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"I'm a scientist and I know what constitutes proof. But the reason I call myself by my
childhood name is to remind myself that a scientist must also be absolutely like a child. If
he sees a thing, he must say that he sees it, whether it was what he thought he was going

to see or not. See first, think later, then test. But always see first. Otherwise you will

only see what you were expecting. Most scientists forget that."

- Douglas Adams in So Long, and Thanks for All the Fish.






Acknowledgment

It is a rare feature when a person has nobody to thank after four years of scientific research,
and I certainly am not one of those people. During my PhD studies I have received input,
ideas, comfort and needed distractions from many people. It is thanks to them I have

finally been able to write this manuscript, and a special thanks to some people is due.

During my research I could always ask my supervisor, Prof. Dr. Laszlo Vincze, for help and
inspiration. Never did I leave his office without having gained new ideas or confirmation
that the road I was travelling was the right one. It was my great pleasure to be your PhD
student and I hope to continue our collaboration for a long time still. A great thanks also
goes out to my co-supervisor in Grenoble, Dr. Wim Bras. It is always a great pleasure
to talk to you during the sparse moments of reduced activity during the many beamtimes
at DUBBLE. I would also like to thank you for your continued efforts to provide new
and interesting samples to investigate. Investigating new methodologies is very interesting
work, but it quickly loses its shine without appropriate samples. I would also like to thank
Dr. Bart Vekemans for his (co)supervision. Our trips to Grenoble and Hamburg are well
remembered. Thanks to your extensive music collection that guided us on our travels we
now know to “Blame the Machines”, a song that was particularly appropriate during that

first confocal experiment in the starting days of my PhD.

I would also like to thank the Agency for Innovation by Science and Technology (IWT)
for their financial support during my PhD. Also the FWO and NWO are acknowledged for
their support of the DUBBLE beamline. This joint Dutch-Belgian collaboration opens the
door to and facilitates synchrotron radiation research for the Dutch-Belgian community,
the importance of which is easily displayed by the sheer amount of publications released
annually containing DUBBLE data.



Chapter 0. Acknowledgment

Days at the office or during beamtime experiments would have been a lot more dull without
my fellow group members. Bjorn, we haven’t had the opportunity to share a beamtime
yet but I always like our kitchen and hallway talks. I admire your ability to keep digging
a data set to extract the very last grain of information, far beyond the point where most
would give up. Jan, we go a long way back as it was you who guided me during my
Master’s thesis, after which we became colleagues. You also, by accident, got me to know
the beautiful town of Schopsdorf (Germany), which will always have a special place in
our heart. Lien, I knew you since before I joined the XMI group and as such I already
knew you were a great person. This was confirmed again when we decided to ‘conquer’
the third floor, or as we called it ‘the cool floor’. The first few months after you left were
certainly the loneliest months of my PhD, displaying how much we always supported and
advised each other. Eva, having started our chemistry studies together I arrived in the
XMI group a year later. You were always an example of well-planned and organised work.
I loved our chats about our hobbies, research and, sometimes, the students we taught
during the radiochemistry practicals. Stephen, you're my DUBBLE-buddy and it is/was
always a pleasure to work together during our various beamtimes, even when our perfectly
synchronised teamwork was the only thing going for us. May your pitch ever be perfect
and your books abundantly marked! Brecht, it was great fun to work together and share
jokes over lunch. I cannot count the amount of times we just glanced at each other during
lunch conversations, realising we were both thinking exactly the same, wondering who of
us both would voice the thought. Ella, although you only joined our group recently, I had
the honour of guiding you last year. It was my great pleasure to teach you as much as
possible, made even more pleasurable by your eternal enthusiastic attitude. You have a
long way ahead of you, but from what ['ve seen up to now I'm sure you will be great. Glob,
Glob. Eddy, I admire your choice and courage to become a PhD student after your career.
I am grateful for the fresh breath of samples you brought to our research group and I hope

there will be many more to come.

In addition to my fellow group members, I would also like to thank my other Department of
Analytical Chemistry of Ghent University colleagues. In particular, I would like to thank
the people who joined me for lunch in the kitchen of S12 and were not afraid to discuss
science and daily matters alike, along with a healthy dose of humour. Karen, Lana, Veerle,
Tine, Philip, Sylvia, Jolien, Steven, Debbie, Stijn, Rosie, Jorge, Peter, Yulia, Balazs,
Thibaut, Jacotte: thank you for entertaining me during lunch, it was often a welcome

diversion from work. A special thanks also goes out to the members of the Ramspec

ii



group, who I often supported with IDL programming or AXIL trouble shooting. Sylvia,
Jolien, Possum, Alessia, Anastasia, Debbie: it was always my pleasure to figure out and
solve the issues with the programs as they fuelled my passion for programming. Pieter-Jan,
you I thank for our interesting discussions on XEOL and XAS and how they relate to each
other. Additionally, it was a great pleasure to teach radiochemistry practicals with you.
I would also like to thank Davy for his great craftsmanship in making last-minute orders
in the workshop. Without your talents I'm sure many experiments would have been a lot

more challenging.

Thanks is also in order for my SLcam friends who have shared important roads of the
Ghent SLcam history. I would like to thank Oliver for his meticulous work on the SLcam
software package and unrelenting efforts in error handling whenever we had a new and
inexplicable bug. I am also grateful for Matthieu’s help with the SLcam, particularly in
the initial years of my PhD research when the SLcam suffered from many child diseases.
We have been frustrated together many times, but together we have raised the SLcam to

the nicely behaving camera it is today.

Most of my synchrotron radiation experiments were performed at the DUBBLE beamline
at the ESRF in Grenoble, France. I would like to thank the DUBBLE staff for their
efforts in supporting our experiments during my frequent visits. I have spent quite some
time at your beamline, and through it all I always felt welcome and appreciated in what
is best described as the DUBBLE family. Dip, you were usually our local contact and
I am very grateful for arranging all the administration and trying to fulfil our heart’s
desire. Alessandro, it was always fun to talk to you and I learned a lot with respect to
XAS simulation from you. Dirk, your great skills in implementing detectors and motor
systems in SPEC, making sure our experiments could operate as precise and automated as
possible were a huge help in all our experiments. Florian, as the power house of DUBBLE
I always admired the strength and eternal kindness you could muster to lift and replace

heavy objects to make place for our confocal setup.

Years of methodological research may be all in vain if one lacks interesting samples to apply
the methods to. Additionally, even though my research was mainly focussed on full-field
XAS experiments, I was also involved in many ‘side projects’. For these reasons I would like
to thank my colleagues from the Inorganic and Physical Chemistry department, in particu-
lar Karen, Hannes, Irena, Yesid and Katrien, for their interest in XAS spectroscopy. It was

always a welcome change to perform experiments in which the applied methodology posed

iii



Chapter 0. Acknowledgment

the easiest part of the experiment, with the data processing and information extraction
being the most challenging and fun part. I would also like to thank Prof. Van Ranst for
supplying us with interesting samples, seemingly ideal for the methodologies I applied. Ad-
ditionally, I would like to thank Prof. Lichtenegger and Tilman for their interest in using
the SLcam for white-beam ED-XRD experiments. I remain convinced that this technique
is one of the most rewarding for the SLcam, making use of and challenging all its charac-
teristics simultaneously. Furthermore, I have rarely joined an experiment that was as well
prepared as those prepared by Tilman. It was always a great pleasure and even exciting
to find out which difficult challenges you imposed on yourself and your environment this

time.

Without a break now and then, it is difficult to keep going. Fortunately, I could always
count on friends and family to provide the necessary distractions. Christophe, Dries,
Michiel, Sven: we started our studies together and have tried to keep in touch every since.
Even though we haven’t seen each other as frequent as we would like, your friendship has
always been a great support to me. Jonas, in our studies and after we have shared a great
deal of things. I hope we can keep on sharing experiences through life. Dieter, Jeroen,
Nicolai: we have been friends since a long time and I'm certain we will be for a long time
to come. Our regular get-togheters were always fun to attend and it was great to notice
we always supported each other in whatever plans we had. Niels, Peter: although I knew
the card game Magic the Gathering well before I knew you, it is because of your friendship
that I continue playing it. I have often joined you for a few games after a stressful working

day, and I always went home completely relieved of stress, for which I am very grateful.

At last, and definitely not least, I would like to thank my partner in life, Mieke. It seems
like a very long time ago, but we started living together, as a family, at the start of our
PhD. Since that time we have become husband and wife, celebrating our mutual love with
the rest of the world. Now, recently, you gifted me with the birth of our wonderful baby
girl, Febe. Of course, we have also had our differences and rough patches, and I'm sure
there will be more to come. However, I know that we will face them together, eventually
turning them into loving memories, and that makes it worthwhile. Thank you for being

you, and wanting to be with me. Always.
Yours truly,

Ghent, March 2017
Pieter Tack

iv



Table of Contents

[Acknowledgment|

l__Introductionl

2 X-ray Fluorescence and Absorption Spectroscopy: basic principles|

2.1 Photon-matter Interactions. . . . . . . . . . . . . ... ... .. ..
2.1.1  X-rays| . . . . . . .
|2,1,2 I thQQlﬁS:!Ilﬂ' Eﬂﬁ(:“ ...........................
[2.1.3  X-ray fluorescence|. . . . . . . . . . ...
[2.1.4  Rayleigh Scattering| . . . . . .. ... ... ... ... ... ...,
[2.1.5  Compton Scattering] . . . . . . . . ... .. ... .. ... ..

[2.2  X-ray Fluorescence Spectroscopy| . . . . . . . . . ... ...
[2.2.1 Spectral Evaluation|. . . . . . .. ... ... ... 0.
[2.2.2  XRF Quantification|. . . . . . . ... ... o000

[2.3  X-ray Absorption Spectroscopy| . . . . . . . ...
[2.3.1 X-ray Absorption Near Edge Structure Spectroscopy| . . . . . . ..
[2.3.2  Extended X-ray Absorption Fine Structure|. . . . . . . . . ... ..
[2.3.3  Spectral Evaluation|. . . . . . ..o o000 o oo

Referenced . . . . . . . . . . ..

[3 Instrumental Aspects|

[3.1 Generation of X-rays| . . . . . . . . ...
B.1.1 Natural Sourced . . . . . ... ... ... ... ... ... ...
[3.1.2  X-ray Tubes| . . . . . . . ... ... o
[3.1.3  Synchrotron Radiation Sources| . . . . . .. ... ... .......

[3.2  X-ray Detectors|

© N 0 Ot ke W w W

[ N e T e e T
— © 9 O ok = O

27
27
27
28
29
34



Table of Contents

3.2.1 Ton Chambersl . . . . . .. ... .. 35
[3.2.2 Semiconductor Detectorsf . . . . . . .. ..o 35
[3.2.3  Silicon Drift Detectors . . . . . ... ... ... ... ... ..... 36
[3.2.4  Spatially Resolved Detectors| . . . . . . . . . ... ... ... ... .. 37

[3.3  X-ray Optics|. . . . . . . . . 40
B3I Monochromators . . . . . . . . ... 40
[3.3.2 Capillaries| . . . . . . ... .. o 41
[3.3.3  Kirkpatrick-Baez Mirrors|. . . . . . .. ... ... ... .. 43
Referenced . . . . . . . . . .. 44
4 Bulk XAS 49
4.1 Introduction|. . . . . . . . . . 49
[4.2  Application: Study of V on metal-organic framework materials| . . . . . . . 50
421 Introduction|. . . . . . . . .. .. 51
[4.2.2  Experimental . . . . ... ... o000 51
42,3 Results and Discussionl . . . . . . . .. .. oo 52
424 Conclusionl. . . . . . . .. . 55

1.3 Application: Study of Au on photocatalytic Au/TiO, materials*| . . . . . 58
431 Introduction|. . . . . . .. .. . 59
[4.3.2 Experimental . . . .. ... ... 0000000 59
4.3.3  Results and Discussion| . . . . . . . .. ... ... oL 61
434 Conclusionl. . . . . . . .. . 63

.4 Summary| . . ... 64
References . . . . . . . 65
[5 Micro-focus XRF/XAS| 73
.1 TIntroduction| . . . . . . . . .. 73
(5.2 The DUBBLE (BM26A) Micro-focus Setup|. . . . . . ... ... ... ... 75
£.2.1  From macro to microbeam XAS . . . . .. ..o 75
[5.2.2  Micro-focus Setup Outlinel . . . . . .. ... .. ... ... ..... 75
[5.2.3 Analytical Characterisation| . . . . . . . .. .. ... ... ... .. 76
Hh.24  Conclusionl. . . . . . . .. . 78

[5.3 Application: Herculaneum Papyrus Scrolls) . . . . . .. ... ... ... .. 79
[0.3.1 Introductionl . . . . . . . . . ... 80
3.2 Methods . . . . . . .o 81

vi



Table of Contents

H.3.3  Results and Discussion| . . . . . . . .. ..o 83
H.3.4 Conclusionl. . . . . . . .. 92

[>.4  Summary| . . ... 93
Referenced . . . . . . . . . . . 94
6 Confocal XRF/XAS| 101
6.1 Introduction|. . . . . . . . . . .. 101
(6.2 The DUBBLE (BM26A) Micro-Confocal Setup|. . . . . .. ... ... ... 102
621 Introduction|. . . . . . . . . . ... 102
6.2.2  Characterizationl . . . . . . . . .. .. ... ... ... 103
[6.2.3  Future Prospects| . . . . . .. ... ... ... L. 106

[6.3 Application: Corning Gorilla Glass| . . . . . . ... .. .. ... ... ... 107
[6.3.1 TIntroductionl. . . . . . . . . . . . ... ... 107
6.3.2 Materials and Methodsl . . . . . . . .. ..o 109
0.3.3  Results and Discussion| . . . . . . . .. ... o Lo 112
634 Conclusionl. . . . . . . .. 117

6.4 Application: Rare Natural Deep Earth Diamond Inclusions| . . . . . . . .. 118
641 Introduction|. . . . . . . . . . . . 118
642 Results and Discussionl . . . . . . . .. .. ..o 119
6.4.3 Conclusionl. . . . . . . . . . . ... 123

(6.5 Summary| . . ... 124
References . . . . . . . . . 124
[7  Full-field XRF/XAS: the SLcam| 133
(.1 Introduction| . . . . . . . . . . 133
[[.2  SLcam Characteristics . . . . . ... ... ... ... .. ... .. 136
[7.3  Application: Fe-K edge Full-ield XANES/. . . . .. .. ... ... .. ... 141
[7.3.1 Introductionl. . . . . . . . . . . . . . . ... 141
(3.2 Materials and Methodsl . . . . . . ... .o o000 143
[.3.3  Results and Discussion| . . . . . . . . . .. .. ... .. .. ..... 148
[.3.4 Conclusions . . . . . . . . . . ... 153

[7.4  Application: Confocal 3D Full-field XANES . .. ... ... ... ... .. 155
(41 Introduction|. . . . . . . . .. . . 155
(4.2  Materials and Methodsl . . . . . . . .. ..o oo 157
[(4.3  Results and Discussion| . . . . . . . .. ... o Lo 158

vii



Table of Contents

18

Summary and Conclusions

A

English Summary|
[A.1 Materials and Methodsl . . . . . . . . ..o oo

IC

Thickness Sensitive XAS Self-absorption Correction|

(C.1 Infinite Thickness Approximation| . . . . . . . ... ... ... ... ....

(C.2 Thickness Sensitive Approach| . . . . . . .. . ... ... ... ... ..

viil

179

183
184
184
184
185
185
186
190
190

195
196
196
196
197
197
198
202
203

207
207
209
210

211

215









Chapter 1

Introduction

This thesis revolves around X-ray absorption and fluorescence spectroscopy (XAS and
XRF), non-destructive analytical techniques that are regularly applied in the fields of
chemistry, biology, geology, archeometry, engineering and more. XRF spectroscopy pro-
vides information on the elemental composition of a sample: the sample is illuminated with
X-ray photons, which lead to the production of secondary characteristic radiation from the
sample. This radiation contains qualitative and quantitative information as the energy of
the emitted radiation is characteristic for the emitting element, whereas the amount of
photons emitted by a sample volume correlates to the concentration of these elements in
the sample. XAS in turn allows for the investigation of the local chemical structure of an
element of interest by monitoring the X-ray photon absorption when tuning the primary
X-ray photon energy over the absorption edge of a given element. As such, information on
the oxidation state of the probed element is derived based on the energy position of the ab-
sorption edge, but also chemical compounds and local structures can be determined based
on the fluctuations of the X-ray photon absorption with energy. The focus of this work
is mainly on the application of XAS following several challenging methodologies towards
2D and 3D chemical structure analysis on a microscopic level. Several methodologies, i.e.
bulk mode, (con)focal and full-field XAS, are explained and presented by means of typical
applications for which the discussed methodology is generally and ideal choice. The aim is
to guide users to the appropriate XAS methodology based on the specific research question
as imposed by the sample of interest, as well as present the capabilities of state-of-the-art
full-field methodologies.



Chapter 1. Introduction

This work follows a trend from most general to more specialised and advanced methodolo-
gies. Chapter[2]provides a theoretical background on XRF and XAS required to understand
the remainder of this work. The physical processes involved in these analytical techniques
are explained, followed by an overview in Chapter [3[of common instrumentation used when

applying these techniques.

Chapter [4] discusses bulk XAS in which a sample is illuminated with a broad X-ray beam,
providing limited spatially resolved information. Nevertheless, this approach is widely used
due to the quality and speed of data acquisition. Two applications are discussed, providing

an insight in the usefulness of this method.

In Chapter 5| the use of a micro-focus XRF/XAS setup, specifically developed for the
BM26A (DUBBLE) beam line at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) is discussed. Using this setup information can be acquired from a
micrometre sized sample area, allowing for the investigation of heterogeneous samples. By
moving the sample through the X-ray beam, 2D images can be constructed displaying the

elemental and local chemical structure variations in a sample.

In order to obtain direct 3D resolved information from a sample volume one can make
use of a confocal approach. The modification of the BM26A focal setup to a confocal
one is discussed in Chapter [ along with several applications displaying its use. The
implementation of this (con)focal setup at the BM26A beamline presents the first milestone

of transforming the previously macro-beamline to a microscopic beamline.

Chapter [7]in turn discusses the application of a full-field approach towards XAS, using the
SLcam: a “colour X-ray camera” designed to detect X-rays in a spatially resolved manner.
By illuminating a sample with a broad beam and monitoring the emitted radiation with the
SLcam, nearly 70thousand spectra, arranged in a square of 264 pixels wide, are acquired
at once with a microscopic spatial resolution. This device means a significant increase in
measurement speed for both 2D and 3D XRF and XAS applications. The implementation
of full-field XAS experiments proves a significant improvement in spatially and depth re-
solved XAS data acquisition in previously infeasible measurement times, paving the way

to more specific and performing XAS analyses.

Finally, all methods are compared in Chapter [§ along with a number of conclusions and

future prospects.



Chapter 2

X-ray Fluorescence and Absorption

Spectroscopy: basic principles

2.1 Photon-matter Interactions

2.1.1 X-rays

Discovered by Wilhelm C. Rontgen in 1895, X-rays are, based on their wave characteristics,
a type of short wavelength electromagnetic (EM) radiation with a wavelength ranging from
0.01nm to 10nm™* The discovery of this, invisible to the human eye, radiation led to
Réntgen being awarded the first Nobel prize of physics in 1901.% Based on its wavelength,
X-rays are classified as a part of the electromagnetic radiation spectrum, with a wavelength
range spanning from the UV to gamma ray radiation (Figure .3 Additionally, X-rays
can be distinguished from gamma rays as X-rays are emitted by electronic interactions

whereas gamma rays are originating from nuclear transitions.

The energy of electromagnetic radiation can be determined based on their wavelength fol-
lowing Equation or in the practical case of X-rays using the approximated Equation
2.2/% 6 In these equations E represents the energy, h Planck’s constant (6.626-10~34 m?kg/s),
v the frequency, c¢ the light velocity and A\ the photon wavelength.
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Figure 2.1: Wavelength scale of the electromagnetic spectrum. Figure adapted from 4
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As EM radiation in general, X-rays are characterised by the wave-particle duality, dis-
playing properties of both waves and particles” Interesting X-ray properties, resulting
in their use in multiple analytical techniques, are their high penetrating character, their
propagation in straight lines between interactions combined with the ability to interact

with matter on the atomic scale.

In the following sections, more information is provided about these interactions and the

information that can be extracted from them.

2.1.2 Photoelectric Effect

When an X-ray photon interacting with an atom has an energy greater than the electron
binding energy, it is capable of ejecting the electron from the atom to the electronic contin-
uum. In the photoelectric effect, the energy of the X-ray photon is fully transferred to the
electron, aptly named the photoelectron and the photon is absorbed. The photoelectron
will have en energy E.- equal to Ey — Ej, with Ejy the energy of the incident X-ray photon
and FEj, the binding energy of the ejected electron.

The photoelectric cross-section 7 is correlated with the X-ray photon Ejy energy and the
atomic number Z of the interacting atom (Equation .8 A schematic representation of
the photoelectric effect is displayed in Figure the photoelectric cross-section for Cu as
a function X-ray photon energy is shown in Figure [2.5]

4



2.1. Photon-matter Interactions

2.1.3 X-ray fluorescence

As a result of the photoelectric effect, the interacting atom is in an excited state with a shell
vacancy, e.g. an inner shell vacancy of the K shell. This vacancy is filled by the transition
of a higher energy shell electron to the shell vacancy. During this process the excess energy
can be emitted in the form of an X-ray photon, corresponding to the phenomenon of X-ray
fluorescence, a process which competes with Auger electron emission (Figure . The
resulting X-ray photon, the fluorescent photon, has an energy value equal to the difference
in binding energy between the two shells involved. It was Moseley who discovered in 1913
that the wavelength/frequency of this fluorescence radiation is unique for a given element
(Figure .10 This is easily understood as the electronic orbital energies are dependent
on the charge and mass of the nucleus, as well as the amount of electrons surrounding the
nucleus; as such also the difference between such energy values will be unique for a given

element.

Depending on the shell the electron originates from to fill the lower level electron shell
vacancy, the fluorescent photon will have a different energy. To differentiate between these
photons with differing energies, usually the Sieghahn notation is used (Figure . In this
notation, the first letter corresponds to the shell on which the electron vacancy was present

(K,L,M) and the following Greek letter and its subscript give information on the intensity

Auger electron E, ; AE=E,-E, =K,

Photoelectron AE:ErEy—E? &=

AE=E-E,
@ C

X-rays

Incoming
radiation

AE=E,-E,=K,

Figure 2.2: Schematic representations of the photoelectric effect (left) and X-ray fluorescence
(right). The Auger electron generation principle is also displayed. Figure adapted from.?
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Figure 2.3: Left: X-ray fluorescence line frequencies (E = hv) as a function of atomic num-
ber, adapted from™' Right: Siegbahn notations for the different allowed electronic transitions,
adapted from xrdb® TUPAC notations are defined by the initial and final X-ray level, separated
by a hyphen (e.g. K-L3 for K1)*2

(probability) of a given transition.

After the fluorescent effect occurred, and a higher shell electron filled the inner shell electron
vacancy created during the photoelectric effect, a new electron vacancy is present in the
higher energy shell. This state allows for a subsequent electron transition from an even
higher electronic shell. This process continues in a cascade-like manner, with a probability

of X-ray photon emission at each step.t?

The probability that an X-ray photon is emitted as a result of the electron transition
is called the fluorescent yield w. A second process possible after the photoelectric effect

is the radiationless Auger electron emission % 1o

In this interaction, first the electron
vacancy is filled by a higher shell electron, and the excess in energy results in the emission
of a less tightly bound electron, the Auger electron (Figure . This process is the
dominant one for low Z atoms, rendering X-ray fluorescence spectroscopy less sensitive for
these elements’® A special case of Auger electron emission consists in the Coster-Kronig
transition in which the electron vacancy is filled by an electron from a higher subshell of

the same shell, e.g. Ly —L;.



2.1. Photon-matter Interactions

2.1.4 Rayleigh Scattering

When X-rays are scattered elastically by a free electron, the phenomenon is commonly
referred to as Thomson scattering which is a type of elastic/coherent scattering.” Rayleigh
scattering is the same process, in which the scattering electron is bound to a nucleus. Upon
elastically interacting with the atomic shell, acting as a dipole, the X-ray photon is emitted

in a different direction of propagation without energy loss (Figure [2.4)).

The Rayleigh scatter probability, which is linearly proportional to the Rayleigh scattering
cross-section og, is dependent on the X-ray photon energy F and the atomic number Z

of the scattering atom. In general, o is the spherical integral of the Rayleigh differential

dop
dQ(9,4,E)

and the azimuthal angle ¢. The differential scattering cross-section

over the full solid angle 47 with the scattering angle 4
dO’R

dQ(97¢7E)
the angular distribution of the scattered photons at a given X-ray energy E and atomic

scattering cross-section

characterizes

number Z (Equation [2.4)). This equation is valid in a spherical coordinate system defined
by the direction of propagation and the orientation of electric and magnetic field vectors of
the incident photons, where p represents the degree of polarization, r. the classical electron
radius, and F(z, Z), with x = sin(09/2) /A, refers to the atomic form factor, describing the
influence of the (bound) atomic electron cloud as a whole as opposed to that of a single
electron® X7 Rayleigh scattering is the most important scattering interaction mechanism

in case of heavier atoms and low energy X-rays (Figure [2.5]).

2
Cfg(ﬁ, ¢, E) = %[2 — 5in®V x (1 — p + 2pcos¢)| F2(x, Z) (2.4)

2.1.5 Compton Scattering

Compton, or incoherent scattering, is an inelastic process. As such, when an X-ray interacts
with an electron, typically a loosely bound valence electron, part of the X-ray energy is
transferred to the electron which is subsequently ejected from the atom. A schematic of

this process is shown in Figure [2.4

The energy of the scattered X-ray FEy.. is related to the scattering angle 9, following
Equation [2.5% m.c? represents the rest mass energy of an electron which is approximately

511keV. This equation shows that larger scattering angles result in larger energy shifts of

7
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Figure 2.4: Schematic representation of elastic Rayleigh (left) and inelastic Compton scattering
(right). Figures adapted from Wikipedia: Basic Physics of Digital Radiography.
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the scattered photon (Fyeut).

Ey
1+ Lo (1 — cos?)

Mec?

Escat =

(2.5)

As is the case with Rayleigh scattering, the probability of Compton scattering is character-
ized by the Compton scattering cross-section, o¢, which is a function of the X-ray energy
and the atomic number Z of the scattering atom. Analogous with the Rayleigh scattering,
the Compton scattering cross-section is the spherical integral of the differential scattering
cross section %(19, &, Esear) over 4m. The differential scattering cross-section for Compton
scattering is given by Equation [2.6] being the function of the scattering angle ¢ and the
azimuthal angle ¢.® S(z, Z) is the incoherent scattering function, which is a function of
the atomic number Z, the energy F,., and the scatter angle 1. As can be derived from
these equations, the Compton scattering probability is minimal for a scatter angle ¥/ of 90°

in the plane of linear polarisation.

dO' 7"2 Esca 2
ZC9, ¢, Eyeur) = = t)
dQ 2\ Ey (2.6)
E E,
seat 0 gin?9 x (1—p+ 2pcos2¢)} S(x, Z)
EO Escat
Eg(keV)

z(A) = sm(ﬁ/2)w
Compton scattering is relatively more probable to occur for high energy X-rays (Figure
and light elements ¥ Based on the Compton peak intensity, information can be obtained
on the irradiated sample mass. Additionally, the ratio between Rayleigh and Compton
peak intensity can give one information on the mean atomic number of the sample, which
is useful in case the matrix elements do not emit detectable XRF lines (so-called ‘dark

matrix’). E.g. when the matrix consists of low Z elements.

2.2 X-ray Fluorescence Spectroscopy

In X-ray fluorescence (XRF') spectroscopy the elemental constituents of a sample are deter-

mined in a qualitative or quantitative way*® To do so, a sample is illuminated by X-rays,
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resulting in, among others, the emission of characteristic fluorescent photons (Section .
In case of energy dispersive XRF, an energy dispersive detector, typically positioned per-
pendicular to the primary X-ray beam, under an angle of 45° with the sample surface,
detects the intensity of the emitted X-ray photons as a function of their energy. This
geometrical setup is often preferred as under these conditions X-ray scattering is reduced
to a minimum, and almost no risk occurs of shielding (part of) the detector by the sample

from fluorescence radiation.

By scanning a sample through an X-ray (micro/nano) beam, or illuminating a given sam-
ple area and monitor the emission using a position sensitive energy dispersive (ED) de-

20H27

tector, an elemental overview map of the sample can be obtained. Additionally, 3D

elemental distribution information can be obtained 28!

Examples of these approaches, for X-ray absorption and fluorescence spectroscopy, are

presented in the following chapters.

2.2.1 Spectral Evaluation

In order to extract information from an XRF spectroscopy experiment, some form of data
processing has to be performed. The most crucial step in this process is the interpretation

of the measured XRF spectrum.

As discussed above, an energy-dispersive XRF spectrum consists of peaks with certain
intensities as a function of energy. As each element emits fluorescent X-rays with char-
acteristic energies, the peaks can be related to their respective element by comparing the
energies with a database. An example of a database containing all fluorescent K, L and M

line energies for elements up to U in atomic number, is XRaylib.*

In a number of cases, a spectral overlap can occur. For instance, the Fe-Kj line (7.058 keV)
overlaps with the Co-K, line (6.920keV) due to the limited energy resolution of most
ED detectors. These occurrences can be resolved by performing an iterative least squares
fitting, taking into account the matrix dependent K, and Kpz relative intensities. The
same is true for L and M lines. Next to resolving peak overlap, the main purpose of
spectral evaluation is the determination of net peak intensities by fitting and subtracting
the spectral background from the detected XRF spectrum. Another important aspect of

spectral evaluation is related to the determination of peak intensities corresponding to

10
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detector artefacts.

A detector artefact that occurs is represented by escape peaks. Escape peaks correspond
to the energy loss from the true/full-energy peaks do to fluorescent photons of the detector
material escaping from the active detection volume. These peaks can be recognized as
they are registered as photons with a total energy equal to the characteristic energy of
the original photon, minus the characteristic energy of the XRF photons emitted by the
detector material (e.g. Si-K, : 1.740keV).

The other important class of detector artefacts is represented by the so-called sum peaks.
These peaks appear in a spectrum when two photons are absorbed by the active detector
crystal in a time frame too short for the detector to register them as two separate photons.
The result is that the detector registers a single photon, with energy equal to the sum of
energies of the two photons. The occurrence of sum peaks can be prevented by reducing
the detector peaking time or reducing the flux on the detector, e.g. by implementing filters

or decreasing the detector solid angle.

Once all peaks are identified, their respective areas have to be determined by the aforemen-
tioned fitting process. To do so, software packages exist such as AXIL and PyMCA 5233
These programs perform a background subtraction, followed by integration of the peaks
using Gaussian-like functions. Once the intensity contribution of each element is known,

further steps can be made towards quantification of the data.

2.2.2 XRF Quantification

As the intensity of the emitted X-ray fluorescence is a function of the analyte concentration,
XRF spectroscopy is an ideal tool to obtain quantitative results for the detectable elements

(i.e. Z>14 in air or Z>5 in vacuum, making use of thin polymer windows on the detector

side.).

The most straightforward quantification method relies on comparing the intensity Irps; of
an element measured in a reference material (RM) with known concentration cgay;, to the

intensity I,; of the same element in the sample with unknown concentration ¢, ;:

]ui
Cuji = 7— " CRM,i (2.7)
" Ipwmg ’

)
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A correction for illuminated sample mass can be made by normalizing each element in-
tensity by the Compton signal of the respective measurement. However, this equation
only gives good results when the matrices of the RM and investigated sample are matrix

matched. Otherwise, errors due to self-absorption/matrix effects will occur.

