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Abstract 
 

Synchrotron radiation induced TXRF (SR-TXRF) is a microanalytical technique which offers 

detection limits in the fg range for most elements. The technique can be coupled to X-ray 

Absorption Spectroscopy (XAS) to gain information on the chemical environment of the 

specific elements of interest at an ultra trace level. The combination of these techniques has 

been applied to various analytical problems. 

X-Ray Absorption Near Edge Structure (XANES) analysis in total reflection geometry was 

used to determine the chemical state of Fe contaminations on a silicon wafer surface. The 

ability to characterise chemically the contamination on silicon wafers is of critical importance 

to the semiconductor industry. It provides information on possible unwanted chemical 

processes taking place on the wafer surface and helps in determining the true source of the 

contamination problem. This type of information is not readily accessible with standard 

laboratory equipment. Main purpose of the study was to test the method for a contamination 

issue as it could appear in a microelectronic VLSI (Very-Large-Scale Integration) production 

fab. 

To understand the effects of aerosols on human health and global climate a detailed 

understanding of sources, transport, and fate as well as of the physical and chemical 

properties of atmospheric particles is necessary. An analysis of aerosols should therefore 

provide information about size and elemental composition of the particles and - if desired -

deliver information about the chemical state of a specific element of interest in the particles. 

Using the combination of SR-TXRF and XANES analysis it was possible to investigate the 

elemental composition of size fractioned atmospheric aerosols and the oxidation state of Fe in 

the aerosols even for small sample amounts due to short aerosol collection times. 

The applicability of this combined technique was further tested for the determination of the 

arsenic species in cucumber (Cucumis sativus L.) xylem saps. The speciation of arsenic is 

relevant because the toxicity of arsenic differs considerably dependent on the oxidation state 

and chemical form and it is known that plants have the capability to change the oxidation state 

of arsenic. 

During this work a damping of the oscillations of the absorption fine structure was observed 

when measuring samples with higher concentrations. It was assumed that the reason is a self 

absorption effect (absorption along the path of the incident beam) which occurs due to the 

extreme total reflection geometry. The influence of self absorption effects on TXRF-XANES 
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measurements was investigated by comparing measurements with theoretical calculations. 

Additionally the inverse TXRF geometry – the grazing exit setup – was tested for its 

applicability to XANES analysis and applied to gain a better understanding of the above 

mentioned self absorption effect. 

In the framework of this thesis it could be shown that TXRF analysis in combination with 

XANES analysis is a powerful and multifunctional method to perform chemical speciation 

studies at trace element levels. 
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Kurzfassung 
 

Synchrotronstrahlungsinduzierte Totalreflexions-Röntgenfluoreszenzanalyse (engl. „SR-

TXRF“) ist eine mikroanalytische Methode, deren Nachweisgrenze für die meisten Elemente 

im Bereich von fg liegt. Die Verwendung einer Synchrotronstrahlungsquelle erlaubt die 

Kombination mit Absorptionsspektroskopie und dadurch eine Bestimmung des chemischen 

Zustandes eines spezifischen Elements, das nur in geringsten Mengen vorliegt. In der 

vorliegenden Arbeit wurde diese kombinierte Methode auf verschiedenste analytische 

Fragestellungen angewandt. 

Für die Charakterisierung von Eisenkontaminationen auf Silizium-Wafer Oberflächen wurde 

eine Analyse der kantennahen Feinstruktur des Absorptionskoeffizienten (engl. „XANES“) in 

Totalreflexionsgeometrie durchgeführt. Die chemische Elementanalyse von Kontaminationen 

auf Silizium-Wafern ist äußerst wichtig für die Halbleiterindustrie, um mögliche Quellen der 

Kontamination zu erkennen und zu beseitigen. Da eine solche Analyse mit Laborgeräten nicht 

möglich ist, war eine der Hauptaufgaben des Projekts die Machbarkeit einer XANES Studie 

an einem Synchrotron für die äußerst geringen Konzentrationen auf dem Substrat zu zeigen. 

Um die Auswirkungen der Fein- und Ultrafeinstaubbelastung durch in der Luft gelöste 

Partikel (Aerosole) auf die menschliche Gesundheit, aber auch auf das globale Klima 

abschätzen zu können, ist die Kenntnis über Quellen und Transportmechanismen von 

Aerosolen unumgänglich. Eine Aerosol-Analyse sollte daher unter Berücksichtigung der 

Partikelgröße nicht nur Informationen über die in den Partikeln enthaltenen Elemente, 

sondern in speziellen Fällen auch über den chemischen Zustand eines spezifischen Elements 

liefern. Durch die Kombination von TXRF und XANES konnte sowohl der 

Oxidationszustandes des Eisens als auch die Elementzusammensetzung in Aerosolen 

bestimmt werden, die, nach Partikelgrößen aufgelöst, in verhältnismäßig kurzen Zeiträumen 

gesammelten wurden (was geringe Probenmengen zur Folge hat).  

Die Anwendbarkeit der Methode wurde weiters für die Analyse des Oxidationszustandes von 

Arsen im Xylem von Gurken (Cucumis sativus L.) getestet. Die Toxizität von Arsen hängt 

maßgeblich vom Oxidationszustand und der chemischen Verbindung ab – darüber hinaus ist 

bekannt, dass manche Pflanzen den Oxidationszustand des Arsens ändern können. Die 

Problemstellung lautete daher, eine Änderung des Oxidationszustandes des Arsens im Xylem 

von Gurken, denen diese Fähigkeit nachgesagt wird, nachzuweisen. Obwohl die Arsen-
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Konzentrationen im Bereich von 30 ng/mL lagen, konnte eine Reduktion von As(V) zu 

As(III) nachgewiesen werden. 

Während der Messungen im Zuge dieser Arbeit, speziell bei der Analyse höher konzentrierter 

Proben (meistens Standards), wurden Dämpfungseffekte der Oszillationen in der Feinstruktur 

des Absorptionskoeffizienten beobachtet. Als Grund wurde ein Selbstabsorptionseffekt 

vermutet, bedingt durch die extrem kleinen Einfallswinkel der TXRF Geometrie. Dieser 

Effekt konnte durch Messungen und Simulationen, basierend auf einer einfachen Monte-Carlo 

Simulation, erfolgreich nachgewiesen und genauer untersucht werden. Diese Ergebnisse 

wurden durch weitere Experimente bestätigt, welche die Anwendbarkeit der zur TXRF 

invertierten Messgeometrie (engl. GE, „Grazing Exit“ Geometrie) untersuchten. 

Im Rahmen dieser Arbeit konnten die Anwendbarkeit, die Vielseitigkeit, sowie die Stärken 

und Schwächen der Kombination von TXRF und XANES Analyse zur Untersuchung 

geringster Probenmengen erfolgreich gezeigt werden. 
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Chapter 1 
 

Introduction 
 

X-Ray fluorescence (XRF) spectrometry has been a powerful technique for elemental analysis 

for almost 100 years based on Moseley’s well known law [1, 2] which relates “characteristic” 

fluorescence radiation to the atomic number of the emitting atom. Today composition analysis 

by measuring fluorescence spectra has become a routine technique utilized in a vast number 

of research areas ranging from material science to biomedical science. X-Ray fluorescence 

analysis is nondestructive, high precise and multi-elemental method to analyze most elements 

of the periodic table (Z>5 (B), most effective for Z>11 (Na)) with simple or even no sample 

preparation. Moreover, as the fluorescence intensity is proportional to the concentration of an 

element present in the sample, not only qualitative but also quantitative analysis is possible. 

As wavelength and energy are equivalent the fluorescence radiation can be evaluated in 

wavelength or energy dispersive mode. However, classical XRF analysis is not applicable for 

ultra-trace elemental analysis and susceptible to systematic errors due to sample matrix 

effects. A significant improvement regarding these points was achieved by the idea to use the 

effect of (external) total reflection of X-Rays to excite a sample applied on the surface the 

reflector. This technique was named after the effect of total reflection is now known as Total 

Reflection X-Ray fluorescence Analysis (TXRF). TXRF is a special technique of energy 

dispersive XRF analysis and is primarily used for chemical trace analysis today. Due to the 

special geometry which is required for a TXRF experiment and the effect of total reflection 

this method allows the detection of elements present in the pg range (and even in the fg region 

when Synchrotron radiation is used as excitation source). 

Based on the Beer-Lambert law XRF spectrometry can also be used to analyze the absorption 

coefficient which is proportional to the emitted fluorescence. The measurement of the energy 

dependent absorption of X-Rays when penetrating through matter is the fundament of another 

extremely large field of research – X-Ray Absorption Spectroscopy (XAS). The investigation 

of the X-Ray Absorption Fine Structure (XAFS) is widely used to probe the physical and 

chemical structure of matter at an atomic scale. While diffraction techniques provide 

information about the atomic coordinates as a macroscopic average of a long range ordered 

periodical structure, XAFS gives information on the local atomic structure of a sample, i.e. 

the radial distribution and electronic states around a particular atomic species and short range 
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ordered systems can be studied. A major requirement for XAFS analysis is an intense, tunable 

X-Ray source which explains why it is advantageous (or even indispensable) to use 

synchrotron radiation (SR) as excitation source. XAFS spectroscopy has advanced rapidly 

with the development of synchrotron radiation facilities and is now one of the major fields of 

application of this special radiation. 

Synchrotron radiation designates the electromagnetic radiation emitted by a charged particle 

moving at relativistic speeds and following a curved trajectory. This radiation has several 

outstanding properties like high intensity, natural collimation and wide spectral range from 

the infrared to the X-ray region which make it an excellent radiation source for spectroscopy. 

Synchrotron radiation is nowadays of major importance as a radiation source and is used in 

various fields of research. Today a third generation of storage rings is exclusively dedicated 

for use as synchrotron radiation sources.  

Synchrotron radiation also opened new possibilities in TXRF analysis extending the limits of 

detection to the fg range. Furthermore it enables the combination of TXRF and XAFS 

analysis which allows chemical speciation at an ultra trace level. Up to now only a few studies 

have focused on this very special combination – the present work is one of them. 

 

1.1 Presentation of the thesis 
 

The chapters 2 and 3 are dedicated to the theoretical fundamentals of Synchrotron radiation, 

X-Ray absorption spectroscopy and Total-Reflection X-Ray fluorescence analysis. The 

following chapters focus on special applications of Synchrotron radiation induced TXRF in 

combination with XAFS analysis. Chapter 4 deals with the analysis of contaminations found 

on the surface of a Silicon wafer which is used in semiconductor industry. The chapters 5 and 

6 describe environmental applications, namely the analysis of atmospheric aerosols (fine and 

ultra fine dust) and the speciation of Arsenic in xylem of plants. Chapter 7 attends to the 

important fact that self absorption effects have to be considered for SR-TXRF-XAFS analysis 

when higher concentrated samples are investigated. To gain a deeper understanding of this 

geometry dependent effect chapter 8 presents results of measurements utilizing a geometry 

inverse to the TXRF setup – the grazing exit arrangement. 

Chapters 4 to 8 include a short introduction describing the motivation and basic premises in 

each case – therefore these introductions include short repetitions of the fundamentals 

described in chapters 2 and 3. This was intended for better readability of the single chapters. 

 



Chapter 2 
 

Synchrotron Radiation 
 

2.1 Introduction 
 

A charged particle moving at relativistic speeds and following a curved trajectory emits 

electromagnetic radiation which is termed “synchrotron radiation” (SR) after its first visual 

observation in the General Electric (G.E.) 70 MeV Synchrotron in the year 1947 by F.R. Elder 

et al. [3]. Historical details about this discovery can be found in [4]. 

Shortly before this first detection of synchrotron radiation D. Iwanenko and I. Pomeranchuk 

(1944) [5] as well as J.P. Blewett (1946) [6] published articles dealing with energy losses of 

accelerated electrons due to SR. However, the theoretical basis for the understanding of 

synchrotron radiation goes back much further. In 1898 A. Liénard first presented the energy 

loss formula for charged particles moving on a circular path with relativistic speeds in his 

article entitled "The electric and magnetic field produced by an electric charge concentrated at 

a point and in arbitrary motion" [7]. G.A. Schott extended the theory and in 1912 published 

calculations for the frequency and angular distribution of the radiation as well as the 

polarization properties [8]. For more than thirty years the theory received no further interest 

but this changed dramatically with the construction of the first high energy accelerators. In 

1945 J. Schwinger produced a paper in preprint form and presented the results as a 15-minute 

invited paper in 1946, at an American Physical Society meeting, under the title “Electron 

Radiation in High Energy Accelerators" (the abstract is published in [9]). Four years later he 

published this work in revised form [10]. The original paper was later transcribed by M.A. 

Furman in 1996 and published in [11]. In this work he in-depth pointed out the theory of the 

radiation from a high energy accelerated electron. The results of the following systematic 

investigations of the spectral distribution of the radiation carried out in the visible part of the 

spectrum showed good agreement with theory [12-14]. Spectral measurements for the UV and 

soft X-ray region were first carried out by Tomboulian and Hartman [15]. 

Due to its special properties SR was soon used as a radiation source for experiments. In the 

1960’s several SR facilities were set up on accelerators built initially for high energy physics. 

This “parasitic” use of the radiation was so successful that a second and recently a third 
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generation of storage rings was built for dedicated use as synchrotron radiation sources. 

Synchrotron radiation is nowadays of major importance as a radiation source and used in 

various fields of research. Furthermore SR opened new possibilities in x-ray analysis as it 

represents an ideal x-ray source for most applications. 

 

2.2 Basic properties 
 

Synchrotron radiation has several outstanding properties making it an excellent radiation 

source for spectroscopy: 

• High intensity 

• Natural collimation (in the direction of flight of the emitting particles) 

• Time structure (puls lengths down to 100ps) 

• Wide spectral range from the infrared to the X-ray region 

• Polarization 

• Small source size (size and angular spread of the electron beam) 

 

The biggest advantage for the use of SR is the absolute calculability of these properties. In the 

following a short summary about the theory of origin and characteristics of SR based on the 

work of J. Schwinger is given. A more detailed discussion on this topic can be found in [10, 

16-22] 

 

2.2.1 Radiated power and its angular distribution 
Using the localized charge and current densities of a single charged particle 

))((),( )3( trxetx −= δρ  and ))(()(),( )3( trxtvetxJ −= δ   (2.1) 

the inhomogeneous wave equations for the scalar potential Φ and the vector potential A 

0
2

2

2
2 1
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−∇   (2.2) 

have as solution the Liénard-Wiechert potentials: 
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 (2.3) 

The index ret means that the expression within the square brackets is to be evaluated at the 

retarded time ctRtt )'('+= . 
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β  is the normalized electron velocity 

)²1(1 γβ −=≡ cv  and n
dt

tdR
cdt

dt
⋅−=+= β1

'
)'(11

'
  (2.4) 

using the Lorentz-factor ( ) 1
²1
−

−= βγ . RRn =  is a unit vector directing from the charge 

to the observer and R is the distance between them. 

 

 
Figure 2.1: Sketch of the geometry for the moving charged particle and its observer 
 

The electric and magnetic fields generated by the moving charge are related to the potentials 

by 

t
AE
∂
∂

−Φ−∇=   AB ×∇=    (2.5) 

and are called Liénard-Wiechert fields: 
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[ ]retEn
c

txB ×=
1),(     (2.6b) 

The first term of these fields is called “velocity field” and is independent of the acceleration. 

It is therefore not of concern in the following. The second term depends linearly on β&  and is 

therefore called “acceleration field”. The “acceleration fields” fall off like R-1 and E and B are 

normal to the radius vector. These properties are typical for radiation fields. 

The radiated power is determined using the Poynting vector: 

nE
c

BES
2

00

11
μμ

=×=      (2.7) 
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This leads to the power radiated per unit area observed in the laboratory (time reference of the 

moving charge): [ ] ( )'dtdtnS ret⋅ . This expression has to be multiplied by R² to get the 

formula for the power radiated per unit solid angle (using equation (2.4)): 

nSRn
dt
dtnSR

d
Pd

⋅⋅−=⎟
⎠
⎞

⎜
⎝
⎛⋅=

Ω
²)1(

'
)²(² β    (2.8) 

 

2.2.1.1 Non-relativistic motion 

In a frame of reference where the velocity of the charged particle is low compared to that of 

light the acceleration field reduces to ( 0≈β ): 

ret

acc R
nn

c
etxE
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)(
4

),(
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β
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    (2.9) 

This formula shows, that the emitted radiation is polarized in the plane defined by β&  and n . 

For the radiated power one obtains: 
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nn

c
eER

c
nSR

d
Pd
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(using 00²1 με=c ) 

Finally this expression can be written as a function of the angle between the acceleration β&  

and n  (figure 1): 

θβ
επ

2
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22
sin

)4(
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c
e

d
Pd
=

Ω
    (2.11) 

Integrating over all angles leads to Larmor’s formula for a non-relativistic accelerated charge: 

2

0

2

6
β

πε
&

c
eP =      (2.12) 

Figure 2.2 shows the radiation pattern of a charged particle according to the above equation. 

In the reference frame of the moving particle K’ (or for a non-relativistic motion v<<c) the 

angular distribution of the radiation corresponds to that of Hertz’s dipole. 
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Figure 2.2 (adapted from [18] and [20]): Radiation pattern of a moved charged particle in its reference frame 
 

2.2.1.2 Relativistic motion 

If the electron moves with a velocity near the speed of light the formula for the radiated power 

per unit solid angle is given by: 
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  (2.13) 

This expression is dominated by the denominator 55 )cos1()1( θββ −=⋅− n  which shows, 

that for 1→β  the emission is peaked in the direction of the velocity. 

Integration over all angles delivers the relativistic generalization of Larmor’s formula 

(Liénard 1898): 

[ ]226
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&& ×−=

c
eP     (2.14) 

Assuming ββ &⊥  for a circular motion of the electron the radiated power per unit solid can 

be written as: 
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e
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  (2.15) 

(The coordinate system was chosen as shown in figure 2.3. The angles θ and φ define the 

direction of observation.) 
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Figure 2.3 (as introduced by [19]): Coordinate system as defined for the derivation of equation (2.15) 
 

When the electron velocity approaches the speed of light the emission pattern is sharply 

collimated forward. 

 
Figure 2.4: Radiation pattern in the x,z-plane (φ =0) as a function of beta 
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Figure 2.5: Radiation pattern plotted for different values of the angle phi (β=0.9) 
 

 
Figure 2.6 (source [23]): 3-dimensional plot of the radiation pattern for β=0.5 (left) and β=0.9 (right) 
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From (2.15) the root mean square (rms) angle of emission (mean angle between the direction 

of emission and that of the electron’s motion) can be calculated to [10]: 

γθ 12
0

2/12 == Ecm , for 1>>γ    (2.16) 

(It will be shown later that this is the opening angle at the so called critical energy) 

It is more instructive to derive this result considering the following: 

The four-momentum μp′  of a photon emitted perpendicular to the moving direction of the 

charged particle along the y-axis can be transferred to the observer’s frame of reference K 

using the Lorentz transformation. According to (2.11), these photons represent the maximum 

intensity.  

 
Figure 2.7: For positive values of y the intensity distribution of Hertz’s dipole (frame of reference of the particle 
K’) in the x,y-plane is shown in blue. 
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( cEpy ′=′  is the momentum of a photon). 

With (2.17) one obtains: 
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The angle θ can now be calculated to: 

γ
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This is consistent with (2.16). (Of course the same result is achieved for a photon emitted 

along the x-axis.) 

To give an example: if the energy E is assumed to be 1 GeV γ is then 1957 (for electrons) and 

θ becomes 0.5mrad = 0.03°. 

 
Figure 2.8 (adapted from [24]): In the frame of the observer the radiation is emitted in a very narrow cone with 
an opening angle of 2/γ.  
 

By integrating (2.15) over the whole solid angle or directly from the relativistic generalization 

of Larmor’s formula (using ββ &⊥ ) one obtains the total instantaneous power radiated by 

one electron: 
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with rvv 2=&  (centripetal acc.) in 222
cv&& =β  to get the 2nd and 

dt
pd

m
v

0

1
γ

=&  to derive 

the 3rd expression. 

 

The last term is the radiated power in terms of the energy cmE 0γ=  and the magnetic field 

of the bending dipole B used to accelerate the electron according to the Lorentz equation: 

c
Bve

c
BvEe

dt
pd

=⎟⎟
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⎞
⎜⎜
⎝

⎛ ×
+=  using 0=E , vB ⊥  (bending magnet) (2.21) 
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It can be seen from the above expressions that the power radiated by a relativistic charge is 

proportional to 1/r² (r is the bending radius) and B², the magnetic field of the bending dipole. 

Furthermore it has a strong dependence on the rest mass (1/m0
4). This is the reason why it is 

advantageous to use electrons instead of protons in synchrotrons. Comparing the radiated 

power of an electron with that of a proton with the same energy using 

MeVcme 511.02 =  MeVcm p 3.9382 =    (2.22) 

one obtains: 
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=     (2.23) 

 

In the following some basic synchrotron radiation relationships are given according to (2.20): 

In the time Tb spent in the bending magnets the particle loses the energy U0: 

r
e

c
rPPTPdtU b

44
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0 3
2 γβ

ε
π

==== ∫    (2.24) 

(below 1≈β ) 

Therefore the energy loss per turn (per electron) is: 
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The power radiated by a beam of average current Ib: 
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Ntot … total number of electrons circulating 

Trev … time for one revolution of the electrons in the storage ring 

 

This power loss has to be compensated by the RF (radio-frequency) system. The radiation 

power emitted by an electron beam in a storage ring is very high. Introducing the parameters 

of e.g. DORIS III [25] leads to: 

Energy [GeV] = 4.45    [ ] ( ) 400
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14.045.446.88
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≅
⋅

=kWP  

Current [A] = 0.14 

Bending radius [m] = 12.18   [ ] ( ) 2850
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4

0 ≅=keVU  
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The real value for the energy loss per turn (U0) is 3466 keV [25] due to the installation of 

insertion devices (wigglers and undulators) different from bending magnets. 

 

So far we have discussed two of the main features of synchrotron radiation, namely the high 

radiation power (or intensity) and the natural collimation in the direction of flight of the 

emitting particles. In the next chapter will focus on the time structure and the spectral range of 

synchrotron radiation. 

 

2.2.2 Time structure and spectral distribution 
Due to the strong collimation in the forward direction (θ = 1/γ) of the emitting particle the 

observer detects only an extremely short-time pulse of synchrotron light.  

 
Figure 2.9 (adapted from [17]): Origin of the electromagnetic pulse generated by a relativistic electron moving 
on a circular orbit 
 

The length of the pulse is defined by the difference in time of flight of the electron (on its 

trajectory) and the photon between A and B: 
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Using the Tylor series for sinΘ and γβ ≈ γ – 1/2γ one obtains: 
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(2.28) becomes: 
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If this short pulse is transformed to frequency space by means of a Fourier transformation the 

resulting frequency spectrum is very broad with a typical frequency: 

R
c
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3

2
32 γππω =

Δ
=      (2.31) 

Commonly the critical frequency is defined which separates the frequency spectrum in two 

regions of equal radiation power: 
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For circular motion c/R is the angular frequency of rotation ω0. Formula (2.32) shows that for 

E>>mc² a relativistic particle emits a broad spectrum of frequencies up to γ³ times ω0. 

The frequency spectrum was calculated by Schwinger [10] and in the following just a short 

summary of the derivation is given. Details can be found in [19]. 

In general the energy received by an observer (i.e. expressed in the observer’s time) per unit 

solid angle at the source is: 
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Where E  is the electric field (2.6a). Now the Fourier transformation is used to move to the 

frequency space: 
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The frequency and angular distribution of the energy received by an observer can now be 

expressed with: 
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    (2.35) 

Assuming the observer in the far field (n and R constant; see figure 2.1) and neglecting the 

velocity fields one obtains the so-called “Radiation Integral”: 
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This expression can be simplified to (see [19]): 
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The distribution of energy in frequency and angle can now be determined using the radiation 

integral (2.37). To solve this integral Airy integrals or the modified Bessel functions are 

required. 

 
Figure 2.10 (as introduced by [19]): Coordinate system showing the geometry assumed in equation (2.38) 
 

For the simple case of an electron in a bending magnet the trajectory of the arc of 

circumference can be written for small angles (according to figure 2.10): 
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At t = 0 the particle is at the origin of coordinates. The vector part of the integrand can be 

expressed with: 
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Here ||ε  is a unit vector in the y-direction, corresponding to the polarization in the orbital 

plane. ||εε ×=⊥ n  is the orthogonal polarization vector corresponding approximately to the 
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polarization perpendicular to the orbital plane (for small values of θ). Finally the phase factor 

becomes: 
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(for small angles θ, short times around t = 0 and β ≈ 1.) 

