). Indeed, an improved (i.e. lower) operating H, pressure might lead
to lower X-ray yields which would be in better agreement with the few data available in
the literature [IV.1]. Consequently, the slopes of the I(E,) curve that we calculated are
expected to be somewhat larger than they should, leading therefore inevitably to
larger X-ray production cross-sections oy than expected.
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TABLEIV.1
ALUMINIUM THICK TARGET YIELD TABLE
Al thick target X-ray yield S(E,)
PrOtOﬂ d]/dEp Oy (Ep>
E I(E) I(E) (X-ray/proton keV)  (barn)
? ’ (105 keV cm?/g)
(X-ray/proton) (X-ray/proton)

(keV) +10 % + 40 % + 40 %
15 (3.06 £ 0.16) x 1010 2.99 x 1010 3.483 5.36 X 10-11 8.43 x 10+
20 (5.62 = 0.29) x 10-10 5.88 X 10-19 3.867 7.44 X 1011 1.30 X 103
25 (1.01 £ 0.05) x 10° 0.98 x 107 4.157 9.60 x 1011 1.81 x 103
30 (1.09 £ 0.06) x 10 - 4.373 - .

35 (1.71 £ 0.09) x 10-9 - 4.529 - -
40 (2.02 %+ 0.10) x 10 - 4.638 - .
45 (2.99 = 0.15) x 10 - 4.709 - .
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Figure IV.8 — Thick target yield for aluminium K-characteristic X-rays as a function of the incident proton
energy E,. The etror in the experimental points is inferior to the size of the dots.
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Table IV.1 also lists the slopes of the thick target yield curve, dI / dE,, for proton
energies E, below 25 keV. These were analytically calculated using the fitting to the thick
target yield curve.

This fit was obtained by adjusting the experimentally obtained I(E,) values only
for proton energies E, of 15, 20 and 25 keV to a power curve of the A(Ep—1.487)3 type
for E, higher than 1.487 keV since its corresponds to the energy of the K, line from
aluminium and no X-ray yield can consequently be obtained for lower energies, and
where E, is expressed in keV and A4 and B are constants.

The constants 4 and B were obtained through the least square method using the
following method: a change of vatriable, from E, to E,” with E,"= F,-1.487, was made so
that the fitting function becomes I(E,") :AEP'B. Alternatively, we can also write
that /n(I(E,")) = /n(A) + Bln(E,"). This way we have calculated the values of /#(A) and B
together with their errors by performing a linear regression on the [/#(I(E,")), n(E,)]
values pairs. The values of A = (1.14£0.43) X 10" and B = 2.14 £ 0.13 were obtained.
We noticed that the errors in 4 and B are far from being negligible, but this is due to the
fact that we are considering only three points to perform a fit to the I(E)
curve. Table IV.1 presents the fitted X-ray yields I,(E,) which differ by no more
than 5% from the measured yields I(E,). The slopes dI/dE,’
slopes dI /dE.

through the error propagation formula and was shown to be not inferior to 40 %

which equal the

, are therefore given by ABE,™. The error in dI/dE, " was calculated
because of the relatively high errors obtained for .4 and B. These large errors in .4 and B
are mainly due to the very low number of points available to the fitting, imposed by the
already mentioned limitations of the experimental set-up.

Given the values of I(E) and dI/dE, for each energy E, considered, we
determined the corresponding K- X-ray production cross-sections for aluminium, oy
through Equation IV.5 and by using the stopping-power values from [IV.15]. The results
are resumed in Table IV.1 and presented in Figure IV.9. The error in the cross-sections
was calculated by considering both the referred errors in the X-ray yield and its
slope (Table IV.1) and the error of the stopping-power values. Although this latter
parameter is known with good accuracy for protons with MeV energy, the uncertainty
increases up to 10 % for low energy particles.

