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Abstract 
Heavy metals are well-known environmental pollutants due to its potential 

impact on associated ecosystems and human health. Thus, it is important to 

monitor the levels of heavy metals in the environment. X-ray fluorescence 

(XRF) analysis is a powerful and effective screening tool in measuring the 

concentration of multi-elements simultaneously. 

This thesis provides insight into development and implementation of 

XRF instruments for environmental monitoring and industrial process con-

trol. The XRF method was compared with a commercial scanning electron 

microscope with energy dispersive spectroscopy (SEM-EDS) for fly ash sam-

ples. Qualitative analysis and semi-quantitative analysis of Na, S, Cl, K and 

Cd in incineration fly ash were performed with these two similar techniques. 

One of the challenges of using XRF is the scattering background noise from 

the primary beam, which decreases the detection limit and the sensitivity of 

the measurement system. Hence, an X-ray beam filter was chosen to suppress 

the background noise for a specific element, Cr, in leachate. Numerical simu-

lations and experiments were developed to find the proper filter material and 

thickness by calculating the X-ray fluorescence intensities and the signal-to-

noise ratio. The developed system is capable of online monitoring of Cr lev-

els, to certify that the concentration is below the threshold level in leachate. 

An XRF prototype was built and calibrated for underwater Hg analysis in 

maritime wet sediment using a radioisotope source. The presented results 

show that it is possible to detect Hg by K-shell emission thus enabling XRF 

analysis for sediment underwater. 

For non-homogeneous samples, an image revealing the elemental distri-

bution can be achieved by micro-XRF (µ-XRF). XRF mapping of element dis-

tributions on a microscopic level was obtained by using scanning XRF mi-

croscopy and full-field XRF projection microscopy (FF-XRF). The spatial res-

olution of the scanning XRF imaging setup using an X-ray tube is in the order 

of 100 µm, but need to be further improved to measure the homogeneity of S 

on individual fiber level in pulp and paper industry. For the scanning tech-

nique, it is a tradeoff between resolution and measurement time. Another 

technique is FF-XRF imaging, and a setup was implemented using an energy 

resolving pixel detector and X-ray optics. The capabilities and limitations of 

using X-ray optics in XRF imaging systems have been identified. These mi-

croscopy measurements can guide further comprehensive environmental 

and industrial monitoring missions, utilizing elemental distribution infor-

mation.
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Abstract in Swedish 
Tungmetaller betraktas som en speciellt viktig miljöförorening på grund av 

dess påverkan på både ekosystem och människors hälsa. Därför är övervak-

ning av tungmetallnivåerna i vår miljö viktig. XRF-analys, vilket bygger på 

röntgenfluorescens, är ett kraftfullt och effektivt verktyg för att bestämma 

elementsammansättning och koncentration av kemiskt innehåll i prover.  

Föreliggande avhandling ger insikt i utveckling och implementering av 

XRF-instrument för miljöövervakning eller industriell processtyrning. XRF-

metodik har jämförts med spektroskopisk mätning (SEM-EDS) av flygaska i 

ett kommersiellt svepelektronmikroskop. Kvalitativ och semikvantitativ ana-

lys av Na, S, Cl, K och Cd i flygaska har genomförs för dessa två tekniker. En 

av utmaningarna inom XRF-metodik är hanteringen av sprid strålning från 

röntgenkällan som ger upphov till bakgrundsbrus som minskar detektions-

gränsen och systemets känslighet. Därför behövde ett filter för röntgenkällan 

väljas som undertrycker bakgrundssignal för ett specifikt element, Cr, i 

lakvatten. Numeriska simuleringar och experiment för att välja lämpligt fil-

termaterial och tjocklek utfördes, där intensitet på röntgenflourescensens och 

signal-brus-förhållandet utvärderades. Systemet är kapabelt att övervaka on-

line att Cr-nivån ligger under gränsvärdena för koncentration i lakvatten. En 

prototyp med isotopstrålkälla byggdes för kalibrerad XRF-mätning av Hg 

under vatten i fuktiga sediment. Resultaten som presenteras visar möjlighet 

att detektera Hg genom fluorescens från K-skal i Hg, därigenom möjliggörs 

XRF-analys i sediment under vatten.  

För icke homogena prov kan en bild som kartlägger distributionen av ke-

miska element genom mikro-XRF (µ-XRF). Materialavbildande XRF för dis-

tributioner på mikroskopisk nivå erhölls med både skannande teknik och 

med projicerande röntgenavbildning (FF-XRF) som direkt ger en hel avbild-

ning. Den optiska upplösningen för det skannande mätsystemet med rönt-

genrör är i storleksordningen 100 µm, men behöver förbättras för att kunna 

mäta homogenitet av S i individuella fibrer. För skannande teknik behövs en 

avvägning mellan upplösning och exponeringstid. En annan teknik är FF-

XRF, och en uppställning med en pixeldetektor med energiupplösning och 

röntgenoptik byggdes. Möjligheter och begränsningar i användning av rönt-

genoptik för avbildande XRF-system identifieras. Resultatet från dessa mik-

roskopimätningar kan leda till nya automatiska kontrollsystem för miljö- och 

industritillämpningar, genom att utnyttja materialspecifik fördelningsin-

formation i prover. 
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Abstract in Chinese 
重金属因其对相关生态系统和人类健康的潜在影响而成为众所周知的环境

污染物。因此，对环境中重金属含量的监测至关重要。X 射线荧光能谱分析

(XRF) 是一种强大而有效的筛选工具，可进行多元素同时测量。 

本文深入探讨了在环境监测和工业生产过程中 XRF 仪器的开发和应用。

将 X 射线荧光能谱分析与商用扫描电子显微镜/能量色散 X 射线光谱法进行比

较，对垃圾焚烧飞灰样品中的 Na、S、Cl、K、Cd 等元素进行了定性分析和

半定量分析。然而使用 XRF 进行元素分析仍然面临挑战，比如来自主光束的

散射背景噪声，这将会降低测量系统的检测限和灵敏度。因此，选取了 X 射

线束滤光片用于抑制渗滤液中特定元素 Cr 周围的背景噪声。通过计算 X 射线

荧光强度和信噪比，模拟和实验了 X 射线滤光片效果，以确定最佳的滤光片

材料和厚度。优化后的系统可直接用于在线监测 Cr，以证确保渗滤液中 Cr的

总浓度低于阈值水平。构建并校准了 XRF 原型系统，使用放射性同位素 XRF

技术对海洋湿沉积物中汞元素进行分析。结果表明，可以通过 K 壳层 X 射线

检测重金属汞，从而能够对水下沉积物进行 X 射线荧光能谱分析。 

对于非均质样品，可以通过微区 X 射线荧光成像 (µ-XRF) 获取元素的空间

分布图像。采用扫描 XRF 成像和全场 XRF 成像方式，获得微观水平上化学元

素的二维分布。使用 X 射线管的扫描 XRF 成像装置的空间分辨率约为 100 µm，

仍需要进一步改进以测量 S 在木纤维级别的均质性。这种方式需要在空间分

辨率和测量时间之中进行权衡。另一种方式是全场 XRF 成像，使用具有能量

分辨像素探测器和 X 射线光学器件，实现同时收集二维样品上发射的荧光光

子。该研究旨在识别并确定在 XRF 成像系统中使用 X 射线光学器件的可行性

和局限性。通过测量样品中的元素空间分布信息，这些微观测量结果可以进

一步对环境和工业生产过程中的重金属进行综合监测。 
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Part A: Thesis Summary 
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1 Introduction 

X-ray fluorescence (XRF) is an analytical technique widely used to perform 

elemental analysis in numerous fields of science and technology, such as ma-

terials science [1], geology [2], [3], environmental science [4], [5], cultural her-

itage studies [6], forensic studies[7], [8], etc. XRF is a non-destructive tech-

nique that uses the emission of characteristic X-rays to analyze the elemental 

composition of samples. The advantage of XRF analysis in environmental 

specimens, compared to other common analytical techniques, including 

atomic absorption spectrometry (AAS) [9] and inductively coupled plasma 

(ICP) [10], comes primarily from the sample preparation procedures. These 

methods require a complicated sample preparation processes, such as sample 

dissolution or acid digestion, which may introduce a number of additional 

chemicals and need to be performed in a laboratory. XRF spectrometers pro-

vide great versatility and speed for performing elemental chemical determi-

nations directly in the field. 

The generalization of XRF technique is micro-XRF (µXRF), which can be 

seen as a series of point elemental analysis for the examination of small sam-

ple areas [11]. Conventional XRF has a typical spatial resolution ranging in 

diameter from several hundred micrometers up to several centimeters; in 

XRF imaging, on the other hand, X-ray optics are required to restrict the ex-

citation beam size or focus the excitation beam on a small spot on the sample 

surface so that small features on the sample can be analyzed at the microme-

ter scale. Due to the availability of commercial instruments and development 

of X-ray focusing optics, µXRF has increased in popularity and can fill the 

gap between bulk X-ray fluorescence and electron probe X-ray microanalysis 

[12]. By using a two-dimensional scanning aperture, XRF images containing 

elemental spatial distribution information can be obtained in a laboratory 

through scanning μXRF [13]. Thus, microscopic XRF analyses can be used to 

verify measurements of inhomogeneous samples directly in situ. Thanks to 

the availability of X-ray imaging detectors, full-field X-ray fluorescence (FF-

XRF) imaging technique has become achievable, which is an alternative ap-

proach to scanning X-ray fluorescence imaging with a micro-focused X-ray 

beamline [14]–[16]. 