To resolve this issue, the Fundamental Parameter Method (FPM) was proposed by Sher-
man, making use of the theoretical relationship between net line intensities and elemental

concentrations 2%

Assume a homogeneous sample with thickness T, density p, composed of n elements with
weight fraction w; (3 w; = 1), irradiated by a parallel, monochromatic X-ray beam with
energy Fjy, intensity Iy and incidence angle with respect to the sample surface a. Fluo-
rescent X-rays are detected by a detector with active area Appr at distance D, oriented

under constant take-off angle 8 with respect to the sample surface Figure [2.6]

Combining the Lambert-Beer equation with the appropriate X-ray interaction/emission

probabilities, the net fluorescent intensity of element i in the interval [z, x + dz| can be

derived:
dl g, = Ioe_“opxuopd$wm’KpKawK
o (2.8)
= ]06_“°pxwiQi7Kapdx
with:

e ip: the mass attenuation coefficient for the sample of the primary X-ray beam (Ej).
Ho = D2 Wjfhj By
o 7, k: K-shell partial photoionisation cross section for element ¢;
e pk,: transition probability for K, emission;
o wy: fluorescence yield of K shell emission;
e Qik, = TixPk,wr: XRF production cross section.
Similarly, the detected K, intensity of element 7, generated in depth [z, dz] is:

Qper _
dl; g, = dl}  ———e "
. Ko g (2.9)

= Iy Gw;Q; ke X pdz

12
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Detector

Figure 2.6: Schematic of the experimental conditions included in the fundamental parameter
equation: a homogeneous sample with thickness T is illuminated by a monochromatic X-ray beam
with incident angle a and intensity Ip. The fluorescent radiation with take-off angle g is detected
by a detector at distance D and detector area Appgr.

with:

sina sinB’

(1: the attentuation coefficient of the material for energy F; g ;

o Qpgr: the detector solid angle;

— SQpEr ~ _ADET .
o G=REL v SDET . the geometry factor.

By integrating over the sample thickness T, the final form of the FPM is obtained:

1—exT
Ik, = IOGwiQi,KQpT <—>
xpT

= [OGwl Q@Ka pTAcorr

(2.10)

With A, the absorption correction factor, representing the absorption caused by the sam-
ple matrix. In the infinitesimally thin sample approximation, this parameter approximates
to 1.

The main disadvantage of this first order approach is that it neglects the effect of secondary

interactions. Although these effects, as well as non-homogeneous and non-flat samples and

13
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non-perfect detectors, can be accounted for in variations on this equation, the resulting

equations rapidly become very complex.

An alternative to this quantitative method is Monte Carlo based quantification for XRF
spectroscopy 2> % In this approach, the path of a photon through a sample up to the
point of detection is simulated as a sequence of interactions with given probabilities. By
applying a random number generator and simulating a sufficiently large amount of photons,
a theoretical XRF spectrum can be built for a given sample and measurement geometry.
By iteratively comparing the theoretical XRF spectrum to the experimentally measured
spectrum, the sample composition can be determined, taking into account secondary effects

and the detector response function.

2.3 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS), or X-ray absorption fine structure spectroscopy
(XAFS), allows the investigation of the local chemical structure of an element of investi-
gation 2% 37 Unlike X-ray diffraction (XRD), samples are not required to be crystalline for

XAFS experiments.

Figure [2.7] shows the theoretical attenuation coefficient for different elements as a function
of X-ray energy. By scanning the X-ray beam energy and measuring the X-ray attenuation
at each step, the elemental constituents of a sample can be determined based on the position

of their edges - sharp increases in attenuation as a function of energy.

The X-ray attenuation can be measured in two ways: transmission and emission mode =
In transmission mode the X-ray flux is measured before (1)) and after the sample (I;),
making use of Equation as derived from Lambert-Beer’s law. In emission mode, two
methods can be distinguished: measuring of the attenuation through detection of XRF
emission, or through detection of photoelectrons. In both cases, the attenuation coefficient
(mainly governed by the photoelectric cross section) is proportional to the emitted intensity
I+ following Equation [2.12]

The main advantage of transmission mode measurements is the improved signal statistics,
i.e. a higher count rate can be measured. However, in this method samples are limited in
terms of thickness and concentration as too thick samples will absorb all X-rays, whereas

in too low concentrated samples barely any change in beam flux below and above the edge

14
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Figure 2.7: Theoretical attenuation coefficient as a function of X-ray energy for Fe (blue), Co
(red) and Eu (green). Values obtained from XRayLib1?

energy of a given element of interest will be detected. Under these boundary conditions,
emission mode experiments provide an elegant solution, despite the intrinsically longer

measurement times due to the poorer counting statistics.

It
pud = In (0) (2.11)
I
I
poc =L (2.12)
Iy

When an atom is surrounded by other atoms, additional fluctuations in attenuation will
appear close to the edge (X-ray absorption near-edge structure, XANES) or further away
from the edge (extended X-ray absorption fine structure, EXAFS) due to multiple scat-
tering of the photoelectron wave and various electronic transitions. These fluctuations are
characteristic for a given compound and are treated differently depending on the energy
region (XANES or EXAFS) during data treatment.

15
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2.3.1 X-ray Absorption Near Edge Structure Spectroscopy

The XANES region is arbitrarily defined as the part of the XAS spectrum up to 30eV
beyond the main edge energy Fj and provides information on the local chemical structure
(Figure 2.8) ® As in this low energy region beyond Ej the core-hole lifetime of the probed
atom is significantly long, XANES contains major contributions from multiple scattering

effects of the photoelectron wave, resulting in chemical information from a larger volume
than compared to EXAFS 40

Besides the determination of the local chemical structure, XANES is often applied to obtain
specific information on the oxidation state and coordination geometry of the investigated

element 2143

The oxidation state determination is easily understood as the main edge
position corresponds to the energy required to emit a bound electron to an unbound state.
For an atom with different oxidation state, the attraction of its electrons will be higher
(in case of higher oxidation state) or lower (in case of lower oxidation state). As such,
the edge position will also typically shift with increasing oxidation state. The coordination
geometry can be recognized in the XANES spectrum by the pre-edge peak intensity (Figure
, 5470eV). This peak corresponds to a quantum chemically forbidden transition, e.g.
1s—3d in the case of V K-edge XANES, for centro-symmetric coordination geometries
(e.g. octahedral). This forbidden transition becomes partially allowed when the structure
deviates from a centro-symmetric coordination geometry, thus allowing for the presence of
a pre-edge peak in the XANES spectrum. Consequently, the pre-edge peak intensity can
be linked to the specific coordination number of the investigated element# 2% It should
be noted at this point that these trends in main edge position versus oxidation state and
pre-edge peak intensity versus coordination number only work when monitoring a chemical
surrounding consisting of a single type of counter-ions. For example, Fe(II)O and Fe(II)Cl,,
despite both having Fe oxidation state 2+, will have a different main edge position due to

the higher electronegativity of Cl compared to O.

Typically, XANES data are compared to spectra obtained from reference compounds to
recognize the presence of these compounds through a fingerprint-like method. Mixtures of
compounds can be resolved this way as the measured XANES profile is a linear combination
of the pure compounds’ XANES, multiplied by their relative contribution to the total

amount of the given element in the sample

More recently, thanks to the improvement of computing speed and better understanding
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Figure 2.8: Vanadium K-edge XANES spectrum of VoOs measured at the DUBBLE beamline
(BM26A, Grenoble, France).

of the physical processes contributing to the XANES spectrum, more accurate ab initio
XANES simulations can be made#*“® This method is very valuable to obtain information
on the electronic configuration of a system, yet rapidly becomes very complicated when
mixtures of different compounds are concerned. Additionally, the simulation of a single
XANES spectrum easily takes 24 hours when performed on a standard computer (date of

writing), rendering this approach impossible for large datasets.

2.3.2 Extended X-ray Absorption Fine Structure

The EXAFS region, arbitrarily defined as the spectral range starting at 30eV beyond
the main edge Ey up to 1000eV beyond E, (Figure [2.10]), contains information on bond
distances, amount and type of neighbouring atoms and the Debye-Waller factor, providing

information on the standard deviation of the respective bond distances#%!

The EXAFS signal is created by a scattering of the photoelectron wave, emitted by the ex-
cited atom, on nearby atoms, eventually generating constructive or destructive interference
of the photoelectron wave at the excited atom’s position.?? In case of constructive interfer-
ence, the probability of X-ray absorption increases with respect to the atomic absorption
1o, whereas the opposite is true for destructive interference of the photoelectron wave.
The fluctuations in X-ray absorption with respect to pg are called the EXAFS function

X, which is usually expressed as a function of wavenumber % following Equation [2.134¢

17
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Section discusses how one obtains y from experimental data.

with:

I3 k? _ 27
x(k) =S5 NH;(DQ)e 5 ¢ sin (26 D; + 6 ()
. i : (2.13)
k :W 2me<E — E[))

SZ: the amplitude reduction factor, denoting the amplitude reduction due to exper-

imental conditions and intrinsic photoelectron energy losses;

N;: the degeneracy, amount of neighbouring scattering atoms on coordination shell
&
fi(k): the photoelectron elastic scattering probability;

kD?: the correction factor to the EXAFS equation due to the photoelectron wave
being emitted spherically instead of planar with D; representing the half path length:
the distance travelled by the scattered photoelectron wave divided by two;

2D;
e >®: the mean free path correction, limiting the information to approximately 10 A

with A(k) the photoelectron mean free path;

e~2¥9%: a disorder and vibration correction factor with o2 the Debye-Waller factor;

sin(2kD; + 9;(k)): the sinusoidal term resulting in constructive interference when
nA = 2kD;, including a phase shift parameter §;(k) due to deceleration and acceler-

ation of the photoelectron wave when leaving and entering atom potential wells.

Figure 2.9: Schematic representation of the scattering of a planar photoelectron wave emitted
by a central absorbing atom (yellow) on neighbouring atoms (blue).

18
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By obtaining the Fourier transform of Equation a pseudo radial distribution function
(PRDF) is obtained, in which peaks are recognized corresponding to a certain scatter path
of which the position corresponds to the half path length and the amplitude is related to
the degeneracy of the scatter path (Figure . In case of single scatter paths (absorber
— scattering atom — absorber) the half path length is equal to the bond distance. By also
interpreting multiple scatter paths (e.g. absorber — scattererl — scatterer2 — absorber)
the local structure can be determined with greater detail due to the derivation of bond

angles.

2.3.3 Spectral Evaluation

Several software packages are available to aid in the spectral evaluation of XAS data sets.
Amongst those, one of the most known is the Athena software package, dedicated to
XANES analysis, and the Artemis package, dedicated to EXAFS analysis®® Alternatively,
Viper is also a widely used EXAFS analysis software tool, which was most commonly used
in this work”® Analysis of X-ray absorption data usually starts with the normalisation of
the attenuation spectrum. This is mainly done to remove concentration effects, as they

have a large impact on the amplitude of the absorption spectra features.

An initial step consists of calculating the X-ray attenuation (Equation and Equation
2.11)) and removing the pre-edge background by fitting a linear or higher order curve to
the pre-edge region (Figure [2.11)) and subtracting this curve from the attenuation data,

effectively aligning the pre-edge region with an attenuation of zero.

Subsequently, a linear trend line is fitted through the post-edge region in order to normalise
the edge jump, the intensity difference between pre-edge and post-edge, to 1. This is usually
done by dividing the spectrum by a scaling factor, defined as the value of the post-edge
trendline at position Ejy + 50eV. Sometimes, an additional step is performed in which the
post-edge region is ‘flattened’, during which the complete post-edge region is divided by
the value of the corresponding data point of the trendline, effectively forcing the post-edge
trendline to coincide with 1. This flattening procedure is mainly done in order to facilitate

visual comparison of XANES data.

Once this normalisation procedure has been performed, the data is in a state ready to
use it for further analysis. For XANES data this usually entails comparison to reference

compounds, whereas for EXAFS data further steps are made by fitting a spline through,
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and subtracting it from, the post-edge region in order to extract the EXAFS function
X(E) (Figure [2.10). A subsequent step consists of the conversion of x(E) to x(k) using
Equation , usually paired with a multiplication of the x (k) spectrum by a higher order
of k, typically k% or k3, in order to magnify the far k-region.

The EXAFS frequencies can then be filtered using a Fourier transform, providing a pseudo-
radial distribution function (PRDF). This PRDF is subsequently fitted using simulated

scatter path intensities, as generated by programs such as FEFF 2% 27 in order to determine

the scatter path length, type and amount of scatterers, and the corresponding Debye-Waller

factors.
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Chapter 3

Instrumental Aspects

3.1 (Generation of X-rays

X-rays can be generated in a number of ways. Here, some of the most frequent ways in

which X-rays are generated for analytical purposes are discussed.

3.1.1 Natural Sources

U Due to a combination of

The biggest source of X-rays in our Solar System is the Sun.
various nuclear processes, X-rays with a wide range of energies are emitted as a part of
the solar electromagnetic spectrum. However, most of these high energy photons emitted
towards Earth are absorbed by the atmosphere, preventing their interaction with matter
on Earth’s surface. X-rays originating from the Sun or other celestial bodies are part of

the cosmic radiation spectrum 2

Besides cosmic radiation, a natural source of X-rays exists in radioisotopes. Isotopes of the
same element are atoms with a specific atomic number, or number of protons contained in
the nucleus, but which have a different number of neutrons. When an isotope has more
or less neutrons than its stable counterpart, nuclear decay is possible during which the

emission of X-rays is a possibility.

A common example of a radionuclide emitting X-rays is iron-55 (°*Fe). This iron isotope

has a neutron less than its stable counterpart and decays through the electron capture
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process, in which a proton and inner shell electron are converted to a neutron* This
process is associated with the emission of a neutrino. After the electron capture process,
the atom is essentially transformed to a Mn atom, with an electron hole in the K shell. Due
to an electron transition this core hole can be filled by an electron from a higher electron
shell, resulting in the emission of characteristic Mn-K,, Mn-Kz X-ray photons or Auger
electrons, each with well-defined probabilities (Section .

Radionuclides are particularly useful when calibrating the energy scale of energy dispersive
detectors, as the sources emit X-rays of well-defined energies. Furthermore, radionuclides
are also used in medicine to aid in the imaging of internal organs, making use of the high
penetrating character of X-rays.” Additionally, in cases where the availability of electric
power is limited, or due to weight and/or size restrictions, radioisotopes can be used as

X-ray sources in (e.g. portable) XRF spectrometers.

3.1.2 X-ray Tubes

For laboratory based X-ray analysis, most often X-ray tubes are used to generate X-rays.®
It was from a predecessor of one such device, the so-called Crookes tube, that Rontgen
discovered the emission of an unknown type of radiation, later named X-rays.” Despite the
large variety in X-ray tubes, each with their own characteristics, they are all based on the

same principle. A diagram of an X-ray tube is shown in Figure [3.1]

When a high voltage is set over an electrically heated filament (typically made of tungsten),
serving as cathode, and an anode material (e.g. Mo), electrons are emitted by the filament
and accelerated towards the anode. When reaching the anode material, the electrons
can gradually lose their kinetic energy by interaction with the electrons and the target
nuclei. A small part of the lost energy is emitted as X-rays, resulting in the emission of a
continuous polychromatic spectrum.® This type of radiation is called Bremsstrahlung, or
braking radiation. A secondary interaction that may occur is similar to the photoelectric
effect, in which the impinging electron ejects a bound electron from the anode material.
The resulting electron hole is filled by an electronic transition, causing the emission of a
characteristic X-ray of the anode material. The total resulting emitted X-ray spectrum
will consist of a continuous Bremsstrahlung background, superimposed by characteristic
X-ray fluorescence peaks (Figure right).

Due to the continuous electron bombardment, and the large amount of energy deposition
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Figure 3.1: Schematic representation of a Coolidge X-ray tube? (left) and the emitted spectrum
of an X-ray tube with 50kV voltage and Mo anode material (right).

in the form of heat, the anode material must be cooled. Modern X-ray tubes typically use
water or air cooled systems. Additionally, the output power of an X-ray tube is usually
limited by this heat dissipation. To overcome this limitation in applicable power, rotating
anode X-rays tubes are employed in which the anode is continuously rotated, providing a
better heat dissipation and thus higher X-ray flux output. An even newer development is

the invention of liquid metal jet X-ray sources, which eliminate the cooling issues altogether.

3.1.3 Synchrotron Radiation Sources

X-ray beams of extreme intensity and laser-like qualities are generated in synchrotron
radiation (SR) facilities. These facilities make use of charged elementary particles (e.g.
electrons or positrons),accelerated to relativistic speeds, that pass through strong magnetic
fields of various types of SR sourcesI? Due to the magnetic field, Lorentz forces are induced
and the path of the charged particles will be curved, resulting in a strong acceleration

coupled with the emission of electromagnetic radiation, part of which in the X-ray region?

The first large scale synchrotrons, so-called first generation synchrotrons, were built mainly
for particle physics research. As such, the loss of energy of the particles when passing

through the magnetic fields was considered a nuisance.

Fairly soon after building the first generation synchrotrons, researchers recognised the
use of these synchrotron generated X-rays for analytical purposes. Due to the unique
characteristics of SR-beams, synchrotrons were built for the specific purpose of emitting

X-rays, thus introducing second generation SR facilities™ The actual X-ray sources in
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these facilities are the so-called bending magnets, deflecting the particle beam at given

positions of the storage ring.

Third generation SR facilities were introduced when so-called insertion devices were ap-
plied, providing more intense and collimated X-ray beam fluxes compared to the second
generation facilities. Below a short description is provided on the different parts of a third

generation SR facility.

Synchrotron Radiation Characteristics

Synchrotron radiation has distinct characteristics,* rendering it the source of choice for
many X-ray based analytical applications. Below, a short description of these characteris-

tics is listed.

Flux and Brilliance. The flux is defined as the amount of photons per second. Brilliance
defines the amount of flux, normalized by the source size and emission solid angle. Due
to the high energy of the charged particles and the high magnetic fields applied at syn-
chrotrons, a very high flux is obtained. Additionally, the application of insertion devices
and dedicated focussing optics provides a significant increase in brilliance. The high flux
and brilliance result in the possibility to perform measurements using shorter measurement

times, a useful asset considering the limited available beam time at a SR facility

Polarisation. Due to the way synchrotron radiation is generated, a high degree of po-
larisation (nearly 100 %) in the particle orbit plane can be obtained. This results in the
minimization of scattering effects when measuring in this plane of polarisation (horizon-
tally).

Coherence. There are two types of coherence: longitudinal or temporal coherence, and
transversal or spatial coherence. The first denotes the extent to which the radiation main-
tains its phase at two different times. The latter describes the correlation of the wave
phase at two distinct points, and is an expression for the degree of collimation. SR is
characterized by a high degree of natural collimation, allowing for better focussing of the

X-ray beam using dedicated X-ray optics.

Energy Tunability. The X-ray photons emitted by SR sources cover a wide energetic
spectrum. Using dedicated X-ray optics (monochromators) or adjusting certain parameters

of the particular SR sources, the X-ray energy can be tuned.
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Time Structure. Due to the presence of the charged particles in bunches in the syn-
chrotron ring, X-rays are emitted with a pulsed time structure. This creates the possibility
to perform time resolved experiments at SR facilities. The filling mode of the storage ring
defines the time between pulses. When fewer bunches are present in the ring, more time is
available between pulses. However, fewer bunches also generate lower X-ray fluxes. Typical

pulse lengths are in the range of 40 to 400 ps.

Facility Outline

A SR facility can be split in four general parts: the linear accelerator (linac), booster ring,
storage ring and the beamlines. The linac is used to pre-accelerate the charged particles to
a few hundred MeV before injecting them in the booster synchrotron. Inside the booster
ring, the energy of the particles is increased until the particles reach their final energy (e.g.

6 GeV in case of the ESRF), at which time they are introduced in the storage ring (Figure

53).

The storage ring contains the magnetic structures that are used to generate X-ray radiation.
It is actually a polygon, with bending magnets at the corner positions. In the straight parts
of the polygon, insertion devices can be installed. Radiation generated by each of the
separate magnetic structures can be guided through a series of X-ray mirrors and optics,

down the so-called beam lines.

The beam lines themselves can be described as consisting of three parts. The first part are
the X-ray optics, used to define beam dimensions, select appropriate photon energies and
guide the beam towards the experimental hutch, which is the second major part of a beam
line. Inside the experimental hutch, the researchers can place their sample in the path
of the beam, allowing for intricate sample environments when required. To protect the
researchers from exposure to the X-ray beam, the experimental hutch is typically lined by
lead panels. When researchers are inside the experimental hutch, the X-ray beam path is
blocked by a so-called shutter system, existing of a lead metal plate cutting the beam path.
During operation, the experimental hutch is closed, preventing anyone from entering, and

researchers can control their experiment from the control room.
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Figure 3.2: A schematic overview of a synchrotron radiation facility. Depicted are the linear
accelerator (1), booster ring (2), storage ring with bending magnets and insertion devices (3) and
beam lines (4). Figure adapted from

Bending Magnet

Located at the vertices of the synchrotron’s polygon shape, bending magnets are ultimately
used to force the charged particles’ path into a closed orbit, as well as generate X-ray
radiation. Bending magnets are usually permanent magnets with strong magnetic fields,
e.g. 0.4T at BM26A (DUBBLE, ESRF) ™18 emitting radiation in a wide fan. A section
of the fan can be selected using a slit system, improving on the horizontal collimation at

the cost of beam flux.

The emitted radiation has a smooth continuous spectrum (Figure , characterised by
a critical energy F¢ defined by Equation IEI Here, E is the electron energy and B is
the bending magnet’s magnetic field strength. The critical energy is the energy value at
half the integrated radiative power of the continuous emission spectrum. With higher E¢,

higher energy photons are generated.

Ec[keV] = 0.665 - E*[GeV] - B[T)] (3.1)
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Figure 3.3: Left: schematic representation of (top to bottom) a bending magnet, wiggler and
undulator. Right: emission spectra of the devices depicted to the left. Figures adapted from 18
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Insertion Device

In the search for more intense X-ray beams insertion devices were developed, introduc-
ing the third generation of SR facilities™® These magnetic structures are installed in the
straight parts of the synchrotron and consist of arrays of magnets with alternating poles.
When charged particles propagate through the thus created magnetic field, many oscilla-
tions perpendicular to their direction of movement are induced. At each bend, as is also
the case for bending magnets, the particles will lose part of their energy by the emission
of electromagnetic radiation. Due to the large amount of bends, a substantially higher

synchrotron radiation intensity is generated when compared to a bending magnet.

There are two types of insertion devices: a wiggler and undulator. Both are described by
the deflection parameter K (Equation .17 In this equation, By is the peak magnetic
field of the magnets and A, is the period of the magnetic poles.

[c]-e-By A
A wiggler is characterised by large deflection angles (K > 1) and n poles. Due to the
overlap of the emission cones, an emission spectrum similar in shape to that of a bending

magnet, but more intense due to its proportionality to 2n, is generated (Equation .

In the case of an undulator, the deflection angles are small (K < 1) due to weaker magnetic

1 This results in

fields, resulting in small on-axis deviations of the charged particles™*
coherent addition of the emissions cones, generating an emission spectrum characterised by
several sharp peaks (Figure . Additionally, undulators usually consist of more magnetic
poles than wigglers, further increasing the intensity of the spectrum, proportional to n?.
The position of the sharp spectral peaks in the undulator spectrum can be shifted by

adjusting the gap: the distance between the south and north poles.

3.2 X-ray Detectors

As X-rays are not visible to the human eye, dedicated instruments are required in order to
determine the amount and energy of X-ray photons originating from a sample. Rontgen
first discovered X-rays by the visible fluorescence they induced on a barium platinocyanide

screen. However, no quantitative information on the energy of X-rays is obtained from such
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photosensitive plates, rendering them less useful for spectroscopic purposes. Below, a short

description is supplied concerning the currently most frequently used X-ray detectors.

3.2.1 Ion Chambers

Ionisation or ion chambers are amongst the simplest X-ray detectors, consisting of two
electrodes over which a high potential is placed with a gas contained in between.™ When
an X-ray photon enters the ion chamber, it can interact with the gas atoms by ionising
them. The resulting (positively charged) ion and electron will be attracted to the cathode
and anode respectively, generating an electrical pulse. As a result, a current is measured

corresponding to the flux of X-rays entering the ion chamber.

Despite its inability to determine the energy of the detected X-rays, ion chambers are com-
monly used to determine beam fluxes for spectral normalisation purposes. By modifying
the gas mixture, the ion chamber can be optimized to detect X-rays of a specific energy
for a given amount. E.g. in X-ray absorption spectroscopy it is customary to use two ion
chambers, one before the sample and one after the sample in transmission mode, where the
first ion chamber has a gas mixture absorbing approximately 20 % of the X-rays, whereas
the second ion chamber usually is set to absorb 75 % of the X-rays. The second ion cham-
ber preferably does not absorb 100 % of the X-rays in transmission mode X-ray absorption
measurements in case one prefers the simultaneous measurement of a reference sample, by

making use of a third ion chamber.

3.2.2 Semiconductor Detectors

Semiconductor detectors are made of a semiconducting material, typically Si(Li) or Ge(Li),
applied with an electric field and can provide information on both the X-ray flux and energy.

As such, they are often utilized as energy dispersive (ED) detectors.

When an X-ray photon enters the detector material, it can dissipate its energy by generating

multiple electron-hole pairs in a sequence of interactions initiated by the photo-electric

t.19

effec The generation of each electron-hole pair has a well defined energy depending on

the detector material (a few eV), thus the initial X-ray photon energy is correlated to the

amount of generated electron-hole pairs.?"
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Upon determination of the total charge generated by an X-ray photon, which is propor-
tional to the deposited X-ray energy, the detector readout adds a count to the channel
corresponding to this charge, thus creating a spectrum. Due to thermal noise (dark cur-
rent) and the occasional recombination of an electron-hole pair before detection, a peak is
formed in the spectrum instead of a fine line at a specific energy. The width of the peak
is expressed by the energy resolution, which is typically 140-150eV at 5.9keV (Mn-K,, )
for Si(Li) detectors. The theoretical energy resolution E,., of a detector is expressed by
the Fano factor ' and the electronic noise N1 Here, E represents the energy of the
fluorescent photon and ¢ is a conversion factor from the energy to the number of charge
carriers (For Si based detectors, € = 3.65€V).

Eyes =2.35-VFEe + N (3.3)

The amount of X-rays detected with respect to the amount incident on the detector material
is expressed by the quantum efficiency of the detector. This parameter is dependent on
the X-ray energy, as well as the detector material and thickness. Generally, Si(Li) detector
crystals are relatively thick, between 3-5 mm. Nevertheless, even for several mm thickness,
due to the low atomic number of Si, the detector crystal becomes transparent above 40 keV,
rendering them sensitive to X-ray energies between 1 and 40keV. For higher energies,
best use is made of Ge(Li), or more recently HPGe, based detectors due to the increased
density (Si: 2.33 5, Ge: 5.46 £5) and higher atomic number (14 and 32 for Si and Ge

respectively).

The main disadvantage of photon counting semiconductor detectors is their low count rate,
typically being significantly saturated by fluxes of 10 keps. Additionally, cooling by liquid
nitrogen is often required in order to reduce thermal noise contribution and prevent drifting

of the Li atoms throughout the detector material.

3.2.3 Silicon Drift Detectors

An enhancement in semiconductor detectors was introduced in 1983 by Gatti and Rehad,
by the invention of the silicon drift detector (SDD) 222 This detector consists of a circular
design of p+ electrodes surrounding a n- anode, on top of a n- Si bulk with a back contact
consisting of a single p+ electrode (Figure .
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This design has the advantage that full bulk depletion can be achieved with significantly
lower voltages with respect to traditional Si(Li) detectors. Furthermore, incorporation
of the electron drift principle and on-chip field effect transistors (FET) reduce electronic
noise contributions and required signal shaping times, resulting in increased count rates
and enhanced energy resolution. Further advances in detector count rates without loss of
energy resolution exist in the implementation of improved pulse processors and the coupling
of separate SDD detectors into a multichannel drift detector® Additionally, cooling can
be performed by Peltier based systems instead of using liquid nitrogen, thus leading to

more compact devices.

3.2.4 Spatially Resolved Detectors

Both Si(Li) and SDD detectors provide information on the energy of the X-ray photon,
as well as the amount of incident photons. However, when information is required on the
exact place of the detector on which the X-ray photon entered, a spatially resolved detector

is needed.

For this purpose, typically charge coupled device (CCD) detectors are used. However,
complementary metal oxide semiconductor (CMOS) detectors are also applicable#% 2% The
main difference between these two types of detectors is the way in which they read out
the collected signals. A CMOS detector will read out each pixel separately, where a CCD
detector will transfer the photo-generated charge from pixel to pixel and convert this charge

to a voltage at an output node#"47

The charge collection in spatially resolved detectors happens in the same way as in a normal
Si(Li) detector. The detector chip is usually built up out of silicon, which will absorb
incoming X-rays and transfer them into electron hole-pairs. In a CMOS detector every
pixel of the detector has its own readout technology, resulting in very fast signal readout.
In fact, one could picture this CMOS detector as a collection of multiple miniaturized
Si(Li) detectors. A CCD detector reads out the signal in a somewhat more complex way,
resulting in slower count rates2 2% 25 However, a CCD chip is less complex to manufacture

than a CMOS chip, as the electron to volt conversion occurs on a separate circuit board **

Figure shows a cross section of a pnCCD detector chip. The generated electron cloud
prefers to be at the bottom of the electron potential surface. This minimum in the potential

surface is created by applying a somewhat higher voltage in a p* register implant, when
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Figure 3.4: Schematic overview of a SDD consisting of p+ electroces, n- anode and Si bulk, as
well as integrated front-end transistor (FET). Figure adapted from 23

compared to the neighbouring register implants. The collected electron clouds will be
transferred to the readout anode by changing the voltages of the register implants relative
to each other. The detector depicted is characterised by a 3-phase readout schematic: an
electron cloud will be shifted to the next pixel by changing the voltages of the p* register
implants in three steps. Once the electron cloud reaches the readout anode a charge will be
created which can be amplified and interpreted to give the correct energy of the incident

X-ray photon.

The full pnCCD chip consists of rows and columns of pixels. Often the readout of such a
chip will occur by moving the collected electron clouds one pixel to the side, followed by a
complete readout of the last column before the process is repeated by moving each row one
pixel to the side again. This is a relatively time consuming process. Even though trans-
porting all electron clouds in one direction is fairly fast, the movement in the perpendicular

direction creates a bottleneck which slows down the whole readout process.

Furthermore, if a photon reaches the detector while the readout process is occurring, the
exact incident location cannot be determined. As long as the photons hit the CCD before
the readout process has started, the correct place of incidence can be determined. However
if a photon hits the detector after the readout process has started, the location of incidence

of this photon will be assigned to the wrong pixel.

The slow readout is a weak spot for many CCD detectors. However, several solutions

have been found to solve this problem. A first possibility is splitting the chip in two or
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Figure 3.5: Schematic cross section of a pnCCD chip. Depicted are the p- and n-junctions
as well as the arbitrarily chosen front- and backside. Electrons will gather in electron potential
surface minima and can be transferred by changing the voltages over the pT register implants2%

more separate segments for the readout process. This way the electron clouds pass a lower
amount of pixels before they reach the readout anode. Consequently the signals are read
out more quickly. An additional option is the ‘frame store’ mode2 In this mode the CCD
chip is split in two halves: one half is used for photon detection, while the other half is used
for electron storage only. The readout process then quickly transfers all electron clouds
from the detecting half to the storage half, after which the storage half can commence
depletion. As soon as the detecting half of the chip is empty, the chip can collect new

photons and subsequently the detector’s dead time has been reduced.