As shown in Figure IV.9, there is a fairly good agreement between our
experimentally obtained X-ray production cross-sections for aluminium and the trend of
other reported data. The tendency to higher oy values than the reported data is explained
as already mentioned by the higher X-ray yields we obtained.
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Figure IV.9 — X-ray production cross-sections for aluminium, obtained in this work (®) and by other
authors (O and ), as a function of the incident proton energy I,

Although these first results for an aluminium thick target were promising with the
discrepancies obtained explained by the present limitations of the experimental set-up,
the same quantitative agreement was not obtained for heavier elements, such as titanium
or coppet, so these results are not presented here. Indeed, although the general trend of
the I(E,) curves obtained experimentally regarding their dependence with the energy of
the impinging protons E, was in agreement with published data, namely the fact that the
increase of the X-ray yield with increasing energies E, is more pronounced as the target
atomic number Z, increases (the X-ray yield increases with about E,' for Z,
above 25 [IV.10]), the results obtained were quantitatively far from acceptable. Since the
discrepancies observed between our results and the expected ones seem to increase with
the target atomic number Z; we believe that some competitive process might be
involved, whose cross-section depends strongly on Z,. Studies at several residual H,
pressures point to our limitations concerning the minimal H, operating pressure inside
the reaction chamber to be at the origin of such discrepancies.

IV.4 FUTURE WORK

Although these first experimental results are promising, the referred limitations of
the experimental set-up did not allow us to perform more accurate and reliable studies
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with other elements and/or ions. Improvements in the experimental arrangement
therefore appear to be fundamental to determine more accurate X-ray production
cross-sections. Besides, there is also plenty of space for improvements that will allow the
use of this experimental set-up to carry on studies distinct from PIXE. This section aims
to present possible improvements that may be implemented and studies that can be
made with this set-up.

The first measurements presented here have shown that it is fundamental to
improve, ie. decrease, the residual H, pressure during irradiations. Since no physical
barrier can be placed between the ion source and the overall particle accelerator and the
reaction chamber due to the reduced range of these low energy protons, the decrease of
the pressure inside the system can be achieved by implementing two distint approaches.
The first consists in placing a short flange immediately after the ion source and
connecting it to an extra vacuum pump station. This additional vacuum system would
have to be electrically isolated from the ion source since this latter would be at high
voltage. Such improvement would enable the gas inserted into the ion source to be
evacuated before entering the Wien filter, therefore avoiding any interaction of the
protons with the residual gas molecules. Alternatively, a simple liquid nitrogen trap was
shown to be a good alternative to complex vacuum systems. On the other hand, another
way to decrease significantly the residual H, pressure is by reducing significantly the flux
of H, gas needed by the ion source. This can be done by increasing the maximum
current [, delivered to the ion source filament by the electronic module since the module
currently used is far from making full use of the capabilities of the ion source. This
change would also lead to much shorter data acquisition times and enable the
determination of even smaller X-ray production cross-sections, as it is the case for
heavier elements, since much higher proton beam currents I,y could be obtained on
target. Both suggestions have the disadvantage of requiring massive interventions in the
upper structure of the particle accelerator containing the ion source, the electronic
modules and the batteries. However, the importance of these alterations and the resulting
improvements we expect in the performance of the particle accelerator are enough to
justify their implementation. In fact, none of these have been executed yet because of
both the delay that such interventions would inevitably impose in the conclusions of this
work and the high cost of the material needed to perform these changes. However, both
improvements will be implemented in the near future.

As soon as these improvements are implemented, we expect the ion beam
currents on target to increase significantly, making possible to obtain high ion beam
currents even with severe beam collimation. As a result, the possibility of using this
experimental arrangement to perform micro-PIXE analysis is under study. In this case, a
motorized and vacuum-compatible scanning device will be necessary to scan the target
under the beam. Moreover, software has to be developed in order to build 2D images
containing multi-elemental concentration distributions from the recorded PIXE spectra.
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As the irradiation of heavier elements involving much smaller X-ray production
cross-sections will be possible with the expected significant increase in beam current, the
need to detect X-rays with higher energy will appear. We are therefore also planning to
install another X-ray detector in the reaction chamber. This detector, which may be
either a conventional Si(Li) detector or another GPSC, optimized for the detection of
harder X-rays up to 100 keV, may be placed in direct contact with the vacuum of the
reaction chamber or else outside this latter by using an exit flange with a convenient

radiation window.