Substituting (2.38) - (2.40) into the radiation integral (2.37) and introducing 
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where K2/3 and K1/3 are the modified Bessel functions of fractional order. Formula (2.42) 

determines the energy radiated per unit frequency interval per unit solid angle. The first term 

in the square brackets corresponds to the radiation polarized in the orbital plane, whereas the 

second term is related to the radiation polarized perpendicular to that plane. The properties of 

the modified Bessel functions show that the radiation intensity is negligible for ξ >> 1. From 

(2.41) it can bee seen that this will be the case at large angles θ. If the frequency is increased 

the critical angle θc beyond which only negligible radiation will be emitted is decreased. The 

radiation is mainly restricted to the plane of motion (the higher the frequency – the larger the 

confinement). However, if ω gets too large ξ will be large at all angles and negligible total 

energy will be radiated at that frequency. As before where the critical angle was defined a 

critical frequency ωc can be introduced beyond which there is negligible radiation at any 

angle: 

3

2
3 γ
ρ

ω c
c =      (2.44) 

This result is consistent with (2.32). (The numerical factor 3/2 is chosen so that the line 

ω/ωc = 1 divides the area under the curve S(ω/ωc) into two equal parts - see figure 2.12). The 

critical angle can now be expressed with: 
3/11
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θ c

c     (2.45) 

Figure 2.11 shows qualitatively the angular distribution for different frequencies (larger, equal 

and smaller than ωc). For frequencies comparable to the critical frequency the radiation is 

confined to angles of the order of γ-1. For much smaller (larger) frequencies, the angular 

spread is larger (smaller). 
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Figure 2.11 (source [19]): The differential frequency spectrum of synchrotron radiation displayed as a function 
of angle. The natural unit of angle γθ is used. 
 

By integrating (2.42) over all angles the frequency distribution of the radiated energy can be 

obtained: 
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For the low- (ω<<ωc) and high-frequency (ω>>ωc) limits this expression reduces to: 
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Formula (2.47) shows that the spectrum increases as ω1/3 for ω<<ωc which results in a very 

broad, flat spectrum at frequencies below ωc. 

The radiation represented by (2.42) and (2.46) is called synchrotron radiation. Its spectral 

distribution depends only on the particle energy, the critical frequency and the purely 

mathematical Bessel functions. If the spectral distribution is normalized to the critical 

frequency, it does no longer depend on the particle energy and can therefore be represented by 

a universal distribution S(ω/ωc): 
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The last normalization condition shows, that the critical frequency divides the spectrum into 

two parts of equal power. With (2.49) expression (2.46) can now be written as: 
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In figure 2.12 the approximations of the universal function for the high (ω>>ωc) and low 

(ω<<ωc) frequency limits are given which are consistent with (2.47) and (2.48) and result 

from the asymptotic behaviour of the Bessel function. 

Eventually, if (2.50) is integrated over all frequencies the well known relation for the total 

radiated power (2.20) can be found (starting from (2.24) and using (2.44) and (2.49)): 

2

4

0

23

0

2

00

2

0

0

6
1

2
3

9
2

2
)(

9
211

ρ
γ

περ
γ

ε
γ

πρ
ω

ε
γω

ω
cec

c
ecdxxS

c
e

T
d

d
dI

TT
U

P c
bbb

=⋅==== ∫∫
∞∞

 (2.51) 

 
Figure 2.12 (adapted from [20]): Normalized universal function S(ω/ωc) of the synchrotron radiation spectrum. 
The frequency integral extended up to the critical frequency contains half of the total energy radiated, the peak 
occurs approximately at 0.3ωc. 
 

2.2.2.1 Brightness, Flux and Brilliance 

For practical reasons it is convenient to define the critical energy and the critical wavelength: 
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For electrons, the critical energy and the critical wavelength in practical units can be 

calculated with: 
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Formula (2.42) gives the energy radiated per unit frequency interval per unit solid angle 

during the passage of a single particle. In the case of a beam of particles the total energy per 

second, i.e. the radiated power (in Watts) is proportional to the number of particles that pass 

the observer per second: 
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where Ib is the average beam current in Ampere. Using practical units and the photon energy ε 

expressed in eV one obtains (in [Watts/mrad²/eV]): 
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where (2.41) is expressed in terms of ε: 
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It is also common to express SR intensities in terms of the number of photons per second. 

This is obtained by dividing the power in a given frequency interval by the appropriate photon 

energy ћω. Alternatively the power divided by ћ gives the number of photons per second per 

unit relative bandwidth: 
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This photon number is called “spectral brightness”. Eventually, the number of photons per 

second in 1mrad² of solid angle, 0.1% bandwidth, and a beam current of 1mA in terms of the 

photon wavelength is given by (in [photons/sec/mrad²/0.1% bandwidth/mA]): 
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(ξ is defined by (2.57)). 

In the orbital plane (θ = 0) at the critical wavelength (λ = λc => ξ = 1/2) (2.59) reduces to: 
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(Using K2/3(0.5) = 1.206) 

If (2.59) is integrated over all angles the “spectral flux” is obtained, which is the photon 

number emitted per unit time, per unit band width, and a beam current of 1mA: 
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λλddt
Nd 2

 in [photons/sec/0.1% bandwidth/mA]   (2.62) 

Finally the “total flux” in [photons/s/mA] can be calculated by integrating the spectral flux 

over all wavelengths. 

Previously it was assumed that the radiation was emitted from an electron in ideal circular 

motion. In practice, the electron in the storage ring moves in an equilibrium orbit with some 

amount of fluctuation in space and angle. The flux is determined only by the electron energy 

and is not related to the size and angular spread of the electron beam. According to the 

definition of the brightness (2.59), which is the flux represented for unit solid angle, the 

angular divergence in reality is given by the convolution of the angular width of the electron 

beam with the intrinsic angular width of the radiation. The “spectral brilliance” is the 

brightness divided by the size of the radiation source (i.e. the cross section of the electron 

beam): 

λλddSdtd
Nd

Ω

5
 in [photons/sec/mrad²/mm²/0.1% bandwidth/mA]  (2.63) 

where S represents the area of the radiation source, being related to the size and angular 

spread of the electron beam. 

 

2.2.2.2 Polarization 

As already mentioned the two terms in the square brackets in formula (2.42) are associated 

with the intensities in the two directions of the polarization, IP and IN. P and N identify the 

contribution with the electric vector parallel (i.e. in the orbit plane) and normal to the 

acceleration direction. Figure 2.13 shows the angular distribution of the two components. In 

the orbital plane (θ = 0), the radiation is purely linearly polarized (IP = 1 while IN = 0). The 

normal component IN has small peaks above (θ > 0) and below (θ < 0) the orbital plane. 

The degree of linear polarization Pl of the radiation is dependent on the angle θ and is shown 

in figure 2.13b: 
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By integrating of (2.42) over all frequencies we get the angular distribution of the energy 

radiated: 
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Integration of (2.65) over all angles shows that the intensity polarized parallel to the plane of 

the orbit is about 7 times larger than the intensity polarized perpendicular to the orbital plane. 

 
Figure 2.13 (adapted from [26]): a): Angular distribution of the intensity components with the electric vector 
parallel (IP) and normal (IN) to the orbital plane. b) and c): Linear and circular polarization (from decomposition 
into left (IL) and right (IR) hand circularly polarized components) for a storage ring with ρ = 12.12m and an 
energy of E = 3.5GeV calculated for three photon energies. 
 

2.2.3 Summary 
In the previous chapters the basic properties of synchrotron radiation, which were introduced 

at the beginning have been derived. In the following a short summary of the calculations is 

given: 

 

High intensity 

In section 2.2.1.2 the radiated power per unit solid angle and its angular distribution assuming 

circular motion of a relativistic electron was given (2.15). From (2.15) formula (2.26) was 

derived, which showed, that the radiation power emitted by an electron beam in a storage ring 

is very high: it has a strong dependence on the electron energy (E4), is indirectly proportional 

to the diameter of the storage ring (1/r²) and directly proportional to the number of electrons. 

Formula (2.51) in section 2.2.2 shows, that the same result is obtained taking into account the 

spectral distribution of the synchrotron radiation. 
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Figure 2.14 (source [22]): Spectral distributions of SR represented by left: the radiation power and right: the 
photon numbers (“flux”) as given by formula (2.46) at various electron energies for an orbit radius of 40m. It can 
be seen that the curves show no dependence on the energy at longer wavelengths (λ>>λc) which was expected 
from formula (2.47). The critical wavelengths λc for the different energies are determined by (2.53) and the 
maxima of the distributions occur at approximately 3λc. 
 

Natural collimation 

The collimation of the synchrotron radiation is described by formula (2.15). In the frame of 

the observer the radiation is strongly collimated in the direction of flight of the emitting 

particles. The radiation pattern forms a very narrow cone with an opening angle of 2/γ 

(formulas (2.16) and (2.19)). The angular distribution for different frequencies is given by 

formula (2.42). For energies comparable to the critical energy the radiation is confined to 

angles of the order of γ-1. For smaller wavelengths, the angular spread is smaller (and vice 

versa). This is - of course - consistent with (2.15). 

 
Figure 2.15: Left (adapted from [27]): Angular distribution of SR. The photon number is shown as a function of 
the angle θ perpendicular to the orbital plane and is calculated for the wavelengths of radiations at E = 2GeV and 
ρ = 5.55m. Right: Comparison between theory and measurement of the angular dependence of the photon flux, 
as obtained by Codling and Madden (1965) [28]. The intensity radiated in each component of polarization for 
monoenergetic electrons (120MeV; λ = 5000Å) is shown. 
 



Chapter 2  Synchrotron Radiation  23

Time structure 

In section 2.2.2 the length of a pulse of the synchrotron spectrum emitted by a single electron 

is derived (formula (2.30). In practice many electrons circulate in compact groups (bunches). 

The bunch length is typically 50ps to 1ns and the radiation is emitted in short flashes of bunch 

length time. For spectroscopic experiments the repetition frequency of the filled bunches is an 

important parameter. In the single bunch mode (only one bunch is circulating) maximum 

separation between two pulses is obtained. In this case the period of revolution (in the range 

of ns to µs) determines the repetition frequency. 

 

 
Figure 2.16 (adapted from [26]): Experimentally determined shape of the light pulses for the storage rings 
DORIS and ACO 
 

Wide spectral range 

The spectral range of SR covers energies from the infrared to the X-ray region. Formula 

(2.32) (≡ (2.44)) shows that for E>>mc² a relativistic particle emits a broad spectrum of 

frequencies up to γ³ times ω0. (ω0 is the angular frequency of rotation for circular motion.) 

The frequency distribution of the radiated energy (the frequency spectrum of SR) is given by 

formula (2.46). The spectral distribution depends only on the particle energy, the critical 

frequency and the purely mathematical Bessel functions. 
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Figure 2.17 (source [24]): Spectral brilliance of dipole radiation emitted from the storage ring DORIS [25] (E = 5 
GeV). Additionally the brilliance of the radiation emitted from a dipole magnet (D), a wavelength shifter (WS) 
and a Multipole Wiggler (MW) is shown. 
 

Polarization 

Formula (2.42), which determines the energy radiated per unit frequency interval per unit 

solid angle already implies the polarization of SR. The two terms in the square brackets 

correspond to the radiation polarized in the orbital plane and the radiation polarized 

perpendicular to that plane respectively. From (2.42) formula (2.64) is derived defining the 

degree of linear polarization Pl of the radiation. According to (2.64) the radiation is purely 

linear polarized (Pl = 1) in the orbital plane (θ = 0). Integration of (2.42) over all frequencies 

and all angles shows that the intensity polarized parallel to the plane of the orbit is about 7 

times larger than the intensity polarized perpendicular to the orbital plane. 

 

Small source size 

Section 2.2.2.1 introduced three key parameters for SR: brightness, flux and brilliance. The 

most important parameter to characterize the synchrotron source is the brilliance (2.63) 

because it accounts for the size and angular spread of the electron beam (the source size). It is 

evident that the angular divergence of the emitted radiation is the better the smaller the source 

size is. This results in a higher brilliance. The lowest limit for the divergence of SR is given 

by the intrinsic angular width of the radiation emitted by a single electron in ideal circular 

motion. 
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2.3 Insertion devices 
 

A synchrotron radiation facility typically consists of a linear accelerator (LINAC), a 

synchrotron and a storage ring. The electrons are accelerated in the LINAC and the 

synchrotron up to a final storage energy and then injected into the storage ring. In the storage 

ring the high energy electrons are stored for several hours while moving in a definite circular 

orbit. A synchrotron storage ring in principle consists of three different sections. Along the 

electron orbit magnetic dipoles (so called bending magnets) provide a homogeneous magnetic 

field to keep the charged particles on a circular trajectory and are arranged to keep them on a 

closed orbit. At the location of the dipole magnets beam ports are located so that the 

synchrotron radiation may be utilized. Additionally, between the bending magnets, there are 

straight beam line sections, where quadrupole- and sextupole magnets focus and stabilize the 

electron beam. The electron bunch circulating in the storage ring loses energy by emitting SR. 

To compensate for this loss in energy, Radio Frequency (RF) accelerating cavities are 

installed on a straight section of the ring. The radiofrequency is selected to be an integer 

multiple of the electron orbital revolution frequency (the so called harmonic number of the 

ring). This allows to group the electrons in the ring in bunches of the harmonic number. 

In second and third generation synchrotrons additional straight sections have been designed to 

insert special devices. These insertion devices are other magnetic structures, which for many 

experiments are more effective sources of SR than the dipole bending magnets. Utilizing 

these devices it is possible to have a more intense source than produced by bending magnets, 

to change or extend the shape of the spectral distribution, to change the polarization features 

or to have an X-ray beam with smaller divergence. In the following only the features of these 

special insertion devices will be discussed since the properties of SR emitted by bending 

magnets have been discussed in the previous chapters. 

 

2.3.1 Wavelength shifters 
As their name implies, wavelength shifters are used to extend the emitted spectrum to higher 

photon energies. To maximize the desired effect, they are often constructed using 

superconducting technology to allow the production of hard X-rays from electrons with 

moderate energy. A wavelength shifter consists of three or five (superconducting) dipole 

magnets arranged as a linear array with alternating magnetic field directions. Figure 2.18 

shows schematically a three-pole wavelength shifter. 
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Figure 2.18: Schematic view of a 3-pole wavelength shifter 
 

The central dipole has a higher magnetic field compared to the others and is used as radiation 

source. The energy of the emitted photons is strongly dependent on the radius of the trajectory 

and therefore on the local magnetic field. The two side poles are used to compensate the beam 

deflection caused by the central one (in a five-pole wavelength shifter the three central poles 

are used as radiation source, while the end poles act as compensators). The electron beam 

passing through this insertion device is deflected up and down (or left and right) such that no 

net deflection remains. Therefore this device is neutral on the geometry of the beam path 

through the storage ring and in principle the deflection can be made as strong as required. 

 

2.3.2 Wigglers 
Concerning wiggler-magnets the principle of a wavelength shifter is extended. This insertion 

device consists of a series of equal dipole magnets with alternating magnet field directions. 

Like in the wavelength shifter the end poles have to compensate the net deflection to make 

this device neutral to the geometry of the particle beam path. The main advantage of using 

many dipole magnets is an increased photon flux. In figure 2.19 a schematic view of a wiggler 

is shown. 

 
Figure 2.19: Working principle of a multipole wiggler 
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As an electron beam passes through the array of N dipole magnets it is forced to an almost 

sinusoidal trajectory. Like in a single bending magnet, each of the N magnet poles forces the 

electron to change its direction producing a fan of synchrotron radiation of critical energy εc 

in the forward direction. The radiation emitted at each dipole occurs as a sequence of short 

pulses and is incoherently superimposed. The resulting total flux is N-times larger than that 

from a single pole. 

To distinguish between multipole wigglers and undulators, which are similarly constructed, 

the so called deflection parameter K is defined as 

2
00

2 mc
eB

K
π
λ

=      (2.66) 

 

where λ0 is the magnet period length and B0 the peak magnetic field.  

Multipole wigglers typically have values of K>>1, which is accomplished by high magnetic 

fields and long magnet period lengths λ0. The maximum deflection angle δ of the electron 

beam relatively to the z-axis is given by 

γ
δ K
=      (2.67) 

leading to a horizontal opening angle of 2δ = 2K/γ. 

 

2.3.3 Undulators 
Undulators are constructed similarly to multipole wigglers (figure 2.19), but with a deflection 

parameter K smaller than unity. This is realized using a larger number of dipoles with weaker 

magnetic fields. The particle deflection in an undulator is small compared to a wiggler and the 

deflection angle is comparable or less than that of the SR emission cone (2/γ; see equations 

(2.16) and (2.19)). The radiation emitted at each turning point of the electron beam is 

coherently superimposed and strong interference effects influence the spectral and spatial 

distribution. In the emission spectrum sharp peaks with discrete wavelengths λ appear, given 

by 
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where θ is the angle between the z-axis and the direction of observation. The spectral intensity 

of the radiation is proportional N², where N is the number of dipoles and the width of the 

spectral line is proportional to 1/jN. 
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Figure 2.20 shows the different properties of synchrotron radiation emitted from bending 

magnets and different insertion devices. 

 
Figure 2.20: Comparison of emitted synchrotron radiation from a) bending magnets, b) wigglers and c) 
undulators 
 

In figure 2.21 the brilliance of bending magnets and various insertion devices of different 

synchrotron radiation sources (HASYLAB, BESSY, ESRF) is compared. 

 

2.3.4 Free electron lasers 
Recently, with the development of X-ray free electron lasers (XFEL) a new generation of 

radiation sources is created. These sources are characterized by an extremely high brilliance 

and a time structure with pulses in the range of femto-seconds. The principle setup of an 

XFEL consists of a very long undulator. Due to the interaction of the oscillating electrons 

with their emitted radiation, the electrons are merged into so called microbunches. These 

microbunches are separated by a distance equal to one wavelength of the radiation. This leads 

to constructive interference of the emitted radiation and therefore to extreme intense and short 

light pulses. This effect is called Self-Amplified Spontaneous Emission (SASE) which is the 

underlying principle of the XFEL. Figure 2.22 shows a comparison of the brilliance of X-ray 

free electron lasers (TESLA XFEL, TTF VUV-FEL and LCLS) in comparison with 

undulators at present third generation synchrotron radiation sources.  
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Figure 2.21 (source [29]): Brilliance of bending magnets and different insertion devices at different synchrotron 
radiation facilities (HASYLAB, BESSY, ESRF) 
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Figure 2.22 (adapted from [30]): Brilliance of X-ray free electron lasers (TESLA XFEL, TTF VUV-FEL and 
LCLS) in comparison with undulators at present third generation synchrotron radiation sources 
 

 



Chapter 3 
 

X-Ray Absorption Fine Structure and Total 

Reflection X-Ray Fluorescence Analysis 
 

3.1 X-Ray absorption and fluorescence 
 

X-Ray photons (energy region: ~100eV - 100keV) traveling through matter are absorbed 

according to Beer-Lambert’s law: 
xEµeIxI )(

0)( −=      (3.1) 

Where µ(E) is the linear attenuation coefficient [cm-1], x [cm] is the thickness of the 

interfused matter, I(x) is the transmitted and I0 is the incident X-Ray beam intensity. 

Basically three effects are responsible for the loss of intensity in this energy region: the 

photoeffect, elastic, and inelastic scattering. The linear attenuation coefficient (in the 

following called simply “absorption coefficient”) can therefore be written as a sum of the 

photo-absorption coefficient τ, the coherent (σcoh) and the incoherent scattering coefficients 

(σincoh): 

)()()()( EEEEµ incohcoh σστ ++=     (3.2) 

As shown in the right part of figure 3.1 the absorption coefficient µ is a smooth function at 

most energies. However, if the incident photon reaches energies in the region of the binding 

energy of a core-level electron it has a certain probability to remove the electron to the 

continuum (photoeffect). In correspondence of such a binding energy the absorption increases 

abruptly and an absorption edge is formed. Following an absorption event, the atom is in an 

excited state, with a so-called core-hole, and a photo-electron. The excited state decays within 

a few femtoseconds following on of two main mechanisms: the emittance of an Auger-

electron or a characteristic fluorescence photon. This is the basis of Auger- and fluorescence 

spectroscopy. 
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Figure 3.1: Left: Attenuation of X-Ray intensity calculated for photons with 17.5keV energy passing through a 
Gold-foil of 150µm thickness. Right: Mass attenuation coefficient µ/ρ [cm²/g] for Arsenic calculated for an 
energy region of 300eV-30keV. 
 

 

3.2 X-Ray absorption fine structure 
 

3.2.1 Introduction 
The fine structure of the absorption coefficient near an absorption edge was already observed 

in the 1920s when X-ray absorption spectroscopy was first used for structural investigations 

of matter. The fine structure observed near the edge was referred to as "Kossel structure" for 

many years as a first explanation for its origin was given by a theory of Kossel [31]. The 

structure several hundreds eV above the edge was called "Kronig structure" because it was 

firstly explained theoretically by Kronig [32]. A detailed historical overview of the 

development of the analysis of the X-ray absorption fine structure can be found in [33, 34]. 

Today the "Kronig structure" is called Extended X-ray Absorption Fine Structure (EXAFS) 

[35-40] and refers to the oscillations of the total X-Ray absorption coefficient observed over 

an energy range of several hundred eV starting ~50-100eV above the absorption edge of the 

element of interest. X-Ray Absorption Near Edge Structure (XANES) analysis [39-42] on the 

other hand refers to the fine structures around the absorption edge (up to ~50-100eV above 

the edge) including as well the pre-edge region (figure 3.2). X-Ray Absorption Fine Structure 

(XAFS) is a general terminology for both EXAFS and XANES techniques [43]. 
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Figure 3.2 (adapted from [44]): XAFS spectra of FeO (blue) showing the XANES and EXAFS regions as well as 
the edge-step Δµ0(E0) and the smooth background function µ0(E) (red) representing the absorption of an isolated 
atom 
 

3.2.2 Theory 
While diffraction techniques provide information about the atomic coordinates as a 

macroscopic average of a long range ordered periodical structure, XAFS gives information on 

the local atomic structure, i.e. the radial distribution around a particular atomic species and its 

electronic states. Therefore short range ordered systems can be studied. This capacity derives 

from the physical origin of XAFS: the interference of outgoing and scattered photoelectron 

waves (with reference to the excited central atom) modulates the matrix element of the dipole 

transition. Here exact spherical waves [43] or curved waves [45] are used to describe the 

propagation of the photoelectrons (instead of the plane wave approximation utilized in earlier 

models). 

The absorption of an X-Ray photon can be interpreted as a transition between two quantum 

states: the initial state i (photon, core electron, no photo-electron) and the final state f (no 

photon, core hole, photo-electron). Therefore the absorption coefficient µ(E) can be expressed 

using Fermi’s Golden Rule: 

)()(
2

fEfHiEµ ρ∝     (3.3) 

where H is the interaction Hamiltonian in the matrix element of interaction and ρ(Ef) is the 

density of final electronic states. In figure 3.3 a schematic representation of the absorption 

process is shown. 
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Figure 3.3 (adapted from [44]): X-Ray absorption of a photon with an energy in the region of the binding energy 
of a core-level electron. The propagation of the photo-electron is shown without (left) and with (right) the 
presence of a neighboring atom. XAFS occurs because the photo-electron can scatter from a neighbouring atom 
and returns to the absorbing atom, modulating the amplitude of the photo-electron wave-function at the 
absorbing atom. This in turn modulates the absorption coefficient µ(E), causing the fine structure. 
 

Absorption only takes place if there is an available state for the photo-electron: i.e. a quantum 

state at exactly the right energy, and also the right angular momentum state. If a photo-

electron with wave number k is created, it propagates away from the atom. This photo-

electron can scatter from the electrons of a neighbouring atom and returns to the absorbing 

atom. The interference between outgoing and scattered photoelectron waves affects the 

available final states in the matrix element of the dipole transition of the excited atom. It 

follows that the presence of the photo-electron scattered back from neighbouring atoms alters 

the absorption coefficient. This is the origin of the fine structure of µ(E). 

Regarding the EXAFS regime far from the edge the photoelectrons mean free path is short 

and the scattering amplitudes are weak. Therefore it is usually adequate to consider single-

scattering contributions only, which results in a remarkable simplification of the theory. Close 

to the edge, in the XANES region, multiple-scattering effects become more important as the 

mean free path of the photoelectrons is longer and the scattering strengths are greater. Hence 

the near edge region oscillations are dominated by multiple-scattering resonances of 

photoelectrons within a cluster around the excited atom. In contrast to that, the information 

obtained by EXAFS analysis can be interpreted as more local as the interference between the 

photoelectron wave functions is dominated by contributions from single-scattering and 

double-scattering paths. Contributions of multiple-scattering beyond double-scattering are 

often neglected because the spherical wave emitted from the central atom is rapidly damped 

due to inelastic effects. However, in order to achieve exact structural information beyond 

nearest neighbor distances it is essential to consider multiple-scattering effects also for 

EXAFS. Today high order multiple-scattering calculations are performed using ab initio 
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calculation software like FEFF [46] which is based on the algorithms developed by Rehr and 

Albers [47].  