In this thesis, the development and implementation of spectroscopic and 

microscopic XRF analysis for environmental and industrial applications has 

been demonstrated.  
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1.1 Motivation 

Heavy metal pollution is a great concern due to its adverse environmental 

effects around the world [17]. Due to the rapid pace of industrialization and 

the hazardous wastes it produces, inorganic pollutants are being discarded 

into lakes and seawater [18], soils [19] and the atmosphere [20]. At the same 

time, there is increased demand for natural resources, which are now ex-

tracted at a careless rate, exacerbating the global problem of environmental 

pollution [21]. Damaging environmental pollutants include inorganic ions, 

organic pollutants, organometallic compounds, radioactive isotopes, gaseous 

pollutants, and nanoparticles [22]. Heavy metal pollution is the focus of this 

thesis. Heavy metal refers to metals with either a high atomic weight or a 

density at least 5 times greater than water (>5 g/cm3). Nowadays, the word 

‘heavy metal’ is generally used to describe metallic chemical elements and 

metalloids that are toxic to the environment and humans regardless of their 

atomic weight or density. For example, some metalloids and lighter metals 

such as selenium (Se), arsenic (As), and aluminum (Al) are toxic [23]. Heavy 

metals and metalloids are non-biodegradable in nature and can affect human 

health directly and indirectly, as shown in Figure 1.1. Chronic exposure to 

heavy metals and metalloids is dangerous and can damage the kidneys, liver, 

heart, lung, brain, and bones [24]. 

 
Figure 1.1: Major pathways of heavy metal and metalloid dispersion and human exposure [25]. 
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Regular monitoring of heavy metals is important for mitigating their po-

tentially harmful effects and remediating of contaminated areas [26], [27]. For 

the off-line laboratory analysis process, there is a significant time delay be-

tween the collection of samples and subsequent analytical processes [28]. As 

a result, increased contamination cannot be identified for several days [29]. 

The possibility of developing an alternate technique that addresses these is-

sues presents a unique research challenge and opportunity. A suitable tech-

nique would have the following characteristics: 

 The ability to perform in-situ measurements. This would remove the 

need to take physical samples and reduce disturbance. Instead, an 

instrument could be placed in direct contact with the surface of the 

sample layer.  

 Online data analysis for real-time information processing. These sys-

tems process data as soon as they receive an input and return the 

processed data as an output. This means that real-time processing 

usually requires a continuous flow of data. 

 An overall accuracy equal to or greater than the maximum permissi-

ble value of heavy metals. This would provide the possibility for an 

alarm system for detecting contamination above legal limits. Existing 

measurement methodologies for liquid samples involve complicated 

sample preparation techniques to achieve the required accuracy [30]. 

 The ability to perform elemental analysis of non-homogeneous or ir-

regularly shaped samples, as well as small objects or even inclusions. 

This technique could be used to provide elemental distribution infor-

mation of the sample surface in detail. 

1.2 Problem formulation 

The appeal of XRF for environmental analysis lies in its remarkable combina-

tion of practical and economic advantages [31]. XRF analysis has been shown 

to be an effective tool for the rapid assessment of heavy metals in soils [32], 

[33]. However, the direct analysis of liquid samples and wet sediments using 

XRF presents technical difficulties due to the high X-ray scatter background, 

which results in a spectrum with a poor signal-to-noise ratio (SNR). XRF anal-

ysis of water-saturated samples returns significantly lower measurements 

compared to dry samples. Thus, soil/sediment samples are usually dried 

when the moisture content is greater than 20% [34]. In addition, pre-concen-

tration is often necessary for trace element analysis when detecting liquid 

samples using XRF analysis [35]. Unfortunately, the pre-concentration pro-

cess can be tedious and difficult for an on-site, rapid response monitoring 
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system. To find a novel solution to the challenges facing these elemental anal-

ysis methods, an on-site analysis technique with a reasonable limit of detec-

tion of toxic elements needs to be developed.  

XRF imaging has been applied to geochemical samples for years, but the 

usage of μXRF analysis is only possible at a relatively small number of syn-

chrotron beamline facilities [11], [13], [36], [37]. This is because synchrotron 

radiation is characterized by photon flux that is orders of magnitude higher 

than X-ray tubes, which facilitates the generation of sufficient X-ray fluores-

cence from small irradiated sample spots for elemental analysis. In scanning 

XRF microscopy, the biggest challenge is that the X-ray beams focusing ap-

proach must be conducted in a laboratory. Another technique to obtain ele-

mental distribution is FF-XRF imaging, which requires an X-ray optics to col-

limate the fluorescence photons. Current limitations and the potential for us-

ing X-ray optics are evaluated.  

The following research questions are addressed in this thesis and contrib-

ute to the main research problems: 

 RQ1: What is the analytical performance of XRF compared with other 

elemental analysis techniques? 

 RQ2: How can the system sensitivity and limit of detection for liquid 

and wet sediment samples in field XRF analysis be improved? 

 RQ3: What is the behavior of XRF scanning microscopy for light ele-

ment mapping using a pinhole aperture? 

 RQ4: What are the possibilities and limitations of an FF-XRF imaging 

system with X-ray optics? 

1.3 Research objective 

The main objective of this work is to provide insight into the development 

and implementation of XRF analysis for environmental and industrial moni-

toring to identify heavy metal contaminants within the region of interest. The 

main research aims that will be discussed throughout this thesis are as fol-

lows: 

 Design experimental setups for fly ash samples analysis using two 

similar spectroscopic methods, scanning electron microscopy with 

energy dispersive spectroscopy (SEM-EDS) and energy dispersive X-

ray fluorescence spectroscopy (EDXRF) 
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 Optimize the adjusting primary beam filter and geometrical arrange-

ment of the XRF system to achieve higher sensitivity without requir-

ing a pre-concentration process for the sample 

 Build a laboratory XRF scanning microscopy instrument that pro-

duces a two-dimensional image of sulfur (S) across wood chips or in 

individual fibers 

 Design and characterize the FF-XRF imaging system with a hybrid 

pixel detector that can be employed to obtain the spatially and spec-

trally resolved images simultaneously 
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2 Summary of publications 

This section provides a short summary of the papers that comprise this thesis. 

The complete versions of the papers are attached in Part B. In addition, the 

contribution of each work to the main objectives is detailed, as are the contri-

butions of the main author. This thesis includes elemental spectroscopic anal-

ysis and microscopic analysis, as shown in Figure 2.1. 

 

Figure 2.1: Papers included in this thesis. 

 

Paper I: Comparison of elemental analysis techniques for fly ash from mu-

nicipal solid waste incineration using X-rays and electron beams 

This paper is dedicated to address RQ1. 

Author’s contribution: Principal author, research idea, development and 

building of apparatus, XRF measurements, spectra analysis, writing and pre-

senting the paper 

Contribution to the thesis: Paper I describes the analytical comparison of two 

spectroscopic elemental analysis techniques based on atomic spectrometry, 

using X-rays and electron beams as the excitation source. The purpose of this 

study is to identify the constituent elements of fly ash samples and estimate 

the major effect before and after the stabilizing wash process in municipal 

solid waste incineration. The qualitative analysis and semi-quantitative anal-

ysis between the XRF setup and the commercial SEM-EDS spectroscopy were 

compared. Both methods can be used to identify the difference in elemental 

composition between washed and unwashed fly ash. The XRF penetrates rel-

atively deep into the ash sample while the SEM-EDS method mainly 
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measures the surface content. This makes the XRF method more sensitive to 

background noise from the container material and surroundings. This work 

shows that XRF has the potential for online measurements of hazardous 

metal content in fly ash from incineration plants. If the metal composition of 

the fly ash were known on site, it would be possible to adjust the wash pro-

cess to optimize the content of the washed/stabilized ash. In the future, it will 

be possible to further adapt the washing process to the extraction of metals 

from the fly ash. 

 

Paper II: Signal-to-noise ratio optimization in chromium contamination 

analysis by X-ray fluorescence spectrometry 

This paper is dedicated to address RQ2. 

Author’s contribution: Principal author, research idea, development and 

building of apparatus, simulations and measurements, analysis of results and 

writing the manuscript 

Contribution to the thesis: Paper II demonstrates the optimization of an en-

ergy dispersive X-ray analysis to estimate chromium (Cr) contamination in 

fly ash and leachate. The high X-ray scattering background results in poor 

sensitivity in direct XRF analysis. Key factors that determine the sensitivity 

of the XRF method are the energy resolution of the detector and the amount 

of scattered radiation in the energy range of interest. Limiting the width of 

the primary exciting spectrum by the use of secondary targets or filters can 

greatly improve sensitivity for specific portions of the spectrum. The X-ray 

filter properties of two selected materials, copper (Cu) and germanium (Ge), 

with several filter thickness were evaluated using a Monte Carlo N-Particle 

(MCNP) simulator. The optimal range of filter thicknesses for this application 

was determined from simulation and experimental results. The results show 

that the SNR increases with filter thickness and saturation value, while fur-

ther increasing the filter thickness only decreases the beam intensity. The sys-

tem limit of detection for direct XRF analysis with acquisition time at 2 h was 

achieved down to 0.32 mg/L for Cr, which is well below the allowed standard 

limitation for landfills in Sweden. This work shows that XRF can achieve suf-

ficient sensitivity for direct monitoring of the Cr environmental limits in 

leachate without a pre-concertation process. The findings are of great interest 

for researchers and X-ray spectroscopy companies that are seeking solutions 

for direct XRF analysis for trace elements in liquid samples by eliminating the 

pre-concentration process. 
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Paper III: Geometrical influence on Hg determination in wet sediment us-

ing K-shell fluorescence analysis 

This paper is dedicated to address RQ2. 

Author’s contribution: Principal author, research idea, development and 

building of apparatus, simulations and measurements, analysis of results and 

writing the manuscript 

Contribution to the thesis: Paper III demonstrates the influence of geomet-

rical factors on a prototype for in-situ XRF analysis of mercury (Hg) in wet 

contaminated sediments using an isotope source. The choice of source-sam-

ple-detector geometry plays an important role in minimizing Compton scat-

tering, thus providing greater SNR of measurements. An XRF penetrometer 

prototype has been constructed and calibrated for Hg. The influence of detec-

tion efficiency and SNR of five geometrical arrangements was investigated 

using a combination of simulations and experiments. For underwater meas-

urements, a 57Co radioisotope source with three emission lines at 122 keV, 

136 keV, and 14.4 keV was used, which is enough for Hg K-shell excitation. 