Regarding the accelerating tube, we are also planning to add more insulated rings
and to improve their electrical isolation in order to bias it with voltages up to
about 100-200 keV. The resulting more energetic ions would allow the determination
of X-ray production cross-sections for heavier target elements, and in particular the
detection of the L-soft X-ray lines from medium and heavy elements with the
developed GPSC since these are not detected with conventional Si(Li) detectors. This
improvement in the energy of the incident ions would also allow the use of self-
supporting thin specimens since the minimum thickness necessary to hold the thin target
criterion would then increase significantly, leading to samples with sufficient mechanical
strength to stand both handling and irradiation. Moreover, such more energetic ions
would also make possible the use of this particle accelerator to perform thickness
measurements. Finally, this latter improvement is of particular importance to use this
particle accelerator as a nuclear-microprobe since it would enable depth profiling studies

of the target by varying the range of the ions, i.e. E, [IV.17].

Another field particularly interesting to explore is the use of this particle
accelerator to induce and study low-energy nuclear reactions. Indeed, as higher voltages
of at least 150 keV can be applied to the accelerating tube, it is possible to induce
several (p,y) nuclear reactions [IV.18],[IV.19].

Although the sample holder device we built was appropriate to perform the
studies presented here due to its versatility, this latter is not suitable for analyzing several
specimens in sequence. We are considering using one of the lateral flanges of the
reaction chamber (Figure 11.3) to place a sample ladder, horizontally oriented, holding
several samples at a time. This will be mounted onto a feedthrough with longitudinal
movement in order to intercept the beam patch, rather than positioning the samples
through the bottom feedthrough as we have done up to now. Such device will enable
target exchange without breaking the vacuum, resulting so in considerable time savings.
Additionally, we are planning to use at least one of the spots of this multi-specimen
holder to place radioactive sources (properly shielded to guarantee that these do not
interfere during the acquisition of the spectra) in order to calibrate the X-ray detector

without breaking the vacuum.
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After the implementation of these improvements, we are also planning to acquire
PIXE spectra by irradiating targets with other ions; namely from deuterium or helium
and eventually determining X-ray production cross-sections for these ions.

Finally, the ions produced in the present experimental set-up can also be used to
perform XSQR (PIXE-induced XRF), ie. to induce X-ray fluorescence (XRF), by
irradiating non-conducting targets. Indeed, large fluxes of X-rays are easily generated
through the referred CHIX phenomenon when rapid and simple Energy Dispersive
X-Ray Fluorescence (EDXRF) studies are required.

As a result, it seems clear that these first experimental results represent only the
beginning of a set of possible experiments using the set-up developed during the work
reported here, and that much work can still be done with this particle accelerator
especially if some improvements are implemented. Some of the suggestions presented
here are already being implemented and the others are currently under study.
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— CHAPTER 'V —

CONCLUSIONS

In this work, a recently built particle accelerator was studied, characterized,
improved and used together with a PIXE experimental set-up we developed in order to
determine cross-sections for the production of X-rays induced by low energy protons in
the 10-50 keV energy range. An X-ray detection system based on a large detection
area GPSC filled with Ar-Xe mixtures and optimized for the detection of soft X-rays in
the 0.2-2 keV energy range was designed, built and adapted to the PIXE arrangement in
order to register the PIXE spectra. Moreover, this X-ray detector was also used to
perform a distinct study dealing with the primary scintillation induced by 5.9 keV X-rays
absorbed in gaseous Xe at atmospheric pressure. The overall experimental PIXE
arrangement was used in order to obtain X-ray production cross-sections in aluminium
for 15, 20 and 25 keV protons. Although the first PIXE results obtained are promising,
we believe that some limitations of the particle accelerator are responsible for the lack of

more accurate results.