Most CCD detectors are described as working under ‘backside illumination’. As can be
seen in Figure the backside has a thin, more or less homogeneous layer covering the
detector. The front side has many electronic components on it of different thicknesses and
sizes, causing the X-rays to be attenuated differently based on their point of impact to the
detector. A difference can even be perceived between different points in one pixel. When
illuminating under backside illumination conditions, it is safe to say every X-ray photon
beam of a certain energy will be attenuated up to the same degree at any point of incidence
of the detector before it enters the depleted silicon region, since it passed the same material

of roughly the same dimensions on the way.

Despite the possibility of CCD devices to perform energy dispersive measurements, often
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this option is not used to further improve the count rate. X-ray photon energy determi-
nation in spatially resolved detectors requires recognition of the generated electron charge
cloud, as this typically bleeds over several pixels. This step requires significant computing

time, thus increasing detector dead time.

3.3 X-ray Optics

Synchrotron radiation is characterized by a large electromagnetic radiation spectral range.
Researchers often wish to select a narrow energy band for the X-ray beam with which to
excite their samples. Additionally, it is often necessary to decrease the X-ray beam spot

size at the sample position in order to obtain better spatial resolution.

The most straightforward way of defining the beam size is by using slit systems or pinholes.
These essentially consist of metallic plates (W, Mo, ...) blocking part of the beam. The

main disadvantage of these beam defining optics is their lack of focussing.

Here some of the X-ray optics used for the micro-spectroscopic research presented in this

thesis are discussed.

3.3.1 Monochromators

Monochromators are used to select a narrow band of the X-ray energy range to propagate
beyond the optic, whereas the rest are blocked. The width of this energy range band
is expressed by the energy resolution of the monochromator %. Commonly, an X-ray
monochromator is either a perfect crystal or multilayer, selecting a specific wavelength
based on the Bragg principle (Equation .7 In Bragg’s equation, n is an integer denoting
the order of diffraction (n = 1, 2, 3, ...), A the X-ray photon wavelength, d the distance
between crystal layers and 1 the angle of diffraction between crystal surface and X-ray
photon. a is the crystal lattice spacing and h, k and [ are the Miller indices of the Bragg
plane. The bottom equation in Equation is correct only for cubic systems. Based on
the crystal material and the specific plane being diffracted on, the energy resolution will
change. E.g. Si(111) has a typical energy resolution in the order of AE/E = 1 x 1074,

whereas Si(311) achieves AE/FE = 2 x 10752529
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n\=2-d-sin(9) (3.4)

By changing the angle between crystal surface and the X-ray beam, a different wavelength
can be selected. This way, one can scan through X-ray beam energies by tilting the
monochromator crystal with respect to the beam. Based on the precision of the crystal
tilt motor and the angular dependence of the X-ray wavelength, different crystal types are
used for different energy regions. Si(111) is most often used for energies between 5-20 keV

whereas beyond 20 keV better use is made of a Si(311) crystal due to angular limitations.

In order to not change the beam direction after diffraction by the monochromator, typi-
cally a second crystal is used fixed parallel or slightly offset to the first crystal. The slight
offset of the second crystal serves the purpose of rejecting higher order harmonics that can
potentially interfere with the experiment. Higher order harmonics can also be removed
by inserting a mirror in the beampath as a higher energy cut-off or slightly detuning the
second monochromator crystal. To prevent changes in beam position during monochro-
mator movement, often a translation of the second crystal is performed simultaneously. A

monochromator equipped to do so operates in ‘fixed-exit’ mode.

Besides energy bandwidth selection, monochromator crystals can also be used to (pre)focus
the X-ray beam by applying curved monochromator crystals. Typically, this does come at

the cost of a slightly decreased energy resolution.

3.3.2 Capillaries

An elegant way of focusing an X-ray beam, thus decreasing the beam dimensions while

30735 These optics are typically

increasing the brilliance, is the use of (poly)capillary optics.
made of a bundle of Si-based glass fibres through which the photons are guided to a focal
point by means of repeated total reflection. A polycapillary optic consists of hundreds of
thousand single fibres, fused together. Depending on the shape of the polycapillary optic,

the X-ray beam can be focussed or collimated (Figure [3.6).

In order for a photon (with energy E) to reflect on the glass, it must reflect on the glass
under an angle smaller than the critical angle of total reflection ¥« (Equation .17’ 37 The
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Focusing optics
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Figure 3.6: Polycapillary X-ray optics that produce a focused (a,b) or parallel beam (c), starting
from an X-ray point source (micro-focus X-ray tube (a,c) or a quasi-parallel X-ray source (e.g.
synchrotron (b))21+50

H

critical angle of total reflection is inversely proportional to the energy, resulting in higher
energies reflecting under smaller angles. This ensures that with higher energies, smaller
beam sizes can be obtained. However, the smaller critical angle of total reflection boundary
also results in a lower probability of transmission of X-ray photons through the optic,
denoted by the transmission efficiency®® The transmission efficiency of a polycapillary
half-lens optic as a function of X-ray energy is presented in Figure The sharp drop in
efficiency around 1.8 keV is due to the Si K-shell absorption edge.

30
ElkeV]

Yo[mrad] ~ (3.5)

Despite the high degree of manual labour required during the manufacturing of polycapil-
lary optics, these optics are very cost efficient. Beam sizes down to 5 um at the focal point
can be obtained for energies above 10keV. Additionally, polycapillary optics are fairly
straightforward to align and can be designed specifically for a given beam shape in order
to obtain the highest possible transmission efficiency and lowest beam spot. It should be
noted that for focussing polycapillary optics often the divergence of the beam is increased,
thus complicating their use for analytical techniques requiring collimated X-ray beams such
as XRD.
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Figure 3.7: Transmission efficiency as a function of X-ray energy for a polycapillary half-lens
optic with length 9 cm, focal distance of 5 mm and outer entrance diameter of 4.13 mm and exit
diameter of 1.17 cm. The polycapillary optic consists of 200000 capillaries diminishing in diameter
from 7 to 2 pm.

3.3.3 Kirkpatrick-Baez Mirrors

An additional X-ray optic based on total reflection are Kirkpatrick-Baez mirrors or KB-
mirrors.#*#2 This optic consists of two mirrors curved in one dimension, one to focus in the
horizontal and one to focus in vertical direction (Figure . By adjusting the curvature
of the mirrors, beam spots down to sub-micrometre dimensions with working distances
considerably larger than those of polycapillary optics (>10 mm) can be obtained 2344 Ad-
ditionally, by using only a single mirror of the system, a vertical or horizontal sheet beam
can be obtained. A feature which is particularly interesting with respect to confocal full-

field experiments.*®

Despite the fairly simple working principle, these optics come at a fairly high cost due to
the manufacturing of bendable mirrors with very low surface roughness, as well as the high

precision motor systems required to position the mirrors in the path of the beam.
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Figure 3.8: X-ray guiding scheme of a Kirkpatrick-Baez mirror system. Figure adapted from
H. Mimura et al*®
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Chapter 4

Bulk XAS

4.1 Introduction

Bulk X-ray absorption spectroscopy (XAS) is the “mother technique” from which micro-
and nano-XAS were eventually developed. In this approach, the sample is illuminated by a
‘large’ X-ray beam with a size of the order of a few millimetres. The absorption spectrum,
resulting from an experiment illustrated by Figure [4.1] represents the average response of
the entire illuminated sample volume. Despite the current synchrotron radiation devel-
opment trend towards smaller beam sizes, currently achieving sizes down to only a few
nanometres,” bulk XAS experiments remain very popular as they are the ideal approach

when studying samples with millimetre sized homogeneity length scales.

This method is not ideal when investigating materials containing chemical structure hetero-

Bending 2-crystal . Fluorescence
magnet source Collimating  monochromator 1070chromatic detector
mirror beam
O Incident flux Transmitted
»> monitor _ flux monitor
Polychromatic P O @
beam Focusin
- Sample
mirror P

Figure 4.1: Schematic representation of a X-ray absorption experiment using synchrotron ra-
diation. Represented are transmission mode, making use of the incident and transmitted flux
monitors, and fluorescence emission mode, making use of the incident flux monitor and fluores-
cence detector. Figure adapted from Ortega, R. et al”
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geneities. Nevertheless, in case of applications when the samples can be considered locally
homogeneous, or in cases when the investigation of the (sub-mm scale) chemical hetero-
geneity in a spatially resolved manner is of lesser importance, bulk XAS measurements

offer an easily applicable, methodologically less demanding approach.

An advantageous property of bulk XAS is the higher flux and stability of the primary X-
ray beam interacting with the sample compared to that achievable in a micro-focus setup,
resulting in better signal to noise ratios. Additionally, due to the homogeneous nature of
the sample - or at least the assumption that this is the case on a scale comparable to the
utilized beam size - most samples can be optimized in such a way that transmission mode

experiments are possible, which again provide better counting statistics (Section [2.3).

Due to the high flux attainable at synchrotron radiation facilities, bulk XANES experi-
ments can be performed at a rate of less than a minute per spectrum, even down to a
sub-second frequency, creating the opportunity of in-situ experiments such as those fol-
lowing catalytic processes®® Due to the time required for EXAFS measurements, in-situ
experiments are typically not feasible. Exceptions include the application of quick-scanning
EXAFS (QEXAFS or Q-XAS)®8 and the study of relatively slow reactions, coupled with
sufficient repeats of the experiments. Both bulk XANES and EXAFS experiments can also
be coupled with several specialized sample environments such as cryo chambers or high
pressure and temperature cells. ¥ This is often difficult for microspectroscopic approaches
due to spatial constraints. As such, bulk XAS is often the most fruitful approach towards

XAS if spatially resolved information is not relevant.

Below, two applications of bulk XANES and EXAFS are presented, illustrating the possi-
bilities of these methods.

4.2 Application: Study of V on metal-organic frame-

work materials

This section is partially adapted from Wang et alf]

a2G. Wang, K. Leus, S. Couck, P. Tack, H. Depauw, Y. Y. Liu, L. Vincze, J. F. Denayer, P. Van Der
Voort, Enhanced gas sorption and breathing properties of the new sulfone functionalized COMOC-2 metal
organic framework. Dalton transactions 45, 9485-9491, doi:10.1039/c6dt01355d (2016).
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4.2.1 Introduction

Metal-organic frameworks (MOFs) or coordination polymers (PCPs) are crystalline and
porous materials consisting of metal ions or clusters coordinated to multidentate organic
ligands** They are characterized by high chemical tunability, framework flexibility, large
surface area and pore volume and are regularly studied in the framework of gas adsorption,
separation and as heterogeneous catalysts 12?7 For instance, the gas sorption behaviour
of MOFs toward different adsorbates as well as their thermal and chemical stability and
catalytic activity for selected reactions can be functionalized by employing different linkers,

as well as careful selection of the metal ion or cluster.2® 22

A series of Al/V doped MOFs (COMOC-2 and MIL-53) were investigated using XANES
and EXAFS to provide information on the structure of MIL-53-Al (AI'(OH)BDC, MIL:
Matériaux de I'Institut Lavoisier) after replacing the AI(III) centre by VII/IV/V)
in a mixed-metal MOF MIL-53-A1/V. More specifically, the oxidation state and the co-

ordination environment can reveal essential information on structural changes that occur

resulting

during vanadium incorporation. Doping MIL-53-Al with vanadium offers the opportunity
to incorporate a catalytically active element in an ultra-stable framework. The fact that
this framework shows extreme flexibility is also of great scientific interest. The incorpo-
ration of vanadium in the MIL-53-Al framework is of significant interest to understand in
more detail its breathing behaviour (open and closing of the structure by external stimuli
such as exposure to COq, temperature, moisture) and the catalytic activity, as studying
the coordination environment and oxidation state are essential to gather information on
what the trigger for this breathing phenomena is2% 3! Additionally, a comparison is made
between sulfone based and non-sulfone based COMOC-2 MOFs. Both materials display
breathing behaviour, although the sulfone based COMOC-2 MOF (SO,-COMOC-2) has a

decreased barrier for this structural transition.=2

4.2.2 Experimental

XAS measurements were performed onbeamline BM26A (Dutch-Belgian beamline, DUB-
BLE) at the ESRF (Grenoble, France).*¥ The X-ray beam, originating from a 0.4 T bending
magnet, was monochromatised using a Si(111) crystal monochromator. Higher harmonics
were rejected and vertical focussing is obtained by using a Si and Pt coated mirror down-

stream from the monochromator. The primary and transmitted beam intensities were
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monitored using ionization chambers, filled with gasses to provide approximately 10 % and
70 % absorption before and after the sample position respectively. The sample was cooled
to 80 K using a He gas filled cryostat (Oxford Instruments, Figure to reduce thermal
vibration effects, expressed in part by the Debye-Waller factor (Section , perturbing
the true EXAFS signal. In order to prevent the presence of pinhole effects, ultimately
attenuating the XAS signal, the samples were prepared as pressed pellets, containing an
amount of analyte providing a theoretical absorption of two absorption lengths at 5515¢eV.
When necessary, cellulose was added as a binding agent. XANES scans were performed
over the V K-edge (Eq: 5465eV) with 0.3eV steps over the pre-edge peak and edge re-
gions. Multiple repetitions were performed to obtain better data quality. XANES data
were normalized and processed using the Athena software package.** The pre-edge peak,
corresponding to the 1s-3d electron transition, was fitted with a pseudo-voigt function,

after subtracting an error function corresponding to the rising edge.

EXAFS data was acquired up to 9 A" in steps of 0.025 A~!. The Viper®¥ software package
was used to process the EXAFS data and fit FEFF72% 28 calculated scatter paths in order to
determine the amount of neighbouring atoms and bond distances. The amplitude reduction
factor Sz was determined to be 0.72 by fitting a vanadium foil EXAFS Fourier transform
between 1.5 and 5.4 A (Figure . Eo and Debye-Waller factor for the V-O scatter paths
were constrained to -2eV and 0.025 respectively. Each first scatter (1 to 2.5 A) shell was
fitted by two separate V-O scatter paths with V-O starting value distances of 2 and 2.5 A

respectively.

4.2.3 Results and Discussion

As shown by Silversmit et al., the main edge (ux = 0.5) and “white line” (1s — 4p
transition) energy position is dependent on the V oxidation state®5? Here, the main
edge position was used to determine the nominal oxidation state, as this approach is less
sensitive to fluctuations caused by varying counter ion types. The XANES spectra of the
reference compounds with varying V oxidation states and the COMOC-2 MOF samples are
shown in Figure[4.4] The linear correlation between oxidation state and main edge position
is displayed in Figure 4.5 Nominal oxidation states for COMOC-2 and SO,-COMOC-2
are determined to be 4.03 and 3.7, respectively. Provided the presence of VI and/or VIV
cations, it can be concluded that in COMOC-2 all V atoms are in the +IV state, whereas
the SO,-COMOC-2 materials exhibit a VI /VIV ratio of 30/70 (0.43).
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Figure 4.2: Photograph of the BM26A beam line Oxford Instruments cryostat. Right in view is a
picture of the first ionisation chamber, monitoring the primary X-ray beam flux. The cryostat can
be operated in both transmission and emission. Photograph adapted from the ESRF - DUBBLE

website 2%
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Figure 4.3: Vanadium K-edge EXAFS k2 - x(k) spectrum (left) and Fourier transform (right),
with respective fits, of a V foil measured at the DUBBLE beamline (BM26A, Grenoble, France).
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Figure 4.4: Vanadium K-edge XANES. Left, from bottom to top, nominal oxidation state in
parenthesis: VoOs5 (black, +5), VO13 (green, +4.3), VO3 (red, +4) and V203 (blue, +3). A line
guide is displayed to show the relation between V oxidation state and main edge position; Right:
SO2-COMOC-2 MOF (top, red) and COMOC-2 MOF (bottom, blue).
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Figure 4.5: Vanadium K-edge XANES main edge (ux = 0.5) position trend as a function of
oxidation state for the pure vanadium oxides V2035, V5O13, VOg and V20Os3. Energy positions are
relative to the V-foil offset.
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Similarly, the oxidation state of a series of MIL-53 MOFs with variable Al/V content was
measured, the results of which are displayed in Table 4.1} It is clear from this data that
the as synthesized vanadium samples have a nominal oxidation state of approximately
3.5, denoting a 50/50 VI /VIV ratio. By performing a calcination step, the vanadium is
changed to pure VIV. The Al/V content or type of MOF does not appear to influence the

V oxidation state.

Additionally, the V K-edge XANES pre-edge peak supplies information on the vanadium
coordination with a large pre-edge peak denoting coordination without inversion symmetry
(e.g. tetrahedral or distorted octahedral) and a small to no pre-edge peak represents
coordination with inversion symmetry (e.g. octahedral)*? A decrease in pre-edge peak
area is seen from COMOC-2 (2.36), to SO,-COMOC-2 (0.88), showing a transformation
of V coordination from a lack of inversion symmetry for COMOC-2 to more inversion
symmetry for SO,-COMOC-2. Additionally, calcined samples have a larger pre-edge peak
and thus less inversion symmetry. A similar trend can be seen for increasing V content:

with higher V content, the average V symmetry shows less inversion symmetry.

In this MOF structure, the closest neighbouring atoms (first coordination shell) to V and
Al are O atoms. EXAFS experiments were performed to obtain more information on the
amount and distance of these atoms. The y(k) results and corresponding Fourier transform
fits are displayed in Figure [4.6] and Table [£.2] Despite the unrealistically large fluctuation
of the amount of neighbouring atoms N, caused by fitting uncertainties concerning the
Eo value, spline subtraction and its influence on N, a general trend can be perceived

nonetheless. As such, these results for N should be considered only as a qualitative result.

It appears that with increasing amount of V, values for N decrease. A similar trend,
although admittedly less convincing, is seen when comparing N for a sample before cal-
cination (as synthesized, a.s.) and after. Also an increase in photoelectron scatter path
length R, denoting the V-O bond distance, with increasing V content can be perceived for
as synthesized samples, however this trend is less clear for calcined samples. In general,

scatter path lengths increase when comparing a sample before (a.s.) and after calcination.

4.2.4 Conclusion

Interpreting the XANES and EXAFS results, a chemical transition of V in the samples

can be seen when increasing the V content. Initially, in a sample with high Al/V content,
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Table 4.1: Overview of V K-edge XANES results on Al/V MOFs, displaying integrated pre-
edge peak area and oxidation state with varying Al/V content and the calcination during MOF
synthesis. Missing values (-) are due to the lack of a pre-edge peak in the XANES spectrum.

Al/V  Integrated Main edge Rel. edge Oxidation

Compound content Area position [eV] position* State
SO,-COMOC-2  0/100 0.66 2478.1 13.1 3.7
20/80 1.69 0478.2 13.2 3.8
COMOC-2 10/90 1.77 0478.6 13.6 4.0
0/100 2.36 0478.6 13.6 4.0
MIL-47 a.s. 0/100 0.26 24T7.5 12.5 3.4
MIL-47 calc. 0/100 2.12 5479.0 14.0 4.2
MIL-47 calc.t 0/100 2.77 0478.5 13.5 4.0
99/1 - 24774 124 3.4
98/2 0.35 2477.6 12.6 3.5
MIL-53 a.s. 95/5 0.50 o477.4 12.4 3.4
75/25 0.37 5477.3 12.3 3.3
50/50 0.35 24T7.8 12.8 3.6
99/1 1.44 2478.8 13.8 4.1
98/2 0.61 2479.0 14.0 4.2
MIL-53 calc. 95/5 0.77 5479.0 14.0 4.2
75/25 1.39 D478.7 13.7 4.1
50/50 1.86 04787 13.7 4.1

*Rel.: relative to Eg; a.s.: as synthesized; calc.: calcined
f: calcined at 380°C
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Figure 4.6: Vanadium K-edge EXAFS k3. x (k) spectra (left) and their Fourier transform (right)
(solid curves) and respective fits (dotted curves) for a series of A1/V MOFs. Top to bottom (Al/V):
S05-COMOC-2 (0/100), COMOC-2 (20/100), COMOC-2 (10/90), COMOC-2 (0/100), MIL-47
a.s (0/100), MIL-47 calc. (0/100), MIL-47 calc. 380°C (0/100), MIL-53 a.s. (98/2), MIL-53 a.s.
(75/25), MIL-53 a.s. (50/50), MIL-53 calc. (98/2), MIL-53 calc. (75/25), MIL-53 calc. (50/50).
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Table 4.2: Overview of V K-edge EXAFS results on Al/V MOFs, displaying the nearest neigh-
bour degeneracy N, scatter path length R, Debye-Waller factor o,, and theoretical FEFF edge
shift Eg. Standard deviations are noted in between brackets.

Al/V

Compound content N R [A] ow [A? Eg [eV]
S0,-COMOC2 _ 0/100 6.1 (1.3) 213 (0.02) 0.0025 _ -2.0
20/30 58 (1.3) 229 (0.02) 00025  -2.0
COMOC-2 10/90 6.0 (0.3) 2.19 (0.01) 0.0025  -2.0
0/100 57 (0.9) 2.29 (0.02) 0.0025  -2.0
MIL-47 a.s. 0/100 8.6 (1.2) 2.17(0.01) 0.0025 -2.0
MIL-47 calc. 0/100 3.4 (0.6) 2.30 (0.03) 0.0025  -2.0
MIL-AT calet  0/100 2.7 (0.5) 2.30 (0.01) 0.0025  -2.0
98/2 9.1 (1.6) 2.11 (0.01) 0.0025 -2.0
MIL-53 a.s. 75/25 65 (1.1) 217 (0.01) 0.0025  -2.0
50/50 8.1 (2.1) 2.26 (0.03) 0.0025  -2.0
08/2 128 (15) 2.8 (0.01) 0.0025  -2.0
MIL-53 calc. 75/25 6.0 (0.6) 2.15(0.01) 0.0025  -2.0
50/50 4.1 (0.5) 2.28 (0.01) 0.0025  -2.0

a.s.: as synthesized; calc.: calcined, S3 = 0.72
T: calcined at 380 °C

the V is fixed in a centrosymmetric, high N geometry with comparably short V-O bond
distances. As more V is added to the system, it is capable of changing the structure
which was previously defined by the Al ions, turning into a non-centrosymmetric, lower N
geometry with generally larger V-O bond distances. As such, a transition from octahedral
V-0 surrounding to pyramidal V-O surrounding with increasing V content is suggested.
Additionally, calcination of the sample further increases the transition of octahedral V-O
to pyramidal V-O. It should be noted that this structural transition is merely a hypothesis
based on the XAS results, and should be confirmed by additional experiments.

4.3 Application: Study of Au on photocatalytic Au/

TiO, materials*!

This section is adapted from Meire et al]

PM. Meire, P. Tack, K. De Keukeleere, L. Balcaen, G. Pollefeyt, F. Vanhaecke, L. Vincze, P. Van Der
Voort, I. Van Driessche, P. Lommens, Gold/titania composites: An X-ray absorption spectroscopy study
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4.3. Application: Study of Au on photocatalytic Au/TiOy materials*:

4.3.1 Introduction

Gold/titania (Au/TiO,) composite materials have a wide range of applications including
catalysis (e.g. water—gas shift reaction), photocatalysis (e.g.water purification, Hy produc-
tion), photovoltaics and photoelectrochemical solar cells.**% These materials can be syn-
thesized following several approaches.®®% Here, Au/TiOy composite materials were pre-
pared by impregnating a mesoporous titania powder with an aqueous solution of HAuCly.
In a subsequent step, the salt is reduced using one of the following reduction methods:

chemical (citrate, NaBHy) 2% 5% thermal (H, atmosphere)°® 2% or by UV irradiation > ®7

Although the changes in gold particle size, specific surface area of the titania matrix and
(photo)catalytic activity as a function of the synthesis method are well discussed,°% P% B8l
the influence of the above reduction methods on the Au oxidation state is not,®©3 despite
its large effect on the catalytic activity of the materials. For instance, a positive charge on
gold particles increases the activity in the case of CO conversion due to a better adsorption
of CO*? yet the photocatalytic hydrogen production on Pt/TiO, is less influenced by a
charge on the Pt atoms.®* XANES experiments were performed on a set of Au/TiO,
composite materials in order to obtain additional information on the Au state as a function

of the reduction method used during synthesis.

4.3.2 Experimental

Details on how the Au/TiO, materials were synthesized are outside the scope of this thesis,
and are published elsewhere*! All samples have a gold loading of approximately 0.3 w%.

Different procedures to reduce the gold salt in the samples were applied:

o illumination during 6 h with a UV black light (Vilber, 136 uW/cm?, maximum in-
tensity at 365 nm),

o thermal reduction for 2h at 200 °C under 5% Hs/Ar atmosphere,

« microwave (MW) irradiation for 1h at 120 °C, dispersed in 4 mL aqueous solution of
NaOH (pH = 10). The powder was washed with water and dried at room temperature
in the dark,

on the influence of the reduction method. Spectrochimica Acta Part B: Atomic Spectroscopy 110, 45-50,
doi:10.1016/j.sab.2015.05.007 (2015).

29



Chapter 4. Bulk XAS

e 0.2mL of 0.1 M NaBH, was added to a dispersion of Au/TiOs in 15mL deionized
water and stirred for 3h. Afterwards, the powder was washed with deionized water

and dried at room temperature in the dark.

All samples were stored in the dark at 25 °C and the whole characterization was performed
within a week after synthesis to prevent change of the Au oxidation state by exposure to

air or light.

XANES spectroscopy experiments were performed at BM26A, the XAS station of the
Dutch-Belgian beamline (DUBBLE) at the ESRF.** The beam size at the sample posi-
tion was approximately 3x1mm?, defined by slit systems. Samples were fixed as powder
between two 25 um polyimide tapes (Goodfellow SARL) in a circular holder with surface

area of 1.3 cm?

. The X-ray absorption signal was monitored in emission mode using a
Vortex-EM silicon drift detector. A XANES scan consisted of 139 energy steps, with an

acquisition time of 1s/step.

In addition, high resolution XANES data were acquired at ID26 (ESRF, Grenoble, France)
using a Si(311) monochromator (energy resolution AE/E of ~ 0.3x107%). A wavelength
dispersive spectrometer with an energy resolution lower than the core-hole lifetime (5.41 eV
for the Au-Ls edge®) was used to monitor the emitted radiation, resulting in significantly
sharpened spectral features.®® The spectrometer was tuned to 9.713keV (Au-L, fluo-
rescence line) using the spherically bent Ge(600) wafer Bragg reflection. A beam size of
0.3(V)x1(H) mm? at the sample position was used. Samples were pressed to pellets (5 mg
powder dispersed in cellulose) and moved through the beam to illuminate a new area after
each scan to avoid beam induced changes. A XANES scan consisted of 1003 energy steps,
with an acquisition time of 30s/scan. 60 scans were averaged to obtain better counting

statistics. At both beamlines experiments were performed at room temperature (298 K).

Raw XANES data were normalized for incident beam flux using the primary ionization
chamber signal, pre-edge subtracted using a linear function and post-edge normalized at
an energy of Eg+50eV. Additionally, the slow variations caused by the atomic absorption
profile before and after the edge were subtracted to facilitate linear combination analysis
spectra comparisons™ The obtained XANES profiles were compared to the transmission
mode XANES profiles of a series of reference compounds (Au foil, AuCN, KAu(CN), and
HAuCly) by means of linear combination fitting, resulting in the semiquantitative chemical

speciation of the gold in the sample ™2
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4.3.3 Results and Discussion

Beam induced changes were detected by performing multiple fast scans as a function of
energy. The XANES spectra of the non-reduced and UV reduced samples clearly present an
intense peak after the absorption edge (~11.918keV), historically known as the white line,
which decreases in intensity as a function of time (amount of scans) (Figure [4.7A). For this
reason only the first measured XANES scan of these samples was used as representative of

the sample’s initial state.

The XANES spectra measured at BM26A are displayed in Figure [4.8] The white line
represents the 2p—5d electron transition, providing information on the density of the
unoccupied bHd states near the Fermi level and thus is closely related to the oxidation state

74

of the gold atoms.™ The decrease of the white line represents a smaller density of

unoccupied 5d states and thus a reduction in oxidation state.

The white line of the UV reduced sample was significantly smaller than the one of the
unreduced sample, indicating that UV irradiation partially reduced the gold. In the other
samples no white line was present and the spectra did not change as a function of time,

hinting at the presence of fully reduced Au® particles.

XANES linear combination fitting was performed using an Au foil and the unreduced
sample XANES spectra. The XANES spectrum of the unreduced sample was used as a
reference for the sample’s initial state instead of the pure HAuCly XANES spectrum, as
the surrounding titania matrix has an influence on the XANES shape. The fitting results
showed that in case of the thermal and chemical reduction, transformation from Au*
to Au® was complete, while MW reduction left 4 % unreduced and UV irradiation only
reduced half (52 %) of the gold atoms.

Using high energy resolution fluorescence detection (HERFD) XANES at ID26, the energy
dependent post-edge features can be observed in more detail showing more fluctuations
and more pronounced amplitudes, allowing for better determination of the chemical sur-
roundings of the adsorbing atom. No spectral changes as a function of time were observed
as the sample was scanned through the beam during the HERFD XANES experiments,

illuminating a fresh part of the sample during each energy scan.

As a correlation exists between the size and shape of the Au-Ls XANES post-edge features
and the probed particle size for gold (nano)particles,™ ™ it was decided to perform HERFD
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Figure 4.7: Au Ls-edge XANES profiles of unreduced (A) and microwave reduced (B) Au/TiO»
as a function of time, displaying the beam induced changes for the unreduced sample.
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Figure 4.8: Au Ls-edge XANES profiles for Au/TiO2 composite materials with different reduc-
tion methods, as measured at beamline BM26A.
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XANES measurements for the microwave and UV reduced Au/TiOy samples with gold
particles of 11.5nm and 10.5nm, respectively (Figure . For the two samples, the
post-edge features are nearly identical, except for the white line, which is more intense
in the case of the UV reduced sample suggesting a larger density of unoccupied 5d states
and thus (partial) oxidation of the metal particles in case of the UV reduced sample.
Additionally, the absorption edge position of the two Au/TiOs samples and the gold foil
reference coincide, showing that the gold in the composite materials has the same oxidation
state as the metal foil. As also the post-edge features of the XANES spectra of the samples
are similar to those of the XANES features of the metal foil, it can be concluded that the

gold in the Au/TiO, samples has a similar chemical surrounding as found in metallic gold.

Therefore, the oxidized Au species in the UV reduced sample cannot simply be identified as
unreduced salt (HAuCly), as then the absorption edge should be shifted to lower energies
and the post-edge features observed for the Au/TiOs samples should clearly differ from
those of the Au foil. The increase of the white line intensity of the UV reduced sample can
as such only be explained as originating from a positive charge on the gold particles. As
the charge is likely to be spread over the gold particle, resulting in a small charge on each
gold atom in the cluster, it is not impossible that the local Au structure does not change
significantly compared to the case with no charge, as seen in Figure when comparing
the XANES post-edge regions.

