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Abstract  
Heavy metal contamination in environmental applications is particularly im-

portant because of its potential impact on associated ecosystems and human 

health. At present, monitoring of heavy metals is usually done by taking and 

preparing samples for off-line laboratory measurements. X-ray fluorescence 

(XRF) analysis is a powerful and widely used tool for determining the ele-

mental composition and concentration of chemical species in materials. This 

project is a feasibility study for the possibility of on-line XRF systems for con-

tinuous and direct analysis of industrial processes and environmental emis-

sions.  

The feasibility of such measurements depends on the accuracy with 

which the concentration can be measured within a given response time. 

Therefore, this project is focused on investigating possible background sup-

pression of the XRF spectrum. First, an XRF setup has been built, and its ca-

pability has been compared to a commercial scanning electron microscope 

with energy dispersive spectroscopy (SEM-EDS). The qualitative analysis 

and semi-quantitative analysis of heavy metal contamination in fly ash was 

performed and compared. Due to minimal sample preparation, the devel-

oped XRF system is suitable for in-situ measurements. A series of experi-

ments was performed to optimize the signal-to-noise ratio of the spectra 

achieved from chromium contaminated liquid samples. The most significant 

factor turned out to be the primary X-ray source filter. Numerical simulation 

models have been developed in the Monte Carlo N-particle radiation 

transport code (MCNP), to calculate the X-ray fluorescence intensities and the 

detection limit for chromium in liquid samples. The experimental results 

agree with the results predicted by the simulation model, hence the model is 

used for optimization of the XRF system. Further, XRF mapping of chemical 

element distributions on a microscopic level has been obtained by using both 

X-ray scanning microscopy and full-field projection microscopy. The result-

ing data from these microscopy measurements can guide further comprehen-

sive environmental and industrial monitoring missions by providing addi-

tional spatial distribution information. 

In conclusion, the first research contribution presented in this thesis is the 

demonstration of the possibility to perform in-situ XRF measurements of 

chromium contamination in leachate with a limit of detection below the legal 

environmental limits. The second is the demonstration of XRF mapping on a 

microscopy level, where a polycapillary X-ray optics setup achieves a similar 

intensity as a geometrically corresponding pinhole optics setup.
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Abstract in Swedish 
Tungmetaller som miljöförorening är speciellt viktig på grund av dess påver-

kan på både ekosystem och människors hälsa. För närvarande genomförs 

övervakning av tungmetaller vanligtvis genom att fältprover prepareras för 

senare laboratoriemätning. XRF-analys, vilket bygger på röntgenfluorescens, 

är ett kraftfullt och allmänt erkänt verktyg för att bestämma elementsamman-

sättning och koncentration av kemiskt innehåll i prover. Föreliggande projekt 

är en genomförbarhetsstudie för möjligheten till direkt onlineövervakning av 

industriella processer och miljöutsläpp. 

Möjligheten att genomföra sådana mätningar beror på med vilken nog-

grannhet koncentrationen kan mätas utifrån en given svarstid. Därför foku-

serar detta projekt på att undersöka hur bakgrundssignalen i XRF-spektrum 

kan undertryckas. Först har en XRF-uppställning tagits fram och jämförts 

med ett kommersiellt svepelektronmikroskop med spektroskopisk utläsning 

(SEM-EDS). Kvalitativ och semikvantitativ analys av tungmetallföroreningar 

i flygaska genomförs. Eftersom minimal bearbetning av prover krävs, så är 

det utvecklade XRF-systemet lämpligt för in situ-mätningar . Experimentse-

rier genomfördes för att optimera signal-brus-förhållandet för spektrum från 

prover med kromförorenat vatten. Dimensioneringen av röntgenkällans filter 

var den mest kritiska storheten i systemet. Numeriska simuleringsmodeller 

har utvecklats i MCNP (Monte Carlo N-particle radiation transport code), för 

att beräkna intensiteterna på röntgenfluorescensen och detektionsgränsen för 

krom löst i vätska. Mätningarna överensstämmer med teoretiska beräkning-

arna från simuleringsmodellen, så modellen används för att optimera XRF-

systemet. Vidare har XRF använts för att kartlägga distribution av kemiska 

element i prover på mikroskopisk nivå, både skannande teknik och projice-

rande  röntgenavbildning har använts. Resultatet från dessa mikroskopimät-

ningar kan leda till nya automatiska kontrollsystem för miljö- och industri-

tillämpningar, genom att utnyttja fördelningsinformationen i prover. 

Sammanfattningsvis, det första forskningsbidraget som presenterats i 

denna avhandling är möjligheten att utföra in situ-mätningar av kromförore-

ning i lakvatten med mätnoggrannhet bättre än kontrollmyndighetens gräns-

värden. Den andra är möjligheten till mikroskopiavbildning där en uppställ-

ning med polykapilär röntgenoptik erhåller samma storleksordning på inten-

siteten som en geometriskt motsvarande uppställning med hålkameraoptik. 
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Abstract in Chinese 
由于重金属污染对生态系统以人类健康的危害，因此对环境应用中重金属

含量的监测和治理变得尤为重要。目前监测重金属含量的常用方法是通过采

集和准备待分析样品并进行离线实验室分析。X 射线荧光分析技术（XRF）是

确定材料中元素的组成和化学物质浓度的一种功能强大且广泛使用的工具。

本文是对在线 X 射线荧光光谱分析的可行性研究，旨在对于工业生产过程和

环境排放过程中的重金属污染物进行持续和直接分析。 

分析测量系统的可行性取决于在给定的响应时间内可以测量待分析物的浓

度及准确性。因此，该项目专注于 XRF 光谱背景噪声抑制。首先，搭建 XRF

装置，并与商用扫描电子显微镜（SEM-EDS）的进行了性能比较，对垃圾焚

烧所产生的飞灰粉尘中所含的重金属的荧光光谱进行了定性分析和半定量分

析，并对其结果进行了分析对比。由于所需样品制备相对简单，因此 XRF 分

析系统适用于现场测量。通过一系列对比实验，对液体样本中铬的谱峰信噪

比进行了优化提高。实验证明，X射线滤光片可以有效提地高分析系统的灵敏

度和准确度。利用蒙特卡洛 N 粒子辐射传输代码（MCNP）建立数值模拟模

型，可以计算液体样品中铬的特征射线荧光强度和理论检出限值。实验结果

与仿真模型预测的结果相吻合，因此该模型可以用于对 XRF 系统光谱背景进

行优化。此外，通过绘制扫描显微光谱图和全视野投射光谱图，可以获得化

学元素的微观分布图。通过获取空间分布信息，这些图像测量的结果数据可

以进一步综合指导环境和工业监测任务。 

综上所述，本文的第一项研究成果是证明了对渗滤液中铬污染进行原地现

场 X 荧光光谱测量的可能性，降低背景后，系统的检测限度远低于法定的环

境排放值。第二研究成果是在显微镜水平上获取化学元素的空间分布信息，

在几何参数类似的情况下，所用的 X 射线毛细管光学装置与针孔装置的射线

穿透强度相似。 
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1 Introduction 

1.1 Background 

Incineration of municipal solid waste (MSW) is one of the most efficient ways 

of waste management, because of the large reduction in the solid mass of the 

original waste by 80%–85% and the high energy recovery [1], [2]. In Sweden, 

a vast majority of household waste can be recycled or used as fuel in waste-

to-energy power plants, and only 4% is landfilled. Waste incineration pro-

vides 20% of Sweden’s district heating and electricity for a quarter of a million 

homes [3]. The incineration process typically takes place at temperatures of 

1000°C to 1100°C [4], at which temperature organic materials will burn and 

be mineralized. At this temperature metals will vaporize, melt or remain in a 

metallic form, depending on their physical properties. The advantage of mu-

nicipal solid waste incineration is that many harmful substances break down 

or are destroyed by high temperatures [5] and the residual substances are 

bound in ash, which makes them easier to control, handle and recycle. Incin-

eration produces fly ash along with flue gas and heat. The flue gases must be 

cleaned of gaseous and particulate pollutants before they are dispersed into 

the atmosphere, leaving fly ash and sludge from the washing water to be fur-

ther processed [6]. 