In order to analyze the measured X-Ray absorption fine structure the oscillations above the 

edge have to be extracted. This is done using the so called XAFS function χ(E) which is 

defined as: 
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where µ(E) is the measured absorption coefficient and  
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is a smooth background function representing the absorption of an isolated atom (see 

figure 3.2). The XAFS function is usually transformed to k-space using: 
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Here k is the photo-electron wavenumber, me is the electron mass and E0 is the binding 

energy. 

In figure 3.4 the isolated XAFS function χ(k) of the EXAFS determined for FeO (figure 3.2) 

is shown. The oscillations in χ(k) are composed of different frequencies related to different 

near-neighbor atom types (“coordination shells“) and can be described according to the 

EXAFS-equation (3.7). Therefore a Fourier transformation can be applied to extract 

information about the inter-atomic distances and the number of the surrounding atoms (i.e. the 

radii rn of the near-neighbor coordination shells and the number of atoms at rn). The EXAFS 

equation can be derived from Fermi’s Golden Rule using first order perturbation theory and 

the dipole approximation and is given by (e.g. [37, 40, 44, 48]):  
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Here j is the index of the coordination shell, Nj is the number of neighbouring atoms at a 

distance Rj with a mean-square-displacement σj² (i.e. the disorder in the neighbour distance), λ 

is the mean free path of the photoelectron, and fj(k) and δj(k) are scattering properties of the 

atoms neighbouring the excited atom. δj(k) is often referred to as total phase shift function and 

is the sum of the absorbing atom phase shift and the scattering atom phase shift. This total 

phase shift is nearly a linear function of k and therefore the peak maxima of the Fourier 

transform are shifted towards smaller R values. It is necessary to have accurate values for the 

scattering amplitude fj(k) and the total phase-shift δj(k) to get the corrected distances and 
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coordination numbers from the EXAFS. Values for fj(k) and δj(k) can be found in literature 

(e.g. [49]) or - which is more common nowadays - calculated with different programs like 

FEFF [46] or GNXAS [50]. 

 

 
Figure 3.4 (adapted from [44]): Top: XAFS function in k-space extracted from the measured EXAFS of FeO 
shown in figure 3.2. Bottom: The k-weighted function k²χ(k). 
 

The term exp(-2k²σj²) is an approximation of the Debye-Waller factor which is partly due to 

thermal effects and causes the atoms to vibrate around their equilibrium position. An 

additional contribution to σj² comes from structural disorder. The Debye-Waller factor 

becomes more important for shorter wavelengths of the photoelectron and cuts off the EXAFS 

at higher energies (k ~ 1/σ; typically ~10 Å-1). It is therefore relevant in EXAFS but often 

negligible in XANES. From the λ(k) and the R-2 term in equation (3.7) it is obvious that 
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EXAFS is seen to be a local probe and is not able to deliver information from distances much 

further than a few Angstroms from the central atom. Further it can be seen, that the EXAFS 

oscillations consist of different frequencies corresponding to the different radii of each 

coordination shell (which leads to the application of the Fourier analysis). 

Figure 3.5 shows the XAFS function χ(R) derived from the Fourier transformation of the 

XAFS shown in figure 3.4. Here two main peaks can be clearly identified which correspond 

to the Fe-O and the Fe-Fe bond distances of the FeO compound. The first peak occurs at 

1.6 Å although the Fe-O distance in FeO is known to be 2.14 Å. This is due to the above 

mentioned phase-shift δj(k) which is typically in the range of 0.5 Å. 

 

 
Figure 3.5 (adapted from [44]): The Fourier transformed XAFS χ(R) for FeO derived from the XAFS function 
shown in figure 3.4. The data is not phase-shift corrected. 
 

Since the scattering factor is larger in the low energy region, the magnitude of XANES 

modulation is generally larger than that of EXAFS. In the near-edge region multiple scattering 

becomes dominant which is sensitive to the bond angle. Furthermore the scattering of low 

energy electrons is dependent on the shape of the potential and is therefore sensitive to 

chemical bonds or valence. This implies that the XANES contains additional information on 

site symmetry and electronic states but is much more complex to interpret. All possible 

multiple scattering pathways have to be considered to calculate the near edge structures. 

However, the main difficulty is that the EXAFS equation (3.7) breaks down at low values of 

k, due to the increase in the mean-free-path and the 1/k term. The theory of XANES requires 

different physical considerations and a multiple-scattering treatment seems not fully sufficient 

so far because of atomic, chemical, and many-body corrections [40]. Since a complete 
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theoretical description of XANES is still problematic, it is common to use XANES analysis as 

a “finger printing” technique (i.e. comparison of measurements of unknown samples with 

known reference compounds). The best theoretical approach seems to be supposing that 

XANES essentially measures the projected density of states. This follows the fact that the X-

Ray absorption coefficient is equivalent to the golden rule of Fermi, and can be written in 

terms of the projected photoelectron density of final states. When utilizing this interpretation 

of XAFS one has to be aware of final-state effects like core-hole effects, lifetime broadening, 

or energy shifts. However, modern full-potential electronic-structure methods using a local-

density-functional approximation (LDA) have some advantages regarding the calculation of 

XANES [51]: Adapted to the structure of the atomic environment they provide accurate self-

consistent calculations of the electronic charge densities and potentials. Furthermore they 

provide a precise calculation of the Fermi energy level relative to the unoccupied states. On 

the other hand these full-potential methods are not well applicable to EXAFS because it is 

very difficult to include effects which are import for calculations beyond 50-100eV of the 

absorption edge (core-hole potentials, final-state lifetime effects, Debye-Waller factors) [40]. 

 

3.2.3 Experimental 
A great advantage of X-Ray absorption spectroscopy (XAS) is the selectivity for a particular 

atomic species in the sample; the energies of various inner shells are distributed over a wide 

range in energy and one can tune to a particular species by choosing the energy of incident 

photons. This leads to the demand of an intense and energy-tunable X-Ray source and 

indicates that the capability of XAS is strongly dependent on the characteristics of the light 

source. In XAFS a typical magnitude of modulation is of the order of 10-2 and the statistical 

error must be less than 10-3; therefore one needs to collect at least 106 photons for the incident 

and transmitted beam intensities. XAFS measurements require a high photon flux because the 

intensity is usually reduced by several orders of magnitude after the absorption. Thus the 

advance of XAS was strongly associated with the application of synchrotron radiation (SR). 

SR has outstanding advantages as a light source for XAS, namely i) an intense quasi-parallel 

beam which allows measuring XAFS with high energy resolution; ii) a high radiation purity 

and a wide spectral range covering the VUV and soft X-Ray region (250eV - 4keV) to the 

hard X-Ray region (4keV - 30keV), and iii) polarization characteristics with high purity and 

controllability which can be used for polarization dependent experiments. Furthermore, due to 

the high flux delivered by synchrotron radiation sources the data collection time is decreased 

drastically and high energy resolution measurements are feasible. Fixed exit double-crystal 
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monochromators composed of perfect crystals like Si(111) or Si(311) deliver energy 

resolutions ΔE/E in the range of 10-4 which is generally sufficient for XAFS analysis [37]. 

XAFS measurements are commonly performed in transmission, fluorescence, or non-radiative 

(Auger- or secondary electron) detection modes. The transmission experiment represents the 

classical XAS setup where a monochromatized X-Ray beam passes through the sample. The 

parameter of interest, the absorption coefficient µ(E), is obtained as a function of the photon 

energy E from the difference between incident (I0) and transmitted (I) beam intensities 

according to Beer-Lambert’s law (see also equation (3.1)): 

( )0ln)( IIEµ −=      (3.8) 

For uniform samples the absorption coefficient is the sum of the absorption of the atom of 

interest µi(E) - which shows a fine-structure - and a contribution of the other atoms which is 

assumed to be constant in the energy region analyzed. The intensities I0 and I are measured 

using linear detectors such as ionization chambers. Transmission experiments are preferred 

for higher concentrated samples where the element of interest is a major component. Here the 

sample thickness has to be well chosen to get a considerable signal for the transmitted 

intensity. 

X-Ray fluorescence or non-radiative detection is usually performed for thick or (highly) 

diluted samples (samples with concentrations in the ppm range or even lower) because of its 

higher sensitivity. The fluorescence (or Auger) yield is proportional to the absorption 

coefficient: 

0)( IIEµ f∝      (3.9) 

where If is the monitored intensity of a fluorescence line (or electron emission) associated 

with the absorption process. This relation is derived from the formula for the intensity If(E) of 

the fluorescence line of the element of interest as a function of the incident photons’ energy E 

(assuming monoenergetic excitation) which is accepted by an energy dispersive detector with 

solid angle Ω/4π:  
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Here E is the energy of the incident and Ef the energy of the fluorescent photon; εf is the 

fluorescence yield; t is the sample thickness; θ is the angle between sample surface and 

incident beam, and φ is the angle between sample surface and detector; (secondary excitation 

and detector efficiency are neglected as well as absorption of the fluorescence radiation 
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between sample and detector). Assuming an infinitely thick (x=0 to x=∞), uniform sample the 

integration over x in equation (3.10) becomes 1/A(E). On the other hand, if the sample is very 

thin (x→0; thin film approximation) the integration term turns to 1. Hence the intensity 

becomes proportional to 1/sinθ but is no longer dependent on φ. Here it has to be noted that a 

grazing incidence (GI) angle φ (below the critical angle of total reflection, see below) was 

assumed. The thin-film approximation is therefore valid for grazing incidence geometry 

which in turn represents a surface (thin-film) sensitive technique. Such a surface sensitive 

detection scheme is required to apply XAFS analysis to surfaces and buried interfaces because 

absorption experiments in general and fluorescence detection using a conventional geometry 

are not surface sensitive in the hard X-Ray region (>4keV) due the large penetration depth of 

the incident photons. Due to the special glancing incidence geometry an effect occurs which is 

the basis of a powerful technique for the multi-element analysis of traces: the total reflection 

of X-Rays. 

 

3.3 Total reflection X-Ray fluorescence analysis 
 

3.3.1 Introduction 
The phenomenon of total reflection of X-rays has been experimentally discovered in the 

1920s by Compton ([52] reprinted in [53]) who observed that the reflectivity of a flat target 

was enlarged below an angle of ~0.1°. However it took almost 50 years until this effect was 

utilized for XRF analysis by Yoneda and Horiuchi [54] in 1971 by applying a small sample 

amount on top of a flat reflector. Subsequently this technique was refined by Wobrauschek in 

his PhD thesis [55] followed by several authors [56-59] and called “Total Reflection X-Ray 

Fluorescence Analysis” (TXRF). 

Shortly after TXRF was introduced as spectrometric technique it was pointed out by Andersen 

et. al [60] in 1976 that X-ray standing waves originating from the interference of incident and 

reflected beam extend above the surface of a crystal. This effect was used by Cowan et al. 

[61] (1980) to locate the position of an adsorbed atom layer on a perfect single-crystal 

surface. Later Bedzyk et al. [62] (1989) demonstrated how an X-ray standing wave with a 

variable period can be generated by total external reflection of a monochromatic beam from a 

reflective surface. This technique was used to locate a layer of heavy atoms embedded in a 

low-Z thin film deposited on the reflectors surface. 
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In 1954 Parrat already used the angle dependence of the intensity of the (total) reflected X-

Ray beam to investigate surfaces [63]. But the angular dependence of the fluorescence 

intensity for angles in the range of the critical angle of total reflection was first observed in 

1983 by Becker et al. [64]. The authors also presented first results of the inverse geometry – 

the grazing exit arrangement – which will be discussed later. Today this effect (the angular 

dependence of the fluorescence intensity) is used to investigate surface impurities, thin 

surface layers and multilayer structures and is called “Grazing Incidence” or “Glancing 

Incidence” (GI) XRF [65]. 

The use of Synchrotron Radiation (SR) is highly beneficial for angle-dependent XRF and for 

TXRF in general as its properties like high intensity, linear polarization, small source size, 

and natural collimation make it an ideal radiation source. First experiments have been 

published 1986 by Iida et al. [66] followed by results of several other authors [67-69]. The 

sensitivity of Synchrotron Radiation induced TXRF (SR-TXRF) is several orders of 

magnitudes higher than the one of TXRF using conventional sources like X-Ray tubes [68, 

70-76]. 

Review articles providing more details about development and applications of TXRF and 

SR-TXRF have been published recently by Wobrauschek [75] (2007) and Streli et al. [76] 

(2008) respectively. 

Today TXRF is mainly used for surface contamination analysis in semiconductor industry and 

for chemical trace analysis as it offers detection limits in the pg range for excitation with X-

Ray tubes and even in the fg region if synchrotron radiation is used. Small quantities of 

solutions or suspensions are placed on sample carriers which show sufficient optical flatness 

(e.g. Silicon wafers, Quartz or Plexiglas reflectors). During the drying process the residue on 

the surface of the reflector forms a very thin sample. Subsequently the sample is excited under 

glancing angle (below the critical angle of total external reflection) and the emitted 

fluorescence radiation is collected by an energy dispersive detector. The typical experimental 

arrangement is shown in figure 3.6. 
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Figure 3.6 (adapted from [72]): Scheme of a typical experimental setup for TXRF analysis 
 

In the following the fundamental advantages of TXRF analysis are presented: 

• Due to the total reflection of the incident photons only a very small part of the primary 

beam penetrates into the sample carrier. This leads to a drastically reduced spectral 

background contribution which originates from scattering on the substrate. 

• As the incident beam is totally reflected on the sample carrier the sample is excited by 

both the incident and the reflected beam resulting in doubled fluorescence intensity. 

• The extreme grazing incidence geometry allows placing the detector very close to the 

samples surface. This results in a large solid angle for the detection of the fluorescence 

radiation. 

As a consequence the sensitivity in TXRF analysis is very high and the limits of detection are 

improved by several orders of magnitude when compared to conventional XRF analysis. 

Furthermore the angular dependence of the fluorescence radiation for angles in the range of 

the critical angle of total reflection can be utilized to investigate surface impurities, thin near-

surface layers, and even molecules adsorbed on flat surfaces. 

 

3.3.2 Theory 
The theoretical basis of TXRF can be derived analogous to the theory of light optics. In the 

following only the outline of the calculations will be presented, details can be found in e.g. 

[77-79]. Starting point is the complex refraction index n which can be deduced from quantum 

mechanics: 

βδ in −−= 1       (3.11) 
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Here both scattering and absorption are taken into account by introducing the factors δ and β 

associated with dispersion and absorption respectively. This correlation becomes apparent 

when expressing the refractive index n as a function of the scattering factors f1 and f2: 
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with r0=e²/m0c² as the classical electron radius. 

Here NA is Avogadro’s number, e and m0 are the electric charge and the rest mass of the 

electron respectively, c is the velocity of light, λ is the wavelength of the incident radiation, ρ 

is the density of the medium and A is the atomic mass. The scattering factors f1 and f2 are 

functions of the atomic number and the energy of the incident radiation and tabulated values 

can be found e.g. in [80]. In the energy region of X-Rays the real part of the complex 

refraction index (1-δ) is slightly smaller than unity with values of δ in the range of 10-5 to 10-6. 

The imaginary part β is usually smaller than δ, proportional to the photo-absorption 

coefficient τ and therefore related to absorption (see equation 3.2): 
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In the next step one has to consider the interaction of an electromagnetic wave hitting the 

interface between vacuum and a medium with refractive index n as shown in figure 3.7. The 

following calculations are based on classical dispersion theory and assume a perfectly flat 

interface between the two media. Although a real reflector surface shows a certain roughness 

on a microscopic scale experimental results have shown good agreement with theory. 

 

 
Figure 3.7: Sketch of optical paths of incident, reflected and transmitted beams at the interface of two media. The 
refraction index of medium 1 (usually vacuum or air) is larger that that of medium 2 (the reflector material). 
 

According to the law of Snellius the refractive angle φT is determined by: 
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For X-Rays medium 2 (the reflector material) is optical thinner than vacuum (or air) therefore 

the refracted beam is deflected towards the boundary (which is contrary to usual light optics). 

Using the usual expressions of light optics for the electromagnetic waves (E=E0 exp(ikr-iωt)) 

of incoming (index I), reflected (index R) and transmitted (index T) beams and utilizing 

Fresnel’s formulas one obtains the ratios of the corresponding amplitudes: 
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As the angles where total reflection occurs are in the range of several mrad the sine functions 

in equation (3.15) can be replaced by their arguments as a good approximation. For exact 

calculations the polarization state of the primary radiation and the propagation of the so called 

inhomogeneous wave have to be considered. However these effects can be neglected for 

energies higher than that of the soft x-ray region [79]. Using equations (3.15) and (3.16) the 

reflection (R) and transmission (T) coefficients as well as the refraction angle φT can be 

calculated: 
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Due to the conservation of energy the reflection and transmission coefficients meet the 

condition R + T = 1. From equation (3.19) it can be seen that the refraction angle is very small 

for small values of φI but does not disappear for φI =0. The critical angle of total reflection 

φcrit (total reflection occurs if φI < φcrit) can be written as [72]: 

δϕ 2=crit      (3.20) 

If R, T or the refraction angle are calculated as a function of the incident angle, the critical 

angle of total reflection indicates the inflection point of the function (figure 3.8). As δ is 

inverse proportional to the incident energy (equations (3.11) and (3.12)) it can be seen from 

equation (3.20) that the critical angle changes with the energy of the incident radiation and 
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depends on the reflector material. The energy dependence of φcrit has to be considered when 

performing an energy scan of the sample for XAFS analysis. 

 
Figure 3.8 (source [74]): Reflectivity calculated for different reflector materials as a function of incident angle. 
The values of the critical angles (phi crit) are indicated and have been calculated to 1.75, 1.8, 2.5, 3.1 and 
4.2mrad for C, Si, Ge, Nb, and Ta respectively. 
 

The penetration depth zP is defined as the distance measured normal to the samples surface 

where the intensity of the penetrating (in TXRF the refracted) beam is reduced by a factor of e 

(see equation (3.1)). For TXRF zP is therefore direct proportional to the refraction angle 

(using equation (3.1) and again sin φT ≈ φT): 
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Figure 3.9 (source [72]): Penetration depth of X-Rays in Silicon as a function of the incident angle calculated for 
three different energies. The dashed vertical line indicates the critical angle for Silicon at 17.4keV. 
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An important point TXRF analysis is the interference of incident and reflected beam above 

the reflectors surface. The superposition of the plane electromagnetic waves results in a 

variation of the intensity depending on the distance above the surface described as standing 

wave field. The fundamentals are shown in figure 3.10. The length D is the distance between 

to maxima (or minima) of the standing wave with wavelength λ: 
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Typical values for D are in the range of 10-100nm. The intensity of the standing wave is a 

function of the incident angle and the height z above the reflectors surface (figure 3.11 left): 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Φ++=

)(
2)(cos)(2)(1),( 0

I
IIII D

zRRIzI
ϕ

πϕϕϕϕ   (3.23) 

Here Φ is a phase factor introduced by Bedzyk et al. [62] for the case of a neglected 

absorption (β=0): 

12cos 2 −=Φ Y      (3.24) 

 
Figure 3.10 (adapted from [62]): The interference zone (standing wave field) between the incident (E0) and the 
reflected (ER) plane waves with wavelengths λ showing nodes and antinodes with a period D. 
 

The intensity distribution of the X-ray fluorescence of the (e.g. silicon) substrate (figure 3.11 

right) is the product of the intensity above the surface (figure 3.11 left) and the penetration 

depth of the radiation. At an angle smaller than the critical angle of total reflection the 

intensity of the fluorescence radiation is close to zero. At higher angles the intensity increases 

due to the larger penetration depth of the incident radiation. 
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Figure 3.11 (source [81]): Left: Calculated X-Ray intensities above a silicon surface as a function of incident 
angle. Right: Silicon fluorescence intensities emitted from the substrate as a function of incident angle. Both 
functions were calculated for an incident radiation with 10keV energy. 
 

Due to this standing wave field the investigation of granular residues on the surface of 

reflectors with TXRF can be problematic if the thickness of the particles is in the range of the 

period D. For this case particles with different thickness could give different fluorescence 

intensities. For samples thicker than D many intensity maxima and minima of the standing 

wave occur within the sample and will be averaged out (figure 3.12). 

 
Figure 3.12 (source [72]): X-Ray intensities above (within the standing wave field) and below a thick Si-flat 
calculated for different angles of incidence. It can be seen that the dependence of the distance D between nodes 
and antinodes is a function of the incident angle. Inside the medium, the intensity decreases as a function of the 
refraction angle. 
 

As the intensity of the primary field changes with the angle of incidence it is possible to 

determine the location of the excited atom which emits the fluorescence radiation by 
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measuring the fluorescence as a function of the incident angle (figure 3.13). The shape of the 

measured curve allows to distinguish between three sample types, namely a residue on the 

reflectors surface, an impurity in the surface (buried layer), and a thin layer on the surface. 

 
Figure 3.13 (as introduced by [82]): Characteristic shapes due the angular dependence of the fluorescence 
radiation for three different cases of atomic locations 
 

TXRF spectra are characterized by an excellent peak to background ratio. The background 

generated by the reflector can be derived from the transmitted part of the primary radiation. 

Both scattered and fluorescence signal originating from the substrate have a strong 

dependence on the incident angle. The intensity of the scattered radiation is given by: 
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The first term in equation (3.24) occurs due to a geometry factor proportional to sin(φI) (≈φI). 

This factor has to be used in TXRF because the area of the reflector which is seen by the 

detector is generally smaller than the area illuminated by the primary radiation [83]. The 

transmission coefficient T takes into account that only primary photons which are not totally 

reflected are able to penetrate in to the substrate. Considering the phenomena of elastic and 

inelastic scattering, the differential scattering coefficient dσ/dΩ which is a function of the 

scattering angle (~90° for TXRF) has to be used [84]. Finally the last term considers the 

attenuation of the refracted beam propagating through the substrate until interaction occurs. 

The absorption of the radiation on its way from the point of interaction to the reflectors 

surface toward the detector can usually be neglected. 

The geometry factor causes the increase of the spectral background for incident angles larger 

than the critical angle. Below the critical angle – for total reflection condition - the 
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transmission coefficient T is almost 0 which results in a sudden reduction of the spectral 

background. 

 

3.3.3 Experimental 
 

3.3.3.1 Synchrotron radiation 

Various X-Ray sources can be used for TXRF analysis showing a multiplicity of properties. 

In this work Synchrotron radiation (SR) was used as excitation source exclusively. Therefore 

this chapter will focus only on SR induced TXRF (SR-TXRF). To demonstrate the advantages 

of SR as excitation source for TXRF it is comprehensive to show its influence on the 

detection limits. The limit of detection (LD) for X-Ray fluorescence analysis is defined as 

follows: 
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where NN and NB are the net and background counts respectively, msample is the sample mass, 

IB is the background intensity, S is the sensitivity (equal to the net intensity divided by the 

sample mass) and t is the measuring time. 

It is obvious from equation 1 that there are three possibilities to improve the detection limits: 

i) increasing the sensitivity S (IN/m), ii) reducing the background or iii) increasing the 

measuring time, which is of course limited for practical reasons. 

The net intensity IN is – of course – proportional to the intensity of the exciting radiation. 

Using Synchrotron radiation with its high flux is therefore advantageous in comparison to the 

application of X-ray tubes. A further increase in sensitivity can be attained by using a tunable 

excitation source which enables to adjust the exciting energy just above the absorption edge 

of the element of interest. This results in optimized excitation conditions for this element. 

Apart from using total reflection geometry to reduce the spectral background (and doubling 

the fluorescence intensity), another possibility to reduce the background is to decrease the 

scatter contributions from the sample itself by utilizing linearly polarized primary radiation 

[85, 86]. Due to the anisotropic emission characteristics of the scattered radiation based on the 

classical dipole oscillator emission it is advantageous to place a detector in such a position 

that only the isotropic emission of the fluorescence signal is detected. Hence the combination 

of TXRF with polarized radiation leads to a lower background. Further, the use of 

monochromatic primary radiation improves the background conditions because only photons 

of one specific energy are scattered. 
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All these improvements can be accomplished when using Synchrotron radiation which offers 

new possibilities for improving the power of TXRF. The intense beam with a continuous 

spectral distribution from photon energies in the infrared region to high energy photons as 

well as the linear polarization in the orbit plane and its natural collimation are features best 

suited for excitation in total reflection geometry. 

 

3.3.3.2 Quantification 

One of the inherent advantages of TXRF is the fact that the sample forms a thin film on the 

sample reflector thus no matrix effects have to be considered and the so-called thin film 

approximation is applicable (both absorption and enhancement effects can be neglected). The 

intensity of the fluorescent radiation, for e.g. the Kα line of an element i with concentration ci 

in the sample (with mass m), is then given by: 
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Here Eabs is the energy of the absorption edge of element i, Emax is the maximum energy of the 

excitation spectrum, Ei
Kα is the energy of the Kα line of element i, I0(E) is the spectral 

distribution of the exciting radiation, G is the geometry factor, σi
Kα is the fluorescence cross 

section for the K-shell of element i, f(Ei
Kα) is the absorption factor for the fluorescence 

radiation between sample and detector, and ε(Ei
Kα) is the relative detector efficiency for the 

energy Ei
Kα. It is assumed that the sample is always completely irradiated by the primary 

radiation. 