The presented results show that it is possible to detect Hg by K-shell emission, 

thus enabling XRF analysis for sediment under water. The achieved LOD for 

Hg-contaminated wet sediment was 2880 ppm with a CdTe detector with 

600 s measurement time. It is thus possible to use the XRF technique as an 

environmental screening tool for simultaneous analysis of Hg and other 

heavy metals, lead (Pb), thallium (Tl), uranium (U), etc., in highly polluted 

maritime sites. This method and these conclusions can provide technical 

guidance for designing underwater X-ray fluorescence analyzers for environ-

mental applications. 

 

Paper IV: ED-XRF spectrometry measurement strategy to evaluate sul-

fonate distribution at the fiber level to improve chemimechanical pulping 

processes 

This paper is dedicated to address RQ3. 

Author’s contribution: Secondary author, development and design of appa-

ratus, XRF measurements, data analysis 

Contribution to the thesis: Paper IV demonstrates the potential for using the 

XRF scanning method to evaluate fiber level sulfonate distribution to im-

prove chemi-thermo mechanical pulp processes (CTMP) in the pulp industry. 

A specific challenge is that low energy fluorescence photons from sulfur 

(2.3 keV) are easily absorbed in air, resulting in a poor SNR. Thus, we used a 
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titanium (Ti) box flooded with helium (He) gas to minimize the absorption of 

fluorescence photons and minimize box material fluorescence that might dis-

turb the measurement of S. The strategy for improving the impregnation 

technology is to minimize the difference in sulfonate content between differ-

ent fibers. The wood chips in the CTMP process were Norway spruce of 

length ~20 mm, thickness ~3 mm-4 mm, fiber width ~20 µm-40 µm, and 

length ~1.5 mm-5 mm. During the impregnation process, the inner parts of 

the wood chips accept a much lower degree of sulfonating than the outer 

parts. To study the sulfonate distribution at the fiber level, we have built an 

XRF scanning system to demonstrate the ability of obtaining the distribution 

of sulfur (S) in a small sample size. Our setup has the capability to measure S 

homogeneity with a spatial resolution in 200 µm to 300 μm with a 100 μm 

pinhole aperture. In summary, the spectral resolution of the laboratory XRF 

scanning setup is capable for S detecting, however the spatial resolution is 

not high enough for evaluate S distribution at the fiber level. We suggest X-

ray capillary optics as a way to improve spatial resolution, as well as to 

achieve a higher beam flux to shorten the required measurement time. This 

technology aims for introduction in industrial laboratories and/or in offline 

or online equipment to enhance improved process control, process efficiency, 

and product properties, and to find solutions to problems in the impregna-

tion process in the future. XRF synchrotron measurements are performed to 

validate this work before initiating industrial laboratory trials. Synchrotron 

measurements are to be published in Paper IX in related works. 

 

Paper V: Full-field X-ray fluorescence imaging with a straight polycapillary 

X-ray collimator 

This paper is dedicated to address RQ4. 

Author’s contribution: Principal author, measurements, analysis of results, 

writing and presenting the paper 

Contribution to the thesis: Paper V describes the development of an FF-XRF 

imaging instrument with a capillary optic and Timepix3, hybrid pixel detec-

tor readout chip. XRF images are typically achieved by scanning a sample 

surface in two dimensions with a micro-focus X-ray beamline, as described 

in Paper IV. The problem is that only a small spatial segment from the emitted 

X-rays is then used for the analysis, resulting in relatively low X-ray fluores-

cence. It takes a significant amount of time to obtain the elemental images if 

a large area is measured with a high spatial resolution. Faster X-ray fluores-

cence spectrometry imaging could be achieved by eliminating the process of 
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sample scanning and performing simultaneous mapping of several chemical 

elements. In this paper, we compared the photon transmission efficiency and 

spatial resolution between two X-ray collimation setups: a straight capillary 

optic, and a pinhole collimator. Characterization of the polycapillary imaging 

setup is performed through analyzing various samples to investigate the spa-

tial-frequency response and energy sensitivity. This work shows the potential 

of the FF-XRF instrument in the monitoring of toxic metal distributions in 

large samples in environmental mapping measurements. 

 

Paper VI: Characterization of micro pore optics for full-field X-ray fluores-

cence imaging 

This paper is dedicated to address RQ4. 

Author’s contribution: Principal author, measurements, analysis of results, 

writing the manuscript 

Contribution to the thesis: Paper VI is a continuation of the work presented 

in Paper V, where an X-ray optic with circular channels was compared with 

a pinhole optic. In this work, our purpose is to characterize micro pore optics 

for full-field X-ray fluorescence imaging using novel square-pore micro pore 

optics (MPOs). X-ray optics can be manufactured with different micro-chan-

nel geometries, such as square, hexagonal, or circular channels. Each optic 

geometry creates different imaging artifacts. The square-channel MPO is one 

of the most attractive options because of its efficiency, resulting from the cor-

ner cube effect, when compared with straight polycapillary optics used for 

1:1 imaging. We have studied the use of a square-channel MPO in a full-field 

XRF imaging system. It consists of a commercially available MPO provided 

by Photonis and a Timepix3 readout chip with a silicon detector. We have 

investigated the influence of these parameters on the intensity and spatial 

resolution of an X-ray fluorescence experiment. To further characterize chan-

nel transmission and energy dependence of total reflection of the square 

MPO, the setup is mounted in alignment with a circular-channel MPO. We 

theorized that the energy filtering function could be applied with an FF-XRF 

to improve the spatial resolution in an XRF imaging instrument. This work 

shows the elemental imaging applications and spatial resolution limitations 

using MPOs in the FF-XRF instrument.
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3 Theory of XRF 

3.1 Introduction to X-rays  

X-rays were discovered by Wilhelm Röntgen in 1895 and can be seen as elec-

tromagnetic waves with their associated wavelength or as beams of photons 

with associated energies [38]. Figure 3.1 shows the wavelengths and energies 

of the X-rays, which sits between gamma-rays and ultraviolet light. Most X-

rays have a wavelength ranging from 0.01 nm to 10 nm, corresponding to an 

energy range from 0.125 keV to 125 keV [39]. 

 
Figure 3.1: X-rays and other electromagnetic radiation [40]. 

X-rays can be generated by an X-ray tube, a vacuum tube that uses a high 

voltage to accelerate electrons released by a hot cathode to a high velocity. 

The high velocity electrons collide with a metal target, the anode, creating X-

rays. These X-rays are commonly called bremsstrahlung or ‘braking radia-

tion’. When the electrons hit the metal target, X-rays are created by two dif-

ferent atomic processes: bremsstrahlung radiation and characteristic radia-

tion [41]. In the bremsstrahlung process, the incident electrons scatter due to 

the electric field near the nuclei of the atoms of the target metal and lose en-

ergy as photons, resulting in a continuous X-ray spectrum ranging from zero 

up to the initial energies of particles. Discrete energy X-rays, also called char-

acteristic X-rays, are produced when excited electrons de-excite; their ener-

gies are characteristic of the energy levels of the atomic electrons. The char-

acteristic X-ray lines are superimposed on the continuous bremsstrahlung X-

ray spectrum. The maximum energy of the produced X-ray photon is limited 

by the energy of the incident electron. 

3.2 Interaction of X-rays with matter 

There are three main interactions when X-rays interact with matter: photoe-

lectric effect, Compton and Rayleigh scattering, and pair production [42]. For 

energy levels from a few eV to a few keV, corresponding to visible light 

through to soft X-rays, a photon can be completely absorbed, and its energy 

ejects an electron from its host atom, a process known as the photoelectric 
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effect. Since the interaction creates a vacancy in one of the electron shells, 

which leaves the atom in an excited state that will shortly after return to a 

stable state through one of two possible mechanisms: the fluorescence photon 

or the Auger electron. Photon scattering is the most important interaction in 

the mid-energy region. Samples consisting of heavier elements present high 

Rayleigh scattering and low Compton scattering due to the tightly bound 

electrons. In another word, the elastic scattering occurs with no change in 

photon energy; whereas the inelastic scattering occurs with change in photon 

energy. High energy photons of 1.022 MeV and above may bombard a nu-

cleus and cause an electron and a positron to be formed, a process called pair 

production.  

In addition to the three main interactions, part of the X-ray might pass 

through the object. The X-ray transmission factor is affected by the chemical 

composition and thickness of the object. 

 
Figure 3.2: Main interactions of X-rays with matter. 

3.2.1 Photoelectric effect 

In the photoelectric absorption process, an incident photon interacts with one 

of the electrons of an atom such that the photon completely disappears. The 

incident photon must overcome the binding energy between the nucleus and 

the electron. As a result, the electron is ejected from the atom by this energy 

and begins to pass through the surrounding matter. The remaining photon 

energy is transferred to the electron as kinetic energy and deposited near the 

interaction site. Since the interaction creates a vacancy in one of the electron 

shells, this leaves the atom in an excited state, but it quickly becomes stable 

again through one of two possible mechanisms: the characteristic photon or 

the Auger electron, as shown in Figure 3.3. In the first case, an electron moves 

to fill in the space in the inside shell, producing a characteristic X-ray photon. 

The energy of the characteristic radiation can be calculated by subtracting the 
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binding energy of the electrons. Although this energy is usually released in 

the form of an emitted photon, it can also be transferred to another electron, 

which is ejected from the atom; this second ejected electron is called an Auger 

electron. The probability of fluorescence is expressed by the fluorescence 

yield. There is a higher probability of Auger transitions in lighter elements, 

whereas X-ray yield is more likely at higher atomic numbers.  