4.3.4 Conclusion

XANES experiments were performed on a series of Au/TiOs composite materials, which
were treated by different reduction procedures. The increase in white line intensity of the
UV reduced sample can be explained by a different interaction with the titania support
compared to the microwave (MW) reduced sample. As the MW reduced sample does not
show an increased white line intensity, the gold nanoparticles have only limited interaction
with the titania support. An explanation for the positive charge might be found in the
used reduction method: UV reduction is the only method that uses the photoelectrical
properties of the titania matrix to reduce the gold salt. The other reduction methods
use ‘external’ influences to reduce the gold salt. The use of the titania matrix during the
reduction step might cause a stronger interaction between the gold nanoparticles and the

titania matrix.
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Figure 4.9: Au Ls-edge XANES profiles for Au/TiO2 composite materials with different reduc-
tion methods, as measured at beamline BM26A.

The positive charge on the gold nanoparticles could be explained as follows. During UV
illumination, electron and hole pairs are formed in the titania matrix. The electrons
will reduce the gold ions to form gold nanoparticles, and the holes will be scavenged
by surface bound hydroxyl groups. As the experiment is performed on dry Au*/TiO,
powder, the amount of surface bound hydroxyl groups might not be sufficient to scavenge all
photogenerated holes produced during 6 h of illumination and part of these photogenerated

holes will oxidize the gold nanoparticles, generating a partial positive charge.

A positive charge on the gold nanoparticles can lead to a reduction in photocatalytic
activity of the composite materials as photogenerated electrons will neutralize this positive

charge and therefore will not participate in the generation of a photocurrent.

4.4 Summary

Bulk XAS experiments are performed by illuminating the sample with a broad beam,
resulting in spectra which represent the average response from the illuminated sample
volume. Despite this lack of spatially resolved information, bulk XAS experiments are

useful due to their general applicability and fairly simple measurement setup.

Additionally, bulk XAS experiments are easily extended by inserting special sample envi-

ronment chambers and/or simultaneously coupling different X-ray based analytical tech-
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niques. Furthermore, bulk XAS experiments are often performed in situ, assisted by the
fairly fast data acquisition scheme, often providing useful insights in chemical reactions

that are otherwise difficult to monitor.

As such, XAS analyses should always be considered whether to be performed in bulk
mode or whether spatial resolution is of higher priority, as the achieved data quality in
a given time frame is significantly different for both approaches. When spatially resolved
information is essential, the X-ray beam size can be limited to excite only a small (micro- or
nanoscopic) area of the sample, after which the sample can be raster scanned through this
micro- or nanobeam providing spatially resolved information. This approach, focussing

down the X-ray beam to microscopic dimensions, is further discussed in Chapter [5]
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Chapter 5

Micro-focus XRF/XAS

5.1 Introduction

In many research areas, spatially resolved information is essential: for example, the spatial
distribution of nickel poisoning inside a catalyst particle can heavily influence the reactivity
of the catalyst, the location of Cu contamination in a biological organism can tell us more
on the biological effects of the contamination, the presence of a given element in a specific

region of a painting can tell us which pigment was used.

In order to perform micro-focus XRF or XAS experiments, an X-ray beam is focussed
down to a few micrometers or even to sub-micrometer dimensions. Subsequently, the sam-
ple is scanned through the beam using steps equal to or slightly smaller than the beam
size while acquiring information at each individual step of the scan. Alternatively, a con-
tinuous movement of the sample through the beam can be performed, during which the
emitted radiation is repeatedly sampled in preset time intervals during this continuous or
dynamic scanning. The latter approach is usually followed in order to e.g. increase the
scanning speed or reduce the probability of beam induced alteration of the illuminated
sample areas due to prolonged exposure to the intense X-ray microbeam. Two dimensional
scans, or mappings, are obtained by moving the sample through the beam, making use
of two separate motor systems. Three dimensional scans can be obtained by introduc-
ing an additional (rotational) movement, around the sample’s axis of rotation. The 3D
computed tomography (CT) scans are typically combined to reconstruct a 3D volume by

filtered backprojection or algebraic reconstruction® techniques. This XRF/XAS tomo-
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graphic method, however, is rather time consuming as measurement time scales with the
third power of the number of scan points required in a given dimension. Additionally,
algorithms required for these reconstruction methods are often computationally expensive

and may induce artefacts in the rendered 3D volume.

It is clear that for 2D and 3D mappings, the measurement time increases significantly with
the amount of investigated data points and thus by the covered area/volume. For XAS,
a full energy scan has to be performed at each data point, essentially adding an extra
data dimension and increasing measurement times. As such, most micro-XAS experiments
are limited to an initial XRF-based overview mapping of the sample’s region of interest,
followed by XAS scans at a select number of points of interest. It is then assumed that,
based on the co-distribution of elemental constituents as determined by the XRF analysis
or additional techniques, the obtained XAS spectra are representative for compositionally
similar phases in the scanned region. However, it is not hard to imagine that in some cases
this assumption cannot be made. As such, the need for full-field XAS arose, in which a
XAS spectrum is obtained in a spatially resolved way for each pixel/voxel within a given
sample area or volume. One approach makes use of a position sensitive energy dispersive
CCD detector, as discussed in Chapter . A second approach applies a large area (multi-
element) ED detector, coupled with fast detector readout electronics to perform so-called
fast scanning XRF/XAS. As such, a large fraction of the fluorescence radiation emitted
by the sample can be processed in very short times, resulting in measurement times of
only a few milliseconds per point. A noteworthy detector for fast-scanning approaches
is the Maia detector, consisting of 384 1x1mm? Si-based detector elements arrayed in a
20 x 20 raster with the central 4 x 4 elements removed to allow for beam passage®® A Mo
mask is implemented to minimize charge sharing between elements. In combination with a
dedicated dynamic analysis method, the Maia can reputedly handle 100 million events per
second, allowing for sub-ms scan times per pixel for concentrated samples. Alternatively,
similar results towards large solid angle fast-scanning can be obtained using e.g. a Vortex
ME4 multi-element detector in combination with a Quantum Detectors Xspress 3 system,

capable of handling count rates of several million counts per second.”

In this chapter, the application of a polycapillary based microbeam XRF/XAS setup de-
veloped by our group at a bending magnet beam line (DUBBLE BM26A) of the ESRF is
discussed. Additionally, an example is shown of the XAS and XRF investigation of ancient
carbonized Herculaneum papyrus scroll fragments in quest of the origin and composition

of the writing ink on these scrolls.
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5.2 The DUBBLE (BM26A) Micro-focus Setup

5.2.1 From macro to microbeam XAS

Historically, the DUBBLE BM26A beam line (ESRF, Grenoble) has been mainly special-
ized in on-line catalysis research by means of X-ray absorption spectroscopy. For these
purposes, it uses a 0.4 T bending magnet generated beam of approximately 1x10™ ph/s
and energy tunability in the 4.5 to 30 keV range with an energy resolution AE of 1.7¢eV at
9.689 keV. Typically applied beam sizes at the sample position are of the order of 5x 1 mm?,

resulting in most of the experiments performed at BM26A to classify as bulk experiments.

In order to make micro-XAS and -XRF experiments possible at BM26A, a micro-focus
setup was built in collaboration with Drs. Stephen Bauters. During the development of
this setup, it was of great importance that this setup could be removed and inserted in the
beamline at will, as a sort of ‘plug-and-play’ system, thus retaining the large beam and
very flexible sample environment characteristics of BM26A. For this purpose, it was opted
to focus the X-rays down to a microscopic sized beam using a polycapillary X-ray optic
(Section [3.3.2]). More information on this subject can be found in S. Bauter’s work.

5.2.2 Micro-focus Setup Outline

An elliptically shaped polycapillary opticl%*# was obtained from XOS (X-ray Optical Sys-
tems, NY, USA) consisting of a large acceptance window (7.5x3mm?), a focal distance of
approximately 2.5 mm and an estimated focal spot size of 10 ym at 6.4 keV. The 6 cm long
polycapillary optic is contained in a housing with entrance window diameter of 10 mm and
exit window diameter of 2.8 mm. Due to the large acceptance window, a large fraction of
the BM26A X-ray beam is guided through the optical system, resulting in a flux as high
as possible impinging on the sample. Purging holes to flow He through the polycapillary
optic, decreasing absorption of X-ray photons by air, are foreseen in the optic’s housing

design.

The alignment of a polycapillary optic is particularly sensitive to rotations around the
directions orthogonal to its optical axis. Tilt angles with respect to the incident beam
direction should be minimized, as the condition of (repeated) total reflection within the

hollow glass channels of the polycapillary needs to be fulfilled in order to transmit X-
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rays through the optic. As such, the polycapillary optic has to be mounted coaxially
to the unfocussed X-ray beam. To pre-align the polycapillary optic, a straight 16 cm
long rail equipped with 1 mm sized pinholes on both ends is inserted in the path of the
beam. Translation and rotation of the rail with respect to the primary beam is allowed
by a motorized H206 6-axis precision alignment system (Physik Instruments) with c-887
hexapod controller (PI), while the transmission of the primary X-ray beam through both
pinholes is monitored using a gas ionisation chamber. Once the pre-alignment rail is
oriented parallel to the beam, the pinholes are removed and the polycapillary optic is
inserted in the rail. The polycapillary optic is then aligned by iteratively making minute

rotational and translational adjustments until a maximal transmitted flux is measured.

A photograph of the aligned micro-focus setup is displayed in Figure A Vortex-
EM SDD (Hitachi High-Technologies Science America Inc.) with 450 pm thick Si crystal
was mounted at 90° with respect to the polycapillary optic, in the plane of polarization,
equiped with an Al collimator to further reduce background scattering. Any additional
energy dispersive detectors could be applied in this setup, although geometric restrictions
have to be considered due to the short focal distance of the polycapillary optic. A SteREO
Discovery V20 microscope (Carl Zeiss AG) is used to visualise the sample to facilitate

sample alignment.

The sample can be mounted on a goniometer sample holder (HUBER Diffraktionstechnik
GmbH & Co. KG), fixed on a XYZ motorized system (Micro-Translation stages, Physik
Instruments) allowing for translation along each axis of 3D space. Additionally, a manual
rotation stage was installed to allow for reproducible sample placement in grazing angle

entry or exit conditions.

5.2.3 Analytical Characterisation

The beam size of the DUBBLE micro-focus setup was determined by scanning a 10 ym
stainless steel wire (Goodfellow Inc.) through the beam. The transmission signal shows a
Gaussian beam profile, which is a convolution of the actual beam size at the sample position
and the thickness of the metal wire. At 9.029keV, the 10 um diameter stainless steel wire
can be considered to be a perfect beam stop. However, at 18.048 keV, the stainless steel
wire becomes partially transparent to the beam. As such, a correction to the beamsize was

made by calculating the amount of transmission through the wire at each point, resulting
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Figure 5.1: Photograph of the BM26A DUBBLE micro-focus setup displaying the 6 cm long
polycapillary optic in its holder rail (A), Daguerreotype sample (B), transmission signal monitor-
ing ion chamber (C), energy dispersive SDD detector with Al collimator (D) and Zeiss microscope

(E).

in an effective wire thickness of ~6.3 um. This method results in a beam size diameter
at the sample position of 8-11 um depending on the excitation beam energy, with higher
beam energies resulting in smaller focal spot sizes. Furthermore, the focussed beam has a
divergence of ~4° in the horizontal and ~0.4° in the vertical direction as determined by

performing wire line scans at varying optic-wire distances.

The beam flux at the sample position was approximated by monitoring the difference in
transmission signal before and after polycapillary optic insertion and alignment. A focussed

beam flux of approximately 1x10% ph/s was estimated this way at an energy of 9.029 keV.

Figure displays the elemental detection limit (DL) values for the macro and micro-
focal setup for a NIST SRM 1577c¢ bovine liver sample. The sample was illuminated
for 1000 seconds with an energy of 9.029keV. It is clear that the DL values are lower for
macro (5x 1 mm? at the sample position) compared to micro-beam conditions as part of the
primary X-ray beam flux is lost due to imperfect polycapillary optic transmission efficiency
and limited incident beam acceptance, although the DL is sub-ppm level for elements with

atomic number >19 (K) for both approaches.
However, most XAS applications do not lend themselves to measurement times of 1000 seconds
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Figure 5.2: Transmission intensity curves derived from a wire scan in the vertical (black) and
horizontal (blue) direction over a 10 pm stainless steel wire at different energies. Beam sizes are
presented for each scan direction.

per point, per energy step. As the DL scales inversely to the square root of the measurement
time, it is found that for K (Z=19) to Cu (Z=29) detection limits of 1-20 ppm and 2-35 ppm

for 1s exposure time are acquired for macro- and micro-beam applications respectively.

5.2.4 Conclusion

The DUBBLE BM26A micro-focus setup consists of a polycapillary optic allowing the
focussing of a large part of the unfocussed broad beam down to beam sizes of ~8x8 ym?.
Slightly higher detection limit values are found for the micro-setup when compared to the
unfocussed beam, although they are well within the 1-50 ppm range for transition metals,

allowing for fast measurements on diluted samples.

The sample can be scanned through the X-ray beam in XYZ direction, while the fluores-
cence and scatter radiation is detected by an energy dispersive detector for each point in
a spatially resolved manner. Due to the “plug-and-play” design of the setup, fairly fast
transitions between focussing and non-focussing setup can be made. An improvement in
this transition rate can be made by implementing a motorised retraction of the polycap-
illary optic, without changing the sample position. Currently, this is not available due to

the limited travel range of the hexapod on which the polycapillary optic is mounted.
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Figure 5.3: Detection limits for the DUBBLE BM26A (ESRF, Grenoble, France) macro (gray
squares) and micro-beam (black circles) setup on a NIST SRM 1577c¢ bovine liver sample. 1000s
exposure time, Eg: 9.029 keV. Error bars represent 3o confidence level and are occasionally covered
by the data point symbol. The beam size of the micro-beam at the sample position is 8 um whereas
the macro beam has a beam size of 5x1mm?.

Due to the divergence of the focussed X-ray beam, a spot size at the sample position can be
selected according to the requirements of the experiment by translating the sample along
the longitudinal axis of the polycapillary optic. The usable size range is approximately

from 10 gm to 50 pm.

5.3 Application: Herculaneum Papyrus Scrolls

The experiment and results described in this section have been presented in Scientific

Reports published by the Nature Publishing group ]

ap. Tack, M. Cotte, S. Bauters, E. Brun, D. Banerjee, W. Bras, C. Ferrero, D. Delattre, V. Mocella, L.
Vincze, Tracking ink composition on Herculaneum papyrus scrolls: quantification and speciation of lead by
X-ray based techniques and Monte Carlo simulations. Scientific Reports 6, 20763, doi:10.1038/srep20763
(2016).
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5.3.1 Introduction

Recently, the writing in rolled Herculaneum papyri was successfully explored by X-ray
phase-contrast tomography 2#14 These scrolls are part of a complete library, containing
hundreds of such papyrus scrolls. This library was discovered between 1752 and 1754
in the small city of Herculaneum, which was covered and preserved by layers of volcanic
material in 79 AD 58 This is the only library passed on from Antiquity, and is therefore
an inestimable treasure. Due to the pyroclastic events associated with the eruption, the
scrolls were carbonized and locked-up, rendering the writing on the scrolls unreadable.
Previously, it was attempted to read these scrolls by mechanically unrolling them.*® These
attempts, however, usually led to the irretrievable loss of large parts of the text due to the

brittle nature of the carbonized scrolls.

As demonstrated by the work of Mocella et al., the writing in the scrolls can now be, at
least partially, recovered by non-destructive X-ray imaging methods, without the need of
unrolling the scrolls.*? The readability of the text is however not optimal due to interference
of the papyrus fibres, running vertically and horizontally across the document. Recently,
Brun et al. showed the presence of lead in the papyrus writing, rendering the text more

readable when monitoring the Pb X-ray fluorescence (XRF) signal %"

Several hypotheses to explain the presence of Pb and other elements in the sample are
assessed using a sequence of non-destructive, X-ray based analytical techniques, providing

further insights into the production and history of the Herculaneum manuscripts.

The goal of the experiment described in this section was to determine which Pb compound

was used. Lead could have been introduced unknowingly, or on purpose:
o An initial hypothesis is Pb contamination of the water used as a solvent for the ink.

o A second hypothesis states that Pb could be present as a contaminant from a bronze

container in which the ink was stored, as discussed by Canevali et al*!

o Alternatively, Pb could have been knowingly introduced to the ink in a controlled
fashion. Lead-based pigments, being a black mineral galena (PbS) or lead white
(different mixtures of cerusite (PbCOj3) and hydrocerusite (2PbCO3,Pb(OH),)), were
frequently used in ancient times as a pigment for cosmetic products?224 Galena has
been proposed as a pigment in black inks in Egyptian papyrus before?” whereas

minium (Pb3"Pb**0,) has been reported as a red pigment in Roman writing2% 27
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« Additionally, Pb could originate from a binding medium in the ink: Pb compounds
have been used extensively as dryers in paintings as they speed up the process of oil
drying#® 2 The use of litharge (PbO) as oil drier is already mentioned by Galen at
the 2"4 C. A.D. and by Marcellus at the 4*® C. A.D2%BY Furthermore, the use of a

lipid-based ink to draft the papyrus writing can be hypothesized 215233

5.3.2 Methods

Description of the samples

Two fragments of Herculaneum papyrus scrolls were investigated. The large fragment mea-
sures approximately 0.9x1.2 cm?, whereas the small fragment is approximately 0.5x0.8 cm?
large. Both samples are originating from unrolled scrolls and have an average thickness of

34

approximately 0.3 mm with a surface roughness of approximately 30 um.** The samples

were sandwiched between two 4 um thick ultralene foils (Spex, Certiprep).

XRF mapping acquisition

Microbeam measurements were performed at the X-ray microscopy beam line ID21 at the
ESRF (Grenoble, France). The primary beam energy was tuned by the use of a Si(111)
monochromator. To define the beam spot size on the sample for a general overview map-
ping, a pinhole (50 pm for the large fragment and 100 pm for the small fragment) was used.
An incident beam flux monitoring pin diode was used continuously to correct for intensity
variations. An average beam flux of 3.7x10° ph/s and 6.9x10° ph/s was obtained during
the measurements on the large and small fragments respectively. The sample to detector
chip distance was set to 3cm and 3.1 cm for the large and small fragments, respectively.
Scans were performed by moving the sample through the X-ray beam and acquiring an
XRF spectrum at each step (38x31 100 um steps for the small fragment and 160x175
50 um steps for the large one). Acquisition times of 0.26s and 1s per step were used for
the large and small fragments respectively. High resolution spatially resolved XRF mea-
surements were performed using progressively smaller pixel size (10, 5 and 1 um), the beam

being focused down to 0.3x0.6 um? using a Kirkpatrick-Baez mirror system.=

The microscope is operated under vacuum and samples were placed under an angle of 62°

with respect to the primary X-ray beam. The XRF (and scatter) radiation was detected
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using a Bruker (Germany) XFlash 5100 silicon drift detector (SDD), equipped with a
Moxtek AP3.3 polymer window,*® mounted under 69° with respect to the primary X-
ray beam. An additional ultralene foil (4 um) further covers the detector. XRF spectra
were processed using PyMCA®? as well as the AXIL and IDL based Microxrf2 software
packages %Y Pixels contributing to the writing on the papyrus were isolated using K-

means clustering routines, as incorporated in the Microxrf2 software. 4"

XRF quantification

The XRF data were quantified using Monte Carlo based simulations, as calculated by
the XMI-MSIM simulation code*™3 Sample position and orientation as well as detector
position and orientation were calculated based on the information as noted above. A
detector active area of 0.8 cm? was supplied without a collimator. Slits sizes were set to
the size of the used pinhole. Additionally, the SDD detector crystal was simulated to
consist of pure Si (p = 2.33g/cm?) with a 450 um thickness. The primary X-ray beam
was set to a monochromatic value of 3.5keV with a 100% polarization in the horizontal
plane. A source size equal to the pinhole size with a zero radian divergence was used.
The experimentally used 4 pm ultralene foils were approximated during the simulation
as 4 um Kapton polyimide foils, the composition of which was supplied by the built-in
XMI-MSIM catalogue. Due to the small foil thickness and similar energy dependent X-ray
absorption this approximation will not have a significant influence on the outcome of the
quantification. The Moxtek AP3.3 window, consisting of a thin (<4 um) polymer foil on
top of a 100 um or more silicon grid,*® cannot be simulated in the XMI-MSIM program
due to its heterogeneous nature. As 100 pum Si is virtually a beam stop to 3.5keV X-ray
photons (approximately 3x107°% transmission), regions covered by the Moxtek window
grid will not transmit photons to the detector. Provided a 70% open grid area, the Moxtek
window Si grid was simulated in the XMI-MSIM program by reducing the initial X-ray
beam flux by 30%. The live acquisition time corresponding to the writing sum spectrum
was derived from the amount of pixels contributing to the writing and the acquisition time
per point, taking into account an average dead time of 5% for the large and 15% for the
small fragment. The sample thickness was estimated to be 300 um and the sample density
was calculated to be 0.36 g/cm?, based on the dimensions of the approximately cylindrical

scroll with a diameter of 5cm, length of 20 cm and weight of 141 g.
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XAFS

Pb Lz-edge (13.035keV) XAFS experiments were performed at the EXAFS station of
the Dutch-Belgian beam line (DUBBLE, BM26A) at the ESRF (Grenoble, France).** The
energy of the X-ray beam was tuned using a Si(111) monochromator operating in fixed-exit
mode, with an energy resolution of approximately 1.7x10~* at 9.659 keV. Higher harmonics
were rejected by using a vertically focusing Pt-coated mirror behind the monochromator.
The primary X-ray beam was confined to 1x3mm? (V)x(H) using a slit system and
further focused down to approximately 20(V)x60(H) um? at the sample position using
polycapillary optics. The primary X-ray beam and transmitted beam intensities were
monitored using ionisation chambers, filled with a gas mixture to absorb approximately
10% and 70% of the beam respectively. The XRF /scattered radiation was detected using
a Vortex-EM silicon drift detector.

XAFS energy scans were performed over the Pb Lz-edge (calibrated using a metallic Pb
foil, setting the maximum of the first derivative to 13.035keV), starting at Ey—100eV
up to Eg+100eV. Acquisition times per energy step were chosen based on data statistics
and available beam time. Additional XANES acquisitions were performed at ID21, at
the sulphur and chlorine K-edges. XANES spectra were recorded in XRF mode (same
set-up as above), with a beam of 100, 50 and 0.4 ym diameter. The monochromator was
calibrated setting the maximum of absorption at 2.483 keV for CaSO4-2H50 reference and
at 2.828 keV for NaCl reference. XANES spectra were acquired from 2.46 to 2.58 keV with
400 steps of 0.3eV at S K-edge and from 2.795 to 2.895 keV with 400 steps of 0.25¢eV at Cl
K-edge. Linear combination fitting of the XANES spectra was performed to identify and
quantify mixtures of pure compounds, which were prepared as powder pressed to pellets

and measured in transmission mode.

5.3.3 Results and Discussion

To be able to (dis)prove the origin of the Pb in the ink, two fragments (referred to as the
“large” and “small” fragments) from unrolled scrolls were investigated. The two fragments
are flat pieces of papyrus, made of different sheets, and showing F, I , I, N, I, A and O,
A letters on their surface, respectively. A picture of the large sample is shown in Figure
b.4A. In terms of analytical techniques, considering the precious nature of the samples,

priority was given to non-destructive imaging methods. Besides, the heterogeneity of the
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samples at both micro- and millimetric scales motivated the implementation of a multi-
scale analysis. Accordingly, macro and micro XRF and XAS techniques were used, at
ID21%" and BM26A™* of the European Synchrotron Radiation Facility (Grenoble, France).
In order to have a good statistics record of XRF data in and out of the ink, XRF 2D maps
were acquired over the full surface of the samples, with a sub-millimetre beam. As detailed
in Brun et al.,’ the XRF map of Pb perfectly matches with the ink distribution (Figure
5.4B) as the writing, faintly visible in Figure as well, is revealed. From this map,
two average XRF spectra were extracted, by summing the pixel spectra corresponding to
i) the writing using K-means clustering® and visually comparing the clusters to the XRF
distribution images, ii) the papyrus alone, excluding the written areas. The qualitative
comparison of these two spectra reveals an increased concentration in Pb, Al and P in the
written area, which is also observable on the XRF map (Figure .

In order to quantitatively determine the ink composition, XRF results were simulated
by means of Monte Carlo calculations.*3 These simulations model all relevant photon-
matter interactions, simulating the trajectories of a large number of photons originating
from an X-ray source and undergoing interactions in the sample, to the point of possible
detection in a detector. The occurrence of each photon-matter interaction?® (photoelectric
effect/fluorescence, Rayleigh and Compton scattering) as well as direction of propagation
and distance between interactions of the photons are simulated. By iteratively comparing
the simulated spectrum to its experimental equivalent and adjusting the simulated sample

composition after each iteration, the experimental sample composition is determined.

Figure shows the result of the Monte Carlo simulation based XRF spectrum. A clear
match is seen between the experimental spectrum and the theoretical simulation. The
main differences are attributed to the lack of simulation for X-rays below 1keV*¥ and a
slight underestimation of the generated pulse pile-up (3.05keV and >3.5keV) due to the
uncertainty on the simulated detector’s pulse width. Elemental concentrations are shown
in Table Both fragments show a similar C and Si content. The writing on the large
fragment contains significantly more Pb, and slightly more Na, Al, P and Cl. The S
concentration is lower in the large fragment than in the small one. When comparing the
quantification results of the writing to the papyrus matrix, a characteristic increase in Al,
P, Pb and to a lesser amount Cl is perceived, showing these elements are clearly associated
with the writing. This was further investigated using u-XRF, as discussed below (Figure
. Additionally, the papyrus in both fragments has a fairly similar composition, only

Na and S quantities seem to vary. It should be noted that these quantification results do
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Figure 5.4: Contrast and brightness enhanced photograph (A) and Pb-M XRF signal (B) of
the large papyrus fragment. The XRF spectra of the writing (C) on the large papyrus fragment

(Experimental, black curve) and Monte Carlo simulation (Simulated, red curve) using the XMI-
MSIM software.
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Figure 5.5: XRF Elemental distribution images of the large papyrus fragment. The writing is
visible in the Al, P and Pb signals.
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not represent the composition of the pure ink, but rather represent a mixture of the ink
and the underlying papyrus due to the penetrating character of X-rays. Nevertheless, as
the writing was mainly visible through the Pb signal, it is safe to say the Pb concentration
calculated by the simulation can be mainly attributed to the ink, and not the underlying
papyrus. Taking into account the total area covered by the writing on each fragment and
the average sample density, the Pb concentration in the ink is approximately 1645 pg/cm?

for the small and 8445 ug/cm? for the large fragment.

Based on the work of Kim et al*" and Delile et al*® it is clear that these Pb contents
are too high to be caused by the contamination of lead in the water (<1.5mg/L), used
as a solvent for the ink, or as a contaminant from a bronze container. Additionally, Cu
was found to show no co-distribution with the writing on the papyrus, which would be

expected if Pb in the writing was a contaminant from a bronze container (Figure |5.7)).

To obtain a better insight into the ink elemental composition, the same pu-XRF maps
were acquired, but zooming on a particular part of the ink, with a smaller beam (down
to sub-micrometric probe). It was of particular interest to see if elements, correlated on
the millimetre scale, were also correlated on the micro-scale (hence potentially chemically
associated). Figure shows the Pb distribution on the large fragment on both macro-
scopic and microscopic levels, as well as the distribution of Al, P and S at different zoom
levels down to the microscopic levels. It is clear from these results that Pb, P and CI show
a co-distribution (Figure and Figure . Similar results are obtained through PCA
analysis of the data set by means of the Microxrf2 software package (Figure .39 Even
though Al is co-localized with the Pb at the macro level (Figure 5.6/ and Figure [5.5)), it is

clear from the micro-scale images Pb is not chemically associated with Al due to their lack

Table 5.1: Monte Carlo quantification results in w% using the XMI-MSIM software on the sum
spectra corresponding to the writing (Ink) on the large (L) and small (S) papyrus fragments, as
well as on the surrounding papyrus (Pap). Elements present in the simulation but not shown
here are Mg, K, Ca, Ti, Mn, Fe, Ni and Ba. The estimated error for these values is 5 %.

Fragment C®* Na Al Si P S Cl Pb

L-Ink 7514 065 1 88 0.6 0.01 0.12 0.78
L-Pap 76.56 0.65 05 &88 04 0.07 0.08 0.05
S-Ink 77.06 035 0.75 &3 0.35 0.08 0.07 0.15
S-Pap 7742 035 0.6 83 0.25 0.07 0.07 0.05

#The C content is determined indirectly by difference and may be a
mixture of C, H and O.
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Figure 5.6: Micro-XRF Pb elemental distribution images on macroscopic (top left, 100 um step
size) to microscopic (bottom left, 1 um step size) level. Red (P) Green (Al) Blue (S) images are
displayed in the centre for different zoom modes (top right: 10 um step size, bottom right: 1 um
step size) to display the co-localization of Al, P and S with Pb. Pb-P and Pb-S correlation plots
are displayed to the right to show the correlation of Pb with P and partial correlation with S.
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Figure 5.7: Pb-L, and Cu-K, elemental distribution of the large papyrus fragment as measured
at BM26A using an excitation energy of 13.133 keV.
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of co-distribution at the micro level. This demonstrates that the used ink has a complex
composition, with different ingredients of which the distribution is homogeneous at the
millimetre scale, but not at the microscopic level. The S signal shows a fairly homoge-
neous distribution over the papyrus, with occasional hot spots which are only partially
co-distributed with Pb (Figure . Taking into account the quantification results, it is
thus unlikely that PbS is the main constituent of the papyrus ink.

Additionally, X-ray absorption near-edge structure (XANES) spectroscopy was performed
at the Pb Ls- and S K-edges to identify the chemical state and speciation of the Pb and
S, by comparison with the XANES spectra of known compounds. Figure displays the
Pb Lz-edge XANES of the Pb in the writing, compared to several other reference com-
pounds. It is clear from this image that Pb in the writing is in a state very similar to
that of lead(IT)acetate. Linear combination fitting of the papyrus data with the reference
compound XANES shows there may be a partial contribution of PbS (up to 45%), along
with lead(II)acetate. However, it should be noted the PbS XANES post-edge is fairly fea-
tureless; PbS contributes to the fit mainly to correct for a small edge shift and shaping of
the post-edge feature at 13.085 keV compared to the lead(Il)acetate reference. Comparing
the papyrus writing Pb-Ls-edge XANES curve with those measured for minium in liter-

295U it is clear no contribution of minium is found in the papyrus writing XANES

ature,
due to the lack of contribution of the minium white line (~13.055keV). As such, if minium

was used to draft the writing, the compound was not preserved over the centuries.