In this special case, the relation between concentration and fluorescence intensity is linear. 

Here the sensitivity S [counts/(second)(sample mass)] of the element i can be defined as: 
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Si depends only on fundamental parameters and the measuring conditions, which usually can 

be assumed to be constant. If an element St is used as internal standard the relative sensitivity 

for element i can be defined as: 
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The relative sensitivity can be determined experimentally with artificially prepared standards 

or calculated theoretically. The determination of the concentration ci of the element i in an 

unknown sample spiked with the same internal standard element is now simple: 

Sti
relSt

i
i c

SI
I

c 1
=      (3.30) 

Equation (3.29) shows the linear correlation between the intensity Ii and the concentration ci 

which enables a simple quantification because geometric and volumetric errors can be 

canceled. 

 

3.3.3.3 Grazing Exit Geometry 

Grazing incidence (GI) XRF uses the angle dependent wave field intensity in order to 

characterize the structure of layered materials and the composition gradient of materials that 

are inhomogeneous along the direction perpendicular to the surface. The interference between 

incident and reflected beam causes in case of microcrystalline samples an intensity increase of 

the fluorescence signal by a factor (1+R) where R is the reflectivity numerically close to 1. 

The additional effect due to the penetration depth in the nm region is a low background. The 

inverse GI-XRF with the incident beam perpendicular to the reflector surface and collection 

of the fluorescence under grazing angles can also be applied [64, 72, 87-90]. This mode of 

analysis was named grazing exit X-Ray fluorescence (GE-XRF) and is theoretically based on 

the reciprocity theorem [64]. The interference in this case is not between primary and 

reflected beam but among the superposition interference of the fluorescent waves emitted 

from the sample and observed under the critical angle of total reflection. This geometry is - 

according to the reciprocity theorem - equivalent to the TXRF setup with the drawback of a 

lower sensitivity due to the much smaller solid angle seen by the detector. Furthermore 

absorption of the fluorescence radiation on its way out of the sample due to the sample itself 

becomes more severe because the path length through the sample is significantly increased. 

An advantage of the GE setup is the possibility to use a focused micro-beam of (synchrotron) 

radiation for excitation. This allows a spatially resolved investigation of the sample even in 

combination with XAFS analysis [91]. 
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Figure 3.14 (source [72]): Three possible arrangements for TXRF analysis: a) grazing incidence of the primary 
beam (GI-setup); b) normal incidence of the primary beam and detection of the fluorescence radiation under 
glancing angle (GE-setup); c) grazing incidence and exit of both beams. (TR= Total reflection) 
 

 

3.4 Summary 
 

Total reflection X-Ray Fluorescence (TXRF) analysis has proven to be a powerful tool in the 

analysis of trace elements. It allows a nondestructive, multi element analysis of trace amounts 

(ng, pg, fg) of many elements and only small sample volumes (µl) are necessary. If the angle 

of incidence is varied around the critical angle of total reflection (grazing incidence setup) the 

angle dependence of the fluorescence intensity allows a differentiation between the type of 

investigated sample, namely a residue on the reflectors surface, a bulk sample, and layers on 

or in a substrate. The latter enables to determine depth profiles of the concentration of a 

specific element in the substrate. 

Synchrotron Radiation (SR) with its unique properties is an ideal source for TXRF analysis 

improving the detection limits as well as the performance of angle dependent measurements. 

SR-TXRF offers sensitivities as high as 34000 cps/ng [92] and detection limits in the fg range 

for transition metals with a multilayer monochromator and a bending magnet beamline [71, 

93-98]. Furthermore, if a crystal monochromator is used instead of a multilayer the technique 

can be extended to X-ray absorption spectroscopy (XAS) to gain chemical information on a 

specific element of interest [41, 95, 99-101]. With this modified set-up there is a flux 

reduction of about two orders of magnitude, but it is still sufficient for X-ray Absorption Near 

Edge Structure (XANES) analysis at ppb level [95, 99, 102, 103]. 

This allows an extension of XAS to the trace element level in droplet samples where only 

small amounts are available [95, 99] and even in the low energy range but using a plain 

grating monochromator [104]. However, due to the longer path length of the incident beam in 
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the droplet for TXRF geometry, its absorption in the sample cannot be ignored for larger 

amounts of concentrated samples (see chapter 7). Self-absorption effects have been studied by 

several authors [105, 106] but their the investigations did not consider different droplet 

sample geometries. It was suggested that a normal incidence-grazing-exit geometry would not 

suffer from self-absorption effects in XAFS analysis due to the minimized path length of the 

incident beam through the sample. 

The Grazing Exit (GE) geometry is - according to the reciprocity theorem - equivalent to the 

TXRF setup with the drawback of a lower s sensitivity [107]. The sensitivity is reduced due to 

the much smaller solid angle seen by the detector and the absorption of the fluorescence 

radiation emerging from the sample. 

 



Chapter 4 
 

Silicon Wafer Surface Analysis of Fe 

contaminations 
 

4.1 Introduction 
 

Iron contaminations on Si wafer surface are known to be a serious limiting factor to yield and 

reliability of complementary metal oxide semiconductor (CMOS) based integrated circuits 

[108]. Total reflection X-ray fluorescence (TXRF) is a wide spread analytical technique for 

the monitoring of surface contamination on non patterned wafers in the semiconductor 

industry [75, 109]. In laboratory based instruments it offers detection limits down to the 

5E9 at/cm2 [110]. When higher sensitivity is requested, monitoring is typically carried out by 

vapor phase decomposition (VPD) of the native oxide layer and analysis by means of 

laboratory based TXRF and/or inductively coupled plasma mass spectrometry (ICP-MS) on 

the expense of the loss of the information relative to the location and distribution of the 

contamination on the wafer [75, 109, 111-113]. For tracing the source of the contamination 

not only the distribution of the contamination is very valuable but also additional information 

on the chemical state of the element can be necessary. Understanding the chemical state is 

important to gain information on the source of contamination: if more metallic in nature the 

contamination could be particles from wear or shearing of moving parts; if the iron is an 

oxide, corrosion maybe taking place. Other species may indicate unexpected chemical 

reactions taking place. 

Synchrotron radiation induced TXRF (SR-TXRF) is a microanalytical technique which offers 

sensitivities as high as 34000 cps/ng and detection limits in the fg range for transition metals 

with a multilayer monochromator and a bending magnet beamline [92, 93, 96-98]. With a 

crystal monochromator the technique can be coupled to X-ray Absorption Spectroscopy 

(XAS) to gain information on the chemical environment of the specific elements of interest. 

With this modified set-up there is a flux reduction of about two orders of magnitude, but it is 

still sufficient for X-ray Absorption Near Edge Structure (XANES) analysis at ppb level [95, 

99, 102, 103]. 
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The presented study was motivated by the question whether the known low concentrations of 

Si-wafer contaminations are sufficient for a SR-TXRF analysis using a Si(111) 

monochromator and including a XANES analysis within a reasonable time frame. Therefore 

one aim of the study was to perform the measurements on the points of interest within 48 

hours. 

 

4.2 Experimental 
 

A wafer sample from IBM laboratories, showing surface contaminations in the 4E12 at/cm² 

range for Fe has been investigated (see section 4.3 and figure 4.2). SR-TXRF XANES 

measurements were performed at the bending magnet beamline L at HASYLAB using a 

modified micro-XRF setup. This modified setup allowed TXRF measurements with scanning 

capability. The Wafer with 200 mm diameter was mounted vertically on a custom made 

holder on a X,Y,Z,θ-stage in front of the side-looking detector to allow area scans and scans 

over the angle of incidence. The distance between sample and detector was set to 1 mm. A 

laminar flow hood is present on the set-up at HASYLAB to prevent contamination during the 

measurement. The Si(111) double crystal monochromator was used and a Silicon Drift 

Detector (SDD) with 50 mm² active area (VORTEX 50 mm², Radiant Detector Technologies) 

[114, 115] for the detection of the fluorescence radiation. The beam dimensions were adjusted 

to 1600 x 400 µm (vertical x horizontal). All measurements were performed in air. 

 
Figure 4.1: Experimental setup at the Beamline L at HASYLAB.  
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For the XANES measurements the excitation energy was tuned from 6950 eV to 7800 eV in 

varying steps (10 eV to 0.5 eV) across the iron K-edge at 7111 eV. The acquisition time for 

each spectrum was set to 5 seconds for sample position P5 and P7 and 8 seconds for sample 

position P21 (see figure 4.3). Including the time needed for motor movements during the scan 

the overall time for one scan (454 spectra) accumulated to ~50 minutes for P5 and P7 and 

75 minutes for P21. For each specimen at least three repetitive scans were performed to 

increase the signal to noise ratio. During all XANES measurements the absorption of an iron 

foil was recorded in transmission mode simultaneously. The first inflection point (i.e. the first 

maximum of the derivative spectrum) of the Fe metal foil scan was assumed to be 7111 eV 

(Fe-K edge). The energy scale of each XANES scan (standards and samples) was corrected 

with respect to the Fe-K edge.  

The peak fitting of the fluorescence spectra was done within the software package QXAS 

[116] and the absorption spectra have been analyzed using ATHENA of the IFEFFIT software 

package [117-119]. ATHENA was also used for the linear combination fitting procedure. 

The experimental setup, testing and all measurements were accomplished within 48 hours. 

 

4.3 Results and discussion 
 

Figure 4.2 shows the contamination maps on the 200mm Si wafer obtained with a laboratory 

TXRF instrument. The TXRF instrument is a Rigaku TXRF 300 3 crystal system with an 

18kW generator. The system can measure K line series for elements from Na, Al, Mg through 

the transition series to heavy elements such as Mo. The strength of the instrument is the full 

wafer mapping software which was designed as a fast analysis highlighting very high points 

or repeatable patterns of contamination. There are several papers on the statistics of the 

analysis [120, 121]. 

Figure 4.3 shows the Ca and Fe maps of the marked areas (A5, A7, A21) carried out with SR-

TXRF. The lateral resolution was matched to the size of the collimator of the detector (8mm 

diameter) and the vertical beam dimension (1.6mm). The Ca map is shown as an example of 

how the maps of the other elements were used to double-check that the correct position of 

interest was found. Due to the limited time frame of the measurements the area scan A5 was 

stopped after finding a first maximum of iron contaminations. The marked positions (P5, P7, 

P21) have been chosen for further investigations. 
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Figure 4.2: Maps of the contaminations on the 200mm Wafer measured with a laboratory TXRF wafer-analyzer 
at IBM laboratories 
 

Angular scans at these positions have shown that all contaminations are present in form of 

residue on the wafer surface. This is indicated by the typical angular intensity curve [122] of 

the Fe Kα fluorescence diagramed in figure 4.4. 

A spectrum of each point of interest was recorded for 100s. The energy of the incident beam 

was set to 7800eV for these measurements. The Limit of Detection for a measurement time of 

100 seconds (LD100) for Fe was estimated from these measurements to be in the range of 

750 fg. The LD was calculated using: 

sample
N

B m
N

NLD ⋅
⋅

=
3     (4.1) 

where NN and NB are the net and background intensities of the signal. Here msample was 

calculated to ~ 45 pg using the data obtained in the laboratory measurements 

(~ 400 E10 atoms/cm²) and assuming an inspected area of 1.6 x 8 mm². The LD values for a 

measurement time of 1000 seconds (LD1000) have been extrapolated to 250 fg. The peak-to-

background ratios were found to be 12.6, 9.3 and 3.5 for P5, P21 and P7 respectively. 
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Figure 4.3: Laboratory TXRF maps (left) with marked regions of the areas scanned by means of SR-TXRF 
(right). The marked regions on the left correspond to the areas on the right. The white boxes on the right localize 
the points of maximum Fe contamination which were selected for further investigations (P21, P5 and P7). 

 
Figure 4.4: Intensity vs. angle of incidence (position of rotator θ) recorded at position P5 
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Figure 4.5: Fluorescence spectrum recorded by SR-TXRF for 100 seconds at position P5 
 

Fe K-edge XANES measurements have been carried out in the positions indicated. For each 

position at least three repetitions were performed. Repetitive scans have been merged together 

to improve the signal to noise ratio. For the speciation the spectra obtained from the unknown 

contamination must be compared to spectra of possible reference materials. If the 

contamination is completely unknown a reliable determination of the compound might not be 

possible and the investigator must be satisfied with a qualitative indication about the oxidation 

state of the element examined. Reference samples of common iron species have been 

measured in vacuum under TXRF conditions [95] for comparison. Figure 4.6 shows all 

measured Fe standards. The number of standards measured is certainly a key factor in the 

consideration between overall time of investigation and quality of the results and even success 

or failure. 

Table 4.1 presents the determined edge positions (first inflection point of the XANES 

spectrum) and the oxidation states of all measured standards and samples. The Fe oxidation 

states of the samples have been determined by comparison with the standards. 
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Figure 4.6: All measured Fe-standards. The vertical line at 7126 eV indicates the edge position of the ferric 
sulfate (Fe2(SO4)3) standard. 
 

 compound edge position [eV] 
FeS Iron(II)-sulfide 7117 
FeCl2 Iron(II)-chloride 7119 
FeSO4 Iron(II)-sulfate 7119.5 
Fe3O4 Iron(II,III)-oxide 7119.5 
FeC2O4 Iron(II)-oxalate 7120.5 
(NH4)2Fe(SO4)2 Ammonium-Iron(II)-sulfate 7122.5 
NH4Fe(SO4)2 Ammonium-Iron(III)-sulfate 7123 
Fe2O3 Iron(III)-oxide 7123.5 
Fe(NO3)3 Iron(III)-nitrate 7125 
Fe2(SO4)3 Iron(III)-sulfate 7126 
Wafer at P5 Fe(III) 7125 
Wafer at P7 Fe(II) 7121.5 
Wafer at P21 Fe(III) 7124.5 

 
Table 4.1: Oxidations states and edge positions of standards and samples 



Chapter 4  Silicon Wafer Surface Analysis of Fe contaminations 61

Figure 4.7 shows the XANES spectra for the three samples along with the spectra of the 

standards with edge positions closest to the edge positions of the samples. 

The XANES spectra were recorded summing all counts within the Fe-Ka Region-Of-Interest 

(ROI). To make sure that this method is reliable for such low concentrations one XANES 

scan of each point (P5, P7, P21) was generated using the net-intensity of the Fe-Ka peak. 

Each fluorescence spectrum of the scan was therefore fitted with QXAS. A comparison of the 

XANES spectra revealed no significant differences between the scans generated in the two 

mentioned ways. The apparent discrepancy was the increased signal in the low energy range 

of the pre-edge region of the scan generated using the ROI method. This effect can be 

explained by a contribution of the scatter peak increasing the counts of the Fe-Ka ROI at low 

energies far below the edge. However, as the signal to noise ratio was not improved using the 

peak fitting method the ROI evaluation was used. 

The poor counting statistic for P7 and P21 made the results of further investigations of the Fe-

compound on the wafer’s surface doubtful. For P5 it was possible to perform linear 

combination fits to have an estimation of the composition of the Fe contamination. The 3 

most appropriate (figure 4.7) standards (Fe2O3, Fe(NO3)3 and Fe2(SO4)3) were used for a 

linear combination fitting using all possible combinations (four) of these standards. The 

results and fit parameters of the best fit (best R-factor) are reported in table 4.2. The R-factor 

was determined using: 

∑
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data

fitdata
R      (4.2) 

 

 Fe2O3 

[%] 

Fe(NO3)3 

[%] 

Fe2(SO4)3 

[%] 

R-factor chi-square 

P5 26 ±7 48 ±8 26 ±10 0.001424 0.1478
 
Table 4.2: Results and fit parameters of the best fit for P5. 
 

Figure 4.8 shows the result of the best linear combination fit for sample P5. 
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Figure 4.7: XANES scans at positions P5, P7 and P21 in comparison with the spectra of the standards with 
similar edge positions 
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Figure 4.8: Result of the best linear combination fit for sample P5 
 

4.4 Summary 
 

It could be shown that SR-TXRF in combination with XAS enables a XANES analysis of 

wafer surface contaminations even in the pg region within a reasonable time frame. The setup 

allows a spatially resolved multi-element analysis of the wafers surface. Additionally the type 

of the contamination (residual, surface layer, bulk) and the chemical state of a specific 

element can be determined. All these investigations can be done non-destructively using the 

same experimental setup. The major problem of this setup is the measurement time and the 

need for an intense and energy tunable X-ray source. The wafer mapping and XANES scans 

are time consuming particularly for such low concentrations. The XANES evaluation showed, 

that a peak to background ratio below 10 for the element of interest in the fluorescence 

spectra will cause serious problems for the interpretation of the data. Within the time frame of 

48 hours 3 points of interest could be investigated. A determination of the oxidation state of 

iron in the samples was possible. However, for the determination of the iron compound 

satisfactory results could be achieved for only one point (P5). The evaluation of the other 

points (P7, P21) with the linear combination fit procedure was not satisfying due to the low Fe 

concentrations and the limited measurement time resulting in a poor signal to noise ratio of 
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the XANES spectrum. The evaluation of the XAS data revealed that the iron contamination in 

point P5 is a mixture of iron compounds dominated by iron-nitrate. The presence of iron-

nitrate and iron-sulfate on a contaminated wafer shows that several chemical reactions are 

taking place. The iron-sulfate is particularly surprising and it could be interesting to further 

investigate how it was formed. 

 



Chapter 5 
 

Characterization of Atmospheric Aerosols 
 

This chapter describes the analysis of atmospheric aerosols performed within the framework 

of two projects accomplished in cooperation with the following partners: 

• Prof. S. Török, Dr. J. Osan and DI. V. Groma from the KFKI Atomic Energy research 

Institute 

• Prof. J. Broekaert and Dr. U. E. A. Fittschen from the Department of Chemistry at the 

University of Hamburg 

The results presented in this chapter have been developed together with the cooperation 

partners and were published in [123-127]. 

 

5.1 Introduction 
 

To understand the effects of aerosols on human health and global climate a detailed 

understanding of sources, transport, and fate as well as of the physical and chemical 

properties of atmospheric particles is necessary. An analysis of aerosols should therefore 

provide information about size and elemental composition of the particles and - if desired -

deliver information about the chemical state of a specific element of interest in the particles. 

The use of a so called impactor allows size resolved sampling of particles according to their 

aerodynamic diameter. The particles can be directly collected on collector plates which in turn 

can be used as reflectors for Total Reflection X-Ray Fluorescence (TXRF) analysis (e.g. 

Silicon wafers, Plexiglass or Quartz carriers). TXRF analysis is especially suitable for the 

investigation of aerosols because it allows a non-destructive multi-element analysis of trace 

and ultra trace amounts (ng) of most elements. Multi-element analysis is one of the most 

adequate tools for deriving fingerprints of different sources of fine particulate matter and 

hence enables to trace the origin of air pollutants. If Synchrotron Radiation (SR) is used as 

exciting radiation for TXRF analysis (SR-TXRF) the sampling time (i.e. the time needed to 

collect the aerosols with the impactor) can be diminished because even smaller sample 

amounts (in the fg region) can be analysed. This enables a more precise time resolution of 

atmospheric events. Furthermore, the application of synchrotron radiation allows X-Ray 
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Absorption Near Edge Structure (XANES) measurements to gain chemical information of a 

specific element of interest. The oxidation state of elements is of relevance for their 

environmental impact as the toxicity (e.g. Cr(III)/Cr(VI), As(III)/As(V)) or environmental 

activity (e.g. Fe(II)/Fe(III)) of an element may differ considerably depending on its oxidation 

state. Here another advantage of the SR-TXRF analysis is that the aerosols can be measured 

directly after collecting them on the reflectors surface. An additional sample preparation 

which could change the chemical environment of the sample is therefore not necessary. 

 

5.1.1 Analysis of airport related aerosol particles with high time 

resolution using SR-TXRF 
This project was done in cooperation with the group of Prof. Török from the KFKI Atomic 

Energy Research Institute in Budapest, Hungary, and was dealing with the analysis of 

impactor-collected aerosols to monitor local air pollution. 

Urban air quality research is an important part of environmental science, since air quality has 

a strong effect on human health. In particular the air quality at airport areas is of increasing 

interest due to the dynamic growth of air traffic. The most critical pollutant here is fine 

particulate matter (PM2.5) - i.e. particles with aerodynamic diameters smaller that 2.5µm - 

originating from the emission of aircrafts, ground handling vehicles and passenger related cars 

[128]. There is strong evidence that PM2.5 causes more severe health effects than particles 

with larger aerodynamic diameters [129]. Furthermore this study focused on aerosols with 

smaller sized particles (0.25-4 µm aerodynamic diameter) because larger particles occur in 

smaller number concentration (particles/m3) naturally. To allow statistically significant 

evaluation of these larger particles longer sampling times would be required. Longer sampling 

times in turn prevent measurements with a time resolution in the range of aircraft movements. 

This possibility to perform a multi-element analysis with a high temporal resolution (<20 

min) was an important point for the investigation of the aerosols to identify potential particle 

sources. Therefore short collection times were necessary which required a special 

instrumentation and a highly sensitive analytical technique. Size fractionated aerosol samples 

have been collected on silicon wafers using a seven stage May cascade impactor and were 

analysed by means of SR-TXRF. This combination allowed quantitative determination of 

ultra-trace concentrations (pg/m3) of most elements from samples collected for less than 20 

minutes, while retaining the full size resolution of the impactor. 

The aims of this study were i) to introduce an aerosol analysis method which has potential to 

be used in industrial/traffic processes where the time scale of the event is similar to the typical 
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sampling duration and ii) to present its suitability for trace element analysis of airport related 

aerosols. 

 

5.1.2 Characterization of atmospheric aerosols using SR-TXRF 

and Fe K-edge TXRF-XANES 
This project was accomplished in cooperation with the group of Prof. Broekaert from the 

Department of Chemistry at the University of Hamburg, Germany. Here the elemental 

composition of atmospheric aerosols was investigated using SR-TXRF and the oxidation state 

of Fe in the aerosols was determined by means of Fe K-edge XANES in total reflection 

geometry. 

The importance of aerosols not only for human health but also for the cloud formation and the 

albedo of the earth has become apparent in recent years [130, 131]. The particle size and the 

elemental composition of aerosols are two important characteristics to determine their toxicity 

and provide information about their origin and geo potential. Like the project introduced in 

section 5.1.1 and for the same reasons this study focused on elemental determination 

according to the particle size with special interest in small aerosol particles - i.e. fine (PM10) 

and ultra-fine dust (PM2.5). Furthermore the research focused on Lead - which is known for its 

toxicity [132] - and Iron which acts as a micro nutrient for phytoplankton, the basis of marine 

life. In the European Union a limiting value of 2 µg/m3 (24h mean) was defined for Pb. Since 

the 1970s abatement measures for Pb as additive in fuel, led to reduced levels in the 

atmospheric environment [133]. Nonetheless Pb is again object of public discussions 

according to its concentrations in electronic devices and toys. Iron is the most abundant 

transition metal in atmospheric aerosols and is transported from the great landmasses into the 

ocean. As plankton is responsible for the Dimethyl sulphide (DMS) production in the oceans 

and DMS is known to drive cloud formation over the oceans [134] it is also relevant to geo 

climate. The Iron oxides originating from the earth crust mainly contain Fe(III). For marine 

organisms the uptake of Fe(II) is much easier than that of Fe(III) and hence a change in the 

oxidation state is very important. Investigations of redox cycles in the atmosphere indicated 

that the oxidation state of Fe can be changed due to photo reduction in the atmosphere. 

Additionally it has been proposed that it can be reduced by sulphur or organic compounds 

[135]. As Iron undergoes reactions in the atmosphere [136] it is likely that the oxidation state 

is different for various particle size fractions. To achieve a high particle size resolution a 12-

stage round nozzle low pressure Berner impactor covering the size range from 16 to 0.015 µm 

(aerodynamic particle diameters) was used to collect aerosol particulates in the city of 
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Hamburg over sampling times up to one hour. The sampling time for the aerosols was kept as 

short as possible to avoid oxidation of Fe during sampling and to test the feasibility of the 

method for analysis of aerosols collected during short sample times (<1h). This would enable 

the detection of changes that may occur due to day and night time and different 

meteorological conditions in the future. 