 

                                               (a)                                                               (b) 

Figure 3.3: Schematic representation of (a) the photoelectric effect; (b) the Auger effect.  

Photoelectric interaction is possible only when the incident photon has 

sufficient energy to overcome the binding energy and remove the electron 

from the atom [43]. It is most likely to occur when the electron-binding energy 

is only slightly less than the energy of the photon. If the binding energy is 

greater than the energy of the photon, photoelectric interaction cannot occur. 

If the incident energy is too high, the photons will ‘pass’ the atom and only a 

few electrons will be removed. The photoelectric effect involves the transfer 

of the photon energy to an atomic electron, producing a ‘hole’ in a shell. The 

distribution of electrons in the ionized atom is then out of equilibrium. 

Through the transition of electrons from the outer shells, such as the L-shell, 

to holes left in the K-shell, the atom will return to its normal state. An L-shell 

electron has more energy than a K-shell electron; in such electron transitions, 

the loss of the potential energy of the atom manifests as an X-ray photon. XRF 

is the emission of characteristic ‘secondary’ (or fluorescent) X-rays from a ma-

terial that has been excited through bombardment with high-energy X-rays 

or gamma rays. There are a limited number of ways in which this can happen, 

as shown in Figure 3.4. Each of these transitions yields a fluorescent photon 

with a characteristic energy equal to the difference in energy between the in-

itial and final orbital. As the energy of the emitted photon is characteristic of 

a transition between specific electron orbitals in a particular element, the re-

sulting fluorescent X-rays can be used to detect the element composition of 
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the sample. In general, the energy of the emitted X-ray for a particular ele-

ment is independent of the chemistry of the material. Thus, XRF analysis can-

not distinguish variations in the isotopes of an element nor ions of the same 

element in different valence states. The range of detectable elements varies 

according to instrument configuration and setup, but energy dispersive XRF 

(EDXRF) typically covers all elements from sodium (Na) to uranium (U). 

 

Figure 3.4: Nomenclature of the XRF lines based on the electron orbital diagram.  

3.2.2 Compton and Rayleigh scattering  

Some of the incoming X-rays can be scattered by the sample instead of pro-

ducing characteristic radiation. Scattering happens when a photon hits an 

electron and bounces away. The photon loses a fraction of its energy, which 

is transferred to the recoiling electron. When a high-energy photon collides 

with a free electron and transfers energy, the process is called Compton scat-

tering. When Compton scattering occurs, only a portion of the incident en-

ergy is absorbed and a photon is produced with reduced energy. This photon 

leaves the site of the interaction in a different direction to the original photon, 

as shown in Figure 3.5 (a). This results in a decrease in the energy (increase 

in wavelength) of the photon. Through this interaction mechanism, the inci-

dent photon is deflected at angle 𝜃 with respect to its original direction. The 

maximum scattering angle is 180°.  

Another interaction is Rayleigh scattering, which happens when a pho-

ton collides with strongly bound electrons. In this process, there is negligible 

energy transfer between the photon and the electron with which it interacts. 

Rayleigh scattering can be considered to be elastic scattering since the photon 

energies of the scattered photons is not changed. The electron will not leave 

its shell and therefore the atom is not exited or ionized. Due to the oscillation 

having the same frequency, the electron emits radiation at the same fre-

quency as the incoming radiation. Rayleigh scattering therefore involves re-
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emission of the gamma ray after absorption with a negligible change in en-

ergy but a different direction, as shown in Figure 3.5 (b). 

  

                                          (a)                                                                           (b) 

Figure 3.5: A photon of energy, Eγ, comes in from the left and collides with a target at rest; θ is 

the scattering angle. (a) Compton scattering produces a new photon of energy, Eγ. The target 

recoils, carrying away an angle-dependent amount of the incident energy; (b) Rayleigh scatter-

ing produces a new photon of energy Eγ, equal to the energy of the incoming radiation. 

Samples consisting of light elements result in high Compton scattering 

and low Rayleigh scattering due to their loosely bound electrons. For heavy 

elements, Compton scattering is eliminated and only Rayleigh scattering re-

mains. The spread of energy in Compton scattering is larger than for Rayleigh 

scattering; on a spectrum this can be observed by the Compton peak being 

wider than the Rayleigh peak. 

3.2.3 Pair production 

For photons with high photon energy (MeV scale and higher), pair produc-

tion is the dominant mode of photon interaction with matter. The incident 

photon interacts with the nucleus of the atom and an electron-positron pair 

is created, as shown in Figure 3.6. These two particles have the same mass, 

equivalent to a rest mass energy of 0.51 MeV. To create an electron-positron 

pair, the incident photon energy Eγ must be greater than the sum of the re-

maining mass energies of the electron and positron (2mec2 = 1.022 MeV). 

 
Figure 3.6 Diagram showing the process of electron-positron pair production. 
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3.3 Optical properties of X-rays 

X-rays and visible light are both electromagnetic waves and they propagate 

in space in the same way. Similar to visible light, total internal reflection oc-

curs when the angle of incident for X-rays is below the critical angle (θc). Total 

internal reflection describes the fact that radiation can be totally reflected 

from an interface between two media of different indices of refraction, as 

shown in Figure 3.7. The critical angle for total external reflection is approxi-

mately given by the material density (ρ) and energy (E) of the X-rays using 

the following equation [44]: 

𝜃𝑐[𝑑𝑒𝑔. ] ≈
1.17√𝜌[𝑔/𝑐𝑚3]

𝐸[𝑘𝑒𝑉]
                                         (1) 

 
Figure 3.7 Diagram showing the total external reflection of X-rays. 

As an example, Cu emits fluorescence photons of energy 8.01 keV. If a photon 

of Cu is reflected on leaded glass with a density of 4.44 g/cm3, the critical an-

gle is ~0.3°. Total external reflection is nearly, but not completely loss-less be-

cause the absorption coefficient is not zero. 

The optical properties briefly discussed above relate to the results in this 

thesis. Apart from total external reflection, X-rays can also undergo other op-

tical processes, such as Bragg reflection, refraction, etc. 
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4 Methodology 

4.1 Radiation sources 

Various excitation sources can be used to irradiate a sample, including con-

tinuous sources (such as X-ray tubes) and discrete gamma-ray or X-ray 

sources (such as radioactive isotopes), for XRF measurements. Depending on 

the application, both X-ray tube and radioactive isotope have been used in 

this thesis. In addition, synchrotron radiation can be used for XRF analysis, 

especially for elemental imaging. Measurements using synchrotron radiation 

sources are not included in this thesis, but such measurements have been 

done in Paper IX in the related works. 

4.1.1 X-ray generator 

The modern X-ray tube used for XRF analysis is based on a design introduced 

by Coolidge in 1913 [45]. The variables that govern the emission from X-ray 

systems are primarily the anode material, tube voltage, and current. These 

parameters determine the maximum photon energy, spectral distribution, 

and total intensity. A Moxtek MAGPRO X-ray tube was used as the XRF ra-

diation source for spectroscopic analysis (Paper I and Paper II) and X-ray im-

aging applications (Paper IV, Paper V and Paper VI).The used X-ray source 

has ~400 μm focal spot size using a silver (Ag) anode. The source is capable 

of 5 kV to 60 kV voltage, 1.0 mA current and 12 W power [46]. This source is 

designed for use in portable and benchtop XRF instruments. The key features 

of the X-ray tube used in the XRF instruments are as follows: 

 Easily shielded and safe to operate 

 Compact size and able to be placed close to the sample 

 Stable output over an extended period, typically months 

 Well-defined spectral output 

 High voltage, controllable in small increments  

 Beam current, controllable in small increments 

4.1.2 Radioactive isotope 

Radioisotope X-ray analysis systems are often tailored to a specific but lim-

ited range of applications. They are similar and less expensive than XRF anal-

ysis systems based on X-ray tubes. However, this is often at the expense of 

the flexibility of being able to use them for a wide range of applications. Due 

to size, weight, and usability constraints, portable XRF systems commonly 

use a low-power X-ray tube that runs at a tube voltage of up to 50 kV-

60 kV [29], which is not enough for heavy metal K-shell excitation, such as for 
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Hg, Tl, Pb, etc. In Paper III, a 57Co point source with main emission energies 

of 122 keV, 136 keV, and 14.4 keV was used for Hg K-shell excitation. The 

source used has a nominal activity of 3.7 MBq. The bead is fixed inside a solid 

plastic capsule, 25 mm in diameter and 3 mm thick. The active bead is visible 

and located at the geometric center of the source. 

4.2 X-ray detection 

There are several types of detectors that can be used for XRF spectroscopy. 

These include gas proportional counters, scintillation detectors, and semicon-

ductor detectors. The most commonly used X-ray detectors for spectroscopy 

applications are semiconductors, which have the best energy resolution. The 

basic principle of an X-ray detector is to convert the energy of an incident X-

ray into an electrical signal. This signal is then processed by the multichannel 

analyzer to produce the corresponding photon energy for further spectro-

scopic analysis. Moreover, it can be seen as a single-pixel detector in a scan-

ning XRF imaging system, then elemental distribution is obtained by scan-

ning the sample surface. In contrast, hybrid pixel detectors offer an oppor-

tunity for avoiding the scanning process in FF-XRF imaging. Hybrid pixel 

detectors emerged from technology developed for high-energy physics ex-

periments and can be thought of as an assembly of thousands of independent 

point detectors. 

4.2.1 XRF spectrometer 

In EDXRF systems, the fluorescent X-rays emitted by the material sample are 

directed into a semiconductor detector to produce a ‘continuous’ distribution 

of pulses, with the voltages being proportional to the incoming photon ener-

gies. This signal is processed by a multichannel analyzer, which produces an 

accumulating digital spectrum that can be processed to obtain analytical data. 