At the time we began the works described in this dissertation, the particle
accelerator we used was at a very eatly stage: positive ions were already produced but
these were not accelerated and there was no ion selecting device. Besides, the beam
current obtained so far in the reaction chamber was far from being sufficient to perform
any quantitative PIXE study and the beam profile was unknown. We therefore have
implemented several improvements on this set-up before using it to irradiate samples and

149



CHAPTER V — CONCLUSIONS

perform the X-ray production cross-section studies planned. We first have designed and
built a Wien filter which was used to select protons. Before biasing the accelerating tube
in order to accelerate these protons, we had to build a security cage for the particle
accelerator. When biasing was possible, studies were carried out in order to characterize
the beam dimensions and its cross-section, as well as the influence of each parameter of
the ion source on it. Concerning the ion source, the electronic module associated was
improved leading to improved currents measured in the reaction chamber about a
thousand times larger than before. Finally, the reaction chamber was totally equipped to
perform PIXE studies: beam and X-rays collimators and secondary electron suppressor
grids were built and installed around a versatile sample holder which was designed in
order to enable the irradiation of both thin and thick targets.

We also have built an X-ray detection system based on a Gas Proportional
Scintillation Counter (GPSC) to register the PIXE spectra. Since this X-ray detector was
projected and optimized for this particular application, this latter had to fulfil some
requirements specific for the purpose of the present work, namely the detection of
soft X-rays down to 200 eV and having a large detection area due to the very small
cross-sections involved. For instance, the need of having a large radiation window forced
us to instrument this GPSC with an ellipsoidal grid to delimit the absorption and
scintillation regions, rather than a planar one as it is usually the case, in order to attenuate
the performance degradation observed in large detection area GPSCs, resulting from
solid angle variations for off-centered absorbed X-rays. In addition, since this X-ray
detector was projected to detect soft X-rays induced by the interaction of the accelerated
protons with targets of light elements, we decided to study its performance for Ar-Xe
mixtures rather than with pure Xe as the filling gas. This decision is related to the
performance deterioration observed in Xe filled GPSCs when detecting soft X-rays
below 2 keV because of the loss of primary electrons to the detector window.

The potential of Ar-Xe mixtures as a GPSC filling gas was studied by
characterizing relevant characteristic such as their electroluminescence yield, the
excitation and ionization thresholds, the w-values and Fano factors. The detector
performance was evaluated in terms of the detector gain, the energy resolution and the
Peak-to-Valley Ratio (PVR). Ar-Xe mixtures were shown to be a good alternative to
pure Xe as the filling gas of GPSCs.

The developed GPSC was additionally used to perform another different study,
concerning the primary scintillation yield induced by X-rays in pure gaseous Xe at
atmospheric pressure. In this study, we detected the primary scintillation light produced
by 5.9 keV X-rays absorbed in pure gaseous Xe and quantified its intensity by comparing
its signal to the one due to the secondary scintillation light yield through an averaging
technique developed by us. We have demonstrated than the average energy spent to
create a primary scintillation photon in gaseous Xe at atmospheric pressure, W, is equal
to 111 = 16 eV.
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Finally, preliminary studies were conducted with the present PIXE arrangement in order
to study the influence of some relevant parameters of the experimental set-up during
irradiation. Afterwards, in order to determine cross-sections for X-ray production in light
elements, we first have irradiated both self-supporting thin targets with thickness down
to 40 nm and thin targets deposited upon a plastic substrate. Due to several experimental
limitations resulting from the use of the thin films, X-ray production cross-sections
results were finally obtained for aluminium by irradiating thick targets with protons in
the 10-45 keV energy range and through the determination of the thick target yield curve.
The first results are promising since these were shown to be in good agreement with the
very few published data. However, some remaining limitations of the particle accelerator
did not allow us to perform more accurate studies. We have identified those limitations
and presented possible improvements aiming at eliminating these. Future work has also
been suggested in order to make full use of the capabilities of the PIXE experimental
set-up we developed. Some of these suggestions are already being implemented.
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