During the incineration process, heavy metals in the waste were accumu-

lated through absorption by fly ash along with the evaporation of the water 

and the decrease in waste volume, and the concentration of heavy metals 

eventually reached a relatively high level [7]. Thus, fly ash is considered a 

hazardous material. The high content of Si and Ca in fly ash provides the 

potential possibility for further utilization in construction, such as mine back-

fill and road sub-bases [8]. However, toxic elements pose risks to the ecosys-

tem and human health through long-term exposure, even at very low con-

centrations. For example, Cr is a human carcinogen following inhalation of 

high concentrations. It can also cause allergic contact dermatitis [9]. Chronic 

exposure to Cd can have adverse effects such as lung cancer, pulmonary ad-

enocarcinomas, prostatic proliferative lesions, bone fractures, kidney dys-

function, and hypertension [10]. Pb poisoning has been a significant public 

health problem for centuries since lead is a cumulative poison. Potential ef-

fects of Pb in humans are abdominal cramps, learning disabilities, nerve dam-

age, vomiting, convulsions, anorexia, and brain damage [11]. The upper lim-

its of designated hazardous elements slightly differ from various districts 
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worldwide. Three listed standards individually implemented by the Euro-

pean Union, Canada, and China [7], [12]–[14] are shown in Table 1.1.  

Table 1.1 Hazard elements in fly ash from various countries (mg/kg). 

STANDARD Cr Ni Cu Zn Cd Hg Pb 

EU 100 50 100 300 1 2 100 

CCME 64 50 63 200 1.4 0.8 70 

GB 150 70 50 200 0.3 0.25 280 

Note: EU = European Union Standards (2009); CCME = Canadian Environmental Quality 

Guidelines (1999); GB = Environmental Quality Standards for Soils of China (2009).  

The monitoring and management of fly ash is a challenging task for in-

cinerator operation and can cause environmental issues. The contents in the 

fly ash are hazardous to health and the environment, and they thus are com-

monly stored in polyethylene bags in landfills that have a leachate collection 

system and bottom liners for hazardous waste. The management of solid 

combustion residues and especially of fly ash by-products remains a primary 

issue. The existing technologies include primarily thermal processes (vitrifi-

cation, sintering) or chemical transformation methods for stabilization of fly 

ash and transformation to a material with reduced release of contaminants 

[15]. In Sweden, a new practice is to stabilize these materials before disposal 

by adding 40% low calcium cement to the residue stream. This increases the 

volume of the stream but further retards the infiltration rate into the material 

[16]. Korstaverket in Sundsvall is the first power plant in Sweden, which im-

plements a washing process to remove soluble salts and allows storage of fly 

ash on a landfill for non-hazardous waste [17]. In [18], the influence of pH on 

leaching has been studied. There is a risk of the dissolution of a toxic constit-

uent from a solid phase into a solvent. The toxic metals can be absorbed di-

rectly by humans and animals through the inhalation of dusty soil or they 

may enter the food chain as a result of their uptake by edible plants and ani-

mals [19], or be washed out and cause a significant threat to surface water 

and groundwater [20]. The health risk assessment of potentially toxic ele-

ments in soils for male and female adults as well as for children was discussed 

in [21]. The detailed information on the physical and chemical characteriza-

tion, particle size distribution, mineralogy, morphology, heavy metal content, 

and leaching behavior of the fly ash has been studied in [22]. The quantity, 

quality, and characteristics of fly ash derived from MSW depends on several 

factors, such as the composition of feed, type of incinerator, operating param-

eters, and pollution control techniques. However, measurements on site 

make it possible to take action if the metal content in the fly ash is higher than 
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allowed for storage in a landfill for non-hazardous waste. It thus becomes 

essential to monitor the elemental composition in the ash and the leachate 

routinely [23], [24]. 

This thesis investigates the novel use of an X-ray fluorescence (XRF) spec-

trometer sensor system for environmental application instrumentation. XRF 

is a non-destructive technique that employs the emission of characteristic X-

rays to analyze the elemental composition from samples. Reference [17] 

demonstrated that the optimal measurement setup is different for different 

metals. The advantage of XRF analysis for soil elemental analysis, compared 

to other common analytical techniques including Atomic Absorption Spec-

trometry (AAS) and Inductively Coupled Plasma (ICP) that are among the 

most common spectroscopic methods used for the determination of heavy 

metals in environmental samples [25], [26], comes primarily from the sample 

preparation procedures. These methods need a complicated sample prepara-

tion process, such as sample dissolution or acid digestion that might intro-

duce a number of additional chemicals, and need to be performed in a labor-

atory [27]. The use of XRF spectrometry and this technique will be applied in 

this research to determine the total concentration of a range of elements in the 

incineration process [28]–[33]. The appeal of X-ray analysis of environmental 

specimens lies in its remarkable combination of practical and economic ad-

vantages. 

1.2 Motivation 

This section discusses the motivation for performing in-situ monitoring of the 

elemental composition in fly ash and leachate. Regular monitoring of heavy 

metals in the fly ash and leachate is important for mitigating their potentially 

harmful effects and remediation of contaminated areas. Up to now, the incin-

eration plant in Sundsvall prepares samples for off-line laboratory elemental 

analysis. The fly ash samples from different dates are regularly collected and 

mixed to get average concentrations of the contamination. However, there 

are certain disadvantages associated with these techniques.  

 This process has a significant time delay between the collection of 

samples and subsequent analytical processes. Increased contamina-

tion in the process will not be known until after several days. 

 The lack of immediate feedback on the composition of the sample 

makes it difficult to adaptively change the washing process in the in-

cineration plant to counteract increased contamination. 
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 For liquid samples, existing measurement methodologies involves 

complicated sample preparation techniques, to reach the required ac-

curacy. Hence it takes a significant amount of time before contami-

nated leachate from a landfill could be detected. 

The possibility of developing an alternate technique that addresses these 

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

nique would have the following characteristics. 

 The ability to perform in-situ measurements. This removes the need 

to take physical samples, reducing the introduced disturbance. In-

stead instrumentation can be placed in direct contact with the surface 

sample layer. Direct measurement monitoring of the toxic metals ex-

ceeding the allowable limit would significantly reduce the risk of en-

vironmental impact of the municipal solid waste incineration pro-

cess. 

 Online data analysis capability can allow the perceived information 

to be processed in real-time. Monitoring fly ash stabilization in the 

incineration plant opens possibilities to improve the process using 

online feedback. If the elemental composition of the ash wash mix-

ture was known on site, it would be possible to adjust the wash pro-

cess to optimize the content of the washed/stabilized ash. 

 An optimized system might reach the accuracy required for direct in 

situ measurement of leachate. This accuracy opens the possibility for 

an alarm system for detection of contamination above legal limits in 

leachate from landfills. 
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2 Problem formulation and objective 

2.1 Problem formulation 

To find a novel solution for these challenges in elemental analysis methods, 

an on-site analysis technique with a reasonable limit of detection of the toxic 

elements need to be developed. The main advantage of the XRF technique for 

this application is the capability of direct analysis. Thus, the main objective 

of this thesis is to investigate the possibility of XRF for environmental appli-

cations.  

The problems addressed in this thesis that contribute to the main research 

problems are the following: 

 Problem 1: Besides an X-ray beam (XRF method), energy dispersive 

X-ray spectroscopy with an electron microscope system (SEM-EDS) 

is another useful tool for elemental analysis. Both techniques rely on 

the emission of characteristic "secondary" (or fluorescent) X-rays 

from a material. There is a need for a more comprehensive study on 

the feasibility and the performance of qualitative and semi-quantita-

tive analysis of these two methods. 