The main issues relating to X-ray detector performance are efficiency and en-

ergy resolution. Two X-ray detector materials, silicon (Si) and cadmium tel-

luride (CdTe), have been used for different applications in this thesis.  

The X-123 SDD spectrometer, Amptek, consists of a 500 μm thick silicon 

drift detector (SDD) with a detector area of 25 mm2. The Si detector has a typ-

ical resolution of 125 eV at 5.9 keV. It is widely used in many portable XRF 

applications. For the low energy levels, generally below 25 keV, Si is the de-

tector of choice. It has better energy resolution than CdTe at all energies, 

lower background counts, and good efficiency up to 25 keV. The efficiency 

variation depends on the detector thickness but is close to 100% up to around 
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10 keV and 20% or better up to 25 keV. This spectrometer has been used in 

Paper I, Paper II, and Paper IV.  

For higher energy X-rays, generally above 25 keV, CdTe is the detector of 

choice. The X-123 CdTe spectrometer, Amptek, consists of a 1 mm thick CdTe 

with a detector area of 9 mm2, but its resolution is slightly worse and it has a 

higher background noise. CdTe has much greater stopping power than Si and 

can be made much thicker; it is therefore highly efficient for all characteristic 

X-rays, even up to the K lines of U. The electronic noise of CdTe is worse than 

that of a Si, thus, the CdTe detector has a typical resolution of 450 eV at 

5.9 keV. However, above 20 keV to 30 keV, the resolution is dominated by 

Fano broadening so the difference is small, the characteristic X-ray lines are 

more widely spaced, and the efficiency of the silicon detector falls off, making 

CdTe a better choice. CdTe is the best choice for gamma ray applications. In 

Paper III, the K-shell emission line of Hg is around 70 keV and 82 keV, thus 

the CdTe spectrometer has been used. 

4.2.2 Hybrid pixel detector 

In FF-XRF imaging systems, an energy- and position-sensitive pixel detector 

is required to take spectrally and spatially resolved images simultaneously 

by measuring the energy and positions of photons. The Timepix3, a hybrid 

pixel detector read-out chip developed by the Medipix3 group at CERN [47], 

is a general-purpose integrated circuit suitable for providing readouts of both 

semiconductor detectors and gas-filled detectors. The ASIC is equipped with 

eight data channels that are data driven and zero suppressed, making it suit-

able for particle tracking and X-ray imaging. Moreover, a Timepix3 readout 

chip can be combined with different sensor materials such as Si, GaAs, or 

CdTe. A Timepix3 device with a 300 μm thick p-on-n silicon detector was 

used in our study. The chip contains a 256 × 256 pixel matrix (pixel size: 55 × 

55 μm2). It can record time-of-arrival (ToA) and time-over-threshold (ToT) 

simultaneously for each pixel. The position- and energy-sensitive Timepix3 

semiconductor detector presents significant potential for XRF imaging. The 

Timepix3 readout system has been used in the elemental mapping measure-

ments in Paper V and Paper VI. 

4.3 XRF data analysis 

XRF (and particularly EDXRF) is ideally suited for very fast qualitative ele-

mental analysis. Typically, all elements from Na through to U can be detected 

simultaneously with good quality spectra. XRF raw data is the number of 
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counts of element-specific fluorescent X-ray energies received in an XRF in-

strument detector. Beside the fluorescence photons, the background signal of 

an XRF spectrum derives primarily from the scattering of primary beam pho-

tons on the sample surface, is recorded in the XRF raw data as well. Scattered 

high energy photons not only increase the background noise in the high en-

ergy region of the measured spectra, but may also result in multiple occur-

rences of scattering and appear as background noise in the low energy region. 

Thus, a blank measurement was carried out and subtracted from the original 

spectrum in Paper II and Paper III. There are three commonly used elemental 

analysis methods for an XRF spectrum: qualitative, quantitative, and semi-

quantitative [48]. 

4.3.1 Qualitative analysis 

Qualitative analysis is the process to determine the elemental composition of 

a sample by identifying the characteristic energies of photons. The positions 

of the peaks represent the presence of elements, and the areas represent the 

intensities. The raw spectrum is qualitative data because it contains infor-

mation about the elements present in a sample but not how much of each 

element is present, without further processing via quantitative analysis. Cer-

tain artifact peaks may be present in the spectrum, including Rayleigh and 

Compton scattered peaks from the X-ray generator, overlap peaks, and es-

cape peaks. This knowledge is necessary to avoid incorrect interpretation of 

results.  

4.3.2 Quantitative analysis 

In XRF quantitative analysis, the measured fluorescent intensities are con-

verted into the concentration of the analytes. Quantitative analysis can be 

achieved using either theoretical or empirical methods [49]. For situations 

that require general-purpose calibrations that cover a large variety of sample 

types, fundamental parameters (FP) approaches can be used; these rely on 

complex mathematical algorithms to model the response of the EDXRF to 

pure elements in a given sample type. For applications in which the range of 

analyte concentrations is limited, and where sets of standards can be devel-

oped that are similar in composition and morphology to samples of interest, 

it is more common to use the empirical calibration approach [50]. Calibration 

standards with accurately known element concentrations are used to gener-

ate calibration curves (XRF peak intensity versus concentration). These rela-

tionship curves are then used to determine the unknown concentrations of 

observed spectra. Standard specimens must cover the concentration range of 

interest, be stable over time, and have a certified composition.  
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An empirical calibration approach was implemented in Paper II and Pa-

per III, where a series of Cr-contaminated solutions and Hg-contaminated 

sediments were prepared. It should be noted that calibration standards can 

only be used for the analysis of samples with similar properties. As an exam-

ple, a calibration curve generated with a set of metal alloys will most likely 

yield incorrect values when analyzing mineralogical samples. The quantita-

tive analysis is rather complicated because the measured intensities depend 

not only on the analyte concentration but also on the accompanying elements 

(matrix effect), sample type (solid, liquid or powder sample, etc.), method of 

sample preparation, shape and thickness of the analyzed sample, and meas-

urement conditions [51]. In general, concentrations from 100% down to sub-

ppm are detectable with XRF, with lower limit detection depending on the 

particular instrument configuration. 

4.3.3 Semi-quantitative analysis 

When the conditions for reliable quantitative data are not met, semi-quanti-

tative analysis can be applied to obtain relative element concentrations be-

tween samples. This allows the user to compare spectral data from samples 

to obtain information regarding the relative concentrations of elements from 

sample to sample. In Paper I, semi-quantitative analysis was applied for the 

fly ash samples before and after the stabilization process to identify the rela-

tive element concentration changes.  

4.4 XRF imaging approaches 

XRF is a well-established method for the determination and analysis of ma-

terial element composition without destructive sample preparation. There-

fore, XRF has been widely used in archeology, biology, and industry [52]. It 

is possible to obtain elemental distributions of investigated materials to con-

duct XRF imaging using either step scanning of the sample area or full-field 

projection with X-ray optics [53].  

4.4.1 Scanning microscopy 

Information about the spatial distribution of a given chemical element in the 

sample can be obtained by scanning the sample surface in two dimensions 

with a micro-focus X-ray beamline or a collimated synchrotron beam [13], 

[37]. A photo of the XRF scanning setup is shown in Figure 4.1. A two-dimen-

sional XRF image of the sample is obtained as it is transposed along the X and 

Y axes relative to the beam. In order to control the movement of the stepper 

motors and store the acquired spectra from the spectrometer to the computer, 
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LabVIEW, a product of National Instruments, was used. The peak of the ele-

ment of interest was extracted from the spectra and then reconstructed in 

MATLAB. The spatial resolution of the obtained XRF image scanning pitch, 

and the mode of scanning (stepwise or continuous). A 50% overlap (the pitch 

size is half the focal spot size) is usually used to improve spatial resolution 

[54]. To collimate the divergent X-ray beam, X-ray focusing optics are re-

quired. The major goal in the development of X-ray optics has always been 

to concentrate more X-ray photons on a smaller area to increase flux. X-ray 

beams can be easily collimated or reduced in size using pinholes, typically 

made out of high-Z material. A pinhole with a diameter of 100 µm made of 

gold (Au) and platinum (Pt) was mounted in front of the X-ray tube pointing 

towards the sample surface. By changing the pinhole-to-source or pinhole-to-

sample distance, it is possible to adjust the focusing size. 

 

Figure 4.1: Image of XRF scanning measurement setup. (a) Moxtek X-ray tube; (b) Amptek X-

123SDD spectrometer; (c) connection of helium gas; (d) pinhole, (e) 10x10x2.5 cm Ti shield box 

for sample at helium gas atmosphere; (f) two stepper motors mounted on top of each other 

providing two-directional movement (Thorlabs). 

4.4.2 Full-field projection microscopy 

Full-field X-ray fluorescence imaging (FF-XRF) is a static method that allows 

laterally resolved X-ray spectroscopy using a pixel detector. The advantage 

of this method is the ability to take spatially and spectrally resolved images 

simultaneously through measuring the position and energy of individual 

photons. With a pixel matrix detector, it is possible to build large detection 

areas with a fair position and energy resolution. Due to the isotropic emission 

of X-ray fluorescence from an illuminated sample, additional X-ray optics 

(generally pinhole optics or straight capillary optics) between the sample and 

the pixel detector are required to collimate the photons. By using a pinhole, 

(c) 

(a) 

(b) 

(e) 

(f) 

X 
Y 

(d) 
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fluorescence from the sample can be imaged upon the detector using the so-

called ‘camera obscura’ principle, as shown in Figure 4.2 (a). The output XRF 

image achieved using a pinhole projects an inverse image on the pixel detec-

tor. In Paper V, a pinhole collimator made of 1 mm thick aluminum with a 

500 μm diameter hole was placed between the sample and the detector.  