 

5.2 Experimental 
 

5.2.1 Sampling in Budapest 
Airport related aerosol samples were collected in the inside area of Budapest Ferihegy 

Airport. The airport is located 15 km south-east from the city centre of Budapest. A highway 

with approximately 50000 cars/day traffic is located 2 km far from the airport area. First, 

samples were collected on 20x20 mm2 silicon wafers using a 7-stage May cascade impactor 

[137]. The May impactor (figure 5.1 left) has aerodynamic cut-off diameters of 16, 8, 4, 2, 1, 

0.5, 0.25 µm for stages 1–7, respectively, at 20 l/min sampling flow rate. The sampling 

duration took 1 (for stage 7), 5 (for stage 6), 10 (for stage 5) and 20 minutes (for stage 4) to 

obtain the best loading of particles in the impacted strips. Aerosol collection was performed 

only for the above specified four stages (4 to 7) because this study focused on the fine aerosol 

fraction only. The May impactor has an impacting slit at each stage and thus the aerosols 

collected on a silicon substrate showed a pattern of a thin line with approximate dimensions of 

20x0.3 mm. In order to quantify each trace element an internal standard - a 300µm long strip 

containing 5.75ng Cr - was applied on the Si wafers prior to collection of particulate matter. 

This strip was placed in the middle centerline of the wafers exactly at the position where 

particles from the air sample were collected. Two sample sets were collected at the runway 

and at terminal 2 (high traffic: 8 aircraft movements during sampling time), and one at 

terminal 1 (low traffic: 1 aircraft movement during sampling time) three days later. This 

sampling day was a Sunday with much lower traffic at the nearby highway and the city of 

Budapest. 
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5.2.2 Sampling in Hamburg 
The aerosols were collected in the city of Hamburg on a university building at 10 m height 

using a 12-stage low pressure Berner impactor (figure 5.1 right) at a flow rate of 1.5 m3/h. 

Due to the construction of this type of impactor, the particulate matter is deposited in small 

spots on the impaction plates. The impactor was cleaned before and after each sampling with 

distilled water in an ultra sonic bath for one hour. The particles were collected on Si carriers 

covered with silicone to reduce “bounce off” effects. Two sampling campaigns have been 

performed. Firstly particles were collected in three size fractions of 10.0-8.0µm, 8.0-2.0µm 

and 2.0-0.13µm (aerodynamic particle size) during the day with sampling times of 60 (series 

a) and 20 minutes (series b) and during the night with a sampling time of 60 minutes (series 

c). These samples were analysed with both SR-TXRF and Fe K-edge TXRF-XANES. In a 

second experiment particles were collected for 60 minutes during the day but in ten size 

fractions with aerodynamic particle diameter from 16-8 µm, 8-4 µm, 4-2 µm, 2-1 µm, 1-

0.5 µm, 0.5-0.25 µm, 0.25-0.130 µm, 0.130-0.060 µm, 0.060-0.030 µm, 0.030-0.015 µm. 

These samples were kept under Argon atmosphere and analysed by Fe K-edge TXRF-

XANES. For quantification of the samples analysed with SR-TXRF one droplet containing 

160 pg of Cobalt (internal standard) was spotted with an HP DeskJet 500C inkjet printer onto 

the aerosol as described in Ref. [138]. To correct for contaminations blank levels originating 

from the sampling device and the calibration procedure were studied using a laboratory TXRF 

instrument (ATOMIKA Extra II). Blank levels of Fe corresponded to 1-10% of Fe in the 

aerosol samples. Blank levels stemming from the internal standard were found to be 

negligible. The following Iron compounds were used as a reference for XANES 

measurements: Iron(II)-sulphide, Iron(II)-chloride, Iron(II)-sulphate, Iron(II,III)-oxide, 

Iron(II)-oxalate, Ammonium-Iron(II)-sulphate, Ammonium-Iron(III)-sulphate, Iron(III)-

oxide, Iron(III)-nitrate, and Iron(III)-sulphate (Merck). These reference compounds were 

suspended in Isopropanol (Merck) and pipetted on the reflectors. 
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Figure 5.1: Left: 7-stage May cascade impactor and sample collection plate with 20x20 mm2 silicon wafer. 
Right: Low pressure Berner impactor with a modified impaction plate carrying four Si-wafer plates which were 
directly used as sample carrier in SR-TXRF analysis. 
 

5.2.3 Measurements 
The SR-TXRF measurements were performed using the TXRF set-up comprising a vacuum 

chamber at HASYLAB bending magnet beamline L [95], recently equipped with a sample 

changer capable to carry eight samples [139]. This allows measuring 8 samples consecutively 

without the necessity to close the beam shutter and open the vacuum chamber, resulting in a 

significant time saving during the beam time. The exciting synchrotron radiation was 

monochromized to 18.5 keV with the aid of the NiC multilayer monochromator. The samples 

were mounted vertically in front of the side-looking detector and the beam dimensions were 

set to 200µm x 1400µm (horizontal x vertical). A peltier-cooled silicon drift detector (SDD) 

with an active area of 50mm² (VORTEX 50 mm², Radiant Detector Technologies) [114, 115] 

was used to collect the fluorescence radiation. To improve the performance of the TXRF 

analysis several special detector collimators were developed (an example is shown in figure 

5.2). The used materials and the composition were chosen to guarantee optimized absorption 

of unwanted scattered radiation of the primary beam and its higher harmonics. The sandwich 

construction furthermore prevented detection of the fluorescence radiation emitted by the 

collimator materials themselves excited by the scattered radiation and the fluorescence 

radiation of the samples. The design was optimized for excitation energies of 17keV. The 

used material were Plexiglas (carrier), Silver (99.95% purity), Tungsten (99.95% purity) and 

the compound AlMg3. Pure Aluminium (99.999% purity) – as indicated in figure 5.2 – had to 

be replaced by AlMg3 because it turned out to be too soft for processing. 
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Figure 5.2: Design of the collimators developed for TXRF analysis. Different colors indicate different materials: 
red: Plexiglas; blue and yellow: pure Ag (99.95%) thickness: 100µm; magenta: pure W (99.95%) thickness: 
300µm; green: AlMg3 for the carrier (instead of pure Al; see section 5.2.3) and pure Al (99.999%) for the 
concluding plate with a thickness of 250µm. The total thickness of the collimator in front of the detector window 
was 1.05mm minimizing the distance between sample and detector. 
 

A set of pinhole collimators with different pinhole diameters (2, 4 and 8mm) has been 

produced as well as one slit collimator (1.5 x 8mm; see section 5.2.3.1). 

Due to the diverse sample shapes of the collected aerosols (May impactor: strips, Berner 

impactor: spots) different measurement procedures were performed: 
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5.2.3.1 Aerosols collected with May impactor (at Budapest Airport) 

The SD detector in use was equipped with a special collimator with a 1500µm wide slit made 

of Mo, in order to fit to the geometry of the impacted aerosol samples. Due to the active area 

of the SDD (50mm²) all X-Ray photons emerging from the total 20 mm length of the aerosol 

strip could not be detected. Therefore the homogeneity of the aerosol deposition had to be 

tested to make sure that a representative part of the strip was measured afterwards. For the test 

scans, the sample strip and the collimator slit were mounted perpendicular to the X-ray beam, 

therefore only a 1400 µm section of the sample strip was excited. Here the geometry of the 

detector collimator matched that of the sample hence this setup resulted in a shielding of the 

off-lier contaminants as the slit prevented their detection. The vertical scans were performed 

by moving the sample–detector system relative to the position of the beam using a stepping 

motor. The step size was set to 1000 µm, and the individual spectra were collected for 

3 seconds. The measurements performed to determine the elemental concentrations were 

carried out applying the SR beam parallel to the sample strip (this means the sample was 

rotated by 90° in comparison to the first setup). The position of the sample strip was 

determined using vertical scans with 200 µm step size. Individual spectra were collected at 

the strip positions for 100 seconds. The net characteristic X-ray intensities of the elements 

were calculated by evaluating the spectra by non-linear least-squares fitting using the QXAS 

(Quantitative X-ray Analysis System) software package [116]. The quantification of the 

elements found in the samples was performed using the fundamental parameter method [140]. 

 

5.2.3.2 Aerosols collected with Berner impactor (in the city of Hamburg) 

Here a pinhole collimator with 4 mm diameter was used in front of the detector. Vertical line 

scans with 200 µm step width have been performed in order to localize the collected aerosol 

and the applied picodroplet containing the Co standard. The measuring time was set to 

100 seconds for each step. To assure an accurate quantification the single spectra of each line 

scan have been summed to make sure that the total amounts of aerosol and standard were 

measured respectively. This was necessary because the applied Cobalt picodroplet was not 

always exactly at the position of the aerosol spot. The Ka-lines were used for evaluation of all 

elements investigated except for Pb for which the La-lines were used. The amounts were 

calculated from fundamental parameters [140]. The same set up but with a different 

monochromator was utilized to carry out K-edge XANES measurements for Fe in the 

fluorescence mode. The exciting energy was tuned with a Si(111) double crystal 

monochromator from 6950 eV to 7600 eV in varying steps (10 eV far above the edge to 
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0.5 eV at the absorption edge) across the Iron K-edge at 7111 eV. The fluorescence spectra 

were recorded using the silicon drift detector described above. The acquisition time for the 

spectra of a scan was set from 2 to 10 seconds depending on the sample mass to get a 

reasonable signal to noise ratio. For each specimen at least three repetitive scans were 

performed to improve the measurement statistic. To check the energy calibration the 

absorption by an elemental Fe foil was recorded in transmission mode simultaneously for 

each scan. The first inflection point (i.e. the first maximum of the derivative spectrum) of the 

Fe metal foil scan was assumed to be 7111 eV (Fe-K edge). The energy scale of each XANES 

scan (standards and samples) was corrected with respect to the Fe-K edge. The absorption 

spectra have been analyzed using ATHENA of the IFEFFIT software package [117-119]. 

 

5.3 Results and discussion 
 

5.3.1 Results of the analysis of airport related aerosol particles 
5.3.1.1 Sample homogeneity 

As already mentioned in section 5.2.3.1 is was important to test the homogeneity of the 

aerosol deposition to make sure that the measured sections of the aerosol strip are 

representative for the total length and thus the calculation of the total mass deposited here. If 

this is proven, the extrapolation from the mass calculated for the measured section to the total 

mass deposition is permitted. The total mass deposited represents the aerosol concentration 

(ng/m3) in the collected air volume. For this purpose 18 mm of the existing 20 mm strips were 

scanned in 1mm steps. As an example the intensities of Fe - which is an indicator element for 

the aerosol - are shown in figure 5.3. The intensities have been normalized to 100mA ring 

current and vary within 10% relative standard deviation during the scan, supporting the 

proposed extrapolation. 
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Figure 5.3: Results of the homogeneity test of the 20mm aerosol strip. Iron intensities were chosen because they 
are representative for the whole aerosol. 
 

5.3.1.2 Multi-element analysis 

Elemental concentrations in the samples were calculated based on SR-TXRF spectra 

(collected for 100 s and normalized to 100mA ring current) using the Cr strip as internal 

standard. A typical spectrum is presented in figure 5.4. Detection limits achieved for 20 

minute sampling time are ranging from ng/m3 for the light elements (Al, Si) to pg/m3 for the 

medium Z elements like Rb and Sr in the present matrix (see table 5.1). The limits of 

detection (LD) were calculated for 100 s measuring time (LD100). 

 
Figure 5.4: Typical SR-TXRF spectrum of an aerosol sample (size fraction 0.5-1 µm) collected at the Budapest 
airport 
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Element LD100 (pg/m3)
S 451.3
Cl 282.8
K 107.9
Ca 70.2
Ti 48.7
Cr 23.4
Fe 12.4
Cu 4.5
Zn 3.5
Se 2.6
Br 2.4
Sr 3.4
Pb 5.3

 
Table 5.1: Detection limits for 100s measuring time (LD100) calculated for each element detected in the aerosol 
particles collected at airport sites.  
 

The results of the evaluation of the SR-TXRF measurement of airport-related aerosols 

sampled with the May impactor are presented in figures 5.5 and 5.6. Since aerosols were 

collected in 4 different size fractions at 3 different sites, measurement results for 12 samples 

are presented. Each diagram is relevant for one of the elements studied (S, Cl, K, Ca, Ti, Fe, 

Cu, Zn, Se, Br, Sr, Pb). Each column represents a measurement site: runway, terminal 2(high 

traffic) and terminal 1 (low traffic). The size distribution of the concentrations for a specific 

element is presented within the columns. Diagrams are scaled to the maximum values of the 

different elements. The results of the measurements shown in figures 5.5 and 5.6 confirm 

facts which were previously expected for typical suburban areas, besides results which show 

specialties of airport related aerosols. Aerosols originate from long range transport, city plume 

and from local sources. Local sources show large variability in the airport, since aircrafts, 

ground supporting vehicles and also passenger cars have to be taken into account. The 

emission characteristics are all different, some of them are well known, but the chemical 

composition of some particles (especially the aircraft related) is still unknown. The results can 

be discussed in 3 different aspects: (i) magnitude of concentration values at different sites, (ii) 

typical elements at different sites and (iii) size distribution. 

The most obvious fact – which was of course expected - is that the concentrations of all 

elements measured at the runway and terminal building with larger traffic (terminal 2) are 

much higher than values at the terminal with lower traffic (terminal 1). Airport traffic here 

does not only mean movement of aircrafts but also movement of ground supporting and 

passenger cars which both show correlation with aircraft movements. To be able to determine 

the origin of the aerosol, samples collected at different sites need to be compared. Since the 
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source properties at terminal buildings are complex (large temporal and spatial variation) it is 

not possible to determine the origin of particles from their chemical composition. Results 

from terminal building compared to results from the runway allow differentiating between the 

sources. 

Based on measurements at several European sites it could be shown that Sulfate is dominant 

in smaller size fractions - its size distribution shows a maximum at ~0.3 µm for rural and 

~0.7 µm for urban aerosols [141, 142]. This is in good agreement with the results shown in 

figure 5.5a. The highest Sulfur concentration was found in the 0.5–1 µm fraction at the 

runway and at terminal 2, and in the 0.25–0.5 µm fraction at terminal 1. This means that the 

size distribution of Sulfur has a more rural characteristic for low traffic conditions, and more 

urban at sites influenced by high traffic. 

In figure 5.5c it can be seen that the size distribution of Potassium is very similar to that of 

sulfur. High concentration values of potassium usually occur near wood-burning emission 

sources which cannot be found inside the airport area but probably somewhere outside, near 

the airport. This is confirmed by the fact that Sulfur was also connected to wood-burning 

processes in previous studies [143]. 

Significant amount of Chlorine was found to be present in the samples. Besides long-range 

transport of sea salt, chlorine also originates from the salt used for preventing ice formation 

on roads during winter time (the sampling was done in January). The results are in accordance 

with this since a decrease in traffic at the airport has less influence on the concentration of 

Chlorine than on the concentration of other elements (see figure 5.5b). 

Figure 5.5d-f shows that Ca, Ti and Fe have a similar size distribution at the three locations. 

Furthermore the total concentration values of these elements have similar ratio among the 

three sites. This leads to the conclusion that the source of particles containing these elements 

is the same. These elements dominate in larger particulates and therefore they could originate 

from resuspension (by movements of vehicles and the blowing effect of the aircraft engine). 
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Figure 5.5: Size distribution of elemental concentrations for S, Cl, K, Ca, Ti, and Fe at different sampling sites 
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Figure 5.6: Size distribution of elemental concentrations for C, Zn, Se, Br, Sr, and Lead at different sampling 
sites 
 

Zinc and Lead (see figure 5.6b and f) are usually related to engine combustion processes 

[144]. Traffic related particles containing these elements usually occur in fine aerosols, which 

is in good agreement with the results. The concentration values of these elements show 

similar magnitudes: high at high traffic periods and low at the time of low traffic, but no 

significant difference could be seen at the runway and terminal 2. Therefore it can be 

concluded that particulates containing these elements originate from the airport related ground 

supporting vehicles as well as from the city traffic, transported to airport area. 
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The only element that shows significant concentration differences between terminal and 

runway areas is Copper (see figure 5.6a). Copper rich particles probably originate from 

aircraft brake pad erosion. No other studies have been done connected to the erosion during 

aircraft landing, which means further investigations are needed. 

Strontium is a chemical substitute for Calcium and therefore the size distribution and the 

Sr/Ca ratio at different sampling sites should be the same. This is in good agreement with the 

results (see figures 5.5d and 5.6e) although Sr showed the lowest concentration of all 

elements (sub-ng/m3). This very good correlation between Sr and Ca concentrations in all size 

ranges clearly shows the suitability of SR-TXRF for trace element analysis of aerosol 

samples. 

Selenium and Bromine rich particles were found to be dominant in the sub-micrometer size 

fractions (figure 5.6c and d). Therefore these trace elements can be connected to the 

combusted fuels used either in air or in ground traffic. The detection of such small quantities 

in the small size fractions confirms the fact that this method opens up new opportunities in 

aerosol analysis research. 

 

5.3.2 Results of the characterization of atmospheric aerosols 

collected in the city of Hamburg 
During the first campaign atmospheric aerosols were collected for 20 and 60 minutes during 

daytime and 60 minutes during the night in the city centre of Hamburg. Fe K-edge TXRF-

XANES on Fe were performed prior to the TXRF analysis, because the application of the 

reference element (internal standard) necessary for quantification in SR-TXRF could have 

changed the Fe species. 

 

5.3.2.1 Multi-element analysis 

The quantification of the elements present in the samples was based on the SR-TXRF spectra 

(100 s life time, corrected for dead time and normalized to 100mA ring current) using the 

applied Co droplet as internal standard. A typical spectrum is presented in figure 5.7. 

Detection limits for 100 s measuring time (LD100) were calculated for all size fractions for 

Lead an Iron. The LD100 mean value of all size fractions for Fe was found to be 11.5 pg/m3 

(hourly sampling) which is in agreement with the results presented in section 5.3.1.2. 

However, to estimate detectable levels of Fe in the aerosol particulates, blank values 

stemming from the impactor have to be taken into account. Those were found to be in the 

range of 5-17 pg. When considering these blank values the mean detectable level of Fe in the 
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aerosols is much worse than calculated before and corresponds to 245 pg/m3. Detection limits 

for Pb (where no blank values had to be considered) were found to be in the range from 1 to 

17 pg/m3 depending on the size fraction. From these values the LD100 mean value of all size 

fractions for Pb was calculated to 10 pg/m3 (hourly sampling). 

 
Figure 5.7: Typical SR-TXRF spectrum of an aerosol sample (size fraction 0.13-2 µm) collected in the city 
centre of Hamburg 
 

The results from the SR-TXRF analysis of the collected aerosols are presented in figure 5.8. It 

can be seen that 20 min of sampling time gave still enough sample material for elemental 

determination of most elements. The results for the different size fractions show significant 

differences between the elemental compositions, as could be expected according to the studies 

of reference [145]. Furthermore the results from the first (daytime) and the last 60 min 

sampling (during the night) vary in the composition which indicates a variation of aerosol 

composition in the atmosphere between the two sample periods. As the quantification is based 

on single measurements no statistical uncertainties have been calculated. 

It was already discussed in section 5.3.1.2 that traffic related particles containing Zinc and 

Lead usually occur in fine aerosols, which is in good agreement with the results shown in 

figure 5.9. Series c (sampled during night time) shows lower concentrations of these elements 

approving the fact that Zinc and Lead can be related to city traffic. Summation of Pb 

concentrations over all stages gives bulk elemental concentrations of 5 ng/m3 for series “a” 

and 2 ng/m3 for series “c”. These concentrations are very similar to those presented in section 

5.3.1.2 (low traffic period) and in the same order of magnitude as the concentrations (1.6-

90 ng/m3) determined during a large-scale campaign on post-abatement Pb-levels in several 
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urban and rural sites in Germany. In this campaign the aerosols were collected over a time 

period of 24h [146]. 

 
Figure 5.8: Size distribution of all elemental concentrations determined in atmospheric aerosols from three 
different samplings: 60 min day time (series a) 20 min day time (series b) and 60 min night time (series c) 
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Figure 5.9: Size distribution of elemental concentrations of Zn and Pb evaluated for aerosols collected for 60 and 
20 min during the day (series a and b respectively) and 60 min during night time (series c) 
 

 

 
Figure 5.10: As figure 5.9 but for elemental concentrations of Calcium, Titanium and Iron 
 

The results for Ca, Ti and Fe shown in figure 5.10 are also in accordance with the 

considerations of section 5.3.1.2. These elements have a similar size distribution for all three 

series and dominate in larger particulates – therefore it is likely that they originate from 

resuspension processes. 
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5.3.2.2 Iron K-edge TXRF-XANES analysis 

To learn more about the redox characteristics of Iron present in atmospheric particulate matter 

its oxidation state was analysed by Fe K-edge TXRF-XANES with respect to the particle size. 

As several studies reported, Iron is photo chemically reduced in the atmosphere hence it 

seemed possible that Fe(II) was enriched in specific particle size fractions according to its 

generation. 

Different Fe salts analyzed as reference samples are shown in figure 5.11. The references 

were prepared on silicon reflectors from low concentrated suspension of different Fe salts in 

isopropanol to avoid oxidation which more easily occurs in aqueous solutions. All spectra 

have been energy calibrated and normalized as described in section 5.2.3.2. The measured 

XANES match very well with those found in literature [44] showing the suitability of the 

procedure used to prepare reference samples from the different Fe species for TXRF-XANES 

analysis. 

 
Figure 5.11: Fe K-edge XANES of all measured standards recorded in TXRF geometry. The spectra are 
displaced vertically for clarity. The vertical line at 7126 eV indicates the edge position of the ferric sulfate 
(Fe2(SO4)3) standard. 
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According to the XANES analysis of the aerosol collected during the first campaign Fe was 

present in the oxidation state (III) in all four particle size fractions. Nonetheless it could not be 

excluded that small amounts of Fe(II) were present but could not be detected because of the 

dominance of the Fe(III) species. Therefore in a second campaign aerosol particles were 

collected from ten size fractions. Theses samples were kept under Ar atmosphere to prevent 

oxidation. Shortly before measurement in the vacuum chamber they were taken out of the 

protective atmosphere. 

Total amounts of Fe found on the collection plates were low (500-900 pg) but significantly 

higher than the blank values (5-17 pg). These low concentrations and the reduced intensity of 

the exciting radiation due to the use of the Si(111) monochromator lead to a lower 

fluorescence intensity. To improve the signal to noise ratio of the XANES spectra repetitive 

energy scans of the same sample have been merged. Furthermore these scans were used to 

double check if any oxidation of Fe occurred during the measurements (which were all 

performed in vacuum). The repetitive scans showed no changes of the fine structure 

confirming that no oxidation of the samples took place during the measurements. 

Figure 5.12 shows the results of the XANES analysis. It is obvious that the XANES spectra of 

all size fractions were identical (within counting statistics). Furthermore the absorption edges 

of all aerosol spectra were found exactly at the same energy position as the absorption edge of 

the Iron(III)-oxide (Fe2O3) standard. Therefore it was concluded that all fractions contain Fe 

predominantly in the oxidation state of three. This is in good agreement with other studies 

which all found predominately Fe(III) in the aerosol particulates [147-149]. 

Figure 5.13 shows a comparison of the XANES spectra recorded for the 8-16 µm size fraction 

(as a representative example for all fractions) and the Fe2O3 reference. It can bee seen that 

the pre-edge peak, the white line (highest maximum), the shoulder after the white line, the 

first minimum and the following maxima and minima of the absorption fine structure are at 

the same energy positions for both spectra. Differences concern the heights of the white line 

and the first minimum. This damping of the oscillations of the higher concentrated standard 

sample could be explained by a self-absorption effect due to the TXRF geometry. Here the 

path length of the incident beam in the sample is longer than in other geometries and therefore 

its absorption in the sample cannot be ignored for larger amounts of concentrated samples. 

This effect will be discussed in more detail in the following chapters. Due to these differences 

an exact determination of the Iron compound in the aerosols was not possible but it is very 

likely that Fe2O3 is the predominant form. The results of this study will allow choosing a 
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specific set of reference samples to perform a reliable speciation of the Iron compound (or the 

mixture of compounds) found in the particles. 

 
Figure 5.12: Fe K-Edge TXRF-XANES spectra from ten aerosol particle size fractions. Additionally the XANES 
of the reference standards Iron(II)-sulfide (FeS), Iron(II,III)-oxide (Fe3O4) and Iron(III)-oxide (Fe2O3) are 
shown for comparison. The vertical line at 7123.5 eV indicates the edge position of the Iron(III)-oxide standard. 
 

 
Figure 5.13: XANES spectra recorded for the 8-16 µm aerosol particle size fraction and the Fe2O3 reference 
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5.4 Summary 
 

Using SR-TXRF elemental amounts in atmospheric aerosols were determined with respect to 

the particle size. Due to the excellent features of SR-TXRF detection limits in the range of 

pg/m3 could be achieved for 20 minute sampling time. This short time collection allows 

studying temporal variation of elemental concentrations in size-fractioned aerosols. The 

results have proven the fact that the most important elements occur in concentrations above 

detection limits. To address the sources of post-abatement levels of Pb in West Europe, 

information about the variation of Pb in the atmosphere on short time scales and information 

on Pb concentration according to the particle sizes are necessary. The detection limits found 

here will allow for a large-scale study of Pb in the atmosphere and offer the possibility of 

further speciation e.g. by Pb L-edge XANES. The total amounts of Pb (summed over all size 

fractions) found in both studies are very similar and in agreement with those found in other 

studies [146]. Evaluation of the size distribution of the elemental concentrations allowed 

tracing possible particle sources. Lead and Zinc concentrations - which are elements related to 

combustion processes - showed similar size distributions as well as Ca, Ti and Fe 

concentrations which could therefore be related to resuspension processes. 