 Problem 2: In order to detect the trace elements in fly ash (fine pow-

der) and leachate (liquid), the XRF system should be optimized and 

have a reasonable level of sensitivity to monitor the toxic elements at 

low level concentrations. In most commercial XRF instruments, the 

calibration is valid only for one specific application type of solid-state 

samples, such as mining, soil, alloy and plastic. XRF technique has 

been used in soil contamination and waste applications. However, 

XRF is normally not considered to be suitable for measurement of 

dissolved components in aqueous samples. In most cases, direct XRF 

analysis of solutions entails technical difficulties due to a high X-ray 

scatter background resulting in a spectrum with a poor signal-to-

noise ratio (SNR). There is a need for a more specific study on the 

performance of aqueous samples with the XRF method.  

 Problem 3: To be able to obtain XRF imaging, which contains ele-

mental distribution information, additional information about the 

position information is required. In scanning XRF microscopy, the 

spatial resolution of the XRF image is limited by the spot size of the 

X-ray probe and the scanning step size. It takes a significant amount 

of time to obtain the elemental images if a large area is measured with 
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high a spatial resolution. There is a need for a full-field X-ray fluores-

cence (FF-XRF) imaging system that can be employed to obtain the 

spatially and spectrally resolved images simultaneously. 

 Problem 4: Investigating whether the scanning XRF method can be 

used to obtain light elements distribution in industrial samples in a 

few millimeters size. Therefore, it is important to find a solution for 

light elements mapping that could reduce air absorption for low en-

ergy fluorescence photons. 

2.2 Objective 

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

the XRF methods for the environmental applications that can be used as a 

directly elemental analysis method. The goals in this work are detailed as fol-

lows: 

 Design experimental setups for fly ash samples using SEM-EDS and 

XRF method. To be able to verify the impact of the washing process, 

samples of washed and unwashed ash from municipal solid waste 

incineration in Sundsvall are evaluated. This study compares the 

qualitative and semi-quantitative analysis performance of the two el-

emental composition analysis methods.  

 Study the XRF in liquid measurements with relatively low concen-

trations without the pre-concentration process. The goal is to opti-

mize the signal-to-noise ratio of the spectra achieved from chromium 

contamination in liquid samples. This involves implementing a series 

of experiments of primary X-ray source filter. By comparing filter 

thickness and filter material, it can help researchers to understand 

the limit of detection in an XRF measurement. 

 Design and evaluate the full-field XRF (FF-XRF) imaging system that 

can be employed to obtain the spatially and spectrally resolved im-

ages simultaneously. This can contribute to the development of the 

efficiency of XRF image for a large area sample. 

 Build an in-house microscopy XRF setup using a collimated X-ray 

source and an energy-dispersive X-ray spectroscopy to make scan-

ning images of sulphur (S) and sodium (Na) across wood chips or in 

individual fibers. In order to reduce the air absorption, a helium (He) 

atmosphere is implemented. 
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3 Papers included in the thesis 

This section provides a short summary of the manuscripts that comprise this 

thesis. In addition, the contribution of each work to the main objectives for-

mulated is detailed as well as the main author’s contribution. The papers in-

cluded in the thesis is shown in Figure 3.1. The thesis specifically focuses on 

XRF feasibility study and SNR optimization in the XRF spectra. Further, it 

demonstrates two XRF imaging approaches, scanning and projection, which 

contain both elemental composition and elemental distribution information. 

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

 

Figure 3.1 Papers included in the thesis. 

3.1 Paper I: Comparison of Elemental Analysis Techniques for Fly 
Ash from Municipal Solid Waste Incineration using X-rays and 
Electron Beams 

Published in IOP Conference Series: Earth and Environmental Science 

2019 

Author’s contribution: Principle author, idea, development and building the 

apparatus, XRF measurements, spectra analysis, writing and presenting of 

the paper. 

Contribution to the thesis: 

Paper I describes the comparison of two elemental analysis techniques based 

on atomic spectrometry using X-rays and electron beams. An XRF setup was 

built. A comparison of the capability of qualitative analysis and semi-quanti-



3. Papers included in the thesis 

 

10 

tative analysis between the XRF setup and a commercial SEM-EDS spectros-

copy was performed. The purpose of this study is to identify the constituent 

elements in the sample and estimate the major effect of the fly ash before and 

after the stabilizing wash process in municipal solid waste incineration.  

The measurement results showed both XRF and SEM-EDS can be used to 

qualitatively and semi-quantitatively analyze for fly ash composition. SEM-

EDS provides a good spectral resolution for light elements where air absorp-

tion of low energy X-rays disturbs the XRF measurement. Besides the ele-

mental composition information, high magnification imaging of surfaces was 

obtained. Unfortunately, this method is destructive since specimens are 

coated with a conductive layer. The XRF method is suitable for online meas-

urements since it requires no specific sample preparation and could be used 

to analyze larger fractions of materials. However, XRF penetrates relatively 

deep into the ash sample while the SEM-EDS method mainly measures the 

surface content. This makes the XRF method sensitive to background noise 

from the container material. The signal-to-noise ratio optimization in XRF 

analysis is described in Paper II.  

3.2 Paper II: Signal-to-Noise Ratio Optimization in Chromium 
Contamination Analysis by X-ray Fluorescence Spectrometry 

Submitted for publication in Talanta, The International Journal of Pure 

and Applied Analytical Chemistry 

Author’s contribution: Principle author, idea, development and building of 

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

writing of the manuscript. 

Contribution to the thesis: 

Paper II demonstrates the optimization in signal-to-noise ratio (SNR) in an 

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

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

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

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 im-

prove the sensitivity for specific portions of the spectrum. The bandpass 

properties of two selected filter materials, copper and germanium and the 

filter thickness are analyzed using a Monte Carlo N-Particle (MCNP) simula-

tor.  
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The optimal range of filter thicknesses for this application was deter-

mined from the experimental and simulated SNR. The results show that the 

SNR increases with filter thickness and reaches a saturation value while fur-

ther increased thickness only increases the measurement time. We conclude 

that a Cu filter with a thickness between 100 µm and 140 µm is optimal for 

detecting Cr when considering the measurement time. With direct XRF anal-

ysis for solutions, the system limit of detection was 0.25 mg/L, which is well 

below the allowed standard limitation of 2.5 mg/L for landfills in Sweden. 

This work showed that XRF can gain enough sensitivity for direct monitoring 

of the Cr environmental limits in leachate without pre-concertation process. 

3.3 Paper III: Full-field X-ray Fluorescence Imaging with a Straight 
Polycapillary X-ray Collimator 

Accepted for publication in Journal of Instrumentation  

Author’s contribution: Principle author, measurements, analysis of the re-

sults, writing and presenting of the paper. 

Contribution to the thesis: 

Paper III describes the development of a full-field XRF imaging methodology 

with a capillary collimator and an energy dispersive readout chip, Timepix3. 

XRF images are typically achieved by scanning the sample surface in two-

dimensions with a micro-focus X-ray beamline, as described in Paper IV. 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 fluorescence 

spectrometry imaging would be achieved by eliminating the process of sam-

ple scanning. Full-field X-ray fluorescence imaging can be achieved using a 

pinhole or straight capillary X-ray optics. The photon transmission efficiency 

and spatial resolution were compared between two X-ray collimation setups.  

The result indicates that the transmission efficiency of these two X-ray 

optics has the same orders of magnitude when similar spatial resolution and 

corresponding geometry is designed for in the setup. Characterization of the 

polycapillary imaging setup is performed through analyzing various samples 

in order to investigate the spatial-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 meas-

urements. The connection of this work to Paper I and II is that FF-XRF can be 

used to verify directly in situ measurements of inhomogeneous samples com-

pared to conventional methodology where complex sample preparation to 

gain homogeneity is required. 
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3.4 Paper IV: Measurement of S and Na distribution in impreg-
nated wood chip by XRF 

Accepted for publication in conference proceeding PaperCon2020. 

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

paratus, XRF measurements, data processing and analysis. 

Contribution to the thesis: 

Paper IV demonstrates the potential using miniaturized X-ray based tech-

nique to measure the concentrations of sulphur and sodium across wood 

chips and in individual fibers to improve the impregnation technology in the 

pulp industry. A specific challenge is that the low energy fluorescence pho-

tons from sulphur (2.3 keV) and sodium (1.0 keV) are easily absorbed into the 

air, resulting in a poor signal-to-noise ratio. The measurement setup has been 

simulated using MCNP to validate the system setup and to select the correct 

geometry, shielding, filtering and atmosphere for the measurement. The so-

lution was to use a titanium box flooded with helium (He) gas to minimize 

the absorption of fluorescence photons and to minimize box material fluores-

cence that might disturb the measurement.  