As shown in Figure S K-edge XANES shows complex features, characteristic of a
mixture of different species. The primary information is obtained by comparing the signal
in and next to the ink. The spectra are quite similar, demonstrating that most of the
signal in the area covered by the ink is most probably due to the papyrus behind the
ink. The spectra exhibit features similar to those recorded on plants or wood, with both
reduced and oxidized sulphur species. Cheah et al. discuss the speciation of sulphur in
biochar, displaying a S K-edge XANES spectrum very similar to the one obtained from the
papyrus and ink.*! A good match for the reduced S contribution is found with an unknown
organic sulphur compound as well as a sulphate, represented here as a dibenzothiophene
and Ca-sulphate respectively, as in Cheah et al® More particularly, the presence of
PbS in the papyrus writing is not indicated due to the absence of a sulphide peak at
2.4725keV. A Cl K-edge XANES, measured on the writing, is shown to the right in Figure
. Based on comparison to reference materials available (among which PbCly, NaCl,

PVC) no match was found. However, comparison to literature shows that the probed Cl
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Figure 5.8: XRF elemental distribution images at the micro-scale (1 um step size) displaying
the co-distribution of P, Cl, Pb and partially S. Mappings in A were measured with an incident
beam energy of 2.48keV, thus not exciting the Pb-M and CI-K shells electrons. Mappings in
B were acquired at Ey equal 3.00keV (above the Cl-K and Pb-M shells). C shows the Pb-Cl
correlation plot for the micro-scale XRF mapping.
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Figure 5.9: PCA loading plot presenting principal component 2 as a function of principal
component 1. A clear separation between Pb and P on one hand (red circle) and S (blue circle)
on the other is perceived along the principal component 2 axes.
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Figure 5.10: Left: Pb Ls-edge XANES spectra measured on the writing (black) compared to
several other reference compounds. Right: Linear combination fitting showing a clear contribution
of lead(II)acetate (red) in the papyrus writing lead content.

compound resembles organochlorine compounds as found in coal fuels.”® Thus, despite the

co-localization of Pb and Cl, they seem not directly chemically bonded in the papyrus ink.

As an alternative to the use of lead as a pigment, lead could have been introduced as a
drier. As mentioned earlier, litharge was used in Antiquity as an oil drier2%B! As PbO
is very prompt to react (e.g. with oil or another reactive), the detection of PbO “as is” is
improbable. Previous analyses including among others Fourier-transform infrared (FTIR)
spectroscopy, Raman spectroscopy, gas chromatography coupled with mass spectrometry
and pyrolysis, applied to nine black powders found in Pompeii houses (possibly used as
ink and cosmetics), revealed in eight samples the presence of lipids, of animal and/or plant
origin®¥ The FTIR spectrum of one sample shows features characteristic of fatty soaps
similar to those found in some Egyptian cosmetics.?® The hypothesis of Pb being present
as lead carboxylates, following the use of a Pb-based drier and provided the organic lead
species are original, is further strengthened by the Pb Ls-edge XANES as discussed above.
Here, p~-FTIR was not attempted on the papyrus fragments as it would have required
the destruction of the sample. Therefore, information about organic components is rather
limited. The distinction between a lead pigment and a lead drier can only be estimated
based on the lead concentration in ink. A survey of several oil paint medium recipes from
the XV to the XX century states that the mass proportions of litharge:oil can vary
from 1:4 to 1:1633. Using the latter fraction, an estimated writing thickness of 50 um
and an oil density of 0.93g/mL, a theoretical concentration of 290 ug/cm? of Pb is found.

Concentrations obtained through the Monte Carlo quantification are lower (~80 ug/cm?).
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Figure 5.11: Left: S K-edge XANES spectra measured on the writing (black) and besides the
writing (red) on the papyrus. Several reference compounds’ XANES are displayed for comparison.
Right: Cl K-edge XANES spectra measured on the writing, along with several reference spectra.

However, the actual ink layer thickness may be thinner than what was estimated here, and
the proportion of the drier with respect to the “lead-based medium” could be lower too.
Additionally, the drying medium may have been diluted with other organic binders. It can
also be argued that for Pb to originate from a pigment, the Pb concentration should be
larger than Pb introduced via a drying agent. As such, the quantified Pb content is an
additional argument for Pb originating from an admixture to the ink rather than the main

constituent.

Finally, the presence of galena in the writing is not confirmed by the S K-edge XANES and
the only partial co-distribution of S and Pb on the micro-scale. However, it should be noted
that PbS, if originally present, could have oxidized to PbO during the pyroclastic events
that carbonized the scrolls. After the scrolls were discovered and dug out in 175423 1618
they were stored in wooden cabinets, which are known to emanate acetic acid vapours
and can slowly react with PbO to form lead(II)acetate or other lead carboxylates> 54
The latter reaction scheme could also explain the presence of lead(Il)acetate, or similar

carboxylates, as found by the Pb Lj-edge XANES.

5.3.4 Conclusion

In conclusion, two Herculaneum papyrus fragments were investigated aiming at the non-

destructive identification, localization, quantification and speciation of Pb by X-ray based
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techniques and Monte Carlo simulations.

Several hypotheses were postulated about the origin of Pb in the scrolls, and assessed using
the aforementioned analytical techniques. Based on the Pb concentration and lack of co-
distribution with Cu, it was determined that Pb is not originating from a contaminant in
the ink solvent or container. It is deemed more likely that Pb was intentionally added to
the ink, either as a pigment or as a drying agent. However, due to the changes the samples
have likely undergone during the pyroclastic events and subsequent exhumation, we are
not in the position of providing a definite answer to the question of the origin of Pb in the

writing on the scrolls.

Nevertheless, the applied analytical methodologies provide important insights into the
manufacturing and history of these and similar precious artefacts and should be similarly
applied to other papyri, preserved in better conditions. Moreover, the concentrations found
in the fragments could provide important information for optimizing the future tomography
experiments on the rolled-up Herculaneum scrolls, provided they contain lead-rich writing
as well. Further studies, in particular focusing on the speciation of organic compounds,
may provide additional information required to give a definite answer to the origin of Pb

in the scrolls, despite the often invasive nature of such techniques.

5.4 Summary

Micro-focus XRF and XAS provide information in a spatially resolved manner allowing for
the study of the distribution of detectable elements and chemical species in the sample,
with a spatial resolution level on the micron scale which is not achievable by broad beam
excitation combined with a conventional detection system. Many approaches towards
microbeam XRF/XAS are available. Here, the initial characterisation and application of
a self-developed “plug-and-play” polycapillary based micro-focal setup at the DUBBLE
BM26A (ESRF, Grenoble) was discussed. This setup allows the focussing of the typical
5x1mm? broad beam down to 8x8 um? for a 18 keV beam. Detection limits in the range
of 1-35ppm for a 1s exposure (0.03-1ppm for 1000s) on a NIST SRM 1577¢ bovine liver

sample were obtained, rendering the system applicable to diluted systems.

The use of this setup in combination with the ID21 KB-mirror based instrument was

illustrated by investigating a rare set of carbonised Herculaneum papyrus scroll fragments.
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An intriguing, so far unseen correlation between the writing on the papyrus fragment and
lead distribution was found. Micro-XRF and XAS were used to quantify the amount of
lead in the ancient text which provided information on the potential origin of lead in the
ink.

Future advances in the field of emission-mode micro-focus XAS at a bending magnet source
like DUBBLE could take substantial advantage in the application of larger effective solid
angle and faster energy dispersive detectors, with energy resolution similar to the currently
available silicon drift detectors (150eV at 5.89keV). Alternatively, the application of so-
called full-field detectors in combination with a large beam also proves an interesting
alternative to the currently available micro-XRF and XAS methodologies (Chapter [7)).

In many cases, 2D visualisation of the sample top layers is however insufficient and one
would like to investigate the full 3D structure of a sample or differentiate between top layers.
To do so, one can either perform tomographic experiments, requiring significantly more
measurement time, or one can investigate the sample using so-called confocal detection
methods. The latter is discussed in Chapter[0] for a polycapillary optic based setup whereas
in Section a confocal full-field approach is discussed.
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Chapter 6

Confocal XRF/XAS

6.1 Introduction

In order to obtain cross-sectional or fully 3D information using a micro-focus X-ray beam,
a computed tomography (CT) approach can be used for XRF/XAS. For each investi-
gated sample cross-section, repeated translational (linear) scans are performed over a large
number of sample rotations at a given height (longitudinal position) of the sample. The
resulting tomographic data-set, represented by so-called elemental sinograms, is then recon-
structed by specialized tomographic reconstruction methods/2 2 providing the distribution
of elemental constituents in the investigated cross-section within the limitations imposed
by sample self-absorption effects. By repeating this process for different sample heights,
a three dimensional volume of a sample is probed. Unfortunately, this approach is rather
time consuming due to relatively slow motor movement, limited signal intensity and/or
detector throughput and, more importantly, the sheer amount of data points that have to
be measured. One enormous draw-back is a general lack of local tomographic approaches
for XRF, in which limited sub-volumes of the sample can be analyzed relatively rapidly,

without having to use artefact prone tomographic reconstruction methods.

However, an alternative approach exists to acquire information from a select sub-volume
within a sample. This can be done by applying a confocal detection scheme, in which
the detector field of view is limited to a (microscopic) volume by applying X-ray focussing
optics in front of the detector and overlapping this optic focal point with that of the primary
X-ray beam’s focal point, thus generating a confocal volume (Figure .3’7 By moving
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a sample through this confocal volume, 3D and depth resolved information is acquired

selectively from this volume, without the need of sample rotation during data acquisition.

This method is useful when studying layered samples,® or heterogeneous samples with spe-
cific subvolumes that are of interest %P A specific example of the latter are inclusions in
natural diamonds originating from deep Earth (reaching depths in some cases exceeding
670km): these inclusions contain unique and otherwise difficult to access information on
deep Earth geology. The diamond host encapsulating these inclusions assures that the
chemical structure and contents of the minerals in these inclusions do not change during
exhumation. The X-ray scattering is a problematically large fraction of the emitted ra-
diation during XRF and XAS analysis due to the diamond’s carbon matrix. However,
by measuring in confocal mode the scattering contribution can be decreased significantly,
thus allowing for the selective investigation of the separate inclusions with dramatically

improved signal-to-noise ratios.

The remainder of this chapter discusses the BM26A DUBBLE micro-confocal setup, and

presents some applications for which the setup was used to obtain 3D XAS information.

6.2 The DUBBLE (BM26A) Micro-Confocal Setup

6.2.1 Introduction

In the scope of the development of a micro-focus setup at the DUBBLE beamline (Section
[5.2), also the extension to a confocal measurement methodology was implemented. In this
approach, the Vortex-EM SDD detector (Hitachi High-Technologies Science America Inc.)
is equipped with a XOS (X-ray Optical Systems, NY, USA) manufactured, elliptically
shaped polycapillary optic."

This collimating detector optic has a length of 4cm, a 2mm diameter entrance window
and 10 mm diameter exit window. The focal spot distance is 2 mm away from the entrance
window and purge holes to allow for He flushing through the polycapillary optic are foreseen
in the polycapillary housing. Due to the low critical angle for total reflection at higher
energies, polycapillary optics are characterised by low transmission efficiencies for higher

energies (e.g. E >25keV), rendering them less useful in these energy ranges.

The detector is mounted on three (XYZ) LS-120 linear translation stages (PI miCos
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detection

probing
volume

excittion
Figure 6.1: Left: Principle of the confocal detection scheme. Figure adapted from Kanngiesser et
al® Right: Photograph of the polycapillary based confocal setup at beam line BM26A (DUBBLE,
ESRF) showing the focussing optic on the left, confocal optic on the right and a 10 ym stainless
steel wire cross in a plastic holder ring as a sample.

GmbH). By inserting a metallic wire in the focal spot of the focussing polycapillary optic,
the confocal volume can be optimised through an iterative process in which the detector
is moved towards the wire and a translational scan of the detector orthogonal to this di-
rection of movement is performed. The iterative process, and thus confocal alignment, is
completed when the characteristic emission of the wire shows a minimal full width at half

maximum. More information on this setup and its use can be found in S. Bauter’s work.

6.2.2 Characterization

For the DUBBLE confocal setup, two dimensions of the confocal volume are defined by the
focussing optic focal spot size, thus resulting in a width and height of ~8 um each (Section
5.2)). The depth of the confocal volume is determined by the confocal optic mounted on
the detector as described above. Figure[6.2shows that a confocal volume depth of ~10 ym
can be achieved, depending on the energy. This results in a total confocal volume of

~8x8x10 um? from which information can be selectively detected.

Similar to the focal setup, the volume from which information is detected can be adjusted by
moving the detector closer to or further away from the point in which both the polycapillary

focii overlap. Similar to the focal optic, the divergence of the confocal optic’s field of view
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is 4.2°. This option is useful when a confocal volume of slightly larger dimensions than

what was attained above is preferred.

Detection limits (DL) were determined for a NIST SRM 1577¢ bovine liver sample, mea-
sured for 1000s using a 9.029 keV excitation beam (Figure[6.3). For the confocal setup the
sample was scanned through the confocal volume and the DL was determined for the sam-
ple position providing the highest intensity, corresponding to the point when the confocal

volume is filled by the sample surface.

A slightly higher DL is found for the confocal approach when compared to the focal setup
as presented in Chapter 5] This is because in focal mode, the ~100 pm thick sample
is illuminated and radiation is detected from the full depth of the sample. However, in
confocal mode, only information from the top 10 um is detected, resulting in lower count
rates and thus higher, i.e. worse, DL. Additionally, part of the X-ray photons entering the
confocal optic are not transmitted to the detector. The corresponding DL for 1s exposure
and elements with atomic number Z between 19 (K) and 29 (Cu) of 1.5-35 ppm are found
for the focal setup compared to 3.5-40 ppm for the confocal approach, displaying only a

minor difference in sensitivity.

The main disadvantage of the confocal measurement approach is the reduction in detector
count rate due to the imperfect and energy dependent confocal optic photon transmission
efficiency, and the rather small detector solid angle (~ %sr). These disadvantages can be
reduced by applying a polycapillary optic with a larger entrance area, thus increasing the
solid angle, or with a different shape, providing a higher transmission efficiency. However,
such optics typically also have larger focal spot sizes, thus a balance has to be achieved

between sensitivity, spatial resolution and working distances.

Of particular interest to confocal-XAS is the energy dependent primary beam intensity
modification by the sample itself: the primary beam intensity as a function of energy
impinging the top layer of a sample is different from the one experienced by layers deeper
in the sample. This is because the top layer of the sample will partially absorb the beam in
an energy dependent manner, thus the primary beam intensity reaching a layer at a given
depth is modified by the exponential attenuation term corresponding to the line integral of
the energy dependent linear absorption coefficient along the beam path in the sample. In
the literature several ways are described to correct for these effects” 112 however nearly
all of them assume the composition, or at least the energy dependent absorption, of each

layer to be known. It is clear that for most samples this is not the case. Additionally, this
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Figure 6.2: Fluorescence intensity curves corresponding to a detector scan in horizontal direction
over a 10 ym stainless steel wire at different energies using the DUBBLE BM26A micro-confocal
setup (ESRF, Grenoble). Beam sizes are displayed for each scan.
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Figure 6.3: Detection limits for the DUBBLE BM26A (ESRF, Grenoble, France) micro-focal
(black circles) and micro-confocal (gray squares) setup on a NIST SRM 1577¢ bovine liver sample.
1000 s exposure time, Eg: 9.029 keV. Error bars represent 3o confidence level and are occasionally
covered by the data point symbol.
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effect only visible influences the obtained XAS data when the sample matrix is composed
of a significant amount (>5w%) of the analyte over whose absorption edge an energy scan
is performed. Alternatively, a primary beam intensity correction can be performed based
on the fluorescence signal of an element with absorption edge well below the edge over

which a XAS scan is performed.

6.2.3 Future Prospects

Despite the fact that the confocal volume attainable at BM26A (DUBBLE, ESRF) using
the setup described above is amongst the smallest in the world for polycapillary-based con-
focal setups, many applications could profit from even smaller beam sizes. Additionally,
the limited working distance of the confocal setup also limits the combination of confo-
cal measurements with challenging sample environments such as catalytic reactor cells or
cryogenic cooling. As such, a future prospect for the DUBBLE confocal setup is to replace
the primary focussing optic by a Kirkpatrick-Baez mirror system. This optic not only
provides potentially sub-pym beam sizes, it also has a much longer working distance than
most polycapillary optics. Additionally, the beam divergence is much lower than for poly-
capillary optics, rendering this optic useful for SAXS and XRD experiments as well, which

can potentially be performed simultaneously with confocal XRF and XAS measurements.

An additional drawback at present concerns the quantitave evaluation of confocal XRF
data. For example, Monte Carlo based quantification algorithms currently have not incor-
porated polycapillary optic simulation. This simulation is particularly problematic for the
confocal optic, as radiation from a different sized volume can be detected depending on
the X-ray energy. Additionally, the currently applied detector response function should be
adjusted to account for the energy dependent transmission efficiency of the polycapillary
optic, which is computationally demanding to simulate. Future prospects of the setup exist
in the implementation of a confocal XRF quantification routine in the currently available
XMI-MSIM software 13142
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6.3 Application: Corning Gorilla Glass

This section is adapted from Tack et alf]

6.3.1 Introduction

Understanding the structural origins of macroscopic properties in silicate glasses is crucial
for their high-tech applications. The properties of glasses not only depend on the chemical
composition, but also on the processing history. Thermal, pressure and chemical treatments
can influence the macroscopic material properties to a large degree. For example, it is
known that the coordination number (CN) of atoms or ions in materials increases through

10A9" 5 phenomenon that also applies to glassy

application of a sufficiently high pressure,
materials.“?"*¥ These modifications due to processing conditions are not necessarily uniform
throughout the material, as part of the manufacturing process might cause depth dependent
modifications. An example of this is the ion exchange process (IX), widely used in the glass

industry.

In this process, the glass object to be processed is placed in a molten inorganic salt bath
(e.g. KNOj3) at elevated temperatures whereupon smaller alkali ions (e.g. Na™) from
the glass are partially exchanged by larger ones (e.g. K*) from the molten salt bath via
diffusion. As a result, the outer layers of the glass have a different proportion of KoO and

NayO while the core of the material remains unchanged.

This exchange leads to formation of a compressive stress layer near the surface of the
glass; it is well known and widely used by industry for production of chemically strength-
ened scratch and damage resistant glasses2* 2% As electronics devices are more and more
portable, consumer demand drives the devices toward not only having a physically pleas-
ant appearance and functionality but also having excellent mechanical properties, including
damage and scratch resistant surfaces. Some of the most successful examples are smart-
phones and tablets with cover glass post-treated by the IX process. The resulting high
compressive stress of the material is the basis of the excellent mechanical properties of

these cover glasses.

ap. Tack, S. Bauters, J. C. Mauro, M. M. Smedskjaer, B. Vekemans, D. Banerjee, W. Bras, L. Vincze,
Confocal depth-resolved micro-X-ray absorption spectroscopy study of chemically strengthened boroalu-
minosilicate glasses. RSC Adv. 6, 24060-24065, doi:10.1039/C6R.A01839D10.1039/c6ra01839d (2016).
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d 2225 much

Although the ion exchange process is empirically reasonably well understoo
less is known about the fundamental physics of the process. For instance, it is not known
which chemical state the dopant elements are in as a function of diffusion depth in alkali-
aluminosilicate glasses. According to molecular dynamics simulations of ion-exchanged
glass, the CN of network formers is unchanged due to the IX process, whereas the in-
vading alkali ions induce unique structures unattainable via standard melt-quenching pro-

cesses. 228 However, this has not yet been confirmed experimentally.

In this study, a set of boroaluminosilicate glasses, containing 1 mol% of Fe,O3 as dopant
material, with varying SiOs and Al,O3 concentrations are provided by Corning Inc. (NY,
USA)* Fe atoms are used here as a suitable probe for monitoring chemical stress-induced

30

changes in CN, oxidation state, and bond distances in the glasses.®” Previous studies

reported on the changes in CN of B, Al and the presence of non-bridging oxygen (NBO)

in these glasses as a result of the different SiOy/AlyO3 ratios.* 4

Here we used depth-resolved X-ray absorption spectroscopy (XAS) to determine the chem-
ical state and CN of Fe in the glasses. To monitor depth resolved differences in Fe state in
the top 50 um of the glass and in the bulk (~100 ym depth), i.e., in compressive and ten-
sile stress regions, respectively, polycapillary optics based confocal XAS measurements are
performed, applying a rarely achieved 10x10x 15 um? spatial resolution. The Fe-K X-ray
absorption near-edge structure (XANES) spectroscopy pre-edge peak contains information

on both the oxidation state and CN of the absorbing atom 2>

Conventionally, information on the CN and local structure of the absorbing atom is ob-
tained through extended X-ray absorption fine structure (EXAFS) spectroscopy experi-
ments. Here, we opt not to perform EXAFS measurements for each sample at each depth
due to the inherently long acquisition time compared to XANES experiments (easily a fac-
tor 10 difference). Instead, EXAFS experiments are performed on a few selected samples at
a depth near the surface (25 pm depth) and closer to the bulk (55 um depth). This is done
in order to compare with the XANES results and verify that the conclusions based upon
the XANES results are valid even beyond the structural length scale for which XANES

normally would render results.

A major objective of this approach is to minimize the local absorbed radiation dose since
it has become clear in recent years that when glassy material is exposed to a too high local
Xray dose, the structural and chemical information obtained via X-ray based techniques

might be compromised due to the generation of a high local concentration of photoelec-
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trons %% The radiation dose required to obtain valid XANES results is only a fraction
from the dose required to obtain a complete EXAFS spectrum and therefore an assessment
is made if the information rendered by XANES is sufficient or if complete EXAFS scans

have to be made.

6.3.2 Materials and Methods
Glass Samples

A series of 10 boroaluminosilicate glass samples with varying SiO, and Al;O3 concentration
(Table and each containing approximately 1 mol% Fe,Os were prepared by melt-
quenching, as described in detail elsewhere®® The glasses will be further referred to by
their code as shown in the top row of Table[6.1I] To induce a high compressive stress in the
surface layers of the glasses, each glass sample was cut to a size of 2x2x0.1cm? and ion
exchanged in a refined grade KNO3 molten salt bath for 4 hours at 410 °C. During this ion
exchange process, Na™ ions are replaced by the larger Kt ions, generating a compressive
stress in the glass surface, thereby improving its mechanical durability. Due to the nature
of the diffusion-limited ion exchange process, more Na* ions are replaced at the surface of

the glass compared to the bulk of the glass.

XAS

Confocal XAS experiments were performed at BM26A, part of the Dutch-Belgian beam
line (DUBBLE) at the ESRF.® The beam line receives the radiation from a 0.40 T ESRF
bending magnet. A double crystal Si(111) monochromator operating in a fixed exit mode

in combination with a collimating mirror allows an energy resolution AE/E of 1.7x107* at

Table 6.1: Glass composition in mol% before applying the ion exchange process.

Al0 All Al2.5 Al5 Al7.5 Al10 Al12.5 All5 Al17.5 Al20

Si0, 794 789 774 747 718  68.9 67.1 64.1 62.3 61.1
AlbOs 0.3 0.7 2.2 4.7 7.6 10.3 12.6 15.6 17.9 19.4
Na,O 146 145 14.6 14.6 14.7 148 14.3 14.3 13.7 13.6
B,Os; 49 49 4.9 5.0 4.9 2.0 5.0 2.0 5.1 2.0
Fe,O3 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.9
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9.659keV. A vertically focusing mirror behind the monochromator allows vertical focusing

and higher energy harmonic suppression.

The primary intensity was determined with a gas-filled ion chamber and the transmitted
intensity was determined with an identical device. The gas mixtures in both ionization
chambers were adjusted to allow approximately 10% absorption in the first and about 70%
absorption in the second ionization chamber at 7.212keV. The photon flux was ~6x10°
photons per s at the sample position at the Fe K-edge energy (7112eV). A 4 pm thick pure
iron foil (Goodfellow SARL, Lille, France) was measured in transmission mode at regular
time intervals during the experiment to correct for monochromator energy shifts by setting
the first inflection point of the XANES profile to 7112eV.

The incident X-ray beam was focused down to a 10(V)x10(H) um? (FWHM) spot size at
the sample position at the Fe K-edge energy using a polycapillary X-ray lens (XOS, NY,
USA). A Vortex-EM silicon drift detector (Hitachi High-Technologies Science America Inc.,
California, USA), equipped with a collimating polycapillary optic lens (XOS, NY, USA),
was placed perpendicular to the incident X-ray beam in the plane of polarization. The
foci of both polycapillaries were aligned to coincide, thus obtaining a confocal detection
scheme in which information can be selectively obtained from a 10(V)x10(H)x15(D) pm?
volume inside the sample matrix at the Fe K-edge energy. By scanning the sample through
this confocal volume, direct 3D spatially resolved sample data can be collected > %57 A
schematic of the setup is shown in Figure [6.4]

Depth resolved XANES scans were acquired in 5 pum steps for the first 50 um of the glass
surface, and an additional XANES scan was performed at a depth of 105 um, representative
for the bulk of the glasses. The reported depths correspond to the maximal depth probed
by the confocal volume, e.g. a reported depth of 20 ym corresponds to the volume 5-20 pm.
A single XANES scan was split up in energy as follows: from 7012.0eV to 7092.0eV in
3.8¢eV steps, from 7093.0eV to 7110.0eV in 0.9eV steps, from 7110.5eV to 7120.5€V in
0.5¢eV steps, from 7121.0eV to 7132.0eV in 0.9 eV steps and from 7133.0eV to 7343.0€V in
3.0eV steps. The total integration time per energy step was adjusted for each depth and

sample based on a visual inspection of the obtained XANES spectrum.

Raw XANES data were normalized for incident beam flux using the primary ionization
chamber signal, pre-edge subtracted using a linear function and post-edge normalized at
an energy of Eg+50eV. Additionally, the slow variations caused by the atomic absorption

profile before and after the edge were subtracted to facilitate linear combination analysis
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6.3. Application: Corning Gorilla Glass

Figure 6.4: Schematic overview of the confocal micro-XAS setup at BM26A. Displayed are the
focusing optic (A), focusing the primary beam on the sample (B), mounted on a goniometer head.
The focus of confocal optic (C) mounted on the SDD detector coincides with that of the focusing
optic, thus creating a confocal volume from which information is selectively acquired.

spectra comparisons®¥ Due to the high absorbing nature of the glass matrix and the
intrinsic properties of the confocal detection method, no self-absorption effects are expected
and thus were not corrected for. To obtain data on the Fe oxidation state and coordination
number (CN), the pre-edge peak, originating from the 1s—3d electron transition, was
fitted using a Gaussian function on top of an arctangent background, in line with previous
research performed by Wilke et al. 39 Giuli et al37 and others 2% B8

EXAFS data were acquired at a depth of 25 um and 55 um in the glass, up to 11 A1 in
k-space using 0.05 A~ steps. The data was processed using the VIPER software package[*”
and fitted using FEFF7% 5L calculated scatter paths. A spline was fitted using the VIPER
“through the knots” routine, applying 7 knots spaced evenly over the Fourier transformed
k-range from 3 to 10.5 A~'. The first coordination shell was fitted in R-space, fitting the
module and imaginary space from 0.7 to 2.0 A (before phase shift correction). During the
fitting process, an amplitude reduction factor S3 equal to 0.43 was used, as determined by
fitting a hematite structure to have 6 O neighboring atoms (N) around the absorbing Fe
atom. Due to the strong correlation between N and S2, the Debye-Waller-like factors were
constrained between 0.0025 and 0.0035 A2.
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6.3.3 Results and Discussion

XANES profiles for the Al10 glass, after IX had been performed, at various depths are
displayed in Figure [6.5] No clear difference is visible in general between the curves, aside
from the different degrees of noise. The curves corresponding to points deeper inside
the glass matrix show poorer signal to noise ratios as a result of the decreased intensity
measured at these points, which in turn is due to increased absorption related to the larger
X-ray path length in the sample. Similar XANES curves are found for each of the ion-
exchanged boroaluminosilicate glasses (not shown). When monitoring the Fe-K XANES
pre-edge peak (Figure inset), subtle differences between the curves are visible. The

results of the pre-edge peak surface area and position as a function of depth are shown in

Figure

A systematic change in pre-edge peak position as a function of AlyO3 content is observed
(Figure [6.6] right image): an increase in [Al,O3]/[SiOs] ratio corresponds to a decrease
in pre-edge peak position. Additionally, a slight decrease in pre-edge peak position with
increasing sample depth can be seen, which is discussed in more detail below. No clear
trend with pre-edge peak integrated area and glass composition or depth is observed in
Figure [6.6] although it appears the pre-edge peak integrated area is slightly larger in the

bulk compared to the surface. This is discussed as well in greater detail below.

Since the pre-edge peak position is related to the oxidation state of Fe in the sample 24!

a comparison of the pre-edge peak position values obtained from known structures (not
displayed) provides insights in the Fe oxidation in the glasses, which is between 2+ and 3+.
A gradual decrease in oxidation state with increased [Al;O3]/[SiO2] molar concentration
ratio is observed, but an exact quantification of the Fe3* /Fe*" ratio is not performed in this
case as an insufficient amount of reference compounds with known Fe*™/Fe?* ratio were
available. An attempt was made to compare using database extracted reference spectra.
However, a large uncertainty in the results arose due to the difference in energy resolution

and smaller step size applied during the scans acquired from the databases.

When comparing the average pre-edge peak area and position for the surface (0-50 pm)
with those in the bulk (105 pm), a more clear change in CN and oxidation state of Fe as
a function of depth in the glasses is found (Figure [6.7). One can note that this is the
average CN for both Fe?t and Fe?* states since it is not possible to differentiate between

these two contributions using XAS. Again, the trend in oxidation state (pre-edge peak
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position) as a function of glass composition is clearly visible. Additionally, the bulk is
generally characterized by an increased pre-edge peak area and slightly decreased pre-edge
peak position, respectively, indicating a lower CN and a slightly lower oxidation state for

Fe atoms in the bulk as compared to the surface.

In order to obtain more quantitative information on the CN of Fe in the glasses, EXAFS
experiments were performed in Al0, Al10, and Al20 glasses at two depths: near the surface
(25 um) and deeper in the bulk (55um). The data fits are shown in Figure [6.8] and a
graphical representation of the obtained CNs and bond distances is displayed in Figure
6.9 A CN between 4 and 6 was found for Fe at the surface of the glasses, showing a
fluctuation as a function of glass composition. This is in full agreement with the XANES
pre-edge peak results. Generally, a higher CN is found for Fe at the surface, which is also
confirmed by the XANES data (Figure[6.7). Additionally, a change in Fe-O bond distance
at the surface of the glasses as a function of glass composition can be seen, with shorter
bonds at higher [AlyO3]/[SiO2] ratio. Deeper in the glass sample (55 pm depth), the Fe-O
bond distance is found to be independent of [AlyO3]/[SiOs] ratio.

Mysen et al. reported that an increase in Fe3* /Y Fe results in an overall decrease in CN

22 Here, a decrease in CN and oxidation state with increasing AlyOs

of Fe in glasses.
content was perceived, suggesting an opposite trend to what was reported by Mysen et al.
It should however be noted that the glasses discussed here were ion-exchanged, resulting
in a compressive stress of the surface layers. This compressive stress typically increases
with [Al;03]/[SiO,] ratio™ and may potentially lead to differences in CN for the different
glasses. The change in oxidation state with glass composition on the other hand can be
explained as a result of the differences in homogenization temperature for glasses with

different Al,03/SiO, ratios, as was suggested in Smedskjaer et al.**

The decrease in CN and the increase of the Fe-O bond distances with increasing sample
depth can be understood by considering the effect of the IX process on the local atomic
structure. Closer to the surface more Na atoms will have been replaced by the larger K
atoms, resulting in a compression of the surface layers. As the surface layers are com-
pressed, the bond distances will decrease and even the arrangement of O atoms around
Fe can change to a more tightly packed structure, increasing the Fe CN. Deeper in the
sample less Na atoms will have been replaced due to the limited diffusion depth of the
K atoms and a lower stress is observed, resulting in a less pronounced decrease in bond

length or increase of CN. This suggests that high compressive stress plays a similar role as
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high pressure in the glasses.