 

5.4.1 Analysis of airport related aerosol particles with high time 

resolution using SR-TXRF 
Aerosol collection with May impactor combined with the SR-TXRF analytical method could 

be efficiently used to study atmospheric processes on the time scale of minutes. The sampling 

and trace element analysis was performed at airport sites near sources which show high 

spatial and temporal variability. Typical aircraft related particles could be identified from 

extremely small sampling volumes. Special, aircraft related particles were detected near the 

runway and showed high copper concentrations due to aircraft brake erosion. Size fractioned 

sampling allowed determining particles not related to airport combustion processes - for 

example aerosols of larger size fractions containing Ca, Ti and Fe due to resuspension. 

Furthermore elements originating from wood burning processes like S and K - which are 

connected to atmospheric transport - could be identified by comparison of concentration 

magnitudes at different sites. 
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5.4.2 Fe K-edge TXRF-XANES of atmospheric aerosols collected 

in the city of Hamburg 
The results from the Fe K-edge SR-TXRF-XANES analysis of the aerosol samples showed 

that mainly Fe(III) was present in all particle size fractions. 

The results of the Fe K-edge SR-TXRF-XANES analysis of the aerosol samples showed that 

Fe was present in the oxidation state of three (predominately in the form of Iron(III)-oxide) in 

all collected aerosols. This corresponds to other studies on the oxidation state of Fe in 

aerosols although in rain and cloud samples high amounts of Fe(II) were reported [150, 151]. 

Possible reasons why exclusively Fe(III) was found in the aerosols analyzed here may be the 

place or the height where the aerosols have been collected, or some oxidation which may have 

occurred during the condensation process. Finally it can not be excluded that oxidation took 

place during storage or sampling, even though the sampling time was kept short and the 

samples were stored under Argon atmosphere. Further studies will have to focus on these 

problems. 

 



Chapter 6 
 

Analysis of Arsenic in Cucumber 

Xylem Sap 
 

6.1 Introduction 
 

Synchrotron Radiation induced Total reflection X-Ray Fluorescence (SR-TXRF) analysis was 

utilized for X-Ray Absorption Near Edge Structure (XANES) measurements for the 

speciation of arsenic in cucumber (Cucumis sativus L.) xylem sap. Main objective of this 

work was to exploit the advantages of the TXRF geometry for XANES analysis of such kind 

of samples. 

 

6.1.1 Arsenic 
The element of interest for these investigations was arsenic because it is a known contaminant 

of groundwater in the south-eastern part of Hungary. It is of geological origin and can reach 

concentrations up to 150 ng/mL [152-154]. The World Health Organisation (WHO) 

recommends an upper limit of 10 ng/mL for arsenic in drinking water [155]. 

 
Figure 6.1: Arsenic contamination in Hungarian groundwater. 
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Arsenic is a metalloid widely distributed in the earth’s crust and occurs in trace quantities in 

all rock, soil, water and air. It can exist in four valency or oxidation states: –3, 0, +3 and +5. 

Arsenate (As(V)) is generally the stable form in oxygenated environments like aerobic soils 

whereas Arsenite (As(III)) is the dominant form under reducing conditions. 

The speciation of arsenic is relevant because the toxicity of arsenic differs considerably 

dependent on the oxidation state and chemical form. Inorganic species, like arsenite (As(III)) 

and arsenate (As(V)), are more toxic than the organic ones, e.g. monomethyl arsonic (MMA) 

and dimethyl arsinic (DMA) acids [156, 157]. Arsenite is generally more toxic than arsenate 

[154, 156, 157] and reacts with sulfhydryl groups of enzymes and tissue proteins, leading to 

inhibition of cellular function and death [158, 159]. Concerning plants arsenate acts as an 

analogue of phosphate, competing for the same uptake carriers in the root [153, 158, 160]. It 

has been shown [153, 154, 157, 161] that plants have the capability to change the oxidation 

state of arsenic and therefore this issue should be investigated. Research focused on xylem 

sap, because the plant’s xylem is primarily responsible for transportation of water and solutes. 

Furthermore, only minimal sample preparation was required as the xylem sap can be easily 

collected and only ancillary filtration has to be done [154, 162]. 

 

 
Figure 6.2: Xylem and its role as transport tissue in vascular plants. 
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To understand how (edible) plants metabolise and transform arsenic is essential for mainly 

two reasons: first of all plants can be used as indicators for the bioavailable part of arsenic in 

soil and, secondly, the remaining arsenic in plants is available to the next level in the food 

chain. 

The inorganic species arsenate and arsenite are the predominant form of arsenic in terrestrial 

plants whereas organic species like DMA and MMA have only been found in relatively low 

concentrations [158]. Therefore nutrient solutions containing arsenite and arsenate and 

standard samples of these two arsenic species were used. 

 

6.1.2 SR-TXRF 
Various publications describing the method of X-ray absorption analysis for the speciation of 

arsenic in samples with As concentrations in the ppm range can be found in literature [163-

167]. However, previous investigation of the cucumber xylem saps with flow injection 

analysis (FIA) and high performance liquid chromatography high resolution inductively 

coupled plasma mass spectrometry (HPLC-HR-ICP-MS) revealed arsenic concentrations in 

the 30-50 ng/mL (ppb) range [154].  

As discussed in section 3.3 SR-TXRF offers detection limits in the fg range for transition 

metals with a multilayer monochromator and a bending magnet beamline [71, 93-95]. If a 

crystal monochromator is used instead of a multilayer the technique can be extended to X-ray 

absorption measurements to gain chemical information on a specific element of interest [41, 

95, 99-101]. Due to the fact that the flux delivered by a crystal monochromator (e.g. Si(111)) 

is about two orders of magnitude lower than the one from a multilayer one has a lower 

sensitivity for X-ray fluorescence analysis. However, this modified setup still offers sufficient 

sensitivity for elemental analysis at ng/mL (ppb) level. Furthermore it allows the extension of 

XAS to the trace element level in droplet samples where only small amounts are available 

[95, 99] and even in the low energy range but using a plain grating monochromator [104]. 

Therefore the applicability of XANES with TXRF acquisition for the determination of the 

arsenic species in cucumber xylem saps was tested in this work. 

An important point in elemental speciation is to avoid chemical transformation of the samples 

during the analysis; therefore it is a big advantage if only minimal sample preparation is 

necessary. SR-TXRF allows analyses of xylem saps directly after collection with 

micropipettes in argon atmosphere without any further sample preparation. Additionally only 

few µl of solutions are required for TXRF measurements [71, 93-95, 99] which is another 

advantage for the analysis of xylem saps. 
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6.1.3 Aims 
The primary motivation for the speciation of arsenic in the xylem of cucumber plants was: 

• to understand how plants metabolise and transform As 

• to assess the health risk caused by As entering the food chain (different As species 

have different toxicity) 

Previous investigation revealed arsenic concentrations in the 30–50 ng/ml (ppb) range. As 

these concentrations are too low for a standard X-ray absorption spectroscopy (XAS) setup 

the 

• competitive capability of SR-TXRF-XANES analysis vs. HPLC-HRICP-MS 

will be investigated for this application. 

 

6.2 Experimental 
 

6.2.1 Sample preparation 
Plant growth and sampling was done at the Plant Physiology Department of Eötvös 

University of Budapest [154]. Cucumber plant seedlings were grown in a modified Hoagland 

solution. At two leaf stage the plants have been transferred to nutrient solutions containing 

150 ng/mL As(V) or As(III), respectively. After 14 days of this arsenic treatment xylem sap 

was collected from the stem of the plants, deposited on Quartz reflectors and dried. Prior to 

the xylem sap collection, plants were kept in arsenic–free nutrient solutions containing double 

concentration of KNO3 with respect to the primary Hoagland solution for 1 hour in order to 

enhance bleeding. The stem was cut 2 mm above the root neck and xylem sap was collected 

with micropipettes from groups of 4 plants for 15 minutes in argon atmosphere and 

transferred into PE vials immersed in an ice salt bath. The mass of xylem sap collected from 

plants treated with As(III) and As(V) was determined to be 382 mg and 430 mg respectively. 

Standard solutions containing arsenic in concentrations of 10 µg/mL were prepared for both 

arsenic species. From these solutions standard samples were prepared with different arsenic 

mass by pipetting 1 µl and 20 µl (4 times 5µl) onto Quartz reflectors. In the case of nutrient 

solutions and xylem saps, volumes of 10 µl and 20 µl (4 times 5µl) have been applied. After 

the deposition samples were vacuum dried for 3 to 5 minutes and transported in inert 

atmosphere (Ar) in order to prevent oxidation. 

Mihucz et al. [154] observed a partial oxidation of the arsenite to arsenate in the case of 

arsenite-containing nutrient solutions. To cross-check this observation samples have been 
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taken from the As(III) containing nutrient solutions 48 hours after the plants were placed in 

these solutions. 

 
Figure 6.3: Left part: Cucumber plant seedlings grown in the modified Hoagland solution. Right part: Vacuum 
drying of solutions deposited on Quartz reflectors. 
 

 

6.2.2 Measurements 
Arsenic K-Edge XANES measurements in fluorescence mode and grazing incidence 

geometry were carried out using the setup at the Beamline L at the Hamburger 

Synchrotronstrahlungslabor (HASYLAB) at DESY [92, 95]. Shortly before measurement the 

specimen were taken out of the protective atmosphere and placed into the vacuum chamber of 

the spectrometer. All measurements were performed in vacuum. 

 

 
Figure 6.4: Experimental setup at the Beamline L at HASYLAB 
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A Si(111) double crystal monochromator was used for selecting the energy of the exciting 

beam from the continuous X-Ray spectrum emitted by the 1.2 Tesla bending magnet at 

Beamline L. The primary beam was collimated to 200µm x 1400 µm (horizontal x vertical) 

by a cross-slit system. The incident X-ray intensity was monitored with the aid of an 

ionization chamber. 

During the measurements the excitation energy was tuned in varying steps (5eV to 0.5eV) 

across the arsenic K-edge at 11862 eV. At each energy a fluorescence spectrum was recorded 

by a Silicon Drift Detector (SDD, VORTEX 50 mm², Radiant Detector Technologies) [114, 

115]. The distance between SDD and sample carrier was 1mm [95]. The acquisition time for 

each spectrum was set to 5 (or 3) seconds for standard and nutrient solutions and 20 seconds 

for the xylem sap samples. For each scan 280 spectra have been recorded. For each specimen 

not less than three repetitive scans were performed. 

The critical angle for total reflection changes during an energy scan. In the particular case the 

critical angle of silicon shifts from 2,67mrad to 2,56mrad for an energy variation from 11700 

to 12200eV. On that account the incident angle of the primary X-ray beam was adjusted to 

2mrad which is far below the critical angle and it can be assumed that the change of the 

critical angle during the XANES scans is unproblematic for the measurement of droplet 

samples (residues on surface) (see figure 6.5). 

 

 
Figure 6.5: Anglescan of a 1 ng As droplet sample (residue on surface) on a silicon reflector. The change of the 
critical angle for Si for an energy scan from 11700eV to 12200eV is 0.11 mrad 
 

At least two specimen have been analyzed for all six different types of samples (As(V) and 

As(III) standards, As(V) and As(III) containing nutrient solutions and xylem saps collected 

from plants grown in As(V) and As(III) containing nutrient solutions). 
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Simultaneously, the absorption by an elemental gold foil was recorded in transmission mode. 

The first inflection point (i.e. the first maximum of the derivative spectrum) of the Au metal 

foil scan was assumed to be 11918 eV (Au-L3 edge). 

For quantification single fluorescence spectra recorded at 12200eV (figure 6.6) have been 

evaluated using the QXAS (Quantitative X-ray Analysis System) software package [116]. The 

arsenic concentrations in the xylem sap samples were calculated from sensitivities obtained 

by the measurements of the standard samples. 

Absorption spectra have been analyzed within ATHENA which is included in the IFEFFIT 

program package for XAFS analysis [117-119]. The background removal of the As K-edge 

profiles was done by the implemented AUTOBK algorithm and normalization was performed 

by edge step normalization [119] using a pre-edge region ranging from -150 to -30 eV. For 

each scan, the energy scale was corrected with respect to the Au-L3 edge. Multiple scans of 

the same sample have been merged by calculating the average and standard deviation at each 

point in the set and scans of the xylem sap samples were smoothed by the removal of spurious 

points. A linear combination analysis of the K-Edge profiles was done with the fitting method 

of ATHENA. Linear combinations of the near-edge spectra for the standard solutions were 

fitted to those of the xylem sap samples. 

 

6.3 Results and discussion 
 

Quantification of the xylem sap samples revealed arsenic concentrations in the range of 30 to 

50 ng/mL corresponding to an amount of 0.6 – 1 ng for the samples where 20µl have been 

pipetted. A representative spectrum obtained from a 20µl xylem sap sample is given in 

figure 6.6.  

Detection limits for arsenic in xylem sap were determined by extrapolation for a 1000 s 

measuring time and found to be in the 0.2 ng/mL range. These results are in good agreement 

with the ones obtained with FIA which showed total arsenic concentrations of 29.5±1 and 

45.7±2.6 ng/mL in xylem saps of plants treated with As(V) and As(III) respectively [154]. 

Multiple scans of each sample have been analyzed concerning the reproducibility of the 

measurements and to check if any alteration of the oxidation state occurred during the 

measurement. Figure 6.7 shows two examples of four repetitive XANES scans. In case of the 

nutrient solution the total measuring time was 100 minutes (25 minutes each), for the standard 

sample 220 minutes (55 minutes each). It is obvious from the plots that no edge shifts or 

changes in the oscillatory part of the spectra appeared during the measuring time. Therefore it 
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can be concluded that the chemical state of the sample remained unchanged during the 

measurements. 

 
Figure 6.6: Fluorescence spectrum of xylem sap recorded at 12200eV 

 
Figure 6.7: Repetitive XANES scans of two samples: (a) 10 μl of nutrient solution containing 750 ng/ml As(V) 
and (b) 20 μl of 10 μg/ml As(III) standard solution. Figure 2(c)) shows two scans of samples applied to different 
Quartz reflectors using the same standard solution (1 μl of 10 ppm As(V)) 
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Normalized As K-edge profiles for xylem sap samples, nutrient solution samples and 

reference As standard samples are shown in figure 6.8. The spectra are displaced vertically for 

clarity. The vertical dotted line indicates the energy of the Au-L3 edge used for energy 

calibration. The vertical solid line marks the white-line (strongest absorption peak) of the 

As(III) standard spectrum to visualize the edge shifts. The two xylem profiles labeled ‘xylem 

sap (As(III))’ and ‘xylem sap (As(V))’ refer to samples collected from plants treated with 

nutrient solutions containing As(III) and As(V), respectively. The plot shows that the spectra 

of these two types of xylem samples have the same edge position which furthermore 

coincides with the edge position of the As(III) standard. These results indicate that As(III) is 

the predominant form in xylem saps although plants have been grown in nutrient solutions 

containing different arsenic species. The XANES spectrum of the As(III) nutrient solution 

collected 48 hours after the start of the arsenic treatment shows an energy shift towards the 

As(V) edge position. This indicates a partial oxidation of the As(III) to As(V) during this time 

period. 

 
Figure 6.8: Normalized arsenic K-edge XANES spectra for the xylem sap, the nutrient solution and the As 
reference samples 
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All XANES spectra of nutrient solutions and xylem saps have been fitted with linear 

combinations of the spectra of the As(III) and As(V) standards. Table 6.1 shows the results of 

the processed fits and the quality-of-fit parameters R, chi square and reduced chi square. 

These parameters are defined by: 

∑
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with n-m = data points - variables 

 

The fitting range was set from -20 to +50 eV relative to the edge and each fit included 96 data 

points and 1 variable (n-m = 95). The same parameters were used for fitting the spectra of 

nutrient solution samples. 

 

Sample As(III) [%] As(V) [%] R-factor χ²  reduced χ² 

xylem sap (As(III)) 88±3 12±3 0.0155 1.09 0.0115

xylem sap (As(V)) 83±3 17±3 0.0143 1.06 0.0112

As(III) nutrient solution 100±3 0±3 0.0103 0.68 0.0072

As(III) nutrient solution after 48h 71±3 29±3 0.0080 0.60 0.0063

As(V) nutrient solution 2±2 98±2 0.0065 0.63 0.0066

 
Table 6.1: Results of best linear combination fits for spectra of standard samples to those for xylem sap and 
nutrient solution samples 
 

To double check the uncertainty of the fitting results, repetitive scans of the same sample 

haven been fitted individually to determine the influence of the measurement statistics. The 

uncertainty of the As(V)/As(III) ratio determination was found to be 2% for the fitting of the 

spectra of nutrient solutions and 5% for the fitting of xylem saps. 

The results give quantitative information about the findings discussed qualitatively in 

figure 6.8. More than 80% of the arsenic in xylem sap was found to be As(III) independent of 

the arsenic treatment. Mihucz et al. [154] reported 86% As(III) in xylem saps which is in 

good agreement with these results. After 48 hours <30% of the As(III) in nutrient solutions 

was oxidized to As(V). 
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Figure 6.9: Left: XANES scans of fitted samples in comparison with the spectra of the arsenic standards. Right: 
Results of the best linear combination fits 
 



Chapter 6  Analysis of Arsenic in Cucumber Xylem Sap 99

During the measurements of the higher concentrated standard samples a damping of the 

white-line was observed. Figure 6.10 shows this effect on the basis of two XANES scans 

recorded for two As(V) standard samples made from the same standard solution containing 

10µg/mL As(V). Different volumes of 1µl and 4x5µl have been pipetted on the reflectors for 

total amounts of 10ng and 200ng arsenic respectively. 

 
Figure 6.10: Arsenic K-edge XANES spectra for different total amounts of arsenate 
 

To estimate the influence of this damping for the LC analysis samples have been fitted using 

the 10ng and the 200ng As(V) standard spectra. The differences in the determination of the 

As(V)/As(III) ratio have been found to be <3% for xylem sap samples and in the range of 1% 

for nutrient solutions. Both values are smaller than the calculated uncertainties of the LC 

analysis due to measurement statistics. 

The damping of the white line could be explained by self-absorption effects due to the TXRF 

geometry. In this geometry the path length of the incident beam in the droplet is longer than in 

other geometries and therefore its absorption in the sample cannot be ignored for larger 

amounts of concentrated samples. The self-absorption effect concerning surface analysis with 

X-ray Absorption Fine Structure measurements in grazing incidence geometry has been 

studied by various authors [100, 105, 106]. However, the investigations did not consider 

droplet sample geometries. Therefore this topic needed further investigation and will be 

discussed in chapter 7. 
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6.4 Summary 
 

It can be concluded that SR-TXRF offers good sensitivity for XANES speciation of chemical 

elements present in droplet samples at trace element levels. It could be demonstrated that a 

speciation of As is possible down to the 30 ng/mL level with this method. Repetitive 

measurements showed high reproducibility and no alteration of the oxidation state of the 

samples during the measurements. Due to the grazing incidence geometry, self-absorption 

effects for droplet samples with high concentrations have to be considered and will be 

discussed in chapter 7. This may lead to a further improvement of the analysis of TXRF-

XANES spectra. 

The presented data shows that cucumber plants treated with arsenate in concentrations of 

150 ng/mL convert As(V) to As(III). A quantification of this effect reveals almost no 

difference in the ratio of As(V) to As(III) in the xylem sap of plants treated with nutrient 

solutions containing these two arsenic species. The presence of As(V) in the xylem sap of 

plants treated with As(III) containing nutrient solution suggests a partial oxidation of As(III) 

to As(V) in the nutrient solution before uptake. This suggestion could be assured as an 

analysis of the As(III) containing nutrient solutions revealed a partial oxidation of As(III) to 

As(V) (<30% after 48h). 

All results concerning arsenic speciation in xylem saps and nutrient solutions are in good 

agreement with those obtained by HPLC-HR-ICP-MS [154]. This indicates the competitive 

capability of SR-TXRF XANES for trace element speciation. 

 



Chapter 7 
 

Self Absorption Effects in TXRF-XANES 

analysis 
 

7.1 Introduction 
 

The previous chapters showed that Total reflection X-Ray Fluorescence (TXRF) analysis in 

combination with X-ray Absorption Near Edge Structures (XANES) analysis is a powerful 

method to perform chemical speciation studies at trace element levels. However, when 

measuring samples with higher concentrations and in particular standards, damping of the 

oscillations is observed (see chapter 6). It is assumed that this is due to a self-absorption effect 

which smears the spectral shape and damps the fine structure. The term “self absorption” here 

means the absorption along the path of the incident beam. In this chapter the influence of self 

absorption effects on TXRF-XANES measurements will be investigated by comparing 

measurements with theoretical calculations. 

 

7.1.1 The self-absorption effect 
Fluorescence acquisition of X-ray Absorption Spectroscopy (XAS) spectra of concentrated 

samples suffers from self absorption which causes damping and also broadening of the 

oscillations. Some authors have performed quantitative speciation through analysis of 

XANES spectra by fitting them with analytical functions [166, 167]. Another approach deals 

with the corrections of the measured spectra to account for self absorption. Many authors have 

investigated self absorption effects in XAS using fluorescence acquisition depending on the 

angle of incidence and detection and have proposed correction models [105, 106]. Due to 

irregular sample shape and the very shallow angle of incidence these models are not 

applicable to TXRF. The extreme grazing incidence geometry used by TXRF enhances these 

self-absorption effects due to the extended path length of the incident beam in the droplet. 

This path length is equivalent to the penetration depth of the incident beam and is therefore 

energy dependent. As the energy changes during a XANES scan the size of volume where the 

fluorescence photons originate from is varying. Higher absorption means smaller excited 
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volume and therefore less fluorescence intensity (and vice versa). Consequently this leads to a 

damping of the oscillations of the absorption coefficient above the absorption edge 

(figure 7.1). The phenomenon is relevant at higher concentrations, such as would be used in 

the measurements of standards to have a good counting statistic in relatively short 

measurement time. Any absorption of the fluorescence radiation within the sample can be 

neglected because it remains constant during an energy scan. 

 

 
Figure 7.1: Schematic representation of the self-absorption effect. The incident beam (orange) is drawn parallel 
to the reflector’s surface (blue) to account for the extreme glancing incidence geometry. Due to this geometry the 
beam has to pass through the lateral dimension of the sample (green). The pre-edge regions, the maxima (“white-
line”), and the minima of two XANES scans for to samples with different total amounts of arsenic are indicated 
by a),b),c) and d),e),f) respectively. For cases a) and d) the energy of the incident beam E is below the energy of 
the K-absorption edge of arsenic (EAs,K). Almost no absorption takes place and no As-Kα fluorescence photons 
are emitted. As the energy is increased to the absorption edge (cases b) and e)) strong absorption and therefore 
maximum fluorescence intensity occurs. For the following it is important to note that the XANES scans show 
normalized and not total fluorescence intensities. That means the oscillations depend upon the relative intensities 
at different energies. If the lateral dimension of the sample becomes larger than the penetration depth of the 
incident beam (case e)) the normalized/relative fluorescence intensity is decreased. As the penetration depth 
increases with higher energy a larger volume of the sample is attenuated (case f)). This leads to a higher 
normalized fluorescence intensity compared to case c). 
 

In general TXRF is known to allow for linear calibration typically using an internal standard 

for quantification [72, 75]. In fact for the fluorescence radiation collected by the detector, the 
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sample is “thin” and differential absorption for photons with different energies can be 

ignored. Assuming the sample to be homogeneously distributed the loss of fluorescence signal 

due to absorption of the primary beam equally affects all elements and quantification by using 

an internal standard is not affected by the phenomenon. 

 

7.1.2 Aims 
The investigations in chapter 6 and other studies [99] showed a significant damping of the 

XANES spectra of standard samples. This effect may be correlated to self absorption effects. 

It is therefore of interest to investigate the absorption effect depending on: 

• the total mass deposited 

• the three-dimensional shape of the sample 

• the density of the element investigated 

A simple simulation model will be presented which represents a simple approach for an a 

priori evaluation of the self-absorption in TXRF X-Ray absorption analyses. The 

consequences for Extended X-ray Absorption Fine Structure (EXAFS) and XANES 

measurements under grazing incidence conditions will be discussed. 

 

7.2 Experimental 
 

Two series of samples have been measured. The first series consist of three samples on 

Plexiglas reflectors. Different total amounts of masses (1, 10 and 100 ng) of arsenic were 

applied onto the reflectors. The second series contained samples on Quartz reflectors with 

masses of 4, 9, 20, 72, 100 ng of arsenic and, additionally, one sample on a Plexiglas carrier 

containing 500 ng. This second series was analyzed with a confocal optical microscope to 

gain information about the 3-dimensional shape of the dried residues. For both series arsenic 

K-edge XANES measurements in fluorescence mode and grazing incidence geometry were 

performed. The results of these measurements were compared with the output of a simple 

Monte-Carlo simulation of absorption effects performed for each sample. 