 
Figure 4.2: Sketch diagram of FF-XRF imaging spectrometer with X-ray collimators. (a) An 

illustration of pinhole imaging, putting the pinhole in the middle of the sample and detector 

results in a 1:1 mirrored image upon the Timpix3 pixel detector; (b) An illustration of straight 

polycapillary optic imaging: the isotope fluorescence photons is totally reflected and guided to 

the detector. 

It is also possible to use X-ray imaging optics, such as straight polycapil-

lary optics, sometimes referred to as ‘multi-channel plate optics’ or ‘micro-

pore optics (MPO),’ which do not invert the X-ray fluorescent image. X-ray 

polycapillary optics are arrays of small hollow glass tubes that guide the X-

rays using multiple reflections within the tubes, as shown in Figure 4.2 (b). 

Since X-rays and visible light are both electromagnetic waves they propagate 

in space in the same way, but because of the much higher frequency and pho-

ton energy of X-rays, they interact with matter very differently. Visible light 

is easily redirected using lenses and mirrors, while X-rays tend to initially 

penetrate and then eventually get absorbed in most materials. Change of di-

rection can however also occur for X-rays due to elastic scattering at a low 

angle. In straight capillary optics, four interactions can occur when fluores-

cence photons interact with the inner wall of the capillaries: transmission 

with loss of energy, fluorescence from the MPO wall material, reflection, and 

pass through without energy loss. In capillary optics, the ideal collimated X-

rays are photons, which are totally reflected on the inner walls of the capil-

laries without a loss of energy. When a sample generates varying fluores-

cence photons from a wide range of elements, these interactions can occur 

simultaneously.  

Two MPOs were used in the FF-XRF imaging system. Physical character-

istics of the X-ray optics used in the FF-XRF systems are given in Table 4.1. 

The spatial resolution and photon transmission of the circular-channel MPO 
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(PHOTONIS) is compared with a pinhole collimator in Paper V. The perfor-

mance of a square-channel MPO (PHOTONIS) has been further studied in 

Paper VI. The square-channel MPO has a 25 nm iridium (Ir) coating to en-

hance its optical reflectivity. Imaging of the fluorescence from small metal 

particles was used to obtain the point spread function (PSF) characteristics. 

To further characterize channel transmission and energy dependence of total 

reflection of the square MPO, the setup is mounted in alignment with the cir-

cular-channel MPO. 

Table 4.1: Physical characteristics of the X-ray optics used in the FF-XRF system. 

 Circular-channel MPO Square-channel MPO 

Outside Diameter 32.8 mm ± 0.25 mm 20 mm x 20 mm ± 0.5 mm 

Solid Border Width 1.57 mm 5 μm 

Thickness 1.0 mm ± 0.03 mm 1.2 mm ± 0.02 mm 

Material Type Leaded glass Leaded glass 

Channel Diameter 10 µm nom. 20 μm x 20 μm nom. 

Channel Pitch 12 μm 25 μm 

Bias Angle 0° ± 1° 0° ± 1° 

Open Area Ratio 50 % min. 60 % nom. 

Channel Wall Coating No special treatment Iridium: 25 nm ± 5 nm 

 



29 

5 Discussions 

5.1 Spectroscopic analysis 

In this section, the performance of XRF was compared with SEM-EDS meth-

ods. Incineration fly ash samples before cleaning treatment and after cleaning 

treatment were analyzed with both techniques. Scattered background noise 

has a significant influence on the detection limit and sensitivity in the XRF 

measurements, especially for the detection of trace elements. We then dis-

cussed using a specific X-ray beam filter to suppress background noise for a 

specific element in liquids. Finally, the influence of geometrical factors on a 

prototype for underwater XRF analysis of Hg in wet sediment using a radio-

isotope source and an X-ray spectrometer was investigated. 

5.1.1 SEM-EDS and XRF analysis for fly ash  

The sample preparation for SEM-EDS and ED-XRF in elemental analysis is 

different. SEM-EDS is a non-destructive analytic technique, but it requires re-

moval of the sample. A portion of the fly ash samples is sprinkled onto dou-

ble-sided tape mounted on an aluminum stub (1 cm diameter) and is then 

sputtered with a conductive coating to avoid charging issues with the elec-

tron microscope. The sample material is irradiated with electrons, resulting 

in the emission of X-rays characteristic of the elements that are present. The 

high-powered scanning electron microscope enables examination of small 

sample particles in high resolution. This allows for an analysis of the sample 

surface and individual components of the sample as well as targeted analysis 

of the sample. 

Unlike SEM-EDS measurements, XRF can be undertaken in situ without 

sample removal. A precise methodology can be implemented for XRF sample 

preparation for elemental analysis. The analysis of loose powdered material 

usually requires that a sample be placed into a plastic sample cup with a plas-

tic support film. This ensures a flat surface between the X-ray analyzer and 

the sample to be supported over the X-ray beam. The choice of film material 

has an impact on photon transmission, essential for light elements. The X-ray 

transmission rate of various film materials has been discussed in previous 

work [55]. The more finely ground the sample, the more likely it is to be ho-

mogeneous and have limited void spaces, providing for a better analysis. Suf-

ficient powder should be used to ensure the right thickness is obtained for all 

elements of interest. Pressing powder into pellets is a more rigorous method 

of sample preparation than using loose powders. Pellet sample preparation 
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is essential for accurate quantification. However, complicated sample prepa-

ration makes online measurements difficult.  

In Paper I, the results showed that XRF can detect Na, S, Cl, K, Cd, and 

other heavier hazardous elements in fly ash. The measurements provided are 

qualitative and semi-quantitative, which can be further calibrated using ei-

ther dedicated quantitative analysis software for XRF or other methods like 

SEM-EDS. The latter provides good spectral resolution for light elements, 

where air absorption of low energy X-rays disturbs the XRF measurement. In 

samples containing many different elements, the peaks can cause distortion. 

In these fly ash samples, the Na peak is distorted both in the XRF and the 

SEM-EDS measurements due to the silicon escape peak of Cl. The further pro-

cess for correcting escape peaks, sum peaks, and background removal must 

be considered. Table 5.1 lists the differences between the SEM-EDS and ED-

XRF methods in elemental analysis.  

Table 5.1: Comparison of the SEM-EDS and the ED-XRF method in elemental analysis. 

 SEM-EDS ED-XRF 

Excitation Source Electron  X-rays or gamma-rays 

Excitation Energy 
Small excitation energy, up to 

30 kV 

High excitation energy, up to 

80 kV or even higher 

Work Environment Can only work in vacuum 
Vacuum not necessary but it 

can work in vacuum 

Detection Range Na to U Na to U 

Penetration 
Analysis of surface layers (shal-

low penetration up to 2 μm) 

Analysis of deeper layers (pene-

tration up to 3 mm) 

Sample Status Analysis for solid sample 
Analysis for solid and liquid 

sample 

Sample  

Preparation 
Complicate 

Can work without sample prep-

aration 

Detection Limit Good detection limit Good detection limit in vacuum 

Energy Resolution Fair energy resolution Fair energy resolution 

5.1.2 SNR optimization for Cr contamination in leachate 

Leachate is a by-product derived from municipal solid wastes due to physical, 

chemical, and biological changes and is produced in landfills, incineration 

plants, composting plants, and transfer stations, with high concentration and 

toxicity [56]. Pollution control for leachate is a worldwide concern and still a 

big challenge in source reduction and pollutant removal. We applied the XRF 

analysis for the leachate sample to determine the presence of toxic metals. For 

XRF analysis, using a specific filter to suppress or filter the background noise 
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for a specific element could provide increased accuracy. If the application of 

such a primary beam filter reduces the intensity of the (scattered) continuum 

from the tube more than it affects the sensitivity, the detection limit is im-

proved [57]. Determining the correct filter to use is an important step in pre-

paring the system to perform measurements. When the continuous spectrum 

overlaps with trace element peaks, the intensity of those peaks may be un-

derestimated since they can be hidden in the spectrum. The main function of 

the primary source filter is to achieve beam hardening, allowing photons with 

enough energy to excite the K-shell to pass through, while photons with low 

energy that interfere with the measurement of the fluorescence lines are at-

tenuated. The effect is essentially similar to a high-pass filter, in that mainly 

higher energy photons are left to contribute to the beam and thus the mean 

beam energy is increased, in this way the beam is hardened. 

The characteristics of a filter are defined by its X-ray absorption curve, 

which is determined by the material and its thickness. Two filter foils, Cu and 

Ge, with X-ray absorption edges slightly above 5.41 keV were considered for 

optimizing measurements of Cr in Paper II. A series of filter thicknesses rang-

ing from 20 µm to 300 µm was compared and tested. Without the filter, the 

output is a continuous X-ray spectrum ranging from 0 kV to 15 kV. Using a 

filter removes the unwanted spectrum around 5.41 keV, resulting in a lower 

background for this region. The ideal filter combines a material and thickness 

that result in the minimum reduction of photon flux at useful high energies 

and improves the signal-to-noise ratio and detection limit for a specific ele-

ment. Direct XRF analysis has been shown to be able to detect Cr contamina-

tion in ash and leachate. The signal-to-noise ratio was improved by optimiz-

ing the X-ray filter, allowing the possibility of Cr assessment at relatively low 

concentrations. By adjusting the X-ray filter thickness, the detection limit can 

be enhanced significantly for detecting Cr. For detecting Cr, a Cu filter with 

a thickness between 100 μm and 140 μm is recommended when considering 

the tradeoff between SNR and measurement time for a practical XRF setup. 

By tuning the X-ray tube voltage and the filter parameters, we were able to 

optimize the limit of detection down to 0.32 mg/L using 2 h acquisition time 

for Cr in leachate.  