6.3.4 Conclusion

Fe K-edge confocal micro-XANES and -EXAFS experiments have been performed to study
the Fe oxidation state and coordination number (CN) as a function of depth and glass com-
position in a series of ion-exchanged (IX) boroaluminosilicate glasses in order to determine
the structural and chemical differences of the Fe environment as a function of depth below
the surface. It was found that XANES experiments are well suited and sufficient to obtain
information on the oxidation state of transition metals (e.g., Fe) in these glasses, avoiding
the need to perform full EXAFS scans and thus decreasing the exposure of the sample
to radiation. However, in order to obtain quantitative information on the CN, EXAFS

experiments are more conclusive.

The Fe oxidation state decreases with increasing [AlyO3]/[SiOg] ratio in the bulk of the
glasses. This feature is believed to originate from the different homogenization tempera-
tures applied to the different glasses. Also a decrease in CN was observed with increased
alumina content. Additionally, the depth-resolved data show an increase of CN and de-
crease of Fe-O bond distance at the surface compared to deeper inside the glass matrix,

which is also explained by the IX process induced stress.

These findings represent previously unknown information on the impact of the IX-generated
compressive stress and K-for-Na substitution on the local atomic structure and will aid in
further developing and improving the unique characteristics and functionalities of such
damage-resistant glasses. Moreover, it is shown that confocal micro-XAS experiments are
a useful addition to analytical research in order to obtain unique information on a large

variation of samples, not excluding in situ or similarly challenging experiments.
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6.4 Application: Rare Natural Deep Earth Diamond

Inclusions

6.4.1 Introduction

Deep Earth (>670km below the surface) is typically studied through indirect methods
based on high-pressure techniques and seismological data as direct sampling is problem-
atic2% B2 However, some rare geological materials can be regarded as unique messengers
from deep Earth. Such samples are diamonds which, in certain cases, carry precious
sources of geological information on the mantle in the form of tiny heterogeneities, i.e. in-
clusions, trapped within the diamond host during their formation. Most natural diamonds
are formed in the lithospheric upper mantle (<200km), however a few sources provide
diamonds from depths below the lithosphere, of several hundreds of km depth. Fluids,
minerals and rock fragments can be trapped during the growth of these diamonds. As the
inclusions’ original composition and sometimes high pressure structure is preserved during
transport of the diamond towards Earth’s surface and exhumation, these diamonds provide

one of the few tools to obtain direct information on deep Earth composition 22

Performing XANES experiments on these inclusions allows for the identification of the
mineral phases present in the inclusions. Due to the high scattering power of the diamond
matrix, the confocal detection scheme is a necessity in order to improve signal-to-scatter
background ratios. Additionally, the direct spatially resolved 3D XRF information can
determine the variation of chemical composition within the studied inclusions. The volume
ratios/shapes of chemically characterised phases in turn gives information on the formation

of the diamond and its inclusions.

The investigation of a set of diamonds originating from the Sao Luis area in Brazil is
reported below, which was made possible at ESRF DUBBLE by the development of the
above described confocal XRF /XAS setup. The diamonds were investigated at the BM26A
beamline, using the confocal setup which has been described in detail above. A confocal
volume of 14x13x17 um?3 (W xHxD) was used to allow for the investigation of large sample

volumes (cross-sectional slices of >1.5x1.5mm?) in reasonable time frames (~2h/slice).
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6.4.2 Results and Discussion

As the diamond inclusions of interest mainly contain iron rich minerals, the primary beam
excitation energy was set to 7.21 keV, slightly above the Fe K-edge. A cross-sectional slice
consisting of 76 x76 points with a 20 um step size was performed on diamond SL-FFM-13,
representing a volume slice of 1.5x1.5x0.015mm? in the diamond. An exposure time of

1s/voxel was applied. XRF elemental composition maps are shown in Figure |6.10}

Judging by the scatter images (Compton and Rayleigh) most Fe hot spots, i.e. high Fe
concentrations, in Figure [6.10] appear to be located on or close to the sample surface
. As such, it is not certain whether these inclusions are open to air and thus have been
potentially changed in chemical structure and composition. A XANES scan was performed
on the inclusion deeper in the sample, and compared to several Fe containing minerals.
The closest resemblance was found to magnetite (Fe3O4) and hematite (FepOgz). Linear
combination analysis showed a 304+4 % and 6743 % contribution of magnetite and hematite

respectively.

Investigation of another diamond, SL-FFM-15 (Figure shows several inclusions that
are bridged either by a narrow crack just below the diamond surface, or by the diamond
surface itself. In contrast to the inclusion investigated in SL-FFM-13, the inclusions in
SL-FFM-15 also show the presence of several other elements such as K, Ca, Ti, V, Cr and
Mn. Two XANES scans at separate parts of the inclusion were performed to investigate
whether the mineral phase in both inclusions is the same. In both inclusions the Fe content

was nearly pure Fe,Os.

A third diamond, SL-FFM-16, was investigated at two different sample height positions
(Figure . Each height reveals an inclusion with a circular shape composed of K, Ca,
Ti, V, Cr, Mn and Fe. Fe K-edge XANES reveals that both inclusions contain an olivine-
like mineral. This mineral is of particular interest as it is a low pressure equivalent of
ringwoodite, which in turn is a mineral that can incorporate percentage levels by weight
of water in its structure. As such, the presence of ringwoodite in a deep Earth diamond
is proof for the presence of a large reservoir of water in deep Earth!®5%54 The olivine
XANES spectrum is not identical to that of the diamond inclusions, which suggests the
Fe is in a chemical state very similar to olivine. Further analyses, i.e. confocal Raman
spectroscopy, will show whether the mineral present is indeed ringwoodite, or another

olivine-like mineral.
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Figure 6.10: X-ray fluorescence spectroscopy elemental composition maps of a cross-sectional
volume slice in diamond SL-FFM-13 acquired at BM26A (left) with a photograph denoting the
region in which the scan was performed (top right) and the XANES scan of the inclusion marked
on the XRF Fe K, composition image (blue circle), compared to reference compound spectra
(bottom right).
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Figure 6.11: X-ray fluorescence spectroscopy elemental composition maps of a cross-sectional
volume slice in diamond SL-FFM-15 acquired at BM26A (left) with a photograph denoting the
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on the XRF Fe K, composition image (blue circles), compared to the hematite spectrum (bottom
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Figure 6.12: X-ray fluorescence spectroscopy elemental composition maps of 2 cross-sectional
volume slices in diamond SL-FFM-16 acquired at BM26A (bottom) with a photograph denoting
the regions in which the scan was performed (top left) and the XANES scan of the inclusions of
each slice, compared to the olivine spectrum (top right).
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6.4.3 Conclusion

Confocal XRF and XAS experiments have been performed at BM26A, measuring natural
deep Earth diamond inclusions. These experiments represent a milestone of development
at beamline BM26A, demonstrating the application of previously not possible micro-beam

based confocal XRF/XAS technigues on unique geological materials.

Several inclusions were located by means of XRF cross-sectional slicing of the diamond, fol-
lowed by XAS scans in selected points of interest of the found inclusions. It was attempted
to perform full-3D XANES experiments, during which a full energy range XANES scan is
recorded for each voxel of a selected volume. However, the measurement time coupled to
such a measurement, given the low flux of detected Fe radiation, was too high with respect
to the available beam time and the amount of samples that should be investigated, as well
as the likelihood of finding heterogeneously distributed minerals within a single inclusion.
As such, it was decided to measure confocal micro-XANES spectra only in selected regions
of interest, under the assumption that the entire inclusion is represented by this single

micro-volume.

Based on the confocal XRF measurements on these inclusions scientists are capable of
directly probing the composition of deep Earth. The composition, volume and structure
of the inclusions can give information on the formation and exhumation process of the
diamond. Additional XAS experiments give information on the chemical structure of com-
pounds in the inclusions, which were unchanged during exhumation due to the protective
shielding of the diamond surrounding. A good signal-to-scatter ratio is obtained due to
the confocal detection scheme, reducing the monitoring of the intense diamond matrix

scattering.

The presence of an olivine-like phase, magnetite and hematite was shown in the diamonds.
The olivine-like phase can be ringwoodite, which is indicative for an aquas deposit in deep
Earth. According to McCammon et al. the presence hematite also hints at the presence of

hydrous regions in deep Earth.®
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6.5 Summary

The confocal detection scheme, in which the detector field of view is limited to a (micro-
scopic) volume by applying an X-ray focussing optic in front of the detector and overlapping
this optic’s focal point with that of the primary X-ray beam’s focal point, allows for di-
rect 3D scanning of a select sub-volume of a sample. A polycapillary based ‘plug-and-play’
confocal setup was designed and developed at the BM26A DUBBLE beamline at the ESRF.

This setup provides confocal volumes down to the order of 8x8x10um? depending on
excitation and detected X-ray energy, which is amongst the smallest reported confocal
volumes. The application of the setup towards spatially depth-resolved EXAFS in high
compressive strength boroaluminosilicate glasses and 3D confocal slicing of natural deep

Earth diamond inclusions was displayed.

It has been shown that depth resolved studies are feasible, which could open up a new
research area, for instance industrial research. Full volume 3D XAS experiments, in which
a full energy scan is performed for each sample voxel within a selected sample volume,
was not performed as this approach is inherently time consuming due to the relatively
low count rates and comparably long motor movement overhead time. Future prospects
consist of the implementation of a KB mirror as focussing optic of the primary X-ray beam,

allowing for larger working distance and thus more diverse sample environments as well as
the combination of confocal XRF/XAS with XRD and SAXS.

3D mapping of a sample rapidly becomes very time consuming with increasing volume size.
As such, an alternative was developed in full-field XRF/XAS, where spatially resolved
information is acquired from a large area/surface in a single measurement, without the
need for raster scanning of the sample through the beam position, presenting a significant
decrease in required measurement time. This full-field approach is discussed in the next
chapter (Chapter [7)).
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Chapter 7

Full-field XRF/XAS: the SLcam

7.1 Introduction

Due to the time consuming nature of acquiring spatially resolved full XANES spectra for a
large number of sample points using conventional (confocal) scanning approaches, the need
for full-field XAS and XRF spectroscopy arose. Full-field in this context indicates a position
sensitive detection scheme in which each pixel corresponds to a full XAS or XRF spectrum.
For transmission mode XAS, an initial approach consists of illuminating a sample with a
broad X-ray beam and measuring the energy dependent X-ray transmission using a position
sensitive charge integrating detector placed behind the sample ™ 3D spatially resolved
information can then be obtained by implementing a rotational move, thus performing a
tomographic scan#"% Despite the fairly short measurement times and good data statistics

inherent to this approach, it is limited to sufficiently thin and concentrated samples.

To allow for full-field experiments on thick (non-transparent) or dilute samples, the X-ray
absorption has to be monitored by the emitted X-ray fluorescence. In order to achieve
sufficient signal-to-background ratios, use is made of recently developed energy dispersive
full-field detectors, which measure the energy of the photon as well as its point of incidence

on the detector chip. Several devices for this purpose have been reported:

o Medipix: Medipix chips are available since 1998 and were originally developed for
medical applications. The first generation of this CMOS-type detector, Medipix-1,
consists of 64 by 64 170x170 um? pixels on a 200 ym thick Si crystal. The second
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generation, Medipix-2, improves on these characteristics by presenting a 300 ym thick
Si chip of 256 by 256 55x55 um? pixels. Instead of measuring a full energy range
spectrum (e.g. 0-20keV), the Medipix-2 features two energy windows defining an
energy range in which photons are detected. The Medipix-3 in turn improves on this

by allowing 8 energy windows instead of two.”*1

o Hartmann et al™® reported in 2000 on a pnCCD full-field detector with a 300 um

2

Si crystal thickness, a 1x3cm? sensitive area with 150x 150 um? pixels, used in the

XMM and ABRIXAS astronomy satellite missions.

o A 6x6cm? large pnCCD detector which would be used for several astrophysical inves-
tigations was reported by Kimmel et alX% 12 This Si detector consists of 150x 150 jzm?
pixels and a 300 um sensitive depth. While operating at temperatures below 180 K
a thermal noise of less than 5 e~ and a 130eV energy resolution for the Mn-K,, line

was measured.

e In 2010, Alfeld and Janssens reported the use of a full-field pnCCD camera with 512
by 512 24x24 um? pixels™® The Si crystal is 80 um thick and has an active depth of
nearly 20 um. An energy resolution of 235eV was found for the Mn-K,, line.

o JUNGFRAU: The adJUstiNg Gain detector FoR the Aramis User station, consists of
256 by 256 75x 75 pm? pixels on a 320 um thick Si crystal. This chips can be combined
to cover larger areas, while maintaining the same readout frequency (2kHz) due to
the CMOS type detector readout 1?18

19:20 which is discussed in more detail below, char-

An alternative detector is the SLcam,
acterised by a higher quantum efficiency than any of the detectors listed above. A big
advantage of CMOS type detectors compared to pnCCD type detectors such as the SLcam
is their high count rate capability. However, this usually comes with the disadvantage
of lower energy resolution. The trade-off between these two parameters is an important

parameter in the choice of the correct device for a given application.

The full-field XRF spectroscopy approach using energy dispersive spatially resolved detec-
tors consists of mounting the detector orthogonal to the X-ray source - sample direction
and illuminating the sample with a broad beam. Usually, the sample surface is rotated
to 45° with respect to the incident X-ray beam to minimise shadowing of the incident
and emitted X-ray photons by the sample. Additionally, this sample tilt further spreads

the primary X-ray beam over the sample, thus illuminating a larger area. As the fluores-
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cence radiation emitted by the sample is distributed isotropically, an X-ray optic must be
mounted in front of the full-field detector in order to guide photons from each illuminated
point on the sample to a corresponding pixel on the detector. XRF elemental composition
images can then be acquired by extracting and interpreting the XRF spectrum for each
separate pixel, and recombining the results to a 2D image. To extrapolate this approach to
full-field XAS experiments, a 2D XRF image is acquired for a set of primary X-ray beam
energies, where the energies vary over the absorption edge of an element of interest. By
assembling the XRF images a XAS spectrum can be extracted for each separate detector

pixel.

To obtain 3D volumetric full-field XRF or XAS information one can perform an additional
sample rotation, where a full-field XRF /XAS map is obtained for each sample rotation and
3D information is recovered by tomographic reconstruction. Alternatively, one can illumi-
nate the sample with a thin sheet beam instead of a broad beam spread over the sample
surface (Figure [7.1]). As such, a confocal volume is defined from which radiation is selec-
tively measured. 3D information can now be obtained by performing a sample translation
through this confocal volume slice, without the need for any tomographic reconstruction.
Both of these 3D approaches suffer, however, from element and matrix dependent limits

of information depth imposed by sample (self-)absorption effects.

Below, examples are discussed where the SLcam is used for both the broad beam approach
as well as the confocal slicing method towards full-field XAS. In what follows the SLcam is
used in emission modus. It should be noted that technically the SLcam could be used for
transmission mode measurements as well. However, for full-field XAS in transmission mode
the SLcam would quickly prove insufficient in terms of maximal count rate. Additionally, in
this approach the energy dispersive character of the SLcam is not used, rendering the user
to better use a non-energy dispersive CCD or CMOS detector. An attempt can be made
to illuminate the sample with a polychromatic X-ray beam and monitor the absorption as
a function of energy in the SLcam. However, this method is not capable of resolving the
XAS fine structure and thus is better referred to as spectral imaging. For more information

on spectral imaging using the SLcam the reader is guided towards the work by Boone et

al??
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io"

iré
"

Figure 7.1: Confocal sheet beam measurement methodology representation showing the sample

holder (A), sample objects (red, green, blue)(B), X-ray sheet beam (C), X-ray optic (D), and the

SLcam (E). Figure adapted from?!

7.2 SLcam Characteristics

The SLcam (Striider-Langhoff camera, or Colour X-ray Camera) is a Si based pnCCD type
energy dispersive X-ray detector, consisting of a 450 um thick Si layer with 264 by 528
48 %48 jim? pixels, mutually developed by PNSensor GmbH (Munich, Germany), the Insti-
tute for Scientific Instruments GmbH (IFG, Berlin, Germany), the BAM Federal Institute
for Materials Research and Testing (Berlin, Germany), and the Institut fir Angewandte
Photonik e.V. (IAP, Berlin, Germany)™ The outer 264 by 132 pixels on each side of the
chip are covered to prevent illumination by X-rays (Figure . The chip is read out with
a 400 Hz frequency, in which a fast sideways transfer of the central 264 by 264 pixels to the
sides, the so-called ‘dark frame storage mode’, is combined with the slower read out of the
dark frames by two CAMEX chips each, effectively splitting the SLcam readout window
in four quarters (Figure . Currently, a 1kHz version is also available. In both cases,
the chip is back side illuminated which accounts for a homogeneous illumination over the

entire chip surface2? An overview of the SLcam technical properties are listed in Table

1l
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Figure 7.2: Photographs of the SLcam installed at beamline P-06 of PETRA-III at DESY,
Hamburg. Left: frontal view, right: side view.
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Figure 7.3: Schematic illustration of the frame store operation for high-speed readout of the
SLcam. During read-out the charges in the chip are first rapidly transferred to dark chips at the
sides, the frame store area, from where the system has more time to read out the charges, while
new photons are being collected by the detector chip. Figure adapted from Ordavo et al?0
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Table 7.1: Summary of the SLcam characteristics. Adapted from Scharf et al1?

Parameter Value
pnCCD type column-parallel; split frame readout
pixel size 48 x 48 pm?
number of pixels 69,696
image area 12.7x12.7 mm?
sensitive depth 450 pm
frame rate 400 Hz (up to 1kHz possible)
pixel readout speed 28 Mpixel /s
quantum efficiency >95% at 3keV - 10keV; >30% at 20 keV
readout noise (rms) <3e~ /pixel
charge transfer efficiency >0.99995
energy resolution 152V for Mn-K,

Two polycapillary detector lenses are currently available for the instrument: one polycap-
illary is a 1:1 magnification optic and the other has a 6:1 magnification. The latter has
a conical shape, which results in an effective pixel size of 8x8 ym?, while the 1:1 poly-
capillary is a parallel polycapillary, providing an effective pixel size of 48x48 ym?. These
theoretical image pixel sizes provide an upper limit of the spatial resolution one can ob-
tain using this detector and a given detector optic. It should be noted that the distance
between the sample and the detector optic has a considerable impact on the actual spatial
resolution: the spatial resolution is defined by the acceptance of each individual capillary
following Equation with Rg the spatial resolution, 7" the capillary fibre inner diameter,
d the sample-optic distance and ¢ the critical angle of total reflection. Here, the capillary
fibre diameter T' can be approximated as the projected SLcam pixel size, depending on
the used polycapillary optic (e.g. 8 or 48 um). Additionally, a subpixel resolution based
on more accurate charge cloud shape recognition and center of impact determination will
be available in the future, although the gain of spatial resolution also comes at the cost of
longer measurement times in order to obtain similar counting statistics on a pixel-by-pixel

base 19 20, 24

Rs=T+2-d-tandc (7.1)

The large image area and the relatively thick sensitive depth of the SLcam make this
an ideal device to measure the elemental composition of a sample in a relatively short

timespan. It should be mentioned that the 450 ym sensitive depth also has its limitations.
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The first graph of Figure shows the thickness of pure Si needed to attenuate 99 % of
the incident beam as a function of X-ray energy. The second graph of Figure [7.4] shows the
fraction of the incoming X-ray photons that will be attenuated in a 450 ym thick layer of Si,
when the X-rays hit the surface under an angle of 90 ° taking into account the absorption by
the 50 um Be window of the SLcam. Less than 36 % of X-ray photons with an energy higher
than 20 keV will be absorbed by the chip, as the quantum efficiency in Table expresses.
The detection efficiency is reduced considerably above 25keV, reducing to approximately
20 % at this energy. Additionally, at energies >25keV the polycapillary X-ray optics start
to loose their photon guiding properties, thus losing the imaging properties. Nevertheless,
the 450 pm sensitive depth is still superior when compared to other full-field cameras, as
shown in the previous section. In fact, this sensitive thickness is similar or even better than
typical crystal thickness values in state-of-the-art silicon drift detectors, e.g. VORTEX-EM
SDD has an active thickness of 350 um.*® Before X-rays reach the detector chip, they must
pass a 50 um Be window. This decreases the detectability of low energy X-ray photons
(<3keV) as they are attenuated severely by the window.

In order to reduce electronic thermal noise, the detector CCD-chip is cooled. The cooling
is obtained by a combination of water cooling and Peltier cooling, however more recent
prototypes of this detector are supposed to be cooled by Peltier elements and active air
cooling only. An operating temperature value of -25°C is reported to be optimal 1% =0
Figure shows a graph of the FWHM of the Mn-K,, peak as a function of temperature,
which is a typical figure-of-merit to characterize the energy resolution of an ED-detector.
It is important that one operates the detector at a temperature where the FWHM is rather
constant over a small temperature interval Y This is the case in the temperature interval
of -25°C to -15°C. The remaining thermal noise produced by the detector is corrected
for by a dark frame correction. The detector chip is operated under vacuum conditions,
typically 0.1 mbar, to reduce the humidity inside the detector and avoid corrosion. This

way no water condensation can take place on the CCD-surface and inner electronics.

The user can select two energy regions in which X-ray photons are collected: 0-20keV
and 0-40 keV ¥ The selected energy region is divided into 1024 channels. A maximum of
600000 cps, detected on the full image area, can be handled by the detector before the event
analysis becomes cumbersome* 2% This corresponds to approximately 10 cps/pixel before
a single pixel is oversaturated. After event analysis, each pixel reads out a spectrum in
which each channel has the same energy calibration (same energy offset and gain). In order

to obtain this, the detector must be calibrated by the so-called constant-gain calibration.
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Figure 7.4: 99% attenuation length as a function of X-ray energy for pure Si (left) and the
fraction of X-ray photons of a given energy that will be absorbed in a 450 ym thick layer of pure
Si taking into account the 50 um Be window(right).
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Figure 7.5: Graph of the FWHM of the Mn-K, peak as a function of chip temperature as
detected by the SLcam. The FWHM of this peak is the typical figure-of-merit characterizing the
detector energy resolution. It is advised to operate at a temperature for which the FWHM is
more or less constant around this temperature. Figure adapted from the Slcam manual 28

140



7.8. Application: Fe-K edge Full-field XANES

Once the detector is calibrated however, all 69696pixel spectra can be fitted using the
same calibration model for each of these pixels. Due to the CMOS-type readout method of
alternative detectors mentioned above, they can handle higher readout frequencies (several
kilo-Hertz per pixel). However, it should be noted that the SLcam is rarely saturated during
full-field XRF and XAS experiments except for the most concentrated samples, illuminated
with the brightest sources (e.g. undulator source and multilayer monochromator for XRF
applications), as such the limited SLcam readout frequency is not a limiting factor for most

full-field applications, as discussed below.

7.3 Application: Fe-K edge Full-field XANES

This section is adapted from Tack et alf]

7.3.1 Introduction

X-ray absorption near edge structure (XANES) spectroscopy is a non-destructive analyt-
ical technique widely used to obtain chemical and local electronic environment informa-
tion from probed atoms, which is carried out by scanning the X-ray absorption edge 2% =2
Full-field transmission mode XANES imaging, in which a sample is illuminated with a
broad X-ray beam and the transmission signal is monitored using a non-energy dispersive
(ED) CCD-based detection method, has been used in the past to obtain chemical infor-

mation from a large sample area with microscopic resolution 29732

This technique is
a microspectroscopic analogue of bulk transmission XANES experiments in which only
average information from the analysed sample volume could be obtained, and for which
the assumption had to be made that this average was representative of the entire sample.
However, transmission mode XANES has the drawback that the data quality is reduced
when the samples are far from the optimum in terms of thickness resulting in too strong
absorption of the primary beam or, conversely, too few sample—photon interactions upon

transmission 2% 28

Fluorescence mode XANES largely eliminates thickness and/or low analyte concentration

ap. Tack, J. Garrevoet, S. Bauters, B. Vekemans, B. Laforce, E. Van Ranst, D. Banerjee, A. Longo,
W. Bras and L. Vincze, Full-Field Fluorescence Mode Micro-XANES Imaging Using a Unique Energy
Dispersive CCD Detector. Anal. Chem. 86, 8791-8797, doi:10.1021/ac502016b (2014).
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related problems typically encountered in transmission mode spectroscopy and can be char-
acterized by trace-level detection limits in dilute systems as well as providing the possibil-
ity of investigating concentrated thin films or the surface layers of thick, non-transparent
samples. In a conventional fluorescence mode XANES imaging experiment, a sample is
scanned through a focused pencil beam, measuring a XANES spectrum at each point 230
As a result of the slow rate of data collection, the limited access to and experimental time
constraints at synchrotron radiation facilities, required for X-ray absorption spectroscopy,

scanning fluorescence mode XANES is rarely applied to investigate large sample areas.

In this work, a new approach to full-field fluorescence mode XANES imaging is presented,

195120, 22,37 which consists

making use of an energy dispersive CCD detector, the SLcam
of 264x264 pixels allowing for emission mode XANES imaging of up to 12.7x12.7 mm?

sample areas with microscopic resolution.

A proof of concept of this method is presented by experiments performed on a microscopi-
cally heterogeneous Fe’ /Fe,O3 model sample. To be able to handle the large data volume,
represented by 69696 fluorescence mode XANES spectra obtained from a single energy
scan, a multivariate analysis method for data reduction is discussed. A schematic overview
of the performed experiment is shown in Figure A XANES profile can be extracted
for each SLcam pixel, with varying degrees of noise depending on the data acquisition time
per energy step and the concentration of the analyte in the sample material. For this work,
the data acquisition time (see the Materials and Methods section) was chosen so a pixel
with average Fe intensity (~2 Fe-K, counts per second per pixel in the post-edge region)
would result in a relatively noiseless XANES profile. As an application, this technique was
used to investigate the iron chemical state in a Nitisol soil sample#®4” Nitisols are defined
in the World Reference Base (WRB) as soils having a nitic horizon, which is a clay-rich
subsurface horizon with characteristic flat-edged or nut-shaped and shiny components, and
gradual diffuse boundaries to the horizons above and below.*! The origin of the shiny sur-
faces typical for Nitisols is not clear. The term “metallization” has been used to indicate
the accumulation of metal oxides as thin coatings on peds (soil agglomerates) giving rise
to the shiny appearance. More than half of all Nitisols are found in tropical Africa, and
Ethiopia is one of the mainstays of these soils. The studied sample originates from a nitic
horizon in the Gilgel Gibe catchment in the Jimma zone in south-west Ethiopia, where

Nitisols are very important for food production.*”
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Figure 7.6: Schematic overview of the full-field emission mode XANES experiment in which the
Fe-K,, signal of an Fe?/Fe;O3 model sample is monitored as a function of incident X-ray beam
energy, using the SLcam. A multivariate analysis method is used to reduce the data set consisting
of 69696 simultaneously acquired XRF spectra per incident beam energy step.

7.3.2 Materials and Methods

SLcam: Energy Dispersive CCD Detector

As a detector, the silicon-based energy dispersive pnCCD “Colour X-ray Camera”, the
SLcam, was used. This pnCCD detector is characterized by its large sensitive chip area of
12.7x12.7mm? consisting of 264 x 264 pixels of 48x48 um?. Because of the large depletion
depth of 450 um and a 50 um beryllium window, the device has a high quantum efficiency
(95—30 %) for photons with energies between 2 and 20 keV 2%

Detector readout is performed in a column-parallel, split frame method in which each half
of the illuminated pnCCD chip is physically transferred in 50 us to a dark frame storage
area to reduce illumination during further signal processing by two dedicated CAMEX
chips for each half of the pnCCD chip, effectively splitting the total illuminated chip area
in four quadrants™ 2022 Event analysis is performed to determine the center of gravity
and total deposited energy for each incident photon, as the corresponding electron charge

cloud created in the detector material can be distributed over multiple pixels depending on
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the photon energy and point of incidence with respect to the pixel boundaries, giving rise
to an increase in the point spread function. Full detector readout occurs at a frequency of
400 Hz.

In this way, each pixel will collect a full energy dispersive X-ray spectrum of photons
with energies up to 20keV. At —20°C operating chip temperature, a noise level and Fano

factor2® 42

of 34.75eV and 0.120 were obtained, respectively, corresponding to an energy
resolution of ~150eV for the Mn-K,, line following Equation with F the Fano factor,
E the detected X-ray energy, ¢ the average energy needed to generate an electron-hole
pair: 3.65eV for Si-based detectors, and N the noise level of the detector 2222 For imag-
ing purposes, the detector is coupled with polycapillary (glass fiber) based X-ray optics.
In this work, two polycapillary optics provided by IFG Berlin were used: a 1:1 straight
polycapillary and a 6:1 magnifying conical polycapillary, resulting in theoretical spatial

2

resolutions of 48x48 ym? and 8x8 um? and investigated sample areas of 12.7x12.7 mm?

and 2.1x2.1 mm?

, respectively. The field of view using the 6:1 magnifying polycapillary
optic is limited to a circular area with a diameter of 2.1 mm due to the limited polycapillary

size and its housing.

FWHM = 2.35(FEe)Y? + N (7.2)

Due to the small angular aperture of a single polycapillary fiber (i.e., ~3mrad at 10keV)
and the relatively low transmission efficiency of a conically shaped polycapillary optic (i.e.,
~5—40 % for 7—20keV X-rays),** the count rate detected by a single pixel (~10 cts/s max
at 400 Hz readout frequency) will be lower than what can be acquired by a conventional
solid state detector in non-imaging mode. However, as the SLcam detects 69696 spatially
resolved pixels simultaneously without the need of scanning the sample through an X-ray
beam, the data acquisition from a large area can be performed in a more time efficient

manner when compared to the conventional acquisition methods.

Experimental Setup

The experiments were performed at BM26A, the X-ray absorption spectroscopy (XAS)
station of the Dutch-Belgian beamline (DUBBLE) at the ESRF4® The beamline uses a
0.40 T ESRF bending magnet as a primary radiation source. The energy of the X-ray
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beam is tuned by a double-crystal Si(111) monochromator (energy resolution AE/E of
~1.7x107* at 9.659keV) operating in a fixed-exit mode.

A collimating mirror in front of the monochromator and a vertically focusing mirror behind
the monochromator, each with Si and Pt coatings, were used to collimate/focus the beam
and to suppress the higher harmonic content. For the simultaneously performed transmis-
sion mode detection, the gas mixtures in the first and second ionization chambers were
adjusted to allow approximately 10 % absorption in the first and about 70 % absorption
in the second ion chamber at a given energy. The beam size was 0.3(V)x3(H) mm? pro-
viding a photon flux of ~6x10? photons/s at the sample position at the Fe-K edge energy
(7T112€V).

To make full use of the large field of view of the SLcam, the detector was mounted above the
sample, perpendicular to the plane of polarization defined by the synchrotron ring, as shown
in Figure [7.7] Additionally, the sample was mounted under a small angle (~10°) with
respect to the incident X-ray beam, spreading out the X-rays over the sample, increasing
the illuminated sample area. This setup mode has the additional advantage of reducing
image distortion effects which allows for straightforward optical feature recognition during
sample alignment. Spatial resolution using the SLcam is mainly dependent on the type of
X-ray optic. When using a polycapillary optic, the spatial resolution Rg is approximated
according to Equation [7.1/*4

Because the sample is placed under a small angle of incidence, nearly parallel with the
detector chip and as close as possible to the polycapillary optic, the last term in Equation
can be neglected, resulting in a spatial resolution approximately equal to the channel
diameter of the polycapillary fibers. For the purpose of this detector, the spatial resolution
is equal to the area of the sample “seen” by one pixel. As such, the value for T" in above
equation is equal to the pixel size (48 pm) divided by the magnification factor defined by
the polycapillary lens. For the 1:1 polycapillary optic, this results in a spatial resolution

of 48x48 um?, whereas for the 6:1 polycapillary optic, it is 8x8 ym?