A preliminary study was conducted to evaluate the air absorption of light 

elements (Na, Mg, S, Cl, and K) in Seltin salt. The test-setup was measured 

with and without He gas. In addition, a line scanning measurement of multi-

ple layers of metals verified the spatial resolution of the XRF imaging system. 

The results show that He gas can be used to reduce the air absorption and 

detect light elements in XRF measurement. It has great potential for further 

improvement. Thus, a measurement system for wood chip needs to be con-

sidered and designed. The design is ongoing work and not included in this 

thesis. 
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4 Theory 

4.1 Introduction to X-rays 

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

electromagnetic waves with their associated wavelength, or as beams of pho-

tons with associated energies. Figure 4.1 shows that X-rays have wavelength 

and energies between γ-rays and ultraviolet light (UV). Most X-rays have a 

wavelength ranging from 0.01 to 10 nm, corresponding to energies in the 

range from 0.125 keV to 125 keV [34]. 

 
Figure 4.1 X-rays and other electromagnetic radiation. 

X-rays are produced when the electrons are suddenly decelerated upon 

collision with the metal target. There are two types of X-rays generated: 

bremsstrahlung radiation and characteristic radiation [35]. In the bremsstrah-

lung process, the incident electrons scatter due to the electric field near the 

nuclei of the atoms of the target metal and lose energy as photons, resulting 

in a continuous X-rays spectrum, ranging from zero and up to the particles 

initial energies. Discrete energy X-rays, also called characteristic X-rays, are 

produced when excited electrons de-excite, their energies are characteristic of 

the energy levels of the atomic electrons. The characteristic X-ray lines are 

superimposed on the continuous bremsstrahlung X-ray spectrum. The maxi-

mum energy of the electrons is defined by the accelerating voltage. For exam-

ple, a 100 kV accelerating voltage produces X-ray photons with a maximum 

energy of 100 keV. A typical X-ray tube spectrum from a silver (Ag) anode is 

shown in Figure 4.2 [36]. The smooth part of the spectrum is bremsstrahlung 

radiation, while the peaks are characteristic of the anode material. When the 

X-ray tube voltage is higher than the Ag emission lines, the two significant 

peaks in the spectrum at 22.16 keV and 24.94 keV, are generated from the K-

lines characteristic X-rays of the Ag anode inside the X-ray tube. Usually, an 

aluminum foil is attached in front of a commercial X-ray tube to filter "soft" 

(non-penetrating) radiation. 
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Figure 4.2 Typical X-ray spectrum of sliver (Ag) at 10 kV, 20 kV, 30 kV, 40 kV and 50 kV. 

4.2 Interaction of X-rays with matter 

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

lectric effect, Compton scattering and pair production [37]. At energies of a 

few eV to a few keV, corresponding to visible light through soft X-rays, a 

photon can be completely absorbed and its energy can eject an electron from 

its host atom, a process known as the photoelectric effect. Compton scattering 

is the most important interaction in the mid-energy region. High energy pho-

tons of 1.022 MeV and above may bombard the nucleus and cause an electron 

and a positron to be formed, a process called pair production.  

4.2.1 Photoelectric effect 

In photoelectric absorption process, an incident photon undergoes an inter-

action with one of the electrons of an atom in which 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 re-

maining photon energy is transferred to the electron as kinetic energy and is 

deposited near the interaction site. Since the interaction creates a vacancy in 

one of the electron shells, typically the K or L shell, which leaves the atom in 

an excited state that will shortly after return to a stable state through one of 

two possible mechanisms: fluorescence or the Auger effect. In the first case, an 

electron moves down to fill in and produces a characteristic X-ray photon. 

The energy of the characteristic radiation can be calculated by subtracting the 

binding energy of the electrons. Although most often this energy is released 

in the form of an emitted photon, the energy can also be transferred to another 

electron, which is ejected from the atom; this second ejected electron is called 
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an Auger electron. The probability of fluorescence to occur is expressed by 

the fluorescence yield. Auger transitions are more probable for lighter ele-

ments, while X-ray yield becomes dominant at higher atomic numbers. 

4.2.2 Compton scattering 

When Compton scattering occurs, only a portion of the incident energy is ab-

sorbed and a photon is produced with reduced energy. This photon leaves 

the site of the interaction in a direction different from the original photon. 

Because of the change in photon direction, this type of interaction is classified 

as a scattering process. It results in a decrease in energy (increase in wave-

length) of the photon. In this interaction mechanism, the incident photon is 

deflected through an angle, 𝜃, with respect to its original direction. Part of the 

energy of the photon is transferred to the recoiling electron. The process is 

shown schematically in Figure 4.3.  

 
Figure 4.3 A photon of energy Eγ comes in from the left, collides with a target at rest, and a 

new photon of energy Eγ' emerges at an angle θ. The target recoils, carrying away an angle-

dependent amount of the incident energy. 

An expression relating the energy transfer and scattering angels can be de-

rived using the conservation of energy principle, and the assumption that the 

electron’s binding energy is negligible. For a given incident energy 𝐸𝛾, the 

outgoing final-state photon energy 𝐸𝛾′ is given by: 

 
𝐸𝛾′ =

𝐸𝛾

1 +
𝐸𝛾

𝑚𝑒𝑐2 (1 − cos 𝜃)

  
(1) 

Where 𝑚𝑒𝑐2 is the rest-mass of the electron (511 keV), and θ is the scattering 

angle. The equation has a maximum at a scattering angle of 180°. The kinetic 

energy of the electron can be derived using the conservation of energy prin-

ciple, which is the energy difference between the incident energy 𝐸𝛾  and the 

scattered photon energy 𝐸𝛾′. 
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4.2.3 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 4.4. These two particles have the same mass, 

each equivalent to a rest mass energy of 0.51 MeV. In order to create the elec-

tron-positron pair, the incident photon energy Eγ must higher than the sum 

of the rest mass energies of an electron and positron (2mec2 = 1.022 MeV) for 

the production to occur. 

 
Figure 4.4 Diagram showing the process of electron–positron pair production. 

4.3 Emission of X-ray fluorescent radiation 

Photoelectric interaction is possible only when the photon has sufficient en-

ergy to overcome the binding energy and remove the electron from the atom 

[38]. It is most probable when the electron binding energy is only slightly less 

than the energy of the photon. If the binding energy is more 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, as shown in Figure 4.5 (a). 

The ionized atom’s distribution of electrons is then out of equilibrium. By 

transitions of electrons from outer shells such as the L-shell to the hole in the 

K-shell, the atom will return back to the normal state. An L-shell electron has 

higher energy than a K-shell electron, in such electron transitions, the loss of 

potential energy of the atom reappears as an X-ray photon. There are a lim-

ited number of ways in which this can happen, as shown in Figure 4.5 (b). 

Each of these transitions yields a fluorescent photon with a characteristic en-

ergy equal to the difference in energy of the initial and final orbital. Because 

the energy of the emitted photon is characteristic of a transition between spe-

cific electron orbitals in a particular element, the resulting fluorescent X-rays 

can be used to detect the element composition that is present in the sample. 
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In general, the energy of the emitted X-ray for a particular element is inde-

pendent of the chemistry of the material. Thus, XRF analysis cannot distin-

guish variations among isotopes of an element nor ions of the same element 

in different valence states. Most of the elements of the periodic table can be 

measured qualitatively, semi-quantitatively and quantitatively by using XRF. 

 

                                      (a)                                                                                       (b) 

Figure 4.5 Production of characteristic radiation and major lines transitions. (a) An electron in 

the K shell is ejected from the atom by an external primary excitation x-ray, creating a vacancy. 