Applying a primary X-ray filter to optimize SNR in XRF analysis could 

provide multiple potential benefits [58]. The following specific analytical ad-

vantages may be of use to laboratories utilizing XRF instrumentation: 

 Qualitative analysis. Rather than visually inspecting the spectrum to 

make this qualitative decision, the SNR can provide objectivity in this 

determination. This method provides XRF users with an objective 
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method to determine whether a peak is suitable for use in a ratio or 

overlay comparison. 

 Remove source interference. For example, characteristic Ag peaks 

from the anode target of an X-ray tube at 3.35 keV and 3.52 keV will 

interfere with peak identification when characteristic photons from 

potassium (K) K-lines (Kα=3.31 keV, Kβ=3.59 keV) are present in a 

sample. Using a proper filter can remove both continuous X-rays and 

source-characteristic peaks, which interfere with peak identification. 

 Calculation of detection limits (LOD) and limit of quantification 

(LOQ). This is a uniform method for comparing the performance of 

analytical techniques. In XRF, typical detection limits for medium- 

and high-Z elements are in the ppm range, which is suitable for sev-

eral applications. However, in some cases element concentrations are 

too low for direct analysis. Calculating from the SNR is one of the 

common methods for estimating the detection and quantitation limit.  

 Instrument evaluation and validation. Evaluation of instrumental 

data can be quickly conducted using the SNR calculation. Similarly, 

SNR provides a simple and quantitative approach to establish base-

line parameters that can be used to monitor instrument performance 

over time. 

One of the main limitations of using primary X-ray filters is that the filter 

not only removes the X-ray photons close to the fluorescence photons but also 

the intensity of useful energies for fluorescence excitation. Thus, it improves 

SNR at the cost of a longer acquisition time. The monochromatization of the 

primary beam is made by the use of filters in this study. Alternative methods 

to achieve beam monochromatization are to use secondary targets or syn-

chrotron radiation sources. Synchrotron radiation can be considered as ideal 

monochromatic radiation with very high intensity, and is hence superior to a 

filtered X-ray tube. But for this application of on-site leachate monitoring it is 

not realistic to use synchrotron radiation. Another limitation is that different 

filters may be required for the measurement of different elements for optimi-

zation. When performing on-site XRF, another limitation is the inability to 

perform a full quantitative analysis. The main reason for this is the matrix 

effects. Correction of these effects requires extensive calibration and experi-

mental work that are beyond the scope of this thesis. 

5.1.3 K-shell XRF analysis of Hg in fibrous sediment 

Fibrous sediment originates from wastewater released by pulp and paper fac-

tories adjacent to water bodies such as lakes, oceans, and catchments [59]. The 
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sediment is characterized by high levels of processed wood fibers. The fiber-

impacted sediments are found to contain elevated levels of Hg [60], which 

was historically used as a slimicide in the manufacturing of pulp. One fiber-

rich sediment sample was collected from the Essvik Pulp Mill (1900-1967), 

Sundsvall, Sweden. The use of a portable XRF technique for monitoring Hg 

concentrations in environmental samples has never been widespread, as the 

concentration of Hg in environmental samples is often below the detection 

limit of this technique. For XRF underwater measurements of Hg, the K-shell 

emission is preferable since it can penetrate longer distance in water when 

comparing to the L-shell emission lines. Paper III presents the influence of 

geometrical factors on a prototype designed for in-situ underwater XRF anal-

ysis of Hg in wet sediments using a 57Co excitation source and an X-ray spec-

trometer. To achieve a good SNR and relatively high fluorescence signal, a 

90° geometry was chosen for the demonstrator design. The CdTe detector had 

a lower exposure time, although the energy resolution was slightly worse 

compared to the SDD detector. The achieved LOD for Hg-contaminated sed-

iment was 2880 ppm (2880 mg/kg) with 600 s exposure time. It is thus possible 

to use the XRF underwater prototype as an environmental screening tool for 

simultaneous analysis of Hg and other heavy metals in highly polluted mar-

itime sites. The guideline values used in the risk classification of fiber banks 

and fiber sediments in Västernorrland Region is CCME (ISQG), which is 

0.17 mg/kg (dry weight). To compare with the guideline values, measure-

ments on dried sediment samples should be performed, which is beyond the 

scope of this underwater XRF prototype design. In the related works, Paper 

VIII, the achieved LOD in XRF analysis for Hg was 30 mg/kg, where the L-

shell of Hg in dried sediment sample (water content: 80 % to 90 %) has been 

analyzed by a commercial handheld XRF device with 250 s exposure time [29]. 

One of the drawbacks of the built prototype has an almost flat bottom 

plate. The fibrous sediment was stuck in the groove in front of the detector. 

One possible improvement of this prototype is to develop a mechanical win-

dow wiper to remove the stuck sample. Another solution is to build a cone-

shaped porotype, which has a pencil point head and an open window on the 

side wall [61]. Further improvements including the radioisotope source 

shielding, and scattering background suppression might be investigated to 

improve the LOD. 

5.2 Microscopic analysis 

Elemental mapping images can be achieved using step scanning imaging 

with a small beam spot, projection pinhole imaging, or full-field imaging with 
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X-ray optics. In this section, we will discuss the capabilities and limitations of 

each method. 

5.2.1 Instrumentation for scanning XRF with laboratory sources 

To measure the S distribution in wood chips and individual fibers, a smaller 

excitation spot is required. This can be achieved by restricting an X-ray beam 

using a pinhole aperture. The S Kα characteristic photon energy is 2.31 keV. 

When choosing the pinhole material, it should have characteristic lines far 

away from 2.31 keV to avoid artifact peaks. (For example, Pb Mα1 at 2.35 keV). 

Assuming a perfect pinhole, the size of the focal spot is given by the size of 

the source multiplied by the distance between the focusing element and focal 

spot divided by the distance from the source to the focusing element. By ad-

justing the pinhole-to-sample distance, it is possible to change the magnifica-

tion factor. An ideal focal spot (close to the real pinhole diameter) can be 

achieved when placing the X-ray tube far away from the pinhole. However, 

the useful beam flux will also be reduced exponentially due to the primary 

beam is divergent. Hence, there is a trade-off between the focal spot size and 

the beam intensity. The angles between the incident X-ray beam, the sample 

and the detector were set equal to 45 degrees in order to minimize the scat-

tered background. Using such geometry, the pinhole focal spot creates an 

oval shape on the paper sample, thus, resulting in a different spatial resolu-

tion in the two dimensions. Moreover, we tested the performance of a com-

mercial 100 µm pinhole focal spot size at different X-ray tube voltages. The 

pinhole focal spot and the X-ray tube energy, are shown in Figure 5.1. The 

focal spot of the X-ray tube increases with the tube energy, resulting in a 

larger focal spot size after the pinhole. 

    
               (a) 4 kV                              (b) 6 kV                           (c) 10 kV                           (d) 15 kV 

Figure 5.1: Measurements of pinhole focal spot size at different X-ray tube voltages. (a) Tube 

voltage at 4 kV; (b) Tube voltage at 6 kV; (c) Tube voltage at 10 kV; (d) Tube voltage at 15 kV. 

Using a pinhole aperture blocks a significant amount of X-ray flux. An 

alternative method for achieving this is using X-ray focusing capillary optics, 

which focus the divergent beam from an X-ray source onto a sample using 

one of a range of focusing optical components, as described in the literature 

2 x 2 pixels 3 x 4 pixels 4 x 8 pixels 7 x 8 pixels 
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[62]. The array is tapered so that one end of the capillaries points at the X-ray 

source and the other at the sample, as shown in Figure 5.2. These rather sim-

ple devices provide good lateral resolution but require a short working dis-

tance (typically < 100 μm) between the capillary tip and sample. The trans-

mission efficiency of capillary optics depends on the photon energy. The 

spectral distribution of the outgoing radiation differs significantly from that 

of a pinhole collimator because the critical angle of total reflection affects the 

transmission. Polycapillary focusing optics collect a large solid angle of X-

rays from an X-ray source and focus them on a spot as small as 10 µm. More-

over, the resulting X-ray flux density is a few orders of magnitude higher 

when using X-ray focusing optics. The use of a polycapillary focusing optic 

in scanning XRF microscopy is considered in further work. 

 
Figure 5.2: Different configurations of X-ray focusing optics [63]. 

5.2.2 Pinhole and polycapillary optics in FF-XRF 

Using a pinhole camera is a well-known technique in FF-XRF imaging sys-

tems. The technique is based on the use of an X-ray source (e.g., a tube) that 

induces the X-ray fluorescence emission from a sample based on the principle 

of camera obscura. The photon transmission efficiency and spatial resolution 

are compared between two X-ray imaging setups: one using pinhole optics 

and one using straight polycapillary optics, in Paper V. 

Spatial resolution is an important parameter for evaluating XRF image 

quality. With a pinhole collimator, spatial resolution is mainly determined by 

the setup geometry, such as the sample-to-pinhole distance and pinhole-to-

detector distance. To avoid magnification and provide a 1:1 image, the pin-

hole was placed halfway between the sample and the detector. With a straight 
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polycapillary optic, the spatial resolution depends on the total reflection an-

gle, which is related to the fluorescence energy of the element of interest. The 

results show that for circular-channel capillary optics, the spatial resolution 

improves as the sample-to-detector distance decreases. However, shorter dis-

tances require greater precision in the X-ray source collimation and mounting, 

since any direct source radiation reaching the detector must be avoided. The 

polycapillary optic has a thickness of 1 mm, which is placed in front of the 

detector (~0.5 cm). This polycapillary optic is very thin compared to another 

study, where a 30 mm thick polycapillary was used [15]. The output after a 

thick optic is almost parallel beamlines. Thus, some researchers suggest add-

ing a second straight polycapillary X-ray optics as an energy filter of X-rays 

since only low energy X-rays can be detected when the angle between the two 

optical axes is increased slightly [44]. 