. Higher spatial res-
olutions could in principle be obtained by using optics with higher magnification factors,

however, such optics were not available for the experiments discussed in this work.

Detection limits were determined using a NIST SRM 611 (400-500 ppm trace elements
in a glass matrix) sample, using the SLcam with 6:1 polycapillary optic®® The XRF
spectra of the above mentioned standard were obtained using an excitation energy of
7161 eV. For the XANES analysis, a series of reference compounds, diluted to ~10wt%
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Figure 7.7: Photograph (A) and schematic drawing of the side view (B) of the SLcam setup
at the DUBBLE beamline (ESRF, France). Numbered elements are the ionization chamber (Iy)
(1) to monitor the primary X-ray beam flux, the X-ray beam (2), the sample mounted under a
shallow angle with respect to the primary beam (3), the XRF radiation monitored by the detector
(4), the SLeam X-ray optic (1:1 polycapillary optic) (5), and the SLcam detector (6).

using cellulose powder (type 20, Sigma-Aldrich) and pressed to pellets with an estimated
thickness of 2.5 absorption lengths, were measured in transmission mode. A 4 um thick
pure iron foil (Goodfellow SARL, Lille, France) was measured in transmission mode after
each experiment to correct for monochromator energy shifts by setting the first inflection
point of the XANES profile to 7112 eV. XANES scans were performed from approximately
50eV below the Fe—K edge up to 49eV above the edge, with 0.2€eV energy steps and 2s

counting time per step.

As a test sample a piece of 4 ym thick iron foil and Fe,O3 powder (pro analysis, MERCK
KGaA, Darmstadt, Germany) was fixed on a commercial tape. A fluorescence mode Fe
K-edge XANES scan using the SLcam in combination with the 1:1 polycapillary optic was
performed in three separate energy regions to optimize the experiment time with respect
to the obtained information: the pre-edge region from 7075.5eV up to 7100.6€V in 2.5¢eV
steps for 5 min per step, the edge region from 7102.7eV up to 7132.8eV in 0.8 eV steps for
10 min per step, and the post-edge region from 7134.9¢eV up to 7160.9€eV in 2.6 eV steps

for 5min per step resulting in a total experiment time of 7 h and 40 min.

As an application, a geological Nitisol soil sample was investigated for iron coordination
state by means of fluorescence mode XANES using the SLcam equipped with the 6:1
polycapillary optic. The XANES region was split up in three parts as follows: from
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7075.5eV up to 7100.6 eV in 4.2 eV steps for 5min per step, from 7102.7 eV up to 7132.8eV
in 1.2eV steps for 20 min per step, and from 7134.9eV up to 7160.9€eV in 1.29 eV steps for
10 min per step. The total experiment took 14 h and 30 min.

Comparing the above data acquisition times for emission mode full-field XANES using the
SLcam with the more conventional step by step emission mode measurement strategy, it is
clear the SLcam represents a significant advance in emission mode XANES measurements:
the average single point emission mode XANES scan takes around 2 to 20 min. Scanning
69696 points this way would take approximately 97 to 970 days of experiment time. To
measure the same amount of points as monitored simultaneously by the SLcam in the
same time as was acquired here, one would need to perform a XANES scan in 0.5 to 1s
per point, which would result in low data statistics even if the monochromator and sample
stage motor movements was adapted to such short measurement times and overhead time

was nearly non-existent.

Data Processing

For the fluorescence mode experiments, Fe-K,, intensities were extracted from each pixel
spectrum at each energy step using a region of interest (ROI) integration algorithm. This
method was compared to a more time consuming iterative least-squares fitting using the

AXIL software package” 8 showing no substantial differences in the distribution images.

Although it is possible to extract a XANES profile for each of the 69696 SLcam pixels,
it was opted to group and sum pixels with similar XANES profiles by means of principal
component analysis (PCA) and K-means clustering as a means of data reduction.* Simi-
larities and differences in ROI integrated Fe-K,, intensity variation with excitation energy
were investigated using PCA. Before PCA| square root transformation of the data was ap-
plied to reduce intensity differences due to concentration changes between sample points,
resulting in a better separation between points representing different chemical compounds
than obtained when performing the PCA routine without square root data transformation.
Data points with similar principal component scores show similar XANES profiles and were
grouped using K-means clustering, effectively grouping pixels with similar XANES profiles.
Subsequently, the ROI integrated Fe-K, intensities for each data point within a cluster were
extracted and summed as a function of the excitation energy, resulting in a raw XANES

profile for each cluster. Raw XANES data were normalized for incident beam flux using
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the primary ionization chamber signal, pre-edge subtracted using a linear and Victoreen
function for fluorescence and transmission data respectively and post-edge normalized at
an energy of Eg+40eV. Additionally, the slow variations caused by the atomic absorption
profile before and after the edge were subtracted to better compare the spectra in linear

combination analyses.*”

Linear combination fitting of the normalized fluorescence XANES spectra with transmis-
sion XANES reference spectra was performed to obtain semi-quantitative results on the

chemical speciation present in the sample 2% 42

7.3.3 Results and Discussion
Limits of Detection

With respect to elemental analysis, the detection limits (DL) in weight percentage for 1000
and 300 s measurements using the 6:1 polycapillary optic are shown in Figure [7.8 In case
of the NIST SRM 611 glass matrix, for Fe-K,, , the DL for a single SLcam pixel using a data
acquisition time of 1000s measurement time is approximately 0.494+0.03 wt%. It should
be noted that the MDL can be improved by binning neighbouring pixels at the expense
of spatial resolution. The MDL can be further improved by using a higher exciting X-ray
beam flux (e.g., by using an undulator source to generate the primary beam) and using an

improved detector optic with a higher X-ray transmission efficiency.

Differential XANES Imaging Using the SLcam

Figure shows transmission XANES reference spectra for a 4 ym thick iron foil and pure
Fe; O3, along with their difference curve represented by the blue dashed line. From this
curve, it is clear that at an energy of approximately 7120 eV the Fe® will absorb more X-rays
when compared to Fe3t in Fe,O3. At 7143 ¢V, both compounds will have a comparable
level of X-ray absorption. A heterogeneous model sample consisting of a 4 ym iron foil,
FeO particles and Fe,O3 powder fixed to an adhesive tape (Scotch) was used as a test
sample for the fluorescence mode differential imaging experiment, shown in Figure [7.10/A.
The area marked in blue was investigated using the SLcam. The sample was illuminated
for 10 min at 7120 and 7143 eV each, and the Fe-K, signal was retrieved for each pixel of

the detector resulting in elemental images of Fe at both energies.
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Figure 7.8: XRF spectrum of the SLcam, summed over all 69696 pixels, after 3600 s acquisition
time of NIST SRM 611 using the 6:1 polycapillary optic and a 7160.9 eV excitation energy at
DUBBLE (ESRF, France) (A) and the minimum detection limits for one SLcam pixel correspond-
ing to 300 and 1000 s measuring time (B).
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pressed pellet (red). The difference is presented as a blue dashed curve.
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Figure 7.10: Left: Photograph of an iron test sample composed of a 4 um thick Fe foil, FeO
particles and FeoO3 powder. The blue marking shows the area that was investigated using the
SLcam. Right: Result of the differential imaging of the iron test sample after 20 min measuring
time and monitoring the Fe-K,, signal at 7120 and 7143 eV. Spatial resolution 48x48 ym?.

The image obtained at 7120 eV shows a distribution in which the Fe® is most intense. By
subtracting the image retrieved at 7120eV from that measured at 7143 €V, a differential
image is obtained in which the Fe?* becomes the most prominent signal as seen in Figure
[7.I0B. When compared to Figure [7.I0A, it is clear the differential imaging method is
successful at differentiating between Fe® and Fe3" distributions in 20 min of measurement
time, monitoring a sample area of approximately 3x3mm? with a spatial resolution of
48x48 ym?. Some areas in the iron foil region can be found to show zero intensity, which
is attributed to shadowing effects caused by the waviness of the Fe foil surface and the

presence of a thin layer of Fe;O3 on top of the iron foil.

Full-Field Fluorescence Mode XANES Using the SLcam

When the variations between two curves are minute one has to resort to more elaborate
analysis methods in order to retrieve differences which are significant. In contrast to
the differential imaging method, a XANES scan was performed by extracting the Fe-K,,
intensity from each SLcam pixel at each energy step, resulting in a XANES spectrum for
each of the 69696 SLcam pixels.

The large data set can be reduced by performing principal component analysis (PCA) and
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K-means clustering,*® grouping together pixels that show similar variations as a function
of the X-ray beam energy. PCA is performed on the data set after extracting the Fe-K,,
intensity signal for each pixel at each energy. Pixels are then grouped using K-means
clustering based on the score of each pixel obtained for the second and third principal

component, which can be used to identify metallic Fe and Fe;O3 exhibiting large negative

score values (Figure [7.11)).

In a subsequent step, the Fe-K, signal of each pixel in a given cluster is extracted and
summed by energy, giving the raw XANES profile corresponding to the given cluster.
Figure shows the resulting fluorescence XANES spectra, after normalization, for
the clusters corresponding to the Fe foil and Fe,Og regions (red curves) compared to the

transmission mode reference spectra (black curves).

It is evident that the fluorescence XANES spectra differ from the reference spectra. How-
ever, the compounds used to make the test sample were pure, undiluted compounds. Addi-
tionally, the sample was measured in fluorescence mode under a shallow angle with respect
to the incident X-ray beam. Both characteristics cause the distortion of the XANES spec-
trum due to self-absorption effects. As the composition of the separate clusters is known,
the data could be corrected using an in-house developed, thickness-sensitive self-absorption
correction routine (Appendix Chapter , the results of which are represented in Figure
[.I2B. The self-absorption corrected fluorescence XANES spectra resemble the reference
spectra very well, confirming the validity of using the SLcam for fluorescence mode XANES
experiments to investigate chemical speciation. Differences between the self-absorption cor-
rected and reference data are likely due to noise in the uncorrected fluorescence data and
the curvature of the iron foil or the unknown and varying thickness of the Fe,O3 powder,

preventing straightforward determination of the correction parameters.

Application: Nitisol Soil Sample

The developed full-field fluorescence XANES and associated data-reduction methodology
was demonstrated by spatially resolved Fe-speciation of a Nitisol*® 5 soil sample. This
iron-containing soil sample contains mineral particulates that are believed to be volcanic
ash particles. The goal of this experiment was to investigate the iron oxidation state
distribution throughout the sample, and whether the particle of interest shows a different

iron speciation compared to the surrounding matrix. A photograph of the sample as well
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Figure 7.11: Second (left) and third (right) principal component score image of a PCA analysis
on SLcam XANES data of an iron model sample. The iron foil (Fe®) can be clearly distinguished
from the FesO3 powder (Fe3T). Displayed area is 4.8x7.2mm? large with a 48x48 um? spatial

resolution.
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as the iron distribution image obtained with the SLcam using a 6:1 polycapillary optic
and illuminating the sample at 7160.9€V are displayed in Figure The total circular

2 spatial resolution in

field of view with 2.1 mm diameter was investigated with 8x8 pym
10 min. The vertical intensity gradient perceived in the Fe distribution image is due to the
non-uniform primary beam profile. A full XANES scan was performed, as discussed in the
Materials and Methods section of this chapter, over the same area with the same spatial
resolution in less than 15h, mainly limited in speed by the available flux provided by the

bending magnet source.

Three types of regions were selected from which XANES profiles were extracted: the sur-
rounding matrix, the top part of the particle (indicated blue dotted line) showing increased
Fe-K, intensity, and the lower part of the particle (indicated by green dashed line) show-
ing a lower Fe-K,, intensity. The XANES profiles were extracted from the chosen regions,
marked in Figure[7.13] and presented in Figure[7.14] All three regions show similar XANES
profiles. It could be argued that the spectrum from the top part of the particle (dotted
blue curve) differs from the other two. However, this difference can be explained by self-
absorption effects distorting the XANES spectrum. This hypothesis is further strengthened
by the higher iron intensity in this region, as seen in Figure [7.13] Comparison of the flu-
orescence XANES spectra with reference spectra by means of linear combination analysis
shows that the iron composition of the selected regions is fairly homogeneous and consists
of approximately 16.84£10.1 % Fe?™ and 83.3431.5 % Fe3*.

7.3.4 Conclusions

Using the energy dispersive pnCCD SLcam detector for fluorescence mode XANES can
yield spatially resolved coordination state and chemical speciation information from a
large sample area (12.7x12.7mm? or 2.1x2.1mm? depending on the used X-ray optic)
with a microscopic resolution (48 x48 um? or 8x8 um?, respectively) without the need for
microbeam scanning in previously infeasible measurement times (less than 15h). The
data acquisition using the SLcam detector results in a data set of 69696 spatially resolved

micro-XANES profiles in a single measurement.

Improvements can be made to the presented experimental method by using a higher pri-
mary X-ray beam flux (e.g., by utilising insertion device beamlines), which will improve

the detection limits of this technique and will significantly decrease the data acquisition
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Figure 7.13: Photograph (left) and iron distribution image (right) of a Nitisol soil sample.
Three types of regions are marked from which XANES profiles were extracted: the surrounding
matrix (black solid line), the top part of the mineral inclusion (blue dotted line), and the lower
part of the mineral inclusion (green dashed line).
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Figure 7.14: Fluorescence XANES spectra extracted from three regions in a Nitisol soil sample,
studied with the SLcam using a 6:1 polycapillary optic.
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time. Additionally, higher efficiency X-ray optics could be used to improve on the spatial

resolution and to further reduce the measurement time.

To handle the large data set generated by the SLcam, a data reduction scheme has been
applied using a combination of PCA and K-means clustering. While this approach showed
promising results, nevertheless improved/dedicated algorithms may be required to differ-

entiate between several chemical species in more complex samples.

Notwithstanding the current limitations of full-field emission mode micro-XANES imaging
using the SLcam, mainly resulting from a limited X-ray beam flux, this method represents
a substantial improvement on the way fluorescence mode XANES imaging is currently
performed and opens up the possibility to perform XANES imaging experiments on dilute
and/or non-transparent samples for which full-field transmission mode XANES cannot be

applied.

7.4 Application: Confocal 3D Full-field XANES

This section is adapted from Tack et al]]

7.4.1 Introduction

As discussed earlier, X-ray absorption near edge structure (XANES) spectroscopy allows
the experimentalist to extract information on the local chemical structure and oxidation
state of a particular element in a sample matrix. By illuminating a sample with a focussed
X-ray micro-beam and scanning the sample through this beam, spatially resolved infor-
mation on the oxidation state and local chemical structure can be obtained "2 However,
when spatially resolved information is required, this approach has the disadvantage that
samples need to be scanned through a beam, inducing sample movement. Thus one of the
limiting factors is the precision and accuracy of motor positioning systems. Furthermore,
when 3D information is required, an additional rotation step has to be introduced as in
XANES computed tomography (CT).20758

PP, Tack, B. Vekemans, B. Laforce, J. Rudloff-Grund, W.Y. Hernandez, J. Garrevoet, G. Falkenberg,
F.E. Brenker, P. Van Der Voort, L. Vincze, Application towards confocal full-field microscopic X-ray
absorption near edge structure spectroscopy. Anal. Chem., doi:10.1021/acs.analchem.6b0482 (2017).
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In order to circumvent this time consuming methodology, it is of great interest to develop
so-called full-field methodologies. In these methodologies, a large field of view is investi-
gated in a single measurement, without the need for sample movement, whilst maintaining
the spatially resolved information. Initially, most full-field XANES techniques were based
on transmission mode experiments,b 22 BLB%OY Jimiting the method to thin and trans-
mitting samples. Another method, operating in fluorescence mode and thus allowing for
the investigation of thick samples, consists of fast scanning using large solid angle X-ray
detectors such as the Maia?® t18% Degpite the method consisting of continuous sample
movement, thus inducing uncertainties with respect to measurement position and move-
ment stability, the method is favoured due to its impressively fast acquisition rates (order

of a few ms/point/energy).

Another option for spatially resolved fluorescence mode XANES arises with the use of full-
field methodology based on energy-dispersive CCD based detectors, such as the SLcam 22 29
The proof of principle for XANES using this device has been discussed in the previous
section.®” In this section, the method has been expanded to extract depth selective infor-
mation by applying a confocal detection scheme, analogous to earlier X-ray fluorescence
spectroscopy experiments performed with this detector.6®©% A virtual slice of the sample
is illuminated using a focussed thin sheet beam, a part of which is selectively monitored
by overlapping the sheet beam with the focal field of view of the detector, equipped with
a polycapillary optic. By moving the sample through the sheet beam, making use of a
single translation motor, and performing a monochromator energy scan at each position,
3D resolved XANES data is obtained. Here this method is applied to two samples: a)
a Au/MgO catalyst particle which can be applied to several (photosensitive) catalytic

TO0HT2

processes(e.g. oxidation reactions, hydrogenation reactions™ and C-C coupling pro-

cesses™), in which the local charge or oxidation state of Au has an important influence on
the catalytic efficiency and sensitivity™® and b) a natural alluvial diamond from Juina
area, Mato Grosso, Brazil which may have an ultra deep origin as shown many samples of
the same location.®"®3 The diamond contains inclusions, which have their stability field at
least within the transition zone (410-670 km) and thus represents some of the only samples

providing direct information on the materials from deep Earth 544

It is shown that the applied depth selective method, although still time consuming, is su-
perior in speed compared to other currently applied XANES methodologies and is feasible
to perform during a standard synchrotron radiation facility measurement session. Addi-

tionally, a method is discussed to facilitate handling and processing of the large amount
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of created data, using a combination of principal component analysis (PCA) and K-means
clustering. The XANES spectra can be overlapped with the spectra of reference com-
pounds measured in transmission mode, proving the method allows for fingerprinting and

linear combination data processing approaches.

7.4.2 Materials and Methods
Micro-CT

As a pre-characterization step, transmission X-ray computed tomography (CT) were per-
formed on a laboratory instrument, details of which are described elsewhere®” The X-ray
source, a W anode X-ray tube (XrayWorX GmbH, Garbsen, Germany), was operated at
70kV voltage and 3W power. The transmission signal was detected by a 20 MHz read-
out frequency VHR CCD camera (Photonic Science Ltd., Mountfield, UK) consisting of
4008 %2672 9x9 pum? pixels and a Gd20S:Tb scintillator screen. A 360 ° rotation was per-
formed in 1501 steps with an exposure time of 1s/rotation. Two consecutive measurements
were performed at different sample heights in order to cover the full particle size. The data
was backwards projected to obtain virtual slices of the sample, which were visualised using

the Drishti software package .=

XANES

XANES experiments were performed at beamline P-06 at the PETRA-III synchrotron
facility at DESY (Hamburg, Germany). The undulator generated primary X-ray beam
was rendered monochromatic using a Si(111) double crystal monochromator, providing an
energy resolution AE/E of approximately 1.4-107*. The second mirror of a Kirkpatrick-
Baez (KB) mirror system was used to focus the beam to a vertically oriented sheet beam
of approximately 1.8x0.007 mm? (VxH), with a horizontal divergence of approximately
2mrad. No change in sheet beam position was observed by scanning through the primary

X-ray beam energy.

Au Ls-edge (Eo: 11.919keV) and Fe K-edge (Eo: 7.112keV) XANES data were collected
monitoring the excitation energy dependent X-ray fluorescence emission using the SLcam.
Au Ls-edge XANES consisted of energy scans from 11.808 keV to 11.908 keV in 5eV steps
(5min/step acquisition), 11.909keV to 11.938keV in 1€V steps and from 11.941keV to
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12.079keV in 3eV steps (10 min/step acquisition); adding up to 98 energy steps. Fe K-
edge XANES were performed by energy scans from 7.087keV to 7.117keV in 5eV steps
(9min/step acquisition), 7.118 keV to 7.145keV in 1€V steps (18 min/step acquisition) and
from 7.146 keV to 7.173keV in 3 eV steps (18 min/step acquisition). Reference spectra were

obtained from pure compounds (AuCN, Au foil, Fe foil), measured in transmission mode.

XANES spectra were normalised by subtracting the pre-edge background and fitting the

post-edge region to a linear function, which was then normalised to 1 at Ey+50¢eV.

Samples

A Au/MgO catalyst (having 1.0wt% of Au) was prepared by a modified deposition-
precipitation method described elsewhere,*” using HAuCl; (Union Chimique Belge) as
a gold precursor, urea (Sigma-Aldrich) as a precipitation agent and a meso-macroporous
MgO support (prepared via a hydrothermal synthesis method adapted from Rezaei et al.=).
A sintering step at 500 °C was performed in order to increase the Au particle sizes closer
to the microscopic range, providing a more suitable size given the spatial resolution of the
described technique (~ 8 um resolution). The synthesized powder was then pressed to a
pellet under a pressure of 300-400 bar for 5 minutes. A piece of suitable size (~2x2mm?)

was cut from the pellet and attached to a graphite pin using clear liquid Pattex glue.

A second sample consists of a diamond from Sao Luiz placer diamond deposit in Juina,
Mato Grosso, Brazil (SL FFM 08), containing Fe-rich inclusions from possible deep Earth
sources. Juina provides large amounts of so-called ultra deep diamonds which were formed
within ultra-deep parts of the Earth - the astenospheric upper mantle (<410 km), the tran-
sition zone (410-670km) or even the lower mantle (>670 km).2% B3 8IPL Once the materials
are encapsulated the inclusions remain chemically unchanged during exhumation due to
the inert and stable nature of the host diamond.®® Preliminary Raman investigation of di-
amond SL FFM 08 revealed the presence of walstromite and walstromite4+CaTi-perovskite

among other phases.

7.4.3 Results and Discussion

The SLcam was placed perpendicular to the primary X-ray beam under a 90 ° scattering
geometry, in the plane of polarisation of the synchrotron radiation (Figure [7.15)). This
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effectively minimizes X-ray scattering by the sample to impinge on the detector; an im-
portant feature considering the low atomic number (Z) matrix of the investigated samples.
A virtual slice of the sample was illuminated using the vertically focussed sheet beam and
the SLcam field of view was co-aligned with the illuminated sample area, thus creating a
confocal volume from which information is selectively acquired in an analogous manner to
the confocal full-field XRF scheme as presented by Radtke et al. and Garrevoet et al/%

By scanning over the energy of the primary X-ray beam and detecting the emitted fluo-
rescence from the illuminated cross-section by the SLcam detector for each energy step,
direct 3D X-ray absorption spectroscopy data is acquired. Considering the limited count
rate of the SLcam (approximately 10 counts/s/pixel) and low detected flux due to the low
transmission efficiency of the applied polycapillary optic, seemingly long acquisition times
per energy step have to be applied (5-20 minutes/energy). However, one should realise this
acquisition represents 20 minutes for a total of 69696 8x8 um? pixels: the equivalent of
17 ms/point/energy. This is a count rate far superior to what is usually applied in confocal

36, 52, [B5) [02-05

measurements, and very competitive to standard 3D XANES methodologies

based on, for instance, tomographic reconstruction.

An Au/MgO catalyst particle was investigated in order to determine the spatially resolved
chemical state of Au, as this can have a great effect on the catalytic activity of the par-
ticles™®Y  Ag such, it is important to know whether a used reduction step during the
synthesis affected only the outer Au particles, or whether the reduction also occurred in-

side the catalyst material. Using the applied methodology, this question can be answered.

An initial transmission tomography experiment was performed on the catalyst particle in
order to obtain a rough overview of the Au particle distribution inside the catalyst (Figure
7.16)A). It is clear this method does not provide information on the local chemical structure
of the Au particles, as it mainly displays differences in local density. It is however a useful
method to obtain a full 3D “roadmap” of the catalyst particle in a fairly short time, which
allows for straightforward recognition of the investigated volumes during the confocal full-
field experiments based on the emitted fluorescence and scattering radiation. The XRF
Au-L,, intensity of the full-field XANES investigated area is compared to the transmission
CT data in Figure [7.16B. The intensity gradient in the XRF data is explained by the
absorption of the primary X-ray beam in the sample, as well as differences in sample
thickness the emitted fluorescence radiation travels through. As such, the region that

contains a similar Au concentration based on the transmission CT seems less concentrated
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Figure 7.15: Photograph of the setup displaying the direction of primary X-ray sheet beam
(A), the Au/MgO catalyst particle sample positioned on a XYZ translation and rotation stage
(B) and the SLcam with 6:1 magnifying polycapillary optic (C).

based on the XRF data. This reduction in primary beam intensity is not problematic for
the full-field XANES experiments however, as sufficient XRF intensity was detected over

the entire illuminated sample region.

A major issue in full-field XANES spectroscopy concerns the handling of the large amount
of data. Considering this experiment, for each energy step 69696 XRF spectra were gen-
erated. Multiplied by 98 energy steps (as for our Au Lz-edge XANES scan) and 2 sample
positions in order to cover the entire sample cross section, one obtains over 13 million XRF
spectra. Each of these spectra was processed to determine the relevant peak intensities,
resulting in nearly 140000 XANES spectra. It is clear that this amount of spectra does
not lend itself to the task of normalising and processing each spectrum manually. As such,
a sequence of principal component analysis (PCA) and K-means clustering was performed
in order to group and average XANES spectra with similar variations as a function of
energy. During the initial steps of the in-house developed PCA analysis routine, a rough
XANES normalisation is performed by fitting the pre-edge and post-edge regions by a
linear function each. The pre-edge region is then normalised to 0, whereas the post-edge

region is normalised to 1. This pre-normalisation effectively reduces concentration effects
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Figure 7.16: A) Transmission tomography rendered volume of a Au/MgO catalyst particle
with gray parts representing the catalyst particle and gold/yellow parts representing the Au
nanoparticles distributed through the volume. B) The full-field confocal Au-L, XRF emission of
the region marked in green. (Eg: 12.079keV, t,,: 10 min)

that would otherwise cause the PCA to simply group spectra of similar intensity/edge

jump.

Furthermore, voxels downstream in the sample are excited by a primary beam whose
intensity has been energy dependently modified due to the energy dependent absorption
by the sample upstream of the primary X-ray beam, that is the primary beam intensity
illuminating the Au particles downstream is a product of the initial primary beam intensity
and the attenuation of the X-rays by Au particles upstreamBP228 This effect is more
pronounced at higher concentrations of the element over which edge is scanned are present
in the sample. To correct for this, the Au-L, and Fe-L, intensities for each separate voxel
were divided by the corresponding total intensity of energies lower than these XRF lines
(Liow ). This method essentially provides an Iy normalisation on a point-by-point base that
is independent of the absorption of the primary beam modulated by interactions occurring
more upstream. In this particular case however, this normalisation was only used before
the PCA and K-means clustering as I;,,z on a point-by-point basis suffered from poor
counting statistics. Despite normalising for I;,,r providing clusters that correspond better

with expected distributions based on for instance transmission CT experiments, using I;,., g
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to normalise the final XANES spectra resulted in the disadvantageous addition of noise
due to the high degree of noise in the I, g signal. As such, it was opted here to normalise
the final (represented) XANES spectra using the general Ij as registered by an ion chamber
upstream of the KB mirror system, thus normalising each point in the full-field slice for
the same value of Iy. In each case however the obtained XANES spectra had identical edge
positions and XANES structure (within noise) when normalising with Iy or Iz, thus

proving both normalisation methods are viable in this case.

The results of clustering and the resulting extracted XANES profiles for the Au/MgO
particle are shown in Figure . It is clear the clustering splits the Au/MgO in two large
regions: the left and right region, where the left region is characterized by lower Au-L,
intensity (Figure and the right region represents the more intense Au-L, regions.
In both cases, the extracted XANES spectra corresponding to these clusters show nearly
identical XANES curves, which are in turn nearly identical to the reference spectrum
of metallic Au. Only a very slight contribution of Au™ can be seen at ~11.928keV, an
interesting feature as the presence of a positive charge is advantageous for certain catalytic
reactions, depending on the involved chemistry, such as the catalytic conversion of CO to

CO, as is performed in air purification processes.™ &0

The Single voxel XANES spectra of three randomly selected voxels are displayed in Figure
[7.17] It is clear that significant noise levels are present in the post-edge region of the
spectra, which complicate the performed PCA routine. Nevertheless, the main absorption
edge is clearly visible and the general trend of the characteristic metallic Au features at
approximately 11.95 and 11.97keV can be differentiated slightly as well, showing the PCA
is sufficiently sensitive in order to differentiate between compounds containing different

oxidation states of the element of interest.

From the XRF data set it is also clear that in nearly the entire Au/MgO catalyst particle,
Au particles are to be found. However, some regions are locally enriched in Au particles,
characterised by the Au-L, XRF hot spots (Figure [7.16B). Nevertheless, all particles are

of mainly metallic Au (Au") with perhaps a small charge.

A second sample, a natural deep Earth diamond containing Fe rich inclusions, was inves-
tigated. This experiment benefits significantly from the confocal detection scheme, that
is inherent to the full-field XANES methodology using the SLcam, as the diamond car-
bon matrix has a high Compton scattering cross section. In traditional detection schemes

(e.g. XANES tomography) the scattering induced by the diamond would be sufficient to
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Figure 7.17: Single voxel Au Ls-edge XANES spectra for three randomly selected voxels in the
Au/MgO sample data set. Noise levels are fairly high in the post-edge region, but a clear edge

position is distinguishable.
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Figure 7.18: K-means clustering on PCA scores result (left) and corresponding Au Ls-edge
XANES spectra for two large groups of clusters (CLRs) (right) for a Au/MgO catalyst particle,
along with the spectra of reference compounds. An inset XRF Au distribution image is shown
for each region. ‘CLRs right’ corresponds to the clusters on the right side of the particle, whereas
‘CLRs left’ corresponds to the clusters on the left side of the particle, as displayed on the PCA
score results.
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even overload most common fluorescence detectors, significantly reducing signal-to-scatter
ratios achievable by the experiment. By applying the confocal method however, most of
the scattering by the carbon matrix can be suppressed due to the restricted scattering
volume combined with the 90° detection angle. The results of the clustering, obtained
using an analogous procedure described above, and the resulting XANES spectra are dis-
played in Figure [7.19] Again it appears all the Fe in the inclusions has the same or very
similar chemical signature, which is according to expectation for this particular specimen.
The obtained XANES curve is very similar to that of a magnetite Fe3O, reference com-
pound, allowing us to deduce that the Fe in the investigated diamond inclusions consists
of a mixture of Fe?™ and Fe3' ions ordered in a magnetite-like structure. It should be
noted that the pre-edge peak at ~7.115keV, visible for pure Fe3O,, is not visible in the
confocal full-field XANES spectrum. This is either because the Fe surrounding inside the
diamond inclusion, in contrast to magnetite, is characterized by an inversion symmetry
(e.g. octahedral surrounding) or because the counting statistics in this energy region of
the spectrum were insufficient to detect any pre-edge features. Additionally, the features
around ~7.146 keV are missing from the full-field XANES spectrum as well. This is un-
likely due to poor counting statistics as the corresponding peak in the Fe3O4 spectrum is
larger than the noise fluctuations visible in the full-field spectrum. This further strengthens
the hypothesis that the Fe surrounding inside the diamond inclusions is similar but not

identical to pure magnetite.

7.4.4 Conclusion

A confocal full-field XANES experiment was performed by illuminating a sample with a
thin sheet beam, and selectively detecting the emitted fluorescence radiation as a function
of primary X-ray beam energy in a spatially resolved manner using an energy dispersive
pnCCD detector, the SLcam, characterized by a 2x2mm? field of view with 8 ym spa-
tial resolution. Despite the seemingly long measurement times (12-15hours/XANES scan
consisting of 98 energy points) this depth sensitive methodology is revolutionary fast con-
sidering the large field of view and amount of simultaneously monitored voxels (69696). In
comparison, to perform a similar XANES scan on a point-by-point scanning regime, each
XANES scan should take only 750 ms/point including motor movement overhead time,

which becomes significant at such movement rates.