(b) XRF transition nomenclature. 
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5 Methodology 

5.1 Sample preparation 

Sample preparation for SEM-EDS and XRF is described below. In both meth-

ods, two fly ash samples, the washed ash and unwashed ash, collected from 

the city incineration plant in Sundsvall are analyzed. 

5.1.1 Sample preparation for SEM-EDX analysis 

The washed ash is dried in the air and ground by planetary ball mills (PUL-

VERISETTE 5) into fine small grains with the dimension of a few hundred 

micrometers. The unwashed ash is not concreted by the washing process, and 

it is thus an already fine and powdery material. Therefore, no grind is needed 

for the unwashed ash. A portion of the fly ash samples is sprinkled onto dou-

ble-sided glued tape mounted on an Aluminum stub (1 cm diameter), and 

then it is sputtered with a conductive coating (Iridium) to avoid charging is-

sues with the electron microscope, as shown in Figure 5.1. 

 
Figure 5.1 Sample preparation of washed (left) and unwashed ash (right) in SEM-EDS measure-

ment. 

5.1.2 Sample preparation for XRF analysis 

XRF sample preparation is a precise methodology of preparing analyses for 

elemental analysis. The analysis of loose powdered material usually requires 

that the sample is placed into a plastic sample cup with a plastic support film. 

This ensures a flat surface to the X-ray analyzer and the sample to be sup-

ported over the X-ray beam. The film material selection should encompass 

transmission, which is essential for light elements, purity, physical strength 

and thickness. The X-ray transmission rate of various film material was dis-

cussed in [39]. The more finely ground the sample, the more likely it is to be 

homogeneous and have limited void spaces providing for a better analysis. 

Sufficient powder should be used to ensure infinite thickness is obtained for 

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

sample preparation than loose powders [13]. Pellets sample preparation is es-

sential for accurate quantification. However, complicates sample preparation 
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makes it difficult for online measurements. In this thesis work, XRF measure-

ments with minimal sample preparation were carried out. To achieve a quick 

and convenient measurement, the washed sample was roughly ground to up 

to 3 mm. The two samples were placed into a plastic sample cup and manu-

ally pressed to ensure a reasonable flat sample surface The photo of the 

washed and unwashed sample is shown in Figure 5.2. 

             

                                             (a)                                                                  (b) 

Figure 5.2 Sample preparation of (a) washed ash and (b) unwashed ash in XRF measurement. 

5.2 XRF spectrometry 

The fluorescent radiation can be analyzed either by sorting the energies of the 

photons (energy-dispersive analysis) or by separating the wavelengths of the 

radiation (wavelength-dispersive analysis) [40]. Once sorted, the intensity of 

each characteristic radiation is directly related to the amount of each element 

in the material.  

In energy-dispersive systems (EDXRF) spectrometers, the fluorescent X-

rays emitted by the material sample are directed into a solid-state detector 

which produces a "continuous" distribution of pulses, the voltages are pro-

portional to the incoming photon energies. This signal is processed by a mul-

tichannel analyzer (MCA) which produces an accumulating digital spectrum 

that can be processed to obtain analytical data. EDXRF spectrometers consist 

of only two basic units: the excitation source and the detection system, as 

shown in Figure 5.3 (a). For the EDXRF case, as the resolution of the energy-

dispersive system equates directly to the resolution of the detector, a semi-

conductor detector of high intrinsic resolution is typically employed.  

Unlike EDXRF systems, wavelength-dispersive (WDXRF) spectrometers 

employ diffraction by a dispersing system to separate the characteristic wave-

lengths emitted from the sample. The geometric arrangement of the compo-

nents in a WDXRF instrument is shown in Figure 5.3 (b). As shown, an addi-
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tional collimator and analyzing crystal are needed. The X-ray source irradi-

ates the sample and a portion of the characteristic fluorescent radiation from 

the specimen will pass a collimator onto the surface of the diffraction device 

(analyzing crystal or multilayer). The wavelength of the impinging X-ray and 

the crystal's lattice spacing are related by Bragg's law and produce construc-

tive interference if they fit the criteria of Bragg's law. Due to the high-resolu-

tion power of crystals and multilayered structures, photons corresponding to 

characteristic lines with close energies can be detected without interfering 

with each other, thus providing high specificity in the analysis. However, the 

additional optical components of a WDXRF system means that it suffers from 

greatly reduced efficiency. Typically this is compensated by high powered X-

ray sources, which can have a significant impact on cost and ease of use. The 

additional optical components of WDXRF also affect the cost and make for a 

relatively expensive instrument. Unlike the related technique of EDXRF, 

WDXRF reads or counts only the X-rays of a single wavelength at a time, not 

producing a broad spectrum of wavelengths or energies simultaneously. 

Therefore, an EDXRF spectrometer has been used in this work, because of the 

need for easier mounting for on-line measurements. 

 
(a)                                                       (b) 

Figure 5.3 Basic design of (a) EDXRF system and (b) WDXRF system. 

5.3 Instrument calibration 

In the EDXRF system, an X-ray spectrometer is required to obtain the analyt-

ical data. The X-ray spectrometer, AMPTEK X-123SDD, used in this work is 

a complete X-ray detection system suitable for EDXRF. It combines the silicon 

drift detector, preamplifier, digital pulse processor and multichannel ana-

lyzer, as well as the power supply in one unit. The dimension of the device is 

7 cm x 10 cm x 2.5 cm, with the detector mounted on an extender, which pro-

trudes 5.5 cm out from the unit’s body. The compact size make it ideal for on-

site measurements. Once an X-ray reaches the detector, the detector sends an 

electrical pulse to the MCA. The MCA analyzes a stream of voltage pulses 
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and sorts them into a histogram, or “spectrum” of the number of events, ver-

sus pulse-height, it will “place” each X-ray photons in its appropriate channel 

depending on the X-ray’s energy [41]. The data recorded is a two- dimen-

sional array of numbers, where the x-axis representing the channel numbers 

and the y-axis is the total counts (intensity) of X-rays for that energy.  

The detector calibration is a process in which specific energy values are 

assigned to the correct channel in the MCA. This involves obtaining spectra 

of materials containing known elements. The known peaks are identified 

with their corresponding energies to produce a calibration equation which 

relates a channel to a specific energy value. Since it is not practical to assign 

energy values to each channel manually, the calibration process consists of 

identifying a few channels with known energy values and then applying a 

curve fitting technique to those data points. The process of calibration was 

carried out by measurements of fluorescence spectra using four known ma-

terials, Ti, Fe, Cu, and Mo, as shown in Figure 5.4. An additional point at (0, 

0) is manually added for the low energies. Through this method, all the chan-

nels in the MCA can be calibrated indirectly. 

 
Figure 5.4 Calibration curve for X-123 SDD (Amptek) spectrometer with silicon drift 

detector. 

Because the anode in the X-ray tube (MOXTEK) is composed of silver, the 

characteristic X-rays of silver are reflected off the sample to the detector. As 

a result, silver peaks are present in every XRF measurement. In this study, 

the silver peaks did not affect the measurement for chromium, thus, no at-

tempt was made to eliminate them. In addition, silver peaks can be used as 

one of the calibration elements. 
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5.4 XRF data analysis 

5.4.1 Qualitative analysis 

XRF raw data is the number of counts of element-specific fluorescent X-ray 

energies received in an XRF instrument detector. Qualitative analysis is the 

process to identify how their energies indicate what elements are present in 

a sample. The raw spectrum is called qualitative data because it contains the 

information of which elements are present in a sample, but does not contain 

information regarding how much of each element is present unless the data 

is further processed via quantitative analysis. 

5.4.2 Quantitative analysis 

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

verted into the concentration of the analytes. The simplest equation relating 

radiation intensity Ii to weight fraction of analyte Wi can be expressed as fol-

lows: 

 𝐼𝑖 = 𝑘𝑖𝑊𝑖   (2) 

where Ii is the measured intensity of the fluorescent radiation of the analyte i 

and ki is a constant. The radiation intensity Ii in Eq. (2) is corrected for back-

ground, line overlap, and so forth. In practice, the subtraction of background 

is not perfectly performed. Thus, Eq. (3) can be expressed in a more general 

form: 

 𝐼𝑖 = 𝑘𝑖𝑊𝑖 + 𝑏𝑖 (3) 

Where bi is the radiation intensity when the analytic concentration equals 

zero.  