 

7.2.1 Sample preparation 
A set of arsenic containing solutions had been prepared from a 1000+/-5 mg/L solution 

(MERCK CertiPUR, traceable to SRM from NIST, H3AsO4 in HNO3, #1.19773.0100). Tri-

distilled water (Atominstitut) was used for the dilution of the mother solution to obtain the 
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following set of As concentrations: 1, 4, 10, 20, 40, 80, 100, 300, 500 mg/L. The respective 

volumes of mother solution and tri-distilled water were pipetted into a SARSTEDT flask, but 

the actual dilution factors were gained by the readings of a suited balance (SARTORIUS 

R300S). 

1µL of each of these solutions was pipetted onto a Quartz or Plexiglas reflector (both 30mm 

diameter) respectively. Prior to the pipetting a blank measurement was done for each of these 

reflectors to assure that no As, Pb, etc. contamination would falsify the results. These 

measurements were performed with an ATOMIKA Extra II (LT: 100s, 50kV, 38mA). The 

beam spot size and the area inspected by the detector of the EXTRA II was in the range of 

various millimeters, therefore the examined area was much larger than the pipetted samples. 

The pipette (EPPENDORF research 0.1-2.5 µL) showed for this volume a maximum error of 

+/- 20%, consequently the pipetting step served only for sample positioning in the centre of 

the respective reflectors and the mass was determined by differential weighing: 

Series 1 (Plexiglas reflectors.): 1.10, 10.02, 99.8 ng  

Series 2 (Quartz reflectors.): 3.98, 8.99, 20.0, 39.8, 71.6, 100.2, 299.4, 503.5 ng  

(The last sample of series 2 (500ng) was applied to a Plexiglas reflector) 

The aqueous/acidic matrix was removed by drying the reflectors on a hot plate inside a flow 

hood in order to avoid contaminations. The Plexiglas reflector containing 500ng As was 

vacuum dried. An additional silicon reflector (30mm diameter) was prepared by applying 

500ng Arsenic as well for comparison (see figure 7.5). This reflector was also dried in 

vacuum. 

 

7.2.2 TXRF-XANES measurements 
Arsenic K-Edge XANES measurements in fluorescence mode and grazing incidence 

geometry were carried out using the setup at the beamline L at the Hamburger 

Synchrotronstrahlungslabor (HASYLAB) at DESY [92, 95]. All measurements were 

performed in vacuum. A Si(111) double crystal monochromator was used for selecting the 

energy of the exciting beam from the continuous X-Ray spectrum emitted by the 1.2 Tesla 

bending magnet at beamline L. The primary beam was collimated to 200µm x 2000 µm 

(horizontal x vertical) by a cross-slit system. The incident X-ray intensity was monitored with 

an ionization chamber. 

During the measurements the excitation energy was tuned in varying steps (5eV to 0.5eV) 

across the arsenic K-edge at 11867 eV. At each energy a fluorescence spectrum was recorded 
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by a Silicon Drift Detector (SDD, VORTEX 50 mm², Radiant Detector Technologies) [114, 

115]. The distance between SDD and sample carrier was 1mm [95]. 

The data acquisition time was increased for samples with lower total amounts of arsenic. This 

was done to achieve better statistics for the evaluation of the As-peak area. From these peak 

areas the XANES spectra were built and therefore a specific minimum count rate was 

desirable. For series 1 (Plexiglas reflectors) the acquisition time for each spectrum was set to 

10 seconds for the 1ng sample and to 4 seconds for the 10 and 100ng sample. Each scan 

consisted of 305 spectra and the energy range was set from 11700 to 12300eV. For series 2 

(Quartz reflectors) the acquisition times were set to 1 second for the samples containing 

masses of 300 and 500ng and to 2 seconds for the rest of the samples. The energy range was 

set from 11700 to 12500eV and 576 spectra were recorded for each scan of this series. 

Simultaneously, the absorption by an elemental gold foil was recorded in transmission mode 

for each scan of both series. The first inflection point (i.e. the first maximum of the derivative 

spectrum) of the Au metal foil scan was assumed to be 11918 eV (Au-L3 edge). 

To check if any contaminations occurred due to sample handling single spectra of the XANES 

scans have been checked for contaminations. As example two fluorescence spectra of XANES 

scans (for the 40ng and 100ng samples on Quartz reflectors) are shown in figure 7.2: 

 
Figure 7.2: Single fluorescence spectra of two XANES scans recorded for the 40 ng and 100 ng samples on 
Quartz reflectors. It can be seen that no contamination of the samples occurred due to sample handling 
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As the critical angle of total reflection changes slightly (<0.2mrad for silicon) during the 

energy scan the incident angle of the primary X-ray beam was adjusted to 2mrad, which is far 

below the critical angle (~2.7 mrad at 11700eV). On that account it was assumed that the 

change of the critical angle during the XANES scans was unproblematic for the measurement 

of droplet samples (residues on surface). 

Both measured and simulated absorption spectra have been analyzed with ATHENA which is 

included in the IFEFFIT program package for XAS analysis [117-119]. Using this software 

each scan was normalized and its energy scale was corrected with respect to the Au-L3 edge. 

Multiple scans of the same sample have been merged by calculating the average and standard 

deviation at each point in the set. 

 

7.2.3 Confocal microscopy 
Measurements to determine the shape of the samples of series 2 (Quartz reflectors and one 

Plexiglas reflector) have been performed utilizing a confocal white light microscope 

(NanoFocus µsurf® [168]). Additionally the silicon reflector (500ng As) was analyzed for 

comparison. The analyses were done by the Austrian Center of Competence for Tribology 

(AC2T). The measuring field was ~ 1450 × 1400 µm with a lateral resolution of 

~ 1.5 × 1.5 µm and 50 nm in height. Due to the measurement set up it was necessary to 

perform a plane correction and flattening of the data: 

The raw confocal microscope images were first leveled using a polynomial fit of grade 1, then 

the zero point of the z axis was set to the maximum of the histogram of the heights. The 

procedure was carried out using the software package SPIP 4.2.6.0 [169]. Additionally the 

data was treated using a threshold filter. This was done mainly because the amount of data 

had to be reduced to obtain reasonable simulation times. The threshold filter removed each 

data point with a height smaller than 25% of the maximum height of the sample. The result 

was a simplified sample with respect to the real sample’s shape – speckles of questionable 

origin (traces of the sample, measurement artifacts or contaminations) which were found on 

the reflectors surface have been removed. The result of measurements and data treatment was 

a matrix representing the three-dimensional distribution of the sample on the reflector’s 

surface (figures 7.3 and 7.4). This information was used for the simulation of absorption 

effects during a TXRF-XANES scan considering the sample’s shape (see section 7.3). 
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Figure 7.3: Correction procedure performed with the data obtained from the confocal microscope. As an example 
the data of the 100ng As sample is shown: a) the uncorrected data, b) the data after plane correction and 
flattening and c) after additional threshold filtering. The scale of the Z-axis (height) in the 3D illustration was 
enlarged for clarity. The right part of the figure shows the top view of the whole measuring field (~1450 µm 
×1400 µm). 
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Figure 7.4: Zoom of the largest droplet of the 100ng As sample before (left) and after (right) threshold filtering. 
Unlike the upper part of the figure the scale of the z-axis (height) was not enlarged in the zoomed illustration to 
show the real relation between height and lateral dimensions of the droplet. 
 

 

7.3 Development of a simple Monte-Carlo simulation 
 

To simulate the observed damping of the XANES oscillations (e.g. figure 7.7) for samples 

with higher mass a simple Monte-Carlo simulation was developed. 

XAS data obtained for the sample with the smallest mass was taken as reference XANES scan 

for the Monte-Carlo simulation (i.e. 1ng for the samples on Plexiglas reflectors (series 1) and 

4ng for the samples on Quartz reflectors (series 2)). On the basis of preliminary investigations 

[99, 103] which showed damping effects for higher masses (>10ng) it was assumed that these 

scans show no significant damping of the oscillations of the fine structure. Each reference 

scan was normalized within the ATHENA software package by edge step normalization 

[119]. With this procedure the pre-edge region of the scan was normalized to zero while the 

post-edge region was normalized to one. The total absorption cross section µ used for the 
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simulation has been calculated from the tabulated values for the photoelectric absorption cross 

section τ published by Henke et al. [80] and the scattering cross sections (σcoh and σincoh) 

published by Ebel et al. [170]: 

µ = τ + σcoh + σincoh     (7.1) 

For the calculation the value of the density of As in the actual sample is required (this is 

influenced by hydration when crystallizing in the process of drying and the presence of other 

elements present in the solution). Thus the µ used is linked to the coefficient for elemental 

arsenic through the following relationship: 

µ = µelemental(E) × (B/ρAs_elemental)    (7.2) 

ρAs_elemental = 5.73 g/cm³ (as tabulated for elemental arsenic) 

B (“corrected density”) is the actual density of the As in the sample 

Here it was assumed that all the absorption in the sample is given by the As (the standard used 

is H3AsO4 in HNO3, and there might be some hydration in the crystallization, but there are no 

heavy, strongly absorbing elements - this was verified by checking the single spectra of a scan 

for contaminations; see figure 7.2). 

The energy scale of the measured data was corrected by shifting the maximum of the first 

derivative of the XANES scan to the maximum of the first derivative of the theoretical τ 

function. The K edge contribution τK to the total photoabsorption coefficient τ can be 

calculated according to  

τK(E) = τ(E) × (SK - 1) / (SK)     (7.3) 

where SK is the edge jump ratio. 

For the simulation the tabulated absorption coefficients of a free atom were modified by 

superimposing the fine structure of the absorption coefficient measured in the reference 

spectrum. First a modified τK coefficient was calculated as follows:  
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where fex(E) represents the normalized values of the reference scan. 

In the next step the tabulated values of τ have been modified as follows: 
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The total absorption cross section µcalc(E) was determined according to (7.1) and furthermore 

used for all calculations within the Monte-Carlo simulation. 
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Starting from a uniformly distributed random number P, interpreted as absorption probability 

of a photon in the sample, an absorption length Labs was generated utilizing Beer-Lambert’s 

Law: 

Labs(E) = -loge(P) / µcalc(E)     (7.6) 

where P ( = I/I0 ) ∈ ]0,1] 

The absorption length is the path length of a photon propagating in the sample until it gets 

absorbed. For each incident photon penetrating the sample, the length Linc of its path through 

the sample was compared with its absorption length Labs. If the absorption length was found to 

be smaller than the incident photon’s path length Linc (Labs < Linc) an arsenic K-alpha 

fluorescence photon was counted with the probability τK,calc(E) / µcalc. To simulate a whole 

XANES scan a fixed number of incident photons was used for each energy. The simulated 

XANES spectra were built from the counted K-alpha fluorescence photons per energy value 

generated as described above. The software for the simulation was written in C++ using the 

TT800 random generator [171] with a period of 2^800 to generate the random number P. The 

other input parameters Linc and B have been determined in different ways for the two series of 

samples. 

For the samples which were investigated with the confocal microscope (series 2) the real 

sample’s dimensions were known from these measurements. Therefore the volume of each 

sample could be easily calculated to determine the density B: 

B = mS / Vc       (7.7) 

Vc: volume of the sample 

mS: Arsenic mass 

For these samples not only one Linc value was calculated but a set of paths with different 

lengths depending on the shape of the sample. Assuming a non-divergent beam parallel to the 

reflectors’ surface, the length of each path became a function of the Y and Z coordinate of the 

origin of the exciting photon (i.e. position where the incident photon entered the sample, see 

figure 7.5). 

 



Chapter 7  Self Absorption Effects in TXRF-XANES analysis 111

 
Figure 7.5: One zoomed region of the “72ng As(V)” sample of series 2. The dark spots are some of the dried 
residues of the pipetted sample. The arrows labeled 1 - 3 show three different possible paths of a photon 
propagating parallel to the sample carrier. It can be seen that for each of these three paths the photon covers 
different distances in the dried residues. These different distances (e.g. 106µm for path 2) are indicated in 
microns. To get a set of distances for all possible paths through the sample a path was calculated every 1.5µm 
(lateral resolution of the confocal microscope) along the Y-axis. This is indicated in the upper part of the figure 
(label 4). The calculation of the distances produced by each path was done for the entire Y-range of the 
measuring field of the confocal microscope. 
 

The set of paths for each sample was calculated with respect to the lateral resolution of the 

confocal microscope (~1.5µm x 1.5µm). Thus one path through the sample was calculated 

every 1.5µm along the Y-axis as shown at the top of figure 7.5. This was done for the entire 

Y-range of the measuring field of the confocal microscope assuming that the whole sample 

was illuminated by the incident beam. 

Considering not only the lateral but also the vertical dimension of the sample, this set of paths 

was calculated at different heights ranging from zero to the maximum height of the sample. 

For the simulation only paths with lengths Linc larger than zero were taken into account. 

During the simulation a fixed number of incident photons with one energy value were sent 

along each of these paths through the sample. So the decision if a fluorescence photon was 

produced or not had to be made N-times by the algorithm described above, where N is given 

by: 

N = number of energy points × number of photons × number of paths (length > 0)   (7.8) 

To keep the number of paths in a reasonable frame the influence of different step sizes along 

the Z-axis upon the simulation results was investigated and found to be negligible in the range 
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of 100nm to 1000nm steps. Therefore the 1000nm step size was chosen for all simulations 

which resulted in much shorter simulation times. 

For the samples which have not been measured with the confocal microscope (series 1) the 

parameters have been calculated assuming simple sample geometries. The residue of the 

droplet on the reflector surface was assumed to be a cylinder with diameter d and height z. 

With this simple geometry Linc has been calculated as the mean path of a photon penetrating 

the cylinder parallel to the reflector’s surface: 

Linc = d/4 × π       (7.9) 

For the calculation of the diameter d the unknown parameters B (“corrected density”) and 

sample height z have been estimated from the data of samples with similar mass of series 2 

(i.e. the “9g As(V)” and the “100ng As(V)” samples; see table 7.1): 

mS/B = Vc = (d/2)² × π × z     (7.10) 

Vc: the volume of the cylinder 

mS: Arsenic mass 

Even though these parameters (B, z) have been determined for different samples the 

simulations showed very good consistence with the measurements (see section 7.4.3). 

In the following a short summary of the Monte-Carlo simulation parameters is given: 

General assumptions:  

•  no beam divergence 

•  beam parallel to reflector-surface 

•  beam illuminates whole sample 

Parameters for samples of series 1 (no confocal microscope measurements performed): 

•  simple sample geometry (cylinder, diameter d, height z) 

• 100000 photons per simulation 

Parameters for samples of series 2 (analyzed with confocal microscope): 

• 1000nm step size in Z-direction (height) for calculations of paths through sample 

• 1000 photons per path through sample 

 

7.4 Results and discussion 
 

7.4.1. Results of the measurements with the confocal microscope 
Confocal microscopy images were collected for all the samples of series 2. Additionally the 

silicon reflector (500ng As) was analyzed for comparison. All results of measurements and 
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data treatment are reported in figure 7.6. The figure displays the top view of the whole 

measuring field (~1450 µm ×1400 µm) for all samples. The information about the height of 

each sample is given by the corresponding red-intensity scale. The datasets presented in the 

figure were corrected using the procedures described in section 7.2.3. 

In the following the most eye-catching characteristics of the results are discussed: 

• All samples applied to Quartz reflectors dried forming droplet-like residues of 

different size. Except for the 4ng and 40ng sample the residues were aligned forming a 

ring. 

• The sample applied to the silicon reflector (500ng) showed a similar behavior, but 

formed one large residue containing almost the whole mass. 

• The sample applied to the Plexiglas reflector dried forming a ring containing much 

more but smaller residues. 

• The 300ng sample was distributed over an area almost twice the size of the areas 

covered by the other samples. 

The last point represents a serious problem as the beam width was set to 2000 µm for the 

TXRF-XANES analysis of the samples. The 300ng sample was therefore not fully illuminated 

by the beam. 

A theory for the formation of a ring by solids dispersed in a drying droplet is described by 

Deegan et al. [172-174]. This model is very robust since it is independent of the nature of the 

solute. According to this theory an outward flow within then droplet transports the solute to 

the contact line. (The contact line is the border where the surface of the droplet contacts the 

surface of the carrier). This flow occurs when the contact line is pinned so that liquid which is 

removed by evaporation from the edge of the drop must be refilled by a flow of liquid from 

the inside. The reasons for the contact line pinning are irregularities of the substrate: surface 

roughness or chemical heterogeneity. Deegan et al. [174] reported that no ring was formed 

when the pinning was eliminated by drying the drop on smooth Teflon. In this case the drying 

drop contracted as it dried. An important point is that the contact line cannot be pinned 

permanently by the substrate. However, if solute particles are accumulated at the contact line 

the pinning is strengthened. This effect is called “self-pinning” [173]. An expansion of the 

theory of Deegan was given by Popov [175] taking into account the volume occupied by the 

solute particles. 

 



Chapter 7  Self Absorption Effects in TXRF-XANES analysis 114

 
Figure 7.6: Results of all measurements with the confocal microscope. The data was corrected as described in 
section 7.2.3. It is striking to note that the shape of the sample on the Plexiglas and silicon reflector is totally 
different even though the sample preparation was identical. 
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Referring to the theory proposed by Deegan and Popov the formation of the residues could be 

explained as follows: 

Some irregularity of the reflectors surface anchors the contact line of the deposited droplet at 

one or more points. As the liquid evaporates the solute particles are transported to these points 

and increase the pinning of the contact line. Eventually the primary droplet is disrupted to 

smaller droplets – one for each anchor point. Now these smaller droplets either undergo the 

same procedure again or contract at the anchor point forming residues like the one shown in 

figure 7.4. The occurrence of arc- and spiral-like alignment of the residues (samples 100, 20 

and 9 ng) could be explained by repetitions of this procedure. The shapes of the residues on 

the Plexiglas and silicon reflector can be interpreted as antipodal extreme examples. On the 

one hand the surface of the silicon reflector has a very small roughness and is highly 

hygroscopic. Therefore the contact line could be pinned only at a few points and almost the 

whole primary droplet contracted at one point. On the other hand the Plexiglas reflector has a 

higher surface roughness and is less hygroscopic. Hence the whole contact line of the primary 

droplet is pinned at first. The solute particles are transported to the contact line and finally 

build a large number of small residues. Maybe this happens because they are themselves new 

anchor points. 

 

7.4.2. TXRF-XANES measurements 
The figures 7.7 and 7.8 show the results of the XANES measurements utilizing TXRF 

geometry which have been performed with sample series 1 and series 2 respectively. It can be 

clearly seen, that the damping of the white-line and post-edge oscillations can be correlated to 

the total mass of arsenic deposited.  

As already mentioned in section 7.4.1 the 300ng sample was not fully illuminated by the 

beam because it was larger than the beam spot size. This is a possible reason why the 

damping of the oscillations of the corresponding XANES scan shown in figure 7.8 is smaller 

than expected. Another interesting fact is that the XANES of the 500ng samples on the 

Plexiglas and silicon reflector were almost identical although their shapes were totally 

different (see figure 7.6). 

With the energy resolution used for the measurements an energy shift was observed for the 

500ng and the 100ng samples (about 1.5eV and 0.5eV distance between the maxima of the 

first derivatives of sample 4ng and samples 500ng and 100ng respectively). The scan for the 

1ng sample was used as reference scan for the Monte-Carlo simulations of series 1 and the 

scan of the 4ng sample for the simulations of series 2. 
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Figure 7.7: XANES scans of sample series 1 (1, 10, 100ng of As(V) on Plexiglas reflectors) showing the 
damping of the oscillations. The correlation between the absolute sample mass and the damping of the white line 
and the post-edge oscillations can be clearly seen. 
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Figure 7.8: XANES scans of sample series 2 (4 - 500ng of As(V) on Quartz, Plexiglas and silicon reflectors) 
showing the damping of the oscillations. In b) the near edge region of the scans is enlarged. Like in figure 7 it is 
obvious that the absolute sample mass and the damping of the white line and the post-edge oscillations are 
correlated. 
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7.4.3. Results of the Monte-Carlo simulations 
Figure 7.9 shows a comparison of the best simulations for series 2 and their corresponding 

measured scans. The simulations show good agreement with the measured scans. The 

damping and broadening of the white line as well as the damping of oscillations at higher 

energies could be reproduced sufficiently well. The simulations for the 40ng, 300ng and 

500ng silicon samples produced no satisfactory results. This was no surprise concerning the 

300ng sample due to the reasons mentioned in sections 7.4.1 and 7.4.2. The simulations 

performed for the 40ng and 500ng silicon samples showed too strong absorption effects. A 

possible reason for this could be the higher value of parameter B (“corrected density”) 

calculated for these samples (see table 7.1).  

For the simulation of the XANES scans related to the samples of series 1 which have not been 

investigated with the confocal microscope the parameters B (“corrected density”) and z 

(cylinder height) had to be estimated as described in section 7.3. These parameters defined the 

dimensions of the cylinder which was the simple approximation of the samples’ shape for the 

calculations. Even though the values of these parameters have been roughly estimated from 

the data of different samples (series 2) the simulations showed good agreement with the 

measurements (figure 7.10, table 7.1). 

 

Simulation for sample 

(series 2): 

maximum height

z [µm] 

“corrected density”

B [g/cm³] 

 chi² * 

9ng As(V) 3.7 1.22  0.1724
20ng As(V) 7.3 1.24  0.1062
40ng As(V) 13.3 1.92  0.4415
72ng As(V) 11.9 0.96  0.2831
100ng As(V) 18.0 1.25  0.2126
300ng As(V) 17.2 1.19  

500ng As(V) Plexiglas 9.7 2.69  0.1986
500ng As(V) Silicon 5.9 4.19  3.6081

Simulation for sample 

(series 1): 

height of cylinder

z [µm] 

“corrected density”

B [g/cm³] 

∅ of cylinder 

d [µm] 

 

10ng As(V) 4.0 1.22 51.1 0.1899
100ng As(V) 15.0 1.25 82.4 0.4839

 
Table 7.1: Summary of simulation parameters 
*: chi² of the simulation was calculated for the energy range 11800eV to 12000eV. The 300ng sample was not 
considered due to the reasons mentioned in sections 7.4.1 and 7.4.2 
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Table 7.1 shows the key parameters of the best simulations for all samples. To evaluate the 

quality of the simulations the goodness-of-fit parameter chi square was calculated for each 

simulation: chi² = Sum ( [simulated value(Ei) – measured value(Ei)]² / measured value(Ei) ). 

For the calculation of chi square only the XANES region was considered as the interest 

focuses on the oscillations in this energy range (11800 – 12000eV). 

The values of B for series 2 have been calculated from the data obtained from the 

measurements with the confocal microscope (i.e. the volume of the samples) and the known 

mass of the samples. The determined values are small in comparison with the tabulated value 

of the elemental density of arsenic (5.73 g/cm³) due to hydration during the crystallization 

process and show a surprising consistency (except for the 40ng and both 500ng samples). 

With the exception of the 40ng, 300ng and both 500ng samples the maximum heights of the 

samples show an exponential trend. It is striking to note that the same samples (except the 

500ng Plexiglas sample) produced no satisfactory results in the simulation. It seems that the 

“corrected density” B was the key parameter for the simulation of the self absorption effect 

(the 300ng sample showed a consistent B value but was not considered due to the reasons 

described above.) 

Because of this consistence of B for the samples of series 2 this parameter was kept constant 

for the simulations done for series 1. The height of the cylinder z was also estimated from the 

values gained for sample series 2. It was then slightly varied to optimize the simulation with 

respect to the value of chi square. 
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Figure 7.9: Measurements and best simulations for the samples of series 2. In b) the near edge region of the 
scans is enlarged 
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Figure 7.10: Measurements and simulations for the samples of series 1 
 

 

7.5 Summary 
 

The topic of the presented work was the influence of self-absorption effects on TXRF-

XANES measurements. The effect of the sample shape as well as the one of different 

concentrated droplet samples was studied by comparison of calculations and measurements. 