When using X-ray collimation optics, only a portion of the X-ray photons 

will pass through the X-ray optics and reach the detector. Therefore, trans-

mission efficiency is a critical factor when considering measurement time. An 

X-ray photon will only be transmitted through an optic if it enters the capil-

laries at a very narrow angle and is totally internally reflected. Typical values 

for straight polycapillary optics are 50% to 70% open area, which results in a 

high beam flux. The performance of straight polycapillary optics over a range 

of energies from 10 keV to 80 keV and their transmission efficiency as a func-

tion of energy have been assessed by other researchers [64]. When using a 

pinhole aperture in a FF-XRF imaging system, the spatial resolution is in-

creased by decreasing the pinhole diameter, at the same time, the transmis-

sion efficiency is decreased. Hence, there is a tradeoff between the spatial res-

olution and transmission efficiency in a pinhole XRF imaging system. Alt-

hough it has been generally considered that straight polycapillary optics pro-

vide higher photon transmission efficiency compared to pinhole optics due 

to their larger open area, our results show that the X-ray transmission effi-

ciencies of straight capillary optics and pinhole optics have the same order of 

magnitude when achieving a similar spatial resolution. 

5.2.3 Micro pore optics 

X-ray optics can be manufactured with different micro-channel geometries, 

such as square, hexagonal, or circular channels. Each optic geometry creates 

different imaging artifacts. Thus, we have studied the capabilities and imita-

tions of using a square-channel MPO in a full-field XRF imaging system in 

Paper VI. A point spread function of square-channel MPOs has been ob-

served. The main features of a PSF are a central spot (the desirable part for 
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image formation), two perpendicular lines forming a cross, and weaker in-

tensity in the quadrants delimited by the cross. These crosses also have a det-

rimental effect on image resolution, resulting in blurred edges on the output 

image. Placing the MPO asymmetrically in the setup results in a blurred PSF 

image. This can be explained by the magnification effect due to the focusing.  

Although the features of the PSF have a negative impact on the XRF im-

age when using a square-channel MPO, we have demonstrated that the cross-

arm length of the PSF is energy-dependent. This feature is similar to a wave-

length dispersive XRF spectrometer. The different energies of the character-

istic radiation emitted from the sample are reflected in different directions 

and locations by the MPO walls. By measuring the arm length, we might be 

able to calculate the photon energy for non-energy resolving detectors. How-

ever, the current setup might face some difficulties because the single reflec-

tion and direct transmission are merged together. The direct transmission is 

determined by the energy independent MPO parameters, such as thickness, 

pore size, and channel pitch, this will create a diffuse background patch and 

affect the determination of the single reflection arm-length. Moreover, triple 

reflection cross-arms might occur [65], which will contribute to the outer 

wings and resulting in an overestimate reading of the single reflection arm-

length. By using a MPO with 30 mm length [15], [44] as the first optic and the 

square-channel MPO with super surface reflectivity as the second optic can 

be considered to investigate the single reflection angle. The first optic pro-

duces almost ideal parallel beams regardless of the photon energy, while tilt-

ing the second optic acts as an energy filter since only low energy X-rays have 

a larger critical angle. 

5.3 Ethics and impact on society 

5.3.1 Ethics 

The main application targeted in this thesis is measurements for preventing 

pollutants from reaching the environment, which is ethically desirable. More-

over, ethical aspects of research dealing with radiation measurements were 

considered. Radiation safety regulations were followed and all recom-

mended radiation safety measures were applied for all measurements in this 

thesis. No humans or animals were harmed. 

5.3.2 Impact on society 

The main contribution of this work is the development and implementation 

of an XRF technique for the direct analysis of toxic metals in environmental 

and industrial applications. XRF has the potential to be used for monitoring 
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toxic elements in waste management systems. If the metal composition of fly 

ash after incineration was known on-site, it would be possible to adjust the 

ash treatment process to optimize the content of the washed/stabilized ash in 

the incineration plant. In the future, it will be possible to develop the washing 

process for the extraction of metals from fly ash. The presented method of Cr 

detection opens up the possibility of detecting other toxic elements in water 

at the ash dumping sites. As a result, municipalities will be able to prevent 

contaminated leachate from polluting the environment, which may improve 

public health. Moreover, the radioisotope XRF technique can be used as an 

environmental screening tool for simultaneous analysis of Hg and other 

heavy metals in highly polluted maritime sites. The prototype can provide 

technical insights for the future design of underwater X-ray fluorescence an-

alyzers for environmental measurements. 

The miniaturized XRF scanning microscopy technique maximizes the ef-

ficiency of wood chip impregnation by means of the even distribution of sul-

fonation, which may improve impregnation technology in the paper industry. 

This method could be useful in the pulp and paper industry to improve pro-

cess efficiency and product properties as well as find solutions to process 

problems. A more even distribution of sulfonation can reduce specific energy 

demands in chip refining. The FF-XRF imaging method combines an energy 

dispersive readout chip and capillary X-ray optics, which has the potential to 

enable elemental mapping while avoiding the scanning procedure. The ar-

chaeology and exploration industry could benefit from being able to obtain 

elemental distribution information on-site.  
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6 Conclusion 

The goal of this thesis is to provide insight into the development and imple-

mentation of XRF-based instruments for the analysis of heavy metal pollution 

in environmental and industrial monitoring. These allow for the identifica-

tion of heavy metal contaminants within fly ash, leachate, and sediment. The 

main contribution of this work is the development and implementation of 

alternative techniques suitable for online elemental analysis. 

This thesis has demonstrated XRF spectrometry for environmental appli-

cations. By comparing XRF analysis to commercial SEM-EDS analysis, this 

work provided valuable insight into the qualitative analysis and semi-quan-

titative analysis of heavy metals in fly ash samples. The XRF technique ena-

bles in-situ assessments of heavy metal contamination in incineration plants 

(RQ1). To achieve a relatively low LOD without the pre-concentration pro-

cess, the optimal filter thicknesses for detecting Cr in leachate were deter-

mined from simulations and experimental results. Selecting the appropriate 

filter material and thickness is critical for reducing background and thus im-

proving detection limits for a given set of elements. For Cr in a liquid solution, 

a LOD below the environmental limits in Sweden for leachate was achieved. 

The suggested setup configuration is sufficient for the purpose of monitoring 

Cr in leachate to prevent contaminations from reaching the environment. A 

prototype has been built for Hg determination based on radioisotope XRF 

analysis and a CdTe spectrometer. The influence of five geometrical arrange-

ments was investigated using a combination of simulations and experiments. 

The presented results show that it is possible to detect Hg by K-shell emission, 

thus proving the viability of XRF analysis for highly polluted marine sedi-

ments. It is hence possible to improve the LOD for liquid samples in field XRF 

analysis by considering application-specific design constraints, even for sam-

ple analysis under water (RQ2). 

The capabilities and limitations of XRF imaging methods, scanning XRF 

microscopy and FF-XRF imaging have been demonstrated in this thesis. In 

XRF scanning microscopy there is a tradeoff between spatial resolution and 

measurement time. The fluorescence yield is low for light elements, which 

further increases the measurement time. To achieve resolutions below 

100 µm it is preferable to implement polycapillary optics instead of a pinhole 

since it strongly increases the beam intensity reaching the sample. Measure-

ments of S is possible in air, but measurements of Na need to be performed 

in He atmosphere or a vacuum chamber (RQ3). For large samples, scanning 

imaging with high resolution will require a significant amount of time. This 
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can be avoided by using FF-XRF, and such an imaging setup was imple-

mented using an energy-resolving pixel detector and X-ray optics. A single 

photon-processing pixel detector is capable of measuring the position and 

energy of individual photons, and, due to the optics, the fluorescence event 

on the object can be positioned. The setup demonstrates the capability of ob-

taining spatially and spectrally resolved images simultaneously. One limita-

tion of FF-XRF is caused by the spectral resolution of imaging pixel detectors. 

The spatial resolution is limited by both the detector pixel pitch and the MPO 

channel pitch (RQ4). 

These results demonstrate that the XRF techniques investigated through-

out this thesis are capable of elemental determination and elemental mapping 

of environmental and industrial samples.
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7 Further work 

Beyond this research, the XRF analysis method could be utilized in other 

fields. There is great potential for analyzing soil contamination to determine 

the nature and extent of the contamination [66]. These analyses could poten-

tially allow for more targeted and less expensive management plans for dis-

posing of contaminated soils and remediation. XRF opens up possibilities for 

detecting heavy metals in farmland, mining sites, landfills, scrap metal recy-

cling plants, and glass recycling plants. Other applications could include 

mapping the distribution of contamination. For example, one potential use 

for this XRF underwater prototype is to map the distribution of Hg in the 

fiber sediments along the coasts of Sweden. This could be achieved by imple-

menting the XRF-instrument into an autonomous vessel [67]. 

The XRF scanning imaging setup described in this thesis could be im-

proved regarding spatial resolution and exposure time by implementing pol-

ycapillary optics, as already mentioned in the conclusion chapter. The FF-

XRF measurements in this work were performed with Timepix3 equipped 

with silicon pixel sensors with a thickness of 300 μm. This setup is useful and 

optimized for imaging in the energy range between approximately 4 keV and 

20 keV. For imaging of lighter elements with lower photon energies, newly 

developed detector concepts for low energy imaging should be considered, 

such as PERCIVAL [68], or low gain avalanche detectors (LGAD) [69]. Imag-

ing of higher energies can be achieved by a Timepix3 system equipped with 

a GaAs or CdTe sensor. Additionally, higher energies also require other op-

tics to preserve the spatial resolution. The measurements in this work used a 

detector size of 14 x 14 mm2, which is sufficient for small samples such as a 

coin or a piece of mineral rock. Several such detector units can be arranged in 

a tiled layout allowing for imaging of larger samples. For industrial applica-

tions, continuous imaging on a conveyor belt might be considered. For mov-

ing objects oversampling can reduce the sampling time.
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