The quantitative analysis can be achieved using either empirical or theo-

retical methods [41]. In situations where general-purpose calibrations are re-

quired that cover a large variety of sample types, Fundamental Parameters 

(FP) approaches can be used, which use complex mathematical algorithms to 

model the response of the EDXRF to pure elements in a given sample type. 

In applications where the range of analyte concentrations is limited, and 

where sets of standards can be developed that are similar in composition and 

morphology to samples of interest, it is more common to use the empirical 

calibration approach [42]. Each atom of the analyte element i has the same 

fluorescence yield, which is defined as the ratio of the number of photons 

emitted to the number of photons absorbed in each shell. Calibration stand-
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ards with accurately known element concentrations are used to generate cal-

ibration curves (XRF peak intensity versus concentration). These curves are 

then used to calculate concentrations from observed spectra. Standard speci-

mens must cover the concentration range of interest, be stable over time, and 

have a certified composition.  

An empirical calibration approach was implemented in this study. For Cr 

analysis, the calibration standard sample used in the measurements is a Cr 

compound, Cr(NO3)3·9H2O. The mass weight of Cr is 12.994%. Six calibration 

samples were used with Cr concentration of 3.9 mg/L, 1.9 mg/L, 1 mg/L, 

0.5 mg/L, 0.25 mg/L and purified water (Milli-Q integral water purification 

system). In order to reduce the influence from the surroundings, a ‘blank’ 

measurement with purified water was performed to estimate the background 

and then was subtracted from the original spectra. The calibration curves for 

using two primary source filters, a 100 µm Cu filter and a 300 µm Ge filter, 

are shown in Figure 5.5. The accuracy of the subtraction is limited by the com-

plexity of spectra [43]. A new background subtraction method for energy dis-

persive X-ray fluorescence spectra using a cubic spline interpolation is dis-

cussed in [44]. However, matrix effects are not taken into account, so calibra-

tion standards can only be used for the analysis of samples with similar prop-

erties. As an example, a calibration curve generated with a set of metal alloys 

will most likely yield incorrect values when analyzing mineralogical samples. 

The quantitative analysis is rather complicated because the measured inten-

sities depend not only on the analyte concentration but also on accompanying 

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

method of sample preparation, shape and thickness of the analyzed sample 

and measurement conditions [45]. 

 
Figure 5.5 Calibration curve fits for Cr XRF measurements using two primary source filters, a 

100 µm Cu filter and a 300 µm Ge filter. 
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5.4.3 Semi-Quantitative analysis 

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

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

tween samples. It allows the user to compare spectral data from samples in 

order 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.  

5.5 MCNP simulation 

Numerical methods that are known as Monte Carlo methods can be loosely 

described as statistical simulation methods, where statistical simulation is 

performed with repeated random sampling and the average of the simulated 

results approach the true value as the number of sampling points becomes 

large. Monte Carlo methods are often used when it is infeasible or impossible 

to compute an exact result with a deterministic algorithm and also when solv-

ing physical and mathematical problems involving statistical processes. The 

Monte Carlo N-particle radiation transport computer code (MCNP 6.2) was 

used for the simulation of X-ray spectra in XRF system. It can be used to sim-

ulate the interaction with matters for both photons and particles, using de-

tailed physical models. For photon transport, the code takes into account in-

coherent and coherent scattering, the possibility of fluorescent emission after 

photoelectric absorption and bremsstrahlung [46]. Paper II involves the sim-

ulation of various primary source filter combinations to investigate the effect 

of filter material and filter thickness on X-ray spectra. In addition, the air ab-

sorption for light elements was simulated and compared within three atmos-

pheres, air, vacuum and helium, in Paper IV.  

5.6 XRF imaging methods 

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[47], [48]. 

Additionally, it is possible to obtain elemental distributions of the investi-

gated material to generate an XRF imaging by using either step scanning or 

X-ray optics projection approaches [49], [50].  

5.6.1 Scanning XRF 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. The 
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sketch diagram of micro XRF scanning method is shown in Figure 5.6. A two-

dimensional XRF image of the sample is formed as it is transposed in the x 

and y directions (x and y are the orthogonal coordinates on the sample sur-

face) with respect to the beam. The spatial resolution of the obtained XRF im-

age scanning pitch, and the mode of scanning (step- wise or continuous). The 

50% overlap (the pitch size is half the focal spot size) is usually regarded as 

an opportunity to improve spatial resolution.  

 
Figure 5.6 Sketch diagram of micro XRF scanning method [51]. 

In order to collimate the divergent X-ray beam, X-ray focusing optics are 

required. The major goal in the field of X-ray optics development has always 

been to concentrate more X-ray photons into a smaller area and thus gain in 

flux. X-ray beams are often collimated or reduced in size using pinholes, typ-

ically made out of some high-Z material. By changing the pinhole-to-source 

or pinhole-to-sample distance, it is possible to adjust the focusing size. An 

alternative method is using X-ray focusing optics, which focus the divergent 

beam from the X-ray source onto the sample using one out of a range of fo-

cusing optical components. The array is tapered so that one end of the capil-

laries points at the X-ray source and the other at the sample shown in Figure 

5.7. These rather simple devices provide good lateral resolution but suffer 

from the short working distance (typically < 100 μm) between the capillary 

tip and the sample. The transmission efficiency of capillary optics depends 

on photon energy. The spectral distribution of the outgoing radiation signif-

icantly differs from that of a pinhole collimator because the critical angle of 

total reflection affects the transmission [52]. Comparing to a conventional 

pinhole collimator, the X-ray flux density obtained is a few orders of magni-
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tude higher when using X-ray focusing optics. In this study, due to the parti-

cle mounting and high cost for the X-ray focusing optics, a pinhole with 

10 µm diameter was considered to collimate the X-ray beam in Paper IV. 

 
Figure 5.7 Different configurations of X-ray focusing optics. 

5.6.2 Full-field XRF imaging (FF-XRF) 

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

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

advantage of this method lies in its ability to take spatially and spectrally re-

solved images simultaneously through measuring the positions of single 

photons and their amounts of energy. With a two-dimensional pixel 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 illu-

minated sample, additional X-ray optics (generally pinhole optics or straight 

capillary optics) between the sample and the pixel detector is required to col-

limate the photons. By using a pinhole, fluorescence from the sample can be 

imaged upon the detector using the so called ‘camera obscura’ principle. An-

other possibility is to use X-ray focusing optics, such as straight polycapillary 

optics, which do not invert the X-ray fluorescent image.  

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

rays with many total external reflections on the inside of the tubes. In a 

straight capillary optics, when fluorescence photons interact with the inner 

wall of the capillaries, there are four interactions that might happen: trans-

mission, fluorescence, total reflection and pass through, as shown in Figure 

5.8. High energy X-ray photons transmit through the walls and interfere the 

output image. In the second case, the photons generate the fluorescence sig-

nal from the optics material and loss energy, thus, it introduces noise to the 

detector. In the third case, scattering occurs when the X-ray photon is “redi-

rected” by interaction with the scattering material. It can occur with a loss of 

energy (inelastic scattering) and without a loss of energy (elastic scattering). 
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In capillary optics, the ideal collimated X-rays are the photons, which are to-

tally reflected on the inner walls of the capillaries without a loss of energy. In 

the fourth case, there is a small amount of photons that can pass through the 

hollow tubes without interaction. When a sample generates varying fluores-

cence photons from a wide range of elements, these four interactions might 

happen at the same time.  

 

Figure 5.8 Interactions when a fluorescence photon reach a capillary collimator.  
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6 Discussions 

Based on the results presented in the included papers, several factors that 

govern the performance of XRF quantitative analysis and elemental mapping 

have been investigated. 