XANES measurements of two sample series each with different total amounts of mass 

deposited on Quartz and Plexiglas reflectors were carried out under grazing incidence 

conditions. The results showed a linear correlation of the damping of the oscillations of the 

scans with the total mass of the samples. It was assumed that this attenuation originates from 

self absorption effects caused by the extreme grazing incidence geometry. To verify this 

hypothesis a simple Monte-Carlo algorithm was developed to simulate these effects. The data 

about the geometry of the samples required for the simulations was obtained by measurements 

with a confocal microscope. The simulations performed with this data showed good 

agreement with the measurements confirming the influence of sample mass and geometry on 

the damping of the oscillations. On the basis of the data obtained by the measurements with 

the confocal microscope samples with unknown shape have also been simulated. The results 
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showed good correlation with the measurements as well. The key parameters of this study 

were the “corrected density” and the length of incidence beam in the sample. It seemed that 

the shape of the sample is of less importance than the “corrected density” which showed good 

agreement for (almost) all samples. However, the expected differences in the shape of dried 

residues on Plexiglas and Quartz reflectors due to different surface characteristics should be 

topic of further investigations. Another important point related to this topic is the influence of 

the sample preparation. The deposition of the aqueous sample and the drying process seems to 

be crucial for quantification in TXRF (especially) without using an internal standard. The best 

approach to overcome absorption problems seems to be an array of small spots produced with 

picoliter-pipettes or inkjet printers [138]. This topic should also be further investigated. 

The presented results showed that performing an Extended X-ray Absorption Fine Structure 

(EXAFS) analysis under grazing incidence conditions for higher concentrated samples is very 

difficult. The damping of the oscillations would make a study of the EXAFS signal almost 

impossible. A direct correction of the measured scan is not possible because of the loss of 

information that the phenomenon brings about. For dilute samples on the other hand the 

measurement time has to be increased drastically to get reasonable counting statistics. 

With TXRF acquisition for XANES used as a fingerprint method the investigated self-

absorption effect is not dramatic. The energy position of the absorption edge is slightly 

affected for very high concentrations. This effect does not hinder quantitative evaluations, 

especially if analysis is carried out by fit of the XANES spectra with analytical functions. 

However, for a quantitative analysis performed by fitting of scans of unknown samples with 

those of known reference samples (linear combination method) it would be desirable to have 

undamped references. Therefore a compromise between counting statistics, measurement time 

and absorption effects has to be found for the measurement of standard samples.  

The presented work proposes a rather simple way to study a priori the absorption effects that 

will show up in TXRF XANES and allow the scientist to prepare the sample according to 

needs (measuring time, acceptable self absorption) for the actual experiment. Moreover the 

method could be extended to allow the a posteriori correction for the self absorption of higher 

concentration standards. 

 



Chapter 8 
 

Comparison of Grazing Exit and TXRF 

geometry for XANES analysis 
 

8.1. Introduction 
 

The previous chapters were dealing with total reflection X-ray fluorescence (TXRF) analysis 

and absorption spectroscopy accomplished under total reflection conditions. A measurement 

setup utilizing an angle of incidence in the range of the angle of total reflection (± a few 

mrad) is called “grazing incidence” or “glancing incidence” (GI) setup. Therefore the total 

reflection geometry is a special case of grazing incidence measurements. The angle scans 

presented in chapters 4 and 6 (figures 4.4 and 6.5) show a typical angle range of grazing 

incidence measurements. These scans have been performed with the intention to adjust total 

reflection conditions. In this chapter the inverse GI setup and its applicability to XANES 

analysis will be presented. Results of measurements performed with the samples described in 

chapter 7 will be shown. 

 

8.1.1 Grazing Exit (GE) geometry: 
In contrast to grazing incidence X-ray fluorescence (GI-XRF), it is also possible to excite 

under normal incidence and detect the fluorescence radiation under glancing angle. This 

method is called “Grazing Exit” [90, 176-178], “Grazing Emission” (GE-XRF) [87-89, 107] 

or “Glancing-takeoff” XRF [179, 180] and was explained in section 3.3.3.3. It was shown that 

a GE experiment provides the same information as the GI experiment according to the optical 

reciprocity theorem [64]. As already mentioned in section 3.3 TXRF operates with the 

incident beam impinging below the critical angle of total reflection on the surface of a flat 

polished surface of reflector. The interference between incident and reflected beam causes in 

case of microcrystalline samples an intensity increase of the fluorescence signal by a factor 

(1+R) where R is the reflectivity numerically close to 1. For the GE geometry the interference 

is not between primary and reflected beam but among the superposition interference of the 

fluorescent waves emitted from the sample and observed under the critical angle of total 
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reflection. As a result of the setup a much smaller solid angle is seen by the detector leading 

to the drawback of a lower sensitivity compared to TXRF. On the other hand it was suggested 

[105, 106] that a normal incidence-grazing-exit geometry would not suffer from self-

absorption effects in XAFS analysis due to the minimized path length of the incident beam 

through the sample. Furthermore the critical angle of total reflection does not change during 

the energy scan of a XAFS measurement because the interference in GE is not between 

exciting and reflected wave field. Another advantage of the GE setup is the possibility to use a 

focused micro-beam of (synchrotron) radiation for excitation. This allows spatially resolved 

investigations of the sample with the advantage of the surface sensitivity of TXRF. A 

combination with XAFS analysis is also possible [91]. 

 

8.1.2 Aims 
In the previous chapters the influence of the self absorption effect on the damping of the 

oscillations of XANES spectra has been discussed. To investigate if the normal-incidence 

grazing-exit geometry does not suffer from this phenomenon GE experiments have been 

performed using the samples which have already been analysed in TXRF geometry 

(chapter 7). The performance of the GE setup should be investigated with respect to the 

following points: 

• Detection limits (in comparison to TXRF) 

• Mapping capability 

• XANES measurements (in comparison to TXRF) 

 

8.2 Experimental 
 

A GE-XRF experiment was performed at HASYLAB beamline L using the newly designed 

equipment from the Atominstitut Vienna X-Ray group. The setup utilizes the fact that Silicon 

Drift Detectors are lightweight and can therefore be easily moved by translation stages. This 

makes it possible to fix the sample position and keep the angle of incident (90°) constant 

during an angle scan. In figure 8.1 the setup and the fundamental arrangement is shown. The 

setup was designed with the axis of rotation of the detector exactly in the plane of the 

reflector. A sample holder was constructed to mount this reflector in a precise geometry. Easy 

sample changing by a motorized translation stage was available. The samples were dried spots 

prepared after pipetting a few microliters of a solution in the center of the reflector. A Peltier-
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cooled Si drift detector with 50mm² active area [114, 115] was used to collect the emitted 

fluorescence radiation under grazing angles. The detectors effective area of collection was 

delimited by the slit width (40µm or 200µm) of the defining diaphragm in front of the 

detector and was therefore roughly 40µm x 8mm or 200µm x 8mm. 

The angle and the angular divergence of the fluorescence beam were defined by the slit width 

of the diaphragm and the distance between detector entrance slit and sample (40mm). These 

dimensions gave a theoretical angular resolution of 1mrad (40µm slit width) or 5mrad 

(200µm slit width). The dimensions of the incident beam of SR were set to 

1600µm x 2500µm (horizontal x vertical) by a cross-slit system to assure that the whole 

sample was illuminated. In order to achieve measurements with higher lateral resolution as 

well a polycapillary half lens was used to produce a beam spot of 40µm in diameter. 

All measurements were performed in air. Therefore the silicon signal of the reflectors could 

not be detected because it was absorbed on the relatively long distance (40mm) between 

sample and detector. A Si(111) double crystal monochromator was used for selecting the 

energy of the exciting beam from the continuous X-Ray spectrum emitted by the 1.2 Tesla 

bending magnet at beamline L. The incident X-ray intensity was monitored with an ionization 

chamber. 

 

 
Figure 8.1: Left: View of the experimental setup of the GE measurements. Right: Sketch of the fundamental 
arrangement. 
 

8.2.1 Samples 
Three samples with different total amounts of arsenic masses on Quartz reflectors (20ng, 

100ng) and a Silicon reflector (500ng) stemming from the sample series described in 

section 7.2 have been investigated. Additionally a Germanium reflector was used to perform 
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angle scans (the silicon signal could not be used due to the absorption in air). This was done 

to compare the experimental results of the angular scans with theory. 

 

8.2.2 Grazing exit measurements 
Four kinds of measurements have been performed using the GE setup: 

1. Angular scans of Arsenic samples and Germanium reflector using the both the 

unfocused and the focused beam (40µm beam spot) 

2. Single TXRF spectra (LT 100s) of the samples (unfocused beam; 200µm slit width) 

3. Area scans of the samples using the polycapillary half lens (40µm beam spot) and the 

40µm entrance slit in front of the detector. 

4. XANES measurements of the Arsenic samples (unfocused beam; 200µm slit width; 

two samples also with 40µm beam spot and 40µm entrance slit) 

 

Angle dependent measurements were carried out by rotating the detector around the Arsenic 

droplet sample in the center of the reflector. The results of the angular scans were used to 

adjust an exit angle below the critical angle of total reflection in order to record single spectra, 

perform XANES measurements and accomplish the area scans. 

For quantification the single fluorescence spectra recorded at 12200eV (figure 8.4) have been 

evaluated using the QXAS (Quantitative X-ray Analysis System) software package [116]. The 

Limits of Detection (LD) have been determined according to: 

sample
N

B m
N

NLD ⋅
⋅

=
3     (8.1) 

where NN and NB are the netto- and background intensities of the signal and msample is the 

sample mass. 

Table 8.1 shows the parameters of the XANES measurements. The excitation energy was 

tuned in varying steps (5eV to 0.5eV) across the arsenic K-edge at 11867 eV and a 

fluorescence spectrum was recorded for 10 seconds at each energy. 

To calibrate the energy of the exciting radiation the absorption by an elemental gold foil was 

recorded in transmission mode. The first inflection point (i.e. the first maximum of the 

derivative spectrum) of the Au metal foil scan was assumed to be 11918 eV (Au-L3 edge). 

Measured absorption spectra have been analyzed with ATHENA which is included in the 

IFEFFIT program package for XAS analysis [117-119]. Using this software each scan was 

normalized and its energy scale was corrected with respect to the Au-L3 edge. Repetitive 
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scans of the same sample have been merged by calculating the average and standard deviation 

at each point in the set. 

 

Energy regions of

 exciting radiation

Step width [eV] in

energy region 
Sample time [s] 

11700 5 10
11750 2 10
11800 1 10
11870 0.5 10
11970 1 10
12100 2 10
12300 5 10
12500 10

 
Table 8.1: Energy-scan regions for XANES measurements with corresponding step widths and sample times 
 

 

8.3 Results and discussion 
 

8.3.1 Angular scans 
Figure 8.2 shows the results of the angle dependent measurements of the bulk Germanium 

reflector in comparison with the theoretical curves. The data obtained for the angular scan 

performed with the focused beam (40µm spot size) and the 40 µm slit in front of the detector 

is displayed in figure 8.2a. The second measurement presented in figure 8.2b was 

accomplished using the unfocused beam (1600µm x 2500µm, horizontal x vertical) and the 

40µm diaphragm. The critical angle of total reflection in GE geometry for Germanium was 

calculated to 4.33 mrad. To estimate the divergence of the measurements the theoretical curve 

was convolved with a Gaussian function with peak area one. The fit parameter was the full 

width at half maximum (FWHM) of the Gauss peak. The experimental data and the 

theoretical curve showed good agreement. 

The divergence was expected to be 1 mrad for the measurement with the 40µm slit. However 

the divergence determined by the fitting was estimated to be 0.34 mrad for the experiment 

performed with the focused beam and 0.39 mrad for the angular scan using the unfocused 

beam. This low divergence can be explained with a misalignment of the slit relative to the 

reflectors surface. The mentioned effect was expected and was not corrected in order to have 

a higher angular resolution. 
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Figure 8.2: Angular dependence of the fluorescence intensity of the bulk Germanium sample. In a) the results of 
the measurements using the focused beam (40µm spot size) are shown. The data obtained using the unfocused 
beam is shown in b). Both measurements were performed using the 40 µm slit in front of the detector. The 
vertical line indicates the critical angle of total reflection at 4.33 mrad. 
 

In figure 8.3 the fluorescence signals of the 100ng and 500ng As samples are displayed 

showing the typical shape with double intensity at angles below the critical angle when 

compared to larger angles. In GE geometry this effect is caused by the missing contribution 

due to surface reflections of the fluorescence signal in this region (see section 3.3.3.3). At 
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2.96 mrad the theoretically determined critical angle of total reflection in GE geometry for 

Arsenic is indicated. It can be seen that the angular divergence is larger for the scan using the 

200µm diaphragm but is sufficient to determine an angle below the critical angle of total 

reflection for the further measurements (single TXRF spectra, area scans and XANES 

measurements). 

 
Figure 8.3: Angular dependence of the fluorescence intensity of the 100ng and 500ng Arsenic samples. The 
vertical line indicates the critical angle of total reflection at 2.96 mrad. 
 

 

8.3.2 TXRF spectra 
Single spectra have been recorded for 100s life time for the 20ng and 500ng Arsenic samples. 

The exciting energy was tuned to 12200eV. Figure 8.4 shows a comparison of these spectra 

with spectra recorded for the same samples in GI geometry and at an exciting energy of 

12500eV. For the calculation of the detection limits (Limit of Detection, LD) this 

disagreement in the exciting energies was not corrected as the decrease of the photoelectric 

cross-section from 12200eV to 12500eV is smaller than 6%. The absorption of the Arsenic 

fluorescence radiation due to the air between sample and detector (distance 40mm) is smaller 

than 2% and was therefore also neglected. 
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Figure 8.4: Comparison of spectra of identical samples recorded for 100s lifetime in GE and GI geometry 
respectively. The GE measurements have been performed in vacuum and the GE spectra were recorded in air. 
Therefore an Argon peak can be seen in the GE spectra while the contribution from the Silicon reflector is 
missing (absorption in air). The excitation energies were 12200eV and 12500eV for the GE and GI setup 
respectively. 
 

Detection limits for the 20ng and 500ng Arsenic samples were determined by extrapolation 

for a 1000 s measuring time and found to be 2 pg and 25 pg for the GI geometry and 55 pg 

and 200 pg for the GE geometry respectively. This shows that the sensitivity of the GE setup 

is one order of magnitude lower than the one of the GI geometry. The discrepancy in the 

detection limits for the 20ng and the 500ng sample can be explained with an increased 

background for higher sample masses in GI geometry. The trend is confirmed by the LD 

calculated for the 4ng sample measured in GI geometry which was found to be 650 fg and 

corresponds to the values determined in chapter 6 (~200fg). Regarding the GE measurements 

the spectral background is almost zero for both samples. Therefore the difference in the limits 

of detection is lower (~ a factor 4 instead of a factor 10 for the GI measurements) but still 

existent. It can not be excluded that both techniques suffer from saturation effects due to large 

sample masses – this should be topic of further investigations. 
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8.3.3 Area scans 
A series of dried residues with different total amounts of arsenic masses on Quartz reflectors 

(20ng, 100ng) and a Silicon reflector (500ng) were scanned with the aid of a polycapillary 

half lens was producing a beam spot of 40µm in diameter. Figure 8.5 shows the results of the 

measurements in comparison with the data obtained with the confocal microscope (see 

chapter 7). All fluorescence intensities are given in counts per second (cps), have been 

corrected for dead time and are normalized to 100mA ring current. The scanning parameters 

are given in table 8.2. Fluorescence intensities were calculated by region of interest 

integration because the spectra are practically background free (see figure 8.4). The results 

show good agreement with the data obtained with the confocal microscope showing the 

applicability of the GE geometry for spatially resolved analysis. 

 
Figure 8.5: Area scans of the 20ng, 100ng and 500ng Arsenic samples (above) in comparison with the results of 
the measurements with a confocal microscope (below) described in chapter 7. The intensities of the fluorescence 
maps are given in cps, are dead time corrected and normalized to 100mA ring current. 
 

Scanning parameters 20ng As sample 100ng As sample 500ng As sample
pixels (horizontal x vertical) 32 x 19 30 x 25 27 x 30 
Step size 40 µm 40 µm 40 µm 
Total scanned area 1280 x 760 µm² 1200 x 1000 µm² 1080 x 1200 µm²

 
Table 8.2: Parameters of area scans of all measured samples 
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8.3.4 XANES analysis 
Experiments were performed with the aim to study XANES self-absorption effects, which 

were observed previously for the same samples in GI-XRF geometry. Figure 8.6 shows the 

results of the XANES measurements performed in GE geometry in comparison with the 

results of the GI experiments described in section 7.4. The data has been corrected for dead 

time and was normalized to the flux of the incident radiation with the aid of an ionization 

chamber. It can be clearly seen that the samples measured using the GE setup show no 

damping of the oscillations of the absorption coefficient (within the counting statistics). The 

labels 500ng GE A and 500ng GE B indicate two independent measurements (sets of 

repetitive scans) which have been performed to check the influence of the counting statistics. 

Additionally two samples have been investigated using the focused beam (40µm spot size). 

Points of maximum fluorescence intensity found during the area scan of the samples have 

been chosen for XANES analysis. Figure 8.7 indicates the positions in the area maps where 

the XANES scans have been performed. The results of these measurements in comparison 

with the experiments performed for the same samples using the unfocused beam and the GI 

geometry are shown in figure 8.8. A small damping of the white line of the scans recorded 

using the focused beam can be observed. The effect seems to be stronger for the 500ng 

sample. Due to the limited time of measurements at a synchrotron only two samples have 

been investigated using the polycapillary half lens. Therefore a significant conclusion 

concerning the origin of this effect can not be given. A study of a larger set of samples to see 

if this damping is inherent would be an interesting topic for further investigations. 
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Figure 8.6: Comparison of XANES measurements performed for the same samples in grazing incidence (GI) and 
grazing exit (GE) geometry. In b) the near edge region is zoomed. 
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Figure 8.7: Points (blue circles) chosen for XANES analysis of the 100ng and 500ng Arsenic samples using the 
focused beam. 
 

 

 
Figure 8.8: XANES region of the 100ng and 500ng Arsenic samples recorded with different setups. The samples 
labelled with “GI” have been measured using grazing incidence geometry. The rest of the samples were 
investigated with a grazing exit setup and the curves indicated with “spot40” have been excited by a focused 
beam with spot size 40µm. 
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8.4 Summary 
 

It could be shown that the newly developed grazing exit setup utilizing a movable lightweight 

SDD which allows a fixed sample position works very well for synchrotron radiation induced 

GE-XRF analysis. Supplementary to the advantages of a TXRF analysis in grazing incidence 

geometry (multi-element analysis, nondestructive, surface sensitive, determination of 

contamination type (residual, surface layer, bulk)) the GE experiment allows using a focusing 

optic for the exciting radiation. This enables spatially resolved investigations of the sample. 

Angular dependent measurements of bulk and droplet samples as well as area scans of droplet 

samples with a resolution of 40µm have been performed showing the advantages of the GE 

setup. 

Detection limits calculated to compare the performance of the GE and the GI arrangement 

showed that the sensitivity of the GE setup is one order of magnitude lower than the one of 

the GI geometry. 

Both geometries can be coupled to X-Ray absorption spectroscopy to gain information on the 

chemical state of an element of interest. XANES measurements in GE geometry have been 

performed and compared with results obtained with a GI arrangement. It could be shown that 

the GE setup does not suffer from self-absorption effects which are typical in the GI 

experiments. However due to the lower sensitivity it is difficult to apply the GE geometry to 

XAFS analysis of trace amounts (few ng) of samples. The self-absorption effect in the GI 

geometry on the other hand decreases rapidly with lower sample amounts. Therefore it would 

be advantageous for a XAFS analysis to measure higher concentrated standard samples in a 

GE setup and highly diluted samples in GI geometry. 

 



Chapter 9 
 

Concluding remarks 
 

The previous chapters showed that Total reflection X-Ray Fluorescence (TXRF) analysis in 

combination with X-ray Absorption Near Edge Structures (XANES) analysis is a powerful 

and versatile method to perform chemical speciation studies at trace element levels. This 

combined technique has been successfully applied to various analytical problems. All 

measurements were performed at HASYLAB beamline L using the synchrotron radiation 

source DORIS III. 

Iron contaminations on Si wafer surface are known to be a serious limiting factor to yield and 

reliability of complementary metal oxide semiconductor (CMOS) based integrated circuits. 

Main purpose of the study was to test the method for a contamination issue as it may appear 

in a microelectronic VLSI (Very-large-scale integration) production fab. It could be shown 

that SR-TXRF in combination with XAS enables a XANES analysis of wafer surface 

contaminations even in the pg region within a reasonable time frame. The setup allowed a 

spatially resolved multi-element analysis of the wafers surface. Additionally the type of the 

contamination (residual, surface layer, bulk) and the oxidation state of iron in the samples 

could be determined. 

The importance of aerosols not only for human health but also for the cloud formation and the 

albedo of the earth has become apparent recently. The particle size and the elemental 

composition of aerosols are two important characteristics to determine their toxicity and 

provide information about their origin and geo potential. Using SR-TXRF elemental amounts 

in atmospheric aerosols were determined with respect to the particle size. Due to the excellent 

features of SR-TXRF detection limits in the range of pg/m3 could be achieved for 20 minute 

sampling time. This short time collection allows studying temporal variation of elemental 

concentrations in size-fractioned aerosols. Evaluation of the size distribution of the elemental 

concentrations enabled tracing possible particle sources. The detection limits found here will 

allow for a large-scale study of Pb in the atmosphere and offer the possibility of further 

speciation e.g. by Pb L-edge XANES. The results of the Fe K-edge SR-TXRF-XANES 

analysis of the aerosol samples showed that Fe was present in the oxidation state of three 

(predominately in the form of Iron(III)-oxide) in all collected aerosols. This is in good 

agreement with other studies on the oxidation state of Fe in aerosols though in rain and cloud 
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samples high amounts of Fe(II) were reported. The analysis of rain water could be an 

interesting future topic for SR-TXRF-XANES analysis related to the results of this thesis. 

The possibility offered by SR-TXRF-XANES analysis to determine the oxidation state of 

elements present in very low amounts was also utilized for the investigation of Arsenic in the 

xylem of cucumber (Cucumis sativus L.) plants. The speciation of arsenic is relevant because 

the toxicity of arsenic differs considerably dependent on the oxidation state and chemical 

form and it is known that plants have the capability to change the oxidation state of arsenic. It 

could be demonstrated that a speciation of As is possible down to the 30 ng/mL level. The 

results show that cucumber plants treated with arsenate (As(V)) in concentrations of 

150 ng/mL convert As(V) to As(III). All results concerning arsenic speciation in xylem saps 

and nutrient solutions are in good agreement with those obtained by high performance liquid 

chromatography high resolution inductively coupled plasma mass spectrometry (HPLC-HR-

ICP-MS) which indicates the competitive capability of SR-TXRF XANES for trace element 

speciation. 

Owing to the fact that up to now only a few experimental studies have been performed 

utilizing this combination a major point for all investigations was to show the applicability of 

the method. One of the challenges which occurred during these studies was the so called 

“self-absorption effect” due to the extreme grazing incidence geometry of TXRF. This effect 

results in a damping of the oscillations of the absorption fine structure and was observed when 

measuring samples with higher concentrations. It was assumed that this effect occurs due to 

the absorption of the incident beam along its path through the sample (which is especially 

long for TXRF geometry). The path’s length is equivalent to the penetration depth of the 

incident beam and is therefore energy dependent. This is the reason why this effect appears 

for (energy dependent) XANES measurements. 

Measurements have been compared with theoretical calculations to investigate the influence 

of self absorption effects on TXRF-XANES analysis. The effect of the sample shape as well 

as the one of different concentrated droplet samples was studied. The experimental results 

showed clearly a linear correlation of the damping of the oscillations with the total mass of 

the samples. A simple Monte-Carlo algorithm was developed to simulate the self absorption 

effect and the results showed good agreement with the measurements. The presented work 

proposes a rather simple way to study a priori the absorption effects that will show up in 

TXRF XANES and allow the scientist to prepare the sample according to needs (measuring 

time, acceptable self absorption) for the actual experiment. 
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The sample parameters (sample shape) required for the simulations were obtained by 

measurements with a confocal microscope. The results of these investigations showed large 

differences for the sample geometry depending on the reflector material and the preparation 

technique. The shape of dried residues on different reflectors due to different surface 

characteristics should be topic of further investigations. Another important point related to 

this topic is the influence of the sample preparation. The deposition of the aqueous sample 

and the drying process seems to be crucial for quantification in TXRF (especially) without 

using an internal standard. The best approach to overcome absorption problems seems to be 

an array of small spots produced with picoliter-pipettes or inkjet printers. This topic should 

also be further investigated. 

Finally the inverse TXRF geometry – the grazing exit (GE) setup – was tested for its 

applicability to XANES analysis. It was furthermore applied to gain a better understanding of 

the above mentioned self absorption effect because it was suggested that a normal incidence-

grazing-exit geometry would not suffer from self-absorption effects in XAFS analysis due to 

the minimized path length of the incident beam through the sample. The results proved this 

assumption and in turn confirmed the occurrence of the self absorption effect for TXRF 

geometry. However due to its lower sensitivity (one order of magnitude lower than for TXRF) 

it is difficult to apply the GE geometry to XAFS analysis of trace amounts (few ng) of 

samples. The self-absorption effect in the TXRF geometry on the other hand decreases rapidly 

with lower sample amounts. Therefore it could be advantageous for future XAFS analyses to 

measure higher concentrated standard samples in a GE setup and highly diluted samples in 

TXRF geometry. 
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