6.1 Background suppression 

In the XRF measurements, especially in the detection of trace elements, the 

background noise have a significant influence on the detection limit and pre-

cision. The background signal in an XRF spectrum derives primarily from the 

scattering of primary beam photons on the sample surface. Scattered high 

energy photons not only increase the background in the high energy region 

of the measured spectra, but also can undertake multiple scatter acts and ap-

pear as background in the low energy region. Two methods to suppress the 

background noise due to scattering in EDXRF are discussed.  

6.1.1 Background subtraction 

The existence of background affects the calculation of the net peak area, and 

has a significant impact on detection limits, so it is necessary to accurately 

subtract background to obtain the net intensity of the characteristic spectrum. 

Theoretically, the background curve is continuous and smooth. For the sim-

plest case, a blank measurement can be carried out and subtracted from the 

original spectrum. In paper II, the property of the pure water is similar to the 

leachate sample, which indicates the scattered primary beam photons by the 

sample surface of these two liquids samples are similar. In general, the back-

ground noise is affected by the experimental conditions including the X-ray 

tube setting, setup geometry, and sample composition. Moreover, the accu-

racy of the background subtraction is limited by the complexity of spectra. 

The now-classic method is stripping peaks to fit the background. The method 

consists of comparing a data point with the average of the two adjacent points 

and replacing the current point by the smaller value. After several iterative 

calculations, only a smooth background curve remains. This method is not 

suitable for automatic batched analyzing spectrum. 

6.1.2 Primary source filter 

Using a specific filter to suppress or filter the background noise for a specific 

element could achieve better 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 improved [53]. De-

termining the correct filter to use is an important step in preparing the system 
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to perform measurements. When the continuous spectrum overlaps with 

trace element peaks, then the intensity of those peaks may be underestimated 

since these peaks might be hidden in the spectrum. The main function of the 

primary source filter is to pass through photons with energy high enough to 

excite the K-shell, but block energies that interfere with the fluorescence lines 

to be measured [25]. In addition, due to the existing of characteristic lines 

from the target anode in X-ray tubes, primary beam filters can be used to re-

move interfering lines from the tube target element.  

A primary beam filter acts as an X-ray absorber and it is placed between 

the X-ray tube and it rectifies the output spectrum. The filter could reduce 

scattered background in the region of interest and reduce the excited intensity 

of lower-energy peaks. The characteristics of the filter are defined by its X-

ray absorption curve, which is controlled by selecting the material and its 

thickness. Two filter materials, Cu and Ge that have the X-ray absorption 

edges slightly above the 5.41 keV, were considered for optimization for Cr in 

Paper II. A series filter thickness with the range from 20 µm to 300 µm was 

compared and discussed. Without the filter, the output spectrum is a contin-

uous X-rays spectrum, ranging from 0 and up to 15 kV. By using a filter, it 

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

ground in this region. The ideal filter is the combination of material and thick-

ness that results in a minimum reduction of photon flux at useful high ener-

gies, but also maximum improvement of the signal-to-noise ratio and detec-

tion limit for a specific element.  

6.2 Signal-to-noise ratio 

SNR is one of the most frequently used de-noising evaluation indexes. It is 

defined as the ratio of original signal counts (peak) to noise counts (back-

ground). In general, a higher SNR brings a better de-noising effect. In Paper 

II, the results of comparing a series filter material and filter thicknesses show 

that the SNR increases with filter thickness and reaches a saturation value for 

both Cu and Ge filter material. However, the intensity of the X-ray signal is 

exponentially decreased with the thickness of the filter, thus the measuring 

time is increased exponentially. Hence, a tradeoff between high SNR and 

short measurement time should be considered when choosing filter material 

and thickness for a practical XRF setup. 

Applying a primary X-ray filter to optimize SNR calculations in XRF data 

could provide multiple potential benefits [54]. The following specific analyt-

ical advantages may be of use to laboratories utilizing XRF instrumentation: 
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 Calculation of detection limits (LOD) and limit of quantification 

(LOQ). When comparisons of the performance of analytical tech-

niques, this method provides a uniform method for making such a 

calculation. LOD and LOQ are two important performance charac-

teristics in method validation. The LOD is taken as the lowest con-

centration of an analyte in a sample that can be detected, but not nec-

essarily quantified. The LOQ is the lowest concentration of an analyte 

in a sample that can be determined with acceptable precision and ac-

curacy under the stated conditions of test. In XRF, typical detection 

limits for medium- and high-Z elements are in the ppm range, which 

is satisfactory for several applications. However, in some cases, the 

elemental concentrations are too low for direct analysis. Calculating 

from the SNR is one of the common methods for the estimation of 

detection and quantitation limit. (LOD and LOQ correspond to 3 or 

2 and 10 times the noise level, respectively). When a peak’s SNR is 

larger than 3, the element is present at a concentration that is greater 

than the background by a statistically significant amount.  

 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 an objective way to 

determine whether a peak is suitable for use in a ratio or overlay com-

parison. 

 Remove source interfere. For example, the silver peaks from the an-

ode target in the X-ray tube at 3.35 keV and 3.52 keV will interfere 

with the peak identification when characteristic photons from potas-

sium K-lines (Kα=3.31 keV, Kβ=3.59 keV) exist in the sample.  

 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. 

6.3 X-ray focusing optics 

In XRF mapping, X-rays are ‘redirected’ by the X-ray optics, as aforemen-

tioned in Chapter 5.6. 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 photon 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 
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materials. Change of direction can however also occur for X-rays due to elas-

tic scattering at low angle. In projection imaging systems, an ideal focusing 

X-ray optics has a high spatial resolution combined with a high transmission 

efficiency. However, the spatial resolution increased with the focusing spot 

size decreased, while the transmission efficiency is decreased in this case. 

6.3.1 Spatial resolution 

The capabilities and limitations of full-field X-ray imaging systems with the 

use of pinhole camera and polycapillary optics were addressed in Paper III. 

In the first case, the spatial resolution is largely determined by the setup ge-

ometry, such as the sample-to-pinhole distance, pinhole-to-detector distance. 

To avoid magnification, the pinhole was placed in the middle of the sample 

and the detector. When using a pinhole collimator, the spatial resolution is 

limited by the source size because of penumbra effects [55]. In the latter case, 

the spatial resolution depends on the total reflection angle, which is related 

to fluorescence energy of the element of interested. Three sample-to-detector 

distances were used: 3 cm, 5 cm and 7 cm. The results showed that the spatial 

resolution is improved with sample-to-detector distance decreased. However, 

with shorter distance comes stricter demands on the precision of the X-ray 

source collimation and mounting, since direct source radiation must be 

avoided. 

6.3.2 Transmission efficiency 

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, transmission 

efficiency is a critical factor when considering measurement time. X-ray pho-

ton will be transmitted through the optic only if it enters the capillaries within 

a very narrow angle and be totally internally reflected. For straight polycapil-

lary optics, typical values are 50–70% open area, this provides a high beam 

flux. The author of [56] assessed the straight polycapillary optics performance 

over a range of energy from 10 to 80 keV, and the transmission efficiency as 

a function of energy. When using a pinhole in FF-XRF imaging system, the 

transmission efficiency decreased when decreasing the pinhole diameter 

while the spatial resolution increased. Paper II compared the transmission 

efficiency of a straight polycapillary optics and a pinhole collimator, the X-

ray transmission efficiency of the straight capillary optics and the pinhole op-

tics have the same order of magnitude when achieving a similar spatial reso-

lution. 
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6.4 Light elements detection 

Fluorescence from lighter elements has low energy (<3 keV) often reabsorbed 

by the sample or blocked by the air between the sample and the detector. 

Because of this, for high-performance analysis, the path from the X-ray tube 

to sample and the sample to detector is maintained under a vacuum (around 

10 Pa residual pressure) chamber. This means in practice that most of the 

working parts of the instrument have to be located in a large vacuum cham-

ber. For less demanding applications, or when the sample is damaged by a 

vacuum (e.g. a volatile or powder sample), a helium chamber can be substi-

tuted, with some loss of low-Z (Z = atomic number) intensities. Because the 

fluorescence yield for light elements is low, a higher concentration in the 

range of milligram per 100 gram of these elements is required to get a suffi-

cient response to quantify [57]. A preliminary experiment of Seltin salt con-

tains light elements, such as Na, S, was performed. Na has a very low energy 

fluorescence (≈1 keV) and often regarded as the lowest atomic number can be 

detected in EDXRF system. A comparison of the XRF measurement in air and 

in He gas is shown in Figure 6.1. To extract the measured intensity, the peak 

counts values are listed in Table 6.1. The photon intensity of S and Na can be 

enhanced 2.92 and 2.31 times more than in the air atmosphere, separately. 

The addition of He gas to the instrument enables the Na fluorescence to reach 

the detector and be quantified. It is possible to perform a scanning X-ray flu-

orescence imaging in He gas to obtain distribution in samples from a few mil-

limeter to micrometer in size in impregnated wood chips.  

 
Figure 6.1 The effect of the atmosphere on detecting light elements (<5.5 keV). By using a helium 

atmosphere, the transmission of X-rays for the lighter elements significantly increases. 
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Table 6.1 Peak value from main elements in Seltin salt and surroundings. 

Elements Na Mg Si S Cl K Ti 

Air (A) 39 44 211 538 9022 6518 2849 

He (B) 114 76 866 1241 17820 10780 3436 

B/A Ratio 2.92 1.73 4.10 2.31 1.98 1.65 1.21 

6.5 Limitations  

The major drawbacks and limitation that have been identified during this 

study are discussed. 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, it also reduces the intensity of useful energies for fluorescence exci-

tation. Thus, it improves the SNR at the cost of a longer acquisition time. In 

addition, selection of different filters for different measurement elements 

might be needed to optimize the method for different elements. When per-

forming on-site XRF, another limitation concern is the inability to perform a 

full quantitative analysis. The main reason for this is the matrix effects. This 

is where other elements in a sample influence the observed intensity of char-

acteristic X-rays produced by a particular element. Correction of these effects 

requires extensive calibration and experimental work that is beyond the 

scope of this thesis. Other factors include the particle size of the sample and 

geometry of the measurement, which are difficult to address in performing 

in situ measurements.  

6.6 Ethics and impact on society 

There are several important ethical and social aspects that need considera-

tions.  

6.6.1 Ethics 

There are always fundamental ethical aspects to consider when the research 

deals with measurements on radiation. Radiation safety regulation was fol-

lowed and all recommended means of radiation safety were practiced during 

all measurement in this thesis. When performing measurements with the XRF 

system there needs to be sufficient shielding protecting the operator from po-

tentially harmful radiation emitted by the X-ray tube. Thus, the measure-

ments are performed in the leaded room. The radiation security system en-

sures that the X-ray source will stop automatically once the door of the meas-

urement room is open. No animals were harmed. 
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6.6.2 Impact on society 

The main contribution of this work is the development and implementation 

of an alternative technique for the direct analysis of toxic metals in environ-

mental applications. The XRF has the potential to monitor the toxic elements 

in a waste management system. If the metal composition of the ash wash mix-

ture was known on site, it would be possible to adjust the wash process to 

optimize the content of the washed/stabilized ash in the incineration plant. In 

the future, it is possible to develop the washing process into the extraction of 

metals from the fly ash. The presented method of Cr detection can also be 

used in detecting other toxic elements in the water in waste dumping sites. 

This way municipalities will be able to supply cleaner, safer and healthier 

water to citizens, which may improve public health.  

The FF-XRF method combines an energy dispersive readout chip, and 

capillary X-ray optics, which has the potential to acquire the elemental map-

ping by avoiding the scanning procedure. The archaeology and exploration 

industry could benefit from the XRF image method demonstrated in this the-

sis to obtain elemental distribution information on-site. The new miniatur-

ized XRF method maximizes the efficiency of wood chip impregnation by 

means of S and Na even distribution which may improve impregnation tech-

nology in the paper industry. This method can become useful in the pulp and 

paper industry to improve process efficiency, product properties and to find 

solutions to process problems. A more even distribution of the sulphonation 

can reduce specific energy demand in chip refining. 
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7 Summary 

7.1 Conclusion 

In this thesis, a feasibility study of X-ray fluorescence used for continuous 

and direct analysis of industrial processes and environmental monitoring of 

heavy metal pollution is provided. This is a particularly interesting topic for 

incineration plants as heavy metal contamination can be enriched in the fly 

ash. The main contribution of this work is the development and implementa-

tion of alternative techniques suitable for online elemental analysis for envi-

ronmental and industrial applications.  

The research began by comparing two elemental analysis techniques 

based on atomic spectrometry using X-rays and electron beams to investigate 

the feasibility of direct XRF analysis. This work provided valuable insight 

into the qualitative analysis and semi-quantitative analysis for fly ash using 

the commercial SEM-EDS instrument and by designing an XRF setup. The 

XRF technique provides the capability to perform in-situ assessments of 

heavy metal contamination in an incineration plant. 

To optimize the signal-to-noise ratio in the XRF spectra, which allows the 

possibility of Cr assessment at relatively low concentrations, the system 

should be optimized for identifying a characteristic peak around 5.4 keV. In 

this work a system is designed with tube voltage, geometry, mounting mate-

rial, detector, X-ray filter material and filter thickness to optimize the system 

for Cr peak identification. Properly selecting the filter material and thickness 

is critically important for reducing background and thus improving detection 

limits for a given set of elements. For Cr in liquid solution, a LOD of 0.25 mg/L 

was reached, which is lower than environmental limits 2.5 mg/L in Sweden. 

The limit of detection achieved with the present setup is sufficient for the 

purpose of monitoring trends of concentrations for critical elements in both 

liquid and powder hosts. The results from the study can be a valuable tool 

for optimizing the system also for other toxic elements.  

The last objective of this study was to explore XRF imaging methods to 

obtain elemental mapping information. Scanning XRF microscopy and FF-

XRF imaging have been demonstrated. For light element mapping, it is pos-

sible to perform the experiments in a helium atmosphere. The spatial resolu-

tion of the scanning XRF image is limited by the spot size of the X-ray probe 

and the scanning step size. It takes a significant amount of time to obtain the 

elemental images if a large area is to be measured with high spatial resolution. 

For large samples, an FF-XRF imaging setup was implemented using a two-
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dimensional energy resolving pixel detector and X-ray optics. A single pho-

ton processing pixel detector is capable of measuring the position and energy 

of each photon, and due to the optics the fluorescence event on the object can 

be positioned. The setup demonstrates the capability of obtaining spatially 

and spectrally resolved images simultaneously, which lead to a significant 

reduction in the measurement time when comparing with the scanning 

method.  

7.2 Future work 

Beyond this research, the XRF analysis method could be utilized in other 

fields where altered soils/liquids are involved. There is great potential for ap-

plication in land contamination where soils/liquids are assessed to determine 

the nature and extent of contamination. One potential use for this novel tech-

nique is to map the distribution of Hg in the fiber sediments along the coasts 

of Sweden. This could be achieved through replacing the current method of 

sample collection with an on-board XRF-instrument. For underwater meas-

urement, the correction for the effect of water absorption needs investigation. 

This research has established that the combination of XRF spectrometry 

and X-ray optics is an effective technique for full-field XRF imaging measure-

ment. Simulations of polycapillary imaging systems might help to identify if 

there is a specific geometrical setup when polycapillary optics provides 

higher efficiency compared to pinhole optics. The photon transport simula-

tors, such as Monte Carlo N-Particle (MCNP) simulator or GEANT4 [58] for 

X-ray scattering need to be validated compared to the experiment. Experi-

mental results of XRF surface mapping using polycapillary X-ray optics 

achieve similar image intensity as a pinhole optics set-up, if the spatial reso-

lution is kept constant. Simulations of polycapillary imaging systems might 

help to identify specific geometrical setups when polycapillary optics pro-

vide higher X-ray transmission efficiency than pinhole optics. We believe that 

transmission imaging with a thin sample placed directly on top of the poly-

capillary optic plate could provide excellent spatial resolution combined with 

reduced imaging time compared to pinhole optics.
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