Furthermore, as this technique is confocal in nature, it is possible to extract depth resolved
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Figure 7.19: K-means clustering on PCA scores result (left) and corresponding Fe K-edge
XANES spectra for two large groups of clusters (right) for a natural diamond with Fe contain-
ing deep Earth inclusions, along with the spectra of reference compounds. An inset XRF Fe
distribution image is shown for the investigated subvolume.

2D information from a virtual slice in a sample without the requirement of rotating or
otherwise moving the sample during measurement. Additionally, full 3D chemical state
information can in principle be acquired by extending the described method by a lateral
movement of the sample through the sheet beam, along the normal of the detector chip

surface and performing an energy scan at each sample position.

In order to be able to handle the large amount of data acquired during this methodology, a
clustering method based on PCA and K-means clustering was proposed in order to group

similar XANES profiles, providing a semi-automated way of data reduction.

The methodology was applied to two samples: a) a Au/MgO catalyst sample in which the
spatial chemical state distribution of the Au particles was monitored as this can have an
impact catalytic activity, as well as b) a natural diamond containing Fe-rich inclusions,
in which the chemical state of the Fe can give information on the redox conditions of
the Earth’s interior and as such can have great implications towards the understanding
of our planet. In both cases the method resulted in XANES spectra which showed great

agreement to reference compound spectra obtained in transmission mode.

Future improvements to this method are expected to be made mainly in the development

of new X-ray detector optics, providing a higher transmission efficiency and better spatial
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resolution. Additionally, new technologies could also result in obtaining faster detector

readout and larger fields of view whilst maintaining similar or even better spatial resolution.

7.5 Summary

Full-field XAS allows for the spatially resolved investigation of local chemical structures
over large sample areas in time frames which would be unattainable for common step-
by-step scanning mode approaches. Here, the use of spatially resolved energy dispersive
detectors was displayed for emission mode XAS and XRF, allowing for the investigation
of thick and diluted samples which cannot be investigated using transmission mode ap-

proaches.

Several spatially resolved, energy dispersive detectors are currently available. Amongst
them, the SLcam is characterised by one of the thickest (450 ym) and largest (12.7x12.7 mm?
area with 48x48 ym? pixels) Si crystal chips. Additionally, the spatial resolution can be
tuned by using one of two polycapillary optics: a 6:1 magnifying conical polycapillary optic
resulting in a spatial resolution of 8x8 um?, or a 1:1 straight polycapillary optic resulting in
a spatial resolution of 48x48 ym?. Furthermore, the SLcam is characterised by a ~150 eV

energy resolution, similar to common SDD detectors, and a 400 Hz readout frequency.

Information from a large surface area of a sample can be obtained by illuminating the sam-
ple with a broad beam, and detecting the emitted radiation with the SLcam. By applying
a sample rotation, 3D information can be obtained following a computed tomography re-
construction scheme. Alternatively, direct 3D information can be obtained from a sample
by illuminating it with a thin sheet beam, operating in a confocal full-field mode. By
scanning the sample through the sheet beam, even larger 3D volumes can be investigated
without the need of computationally demanding reconstruction algorithms or extensive
sample movement. The SLcam was applied to specific case studies such as the investiga-
tion of geologically relevant soils (Nitisol), Fe rich inclusions in deep Earth diamonds and

the Au state distribution in a catalyst particle.

The main disadvantage of the use of the 6:1 magnifying polycapillary optic is its low
X-ray photon transmission efficiency: only a small part of the X-rays emitted by the
sample reach the detector chip. As such, longer measurement times are applied than what

would be achievable with better transmitting optics. Thus, the use of different X-ray
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optics in combination with the SLcam will mean one of the biggest advances in full-field
emission mode XAS. Nevertheless, full-field XAS and XRF using the SLcam means a

significant advance in measurement time compared to common scanning approaches and is

even similarly fast as the most recent scanning approaches making use of large solid angle

detectors.
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Chapter 8
Summary and Conclusions

X-ray fluorescence (XRF) spectroscopy provides qualitative and quantitative information
on the elemental composition of a sample by illuminating it with X-rays and monitoring
the emitted characteristic radiation. X-ray absorption spectroscopy (XAS) provides infor-
mation on the local chemical structure of an element of interest in a sample by tuning
the primary X-ray beam energy over an absorption edge of the element of interest, and
monitoring the amount of absorbed X-rays. Based on the energy position of the absorp-
tion edge, information is retrieved on the oxidation state whereas the energy dependent
fluctuations provide information on the type, amount and distance of neighbouring atoms.
(Chapter [2)

XAS can be performed in transmission mode, monitoring the amount of primary X-ray
beam photons transmitted through the sample, or in emission mode, monitoring the emit-
ted characteristic radiation or photoelectrons. Although transmission mode measurements
have the advantage of better counting statistics, allowing for shorter measurement times,
this approach is limited to thin (allowing for >10 % X-ray beam transmission) and concen-
trated samples. In this work, mainly emission mode experiments were discussed as they

allow for the investigation of a wider range of samples.

In particular, this work presents several XAS/XRF methods in order of increasing method-

ological complexity:

o Bulk XAS: although this method does not provide microscopic spatially resolved
information, it remains the method of choice for samples where spatially resolved

information is not essential. It was shown that bulk mode XAS usually provides
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better counting statistics for similar measurement times compared to the more tech-
nologically demanding methods. Additionally, the sample environment is fairly easily
modified rendering this method ideal to monitor e.g. in-situ experiments. The use of
this method was presented by the investigation of vanadium- and gold-based catalysts

(Chapter [4]).

Focal XAS: A micro-focal polycapillary based setup was designed for the DUBBLE
XAS beamline (BM26A, ESRF, Grenoble), providing a 8x8 ym? beam size and pre-
senting a milestone in introducing the DUBBLE XAS beamline to microscopic analy-
sis. Detection limits for 1s exposure time on a NIST SRM 1577¢ bovine liver sample
amount to 2-35ppm for elements with atomic number between 19 (K) and 29 (Cu).
Additionally, the application of a Kirkpatrick-Baez mirror system to focus down the
beam at an undulator source beam line (ID21, ESRF) was displayed for the purpose
of investigating carbonized Herculaneum papyrus scrolls, providing information on

the writing in these unique and precious scrolls (Chapter .

Confocal XAS: In this approach a (micro)volume is generated from which information
is selectively acquired. The focal setup at the DUBBLE XAS station was improved to
allow for a confocal detection scheme, providing a confocal volume of 8x8x10 ym?
at ~18keV(Chapter @ Detection limits of 3-40 ppm are found for elements with
atomic number between 19 (K) and 29 (Cu) when illuminating a NIST SRM 1577¢
bovine liver sample for 1s allowing for trace element analysis. The Fe coordination
in chemically strengthened boroaluminosilicate glass as well as in natural deep Earth

diamond inclusions was investigated.

Full-field XAS: In this approach a sample is illuminated with a large X-ray beam
and the emitted characteristic radiaton is detected in a spatially resolved manner,
providing direct 2D information. Here, the use of the SLcam was discussed, providing
a 450 ym thick pnCCD-type Si chip with 264 by 264 48x48 ym? energy dispersive
pixels, a 400 Hz detector readout and 150 eV energy resolution at the Mn-K, fluo-
rescence line (Chapter . A spatial resolution down to 8x8 um? was obtained by
applying a 6:1 magnifying polycapillary optic in front of the detector. The SLcam
was used at the DUBBLE beamline for 2D XAS applications on geological Nitisol

soil samples.

Confocal full-field XAS: by illuminating the sample with a thin sheet beam and

monitoring a large area (2.1x2.1 mm?) with 8 um spatial resolution simultaneously,



spatially resolved XAS can be performed in record times: a XAS scan measured in
12 hours with the SLcam is equivalent to a measurement time of 620 ms per XAS
scan in a point-by-point measurement approach, including the motor movement, in
order to cover an area consisting of 69696 points. This experiment was performed
at beam line P-06 (PETRA-III, DESY, Hamburg) to investigate a Au/MgO catalyst

particle and natural deep Earth diamond inclusions.

Future prospects for the (con)focal approaches include the application of different X-ray
optics (e.g. mirror-based optics) providing higher X-ray photon transmission efficiencies
and better spatial resolution. Additionally, newer versions of the SLcam have a 1kHz
readout speed, providing even shorter measurement times if sufficient radiation is emitted
by the sample. These developments potentially push the limits of SLcam spatial resolution
to the sub-micron scale and full-field XANES acquisition of nearly 70 thousand data points
in less than 10 hours, further increasing the applicability in the fields of geology, chemistry,

cosmology and catalysis research.
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Appendix A

English Summary

X-ray fluorescence (XRF) spectroscopy provides qualitative and quantitative information
on the elemental composition of a sample by illuminating it with X-rays and monitoring
the emitted characteristic radiation!"2 X-ray absorption spectroscopy (XAS) provides in-
formation on the local chemical structure of an element of interest in a sample by tuning
the primary X-ray beam energy over an absorption edge of the element of interest, and
monitoring the amount of absorbed X-rays.>® Based on the energy position of the absorp-
tion edge, information is retrieved on the oxidation state whereas the energy dependent

fluctuations provide information on the type, amount and distance of neighbouring atoms.

Due to the requirement of beam energy tunability and high X-ray photon fluxes, most
XAS experiments are performed at synchrotron radiation (SR) facilities. The most basic
approach towards XAS is the bulk mode approach, making use of a wide X-ray beam. This
approach only provides averaged information on the relatively large probed sample volume

of several mm?.

In order to differentiate between sample heterogeneities, a scanning approach can be per-
formed in which the primary X-ray beam is focussed down to microscopic dimensions.
The sample is then raster scanned through this beam, providing spatially resolved infor-
mation. 3D resolved information can be achieved by applying a tomographic detection
scheme. However, this approach demands much time, rendering it less ideal for most SR

experiments due to the limited access and measurement time constraints.

The confocal detection scheme partially resolves this issue as it allows for direct 3D in-

formation extraction from subvolumes in a sample. However, the investigation of large
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volumes is still limited due to the inherently long measurement times of XAS experiments

on diluted samples.

For this reason, full-field XAS was developed in which spatially resolved information is
retrieved directly and simultaneously from a large sample volume. To achieve this, the
SLcam was used providing information from a 2.1x2.1 mm? sample area with 8 ym spatial
resolution in measurement times equivalent to the acquisition of a XANES spectrum each

620 ms following the default point-by-point scanning method.

The several approaches towards emission mode XAS presented above are discussed, along
with several applications displaying the strengths of each of the separate measurement

approaches.

A.1 Materials and Methods

A.1.1 BM26A

Beamline BM26A or the DUBBLE beamline (Dutch-Belgian beamline) at the ESRF (Greno-
ble, France) provides an X-ray beam originating from a 0.4 T bending magnet, rendered
monochromatic using a Si(111) monochromator. Higher harmonics are rejected and verti-
cally focussed by a Si and Pt coated mirror behind the monochromator.” The primary and
transmitted beam intensities are monitored using ionization chambers, filled with gasses
to provide approximately 10 % and 70 % absorption before and after the sample position

respectively.

A.1.2 P-06

The PETRA-III P-06 beamline at DESY (Hamburg, Germany) operates an undulator
generating primary X-ray beam was rendered monochromatic using a Si(111) double crys-
tal monochromator, providing an energy resolution dE/E of approximately 1.4-107%. A
Kirkpatrick-Baez (KB) mirror system was used to focus the beam to a vertically oriented
sheet beam of approximately 1.8x0.007 mm? (VxH), with a horizontal divergence of ap-
proximately 2mrad. No change in sheet beam position was perceived by scanning through

the primary X-ray beam energy.
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A.1.3 (Con)focal Setup

A polycapillary X-ray optic based confocal setup was built at the BM26A beamline. Pri-
mary X-ray beam focussing occurs with an XOS (X-ray Optical Systems, NY, USA) de-
signed focussing optic, characterised by a large acceptance window (7.5x3mm?), a focal
distance of approximately 2.5 mm and an estimated focal spot size of 10 um at 6.4 keV. The
6 cm long polycapillary optic is contained in a housing with entrance window diameter of
10 mm and exit window diameter of 2.8 mm. Due to the large acceptance window, a large
fraction of the BM26A X-ray beam is guided through the optic, resulting in a flux as high

as possible impinging the microscopic beam spot on the sample.

By applying a second polycapillary optic to the Vortex-EM SDD detector (Hitachi High-
Technologies Science America Inc.) and coinciding the focii of both optics, a confocal
detection scheme is achieved. As confocal optic a 4 cm long XOS manufactured collimating
optic with a 2mm diameter entrance window, 10 mm diameter exit window and 2mm
focal spot distance was used. Purging holes to flow He through the polycapillary optics,
decreasing absorption of X-ray photons by air, are foreseen in the optic’s housing design.

An image of the confocal setup is displayed in Figure [A 1]

A.1.4 SLcam

The SLcam (Striider-Langhoff camera, or Colour X-ray Camera) is a Si based pnCCD type
energy dispersive X-ray detector, consisting of a 450 um thick Si layer with 264 by 528
48x 48 ym? pixels, mutually developed by PNSensor GmbH (Munich, Germany), the Insti-
tute for Scientific Instruments GmbH (IFG, Berlin, Germany), the BAM Federal Institute
for Materials Research and Testing (Berlin, Germany), and the Institut fir Angewandte
Photonik e.V. (IAP, Berlin, Germany).® The outer 264 by 132 pixels of the chip are cov-
ered to prevent illumination by X-rays. The chip is read out with a 400 Hz frequency, in
which a fast sideways transfer of the central 264 by 264 pixels to the sides, the so-called
‘dark frame storage mode’, is combined with the slower read out of the dark frames by
two CAMEX chips each, effectively splitting the SLcam readout window in four quar-
ters. Two polycapillary optics are available: a straight 1:1 magnification optic resulting

in 48x48 yum? spatial resolution and a conical 6:1 magnification optic for 8 x8 ym? spatial

resolution (Figure [A.2)).
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Figure A.1: Photograph of the polycapillary based confocal setup at beam line BM26A (DUB-
BLE, ESRF) showing the focussing optic on the left, confocal optic on the right and a 10 um
stainless steel wire cross in a plastic holder ring as a sample.

The detector chip was cooled to -20°C to reduce electronic noise and provide an energy

resolution of ~150¢€V for the Mn-K,, fluorescence line energy.

A.2 Results and Discussion

In the bulk mode approach, the sample is illuminated by a ‘large’ X-ray beam with a size
in the order of a few millimetre. The resulting absorption and fluorescence spectrum is
then the average of the entire illuminated sample volume. Despite the current synchrotron
radiation development trend towards smaller beam sizes, currently achieving sizes down to
only a few nanometre” bulk XAS experiments remain very popular as they are the ideal
approach when studying samples with millimetre sized homogeneity length scales. Due
to the high flux attainable at synchrotron radiation facilities, bulk XANES experiments
can be performed at a rate of less than a minute per spectrum, even down to a sub-
second frequency, creating the opportunity of in-situ experiments such as following catalytic

I)I'O(ZGSSQS.EH—LII

Vanadium containing MOF catalysts were measured to investigate the chemical and struc-

tural changes around V during the breathing process of this MOF as well as the influence
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Figure A.2: Photographs of the SLcam installed at beamline P-06 of PETRA-III at DESY,
Hamburg. Left: frontal view, right: side view.

of the Al/V content of the catalyst on the V state™ Additionally, a Au/TiO, catalyst
particle was investigated to determine the effects of different reduction synthesis meth-
ods on the Au oxidation state ™ As spatially resolved information was not required for
these experiments, bulk mode XAS presented the ideal method due to the higher photon
flux impending the samples. This resulted in shorter measurement times per sample, thus
allowing for the investigation of more samples. Additionally, the fairly straightforward
measurement setup allows for the implementation of specialized sample environments such

as cryogenic conditions and He atmosphere.

Micro-focal emission mode XAS experiments were performed at the ID21 and BM26A
beamlines, investigating carbonized Herculaneum papyrus scrolls™ 15 Here, spatially re-
solved information is of the essence as elemental composition images displayed the correla-
tion between several elements, as well as showed the elemental constituents of the writing
on the papyrus. Micro-XAS provided additional information on the compounds present in
the papyrus writing, providing insights on the ink or pigment that was potentially used
when drafting the manuscript. Due to the implementation of an X-ray optic in the primary
beam path a slight decrease in sensitivity is observed due to the slightly reduced X-ray
beam flux: 1-20 ppm for bulk mode and 2-35ppm for micro-focal measurements with 1s
exposure time and atomic number Z from 19 to 29. However, the brilliance increases sig-
nificantly, allowing for fast data acquisition. XAS images in which a XAS spectrum is
recorded for each pixel of a predetermined array are however rarely applied due to the long

measurement times involved in this method. It should be noted that due to the recent
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developments in large solid angle detectors this scanning method does become feasible,

even when considering 3D tomographic detection schemes 0741

To obtain 3D spatially resolved information in manageable measurement times, a confocal
detection scheme can be applied. At the BM26A beamline information was extracted selec-
tively from a ~8x8x10 um?® volume, with detection limits that are only a fraction higher
than those obtained for micro-focal experiments (4-40 ppm). The confocal setup was ap-
plied for the investigation of Fe in chemically strengthened boroaluminosilicate glasses
to monitor the change of Fe with sample depth and Al content®® Additionally, natural
diamonds with deep Earth inclusions were investigated to determine the Fe minerals con-
tained in these inclusions as they provide a unique way in which deep Earth can be sampled

directly.

Nevertheless, scanning a 3D sample volume rapidly increases in measurement time with
increasing array size using the confocal point-by-point measurement scheme. As a result,
full-field XAS was applied making use of the SLcam, providing XRF and XAS spectra of
69696 pixels simultaneously. Although a single full-field XAS measurement easily takes
over 10 hours of measurement time, it should be noted this corresponds to measuring a
XAS spectrum every 620 ms for each point, including sample movement, in order to cover
the same sample area. It is clear the SLcam presents a vast increase in 2D and 3D XAS

data acquisition.

An initial 2D full-field XAS experiment with the SLcam was performed at BM26A, in-
vestigating geological Nitisol soil samples and reference structures® A data reduction
method based on a combination of PCA and K-means clustering was applied to combine

similar XANES spectra, rendering the evaluation of nearly 70 thousand XAS spectra more
manageable (Figure [A.3)).

Due to the illumination of the sample with a broad beam which was spread out over
the sample surface to illuminate an area nearly as large as the SLcam field of view, the
detected information originates from varying depths with respect to the sample surface. As
such, the information is spatially resolved in two dimensions, however the third dimension
remains unknown. By illuminating the sample with a sheet beam with known width, a
confocal detection scheme can be obtained using the SLcam, providing full-field confocal
XAS measurements. This was displayed with a Au/MgO catalyst particle, measured at
beamline P-06 (PETRA-III, DESY, Hamburg). A virtual 3D slice of the sample was

made with 8x8x8 um? spatial resolution, which could be overlapped with transmission
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Figure A.3: Schematic overview of the full-field emission mode XANES experiment in which
the Fe-K, signal of an Fel /FeaO3 model sample is monitored as a function of incident X-ray
beam energy, using the SLcam. A multivariate analysis method is used to reduce the data set
consisting of 69696 simultaneously acquired XRF spectra per incident beam energy step. Figure
adapted from Tack et al2?
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tomographic data acquired at a lab source (Figure |A.4]). Based on the extracted XANES

curves the gold clusters in the sample could be identified as metallic.

A.3 Conclusions

Several approaches towards emission mode XAS data acquisition were discussed: bulk
mode, focal, confocal and ultimately full-field and confocal full-field XAS. The methods
were compared based on the investigation of different types of samples, including geological,

catalytic and industrial applications.

The applications presented in this work present insights in the respective fields of research
providing advances in the synthesis or interpretation of previously obtained data, displaying

XAS is a powerful tool to study the local chemical environment in a sample.

Furthermore, it can be concluded that each XAS method is characterised by its own
strengths and weaknesses. The discussed applications present samples and research ques-
tions appropriate for the corresponding methodologies. It is advised to consider the type
of information one hopes to obtain from a sample before deciding on a XAS methodology:
in-situ reactions may prove difficult to monitor with sufficient time resolution if one opts to
perform full-field experiments, whilst investigating local hot spots in a larger sample matrix
is not ideal with bulk mode XAS. This comparison of methodologies helps in determining

the appropriate detection method for a given research question.

Full-field emission mode XAS is shown to provide microscopic spatially resolved informa-
tion of large sample volumes in previously unattainable measurement times, rendering this

approach feasible for thick and diluted samples at synchrotron radiation facilities.
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Nederlandstalige Samenvatting

X-straal fluorescentie (XRF') spectroscopie voorziet kwalitatieve en kwantitatieve infor-
matie over de elementaire samenstelling van een monster door het te bestralen met X-

L2 X-straal absorptie

stralen en de uitgezonden karakteriesticke straling te detecteren.
spectroscopie (XAS) biedt informatie over de locale chemische structuur van een element
van interesse in een monster door de primaire X-straalbundel energie te variéren over een
absorptiesprong van het element van interesse, het aantal geabsorbeerde X-straalfotonen
metende> ¥ Gebasseerd op de energetische waarde van de absorptiesprong wordt infor-
matie verkregen over de oxidatietoestand, waar de energie athankelijke fluctuaties infor-

matie schenken omtrent de soort, aantal en afstand van naburige atomen.

Wegens de nood om energetisch varieerbare en zeer intense X-straalbundels worden de
meeste XAS experimenten uitgevoerd aan synchrotronstraling faciliteiten. De meest een-
voudige aanpak is de bulk modus methode die gebruik maakt van een brede X-straal bun-
del. Deze aanpak biedt enkel uitgemiddelde informatie van het betrekkelijk grote belichte

monster volume van verscheidene mm?.

Om monster heterogeniteiten te onderscheiden van elkaar kan een rasterende aanpak ge-
bruik worden. Hier wordt de exciterende X-straal bundel gefocusseerd tot microscopische
dimensies, waarop het monster doorheen de bundel wordt bewogen en ruimtelijk verdeelde
informatie wordt verkregen. 3D informatie kan verkregen worden door een tomografische
reconstructie meting uit te voeren. Deze methode vergt echter veel tijd waardoor ze min-
der optimaal is voor synchrotron experimenten wegens de beperkte toegankelijkheid en

meettijd constricties.
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De confocale detectie methode lost dit probleem gedeeltelijk op daar het toelaat direct
3D informatie te extraheren van subvolumes in een monster. Het onderzoeken van grote
volumes blijft echter beperkt wegens de inherent lange XAS meettijden op verdunde mon-

sters.

Daardoor werd full-field XAS ontwikkeld waar ruimtelijk verdeelde informatie onmiddelijk
en gelijktijdig wordt vergaard van een groot monster volume. Om dit te bekomen werd

2 monster

gebruikt gemaakt van de SLcam die informatie verzamelt van een 2.1x2.1 mm
oppervlak met 8 um ruimtelijke resolutie in een meettijd equivalent met het opmeten in
620ms van een XAS spectrum gebruik makende van de punt-na-punt rasterende meet

methode.

De verscheidene aanpakken voor emissie modus XAS experimenten hierboven beschreven
worden besproken, samen met verscheidene applicatie die de sterktes van elk van deze

methodologiéen aantonen.

B.1 Materialen en Methodes

B.1.1 BMZ26A

Bundellijn BM26A of de DUBBLE bundellijn (Dutch-Belgian beamline) aan het ESRF
(Grenoble, Frankrijk) biedt een X-straal bundel afkomstig van een 0.4T bending magnet,
monochromatisch gemaakt met een Si(111) monochromator. Hogere orde harmonieken
worden geabsorbeerd en de X-straal bundel wordt verticaal gefocusseerd door een Si en
Pt gelaagde spiegel na de monochromator® De primaire en getransmitteerde bundelinten-
siteiten worden gemeten met ionisatickamers, gevuld met gassen die ongeveer 10 % en 70 %

van de straling absorberen respectievelijk voor en na de monster positie.

B.1.2 P-06

De PETRA-III P-06 bundellijn aan DESY (Hamburg, Duitsland) maakt gebruik van een
undulator om X-stralen op te weken, die gemonochromatiseerd werden met een Si(111)
dubbel kristal monochromator gekarakteriseerd door een energieresolutie dE/E van ongeveer
1.4-107%. Een Kirkpatrick-Baez (KB) spiegel systeem werd gebruikt om de bundel te
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focusseren tot een verticaal georiénteerde 1.8x0.007 mm? (VxH) vlakke bundel met een
horizontale divergentie van ongeveer 2 mrad. Geen verandering in bundelpositie werd opge-

merkt bij het veranderen van de primaire X-straalbundel energie.

B.1.3 (Con)focal Setup

Een polycapillaire X-straal optica gebasseerde confocale opstelling werd aan bundellijn
BM26A gebouwd. Primaire X-straalbundel focussering gebeurt met een door XOS (X-
ray Optical Systems, NY, USA) ontworpen focusserende optica, gekarakteriseerd door
een groot acceptantieoppervlak (7.5x3mm?), een focale afstand van ongeveer 2.5 mm en
een geschatte focale punt diameter van 10 um bij 6.4keV. Het 6cm lange polycapillair
is bevat in een omhulsel met 10 mm ingangsvenster diameter en 2.8 mm uitgangsvenster
diameter. Door het grote acceptantievenster wordt een grote fractie van de BM26A X-
straal bundellijn gegidst doorheen het optica, resulterend in een zo hoog mogelijke flux die

het monster bereikt in een microscopisch oppervlak.

Door een tweede polycapillaire optica te plaatsen voor de Vortex-EM SDD detector (Hi-
tachi High-Technologies Science America Inc.) en de focii van beide optica te overlappen
wordt een confocale detectie verkregen. Als confocaal optica werd een 4cm lang XOS
gefabriceerde collimerende optica met 2 mm diameter ingangsvenster, 10 mm diameter uit-
gangsvenster en 2 mm focale afstand gebruikt. Purgeergaten werden voorzien in de behuiz-
ing om He gas te blazen doorheen de optica om zo absorptie van X-straal fotonen in de

lucht te verminderen. Een afbeelding van de confocale opstelling is weergegeven in Figuur

B.1

B.1.4 SLcam

De SLcam (Struder-Langhoff camera, of Colour X-ray Camera) is een Si gebasseerde
pnCCD type energie dispersieve X-straal detector, bestaande uit een 450 um dik Si kristal
met 264 bij 528 48 x48 um? pixels, gezamenlijk ontwikkeld door PNSensor GmbH (Munchen,
Duitsland), het Instituut voor Wetenschappelijke Instrumenten GmbH (IFG, Berlijn, Duit-
sland), het BAM Federaal Instituut voor Materiaal Onderzoek en Tests (Berlijn, Duits-
land), en het Institut fiir Angewandte Photonik e.V. (IAP, Berlijn, Duitsland).” De chip

wordt uitgelezen met een 400 Hz frequentie waarin een snelle zijdelingse overdracht van
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Figure B.1: Foto van de polycapillair gebasseerde confocale opstelling aan bundellijn BM26A
(DUBBLE, ESRF) die het focusserende optica (links), confocale optica (rechts) en een 10 ym
roestvrij stalen draad kruis in een plastiek houder ring als monster weergeeft.

de centrale 264 bij 264 pixels naar de zijkanten, de zo-geheten ‘dark frame storage mode’,
wordt gecombineerd met het tragere uitlezen van de dark frames door twee CAMEX chips
elk, effectief het SLcam venster in vier kwadranten delende. Twee polycapillaire optica zijn
beschikbaar: een parallel 1:1 vergrotend optica met 48 x48 ym? ruimtelijke resolutie en een
conisch 6:1 vergrotend optica met 8x8 um? ruimtelijke resolutie (Figuur .

De detector chip werd gekoeld tot -20 °C om elektronisch ruis te verminderen, wat leidt tot

een energie resolutie van ~150eV voor de Mn-K,, fluorescentie lijn energie.

B.2 Resultaten and Discussie

In de bulk modus aanpak wordt het monster bestraald met een ‘grote’ X-straalbundel in
de orde van enkele millimeter. Het bekomen absorptie en fluorescentie spectrum is dan
het gemiddelde van het volledig belichtte monster volume. Ondanks de huidige trend van
synchrotronfaciliteiten naar kleine bundelgroottes, momenteel dimensies van slechts enkele
nanometer behalende” blijven bulk XAS experimenten zeer populair daar ze de ideale
methode zijn wanneer men monsters onderzoekt met millimeter-grootte homogeniteiten.

Door de hoge flux verkrijgbaar aan synchrotronfaciliteiten kunnen bulk XANES experi-
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Figure B.2: Foto’s van de SLcam geinstalleerd aan bundellijn P-06 van PETRA-III aan DESY,
Hamburg. Links: frontaal zicht. Rechts: zijzicht.

menten uitgevoerd worden in meettijden minder dan een minuut per spectrum, zelfs tot
sub-seconde frequentie, wat de opportuniteit biedt om in-situ experimenten zoals katalytis-

che processen te volgen 81

Vanadium bevattende MOF katalysatoren werden opgemeten om de chemische en struc-
turele veranderingen rond V tijdens het ademingsproces van deze MOF alsook de invloed
van de Al/V ratio te onderzoeken™? Bovendien werd een Au/TiO, katalysator onderzocht
om de effecten van verschillende reductie synthese methoden op de Au oxidatietoestand
te bepalen™ Daar ruimtelijk verdeelde informatie niet noodzakelijk was voor deze exper-
imenten bleek bulk modus XAS de ideale methode om toe te passen wegens de hogere
fotonenflux die het monster belichtte. Dit resulteerde in kortere meettijden per monster
waardoor een grotere hoeveelheid monsters kon onderzocht worden. Daarenboven laat de
betrekkelijk eenduidige meetopstelling ook toe om gespecialiseerde monsteromgevingen te

implementeren zoals een He atmosfeer en cryogene condities.

Micro-focale emissiemodus XAS experimenten werden uitgevoerd aan de ID21 en BM26A
bundellijnen, waar verkoolde Herculaneum papyrus rollen werden onderzocht™%15 Hier
is ruimtelijk verdeelde informatie van groot belang daar elementcompositie afbeeldingen
de correlatie aantoonden tussen verscheidene elementen, alsook de samenstelling van het
schrift op de papyrus prijs gaven. Micro-XAS bood additionele informatie omtrent de
samenstelling van de componenten in het schrift, informatie verschaffende over de inkt of
pigmenten die mogelijks gebruikt werden bij het opstellen van het manuscript. Wegens de

implementatie van een X-straal optica in de primaire X-straalbundel werd een lichte daling
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in gevoeligheid geobserveerd, verklaard door de licht verlaagde X-straalbundel intensiteit:
1-20 ppm voor bulk modus en 2-35ppm voor micro-focale metingen met 1s meettijd en
atoomnummer 7 van 19 tot 29. De brilliantie van de bundel stijgt echter significant, wat
snelle data acquisitie mogelijk maakt. XAS beelden waarin een XAS spectrum wordt
opgenomen voor elke pixel van een vooraf bepaalde matrix worden echter zelden toegepast
wegens de te lange meettijden met betrekking tot deze methode. Het dient opgemerkt
dat wegens recente ontwikkelingen in grote ruimtehoek detectoren deze aanpak mogelijk

wordt, zelfs voor 3D tomografische detectie methodes 04!

Om 3D ruimtelijk verdeelde informatie te bekomen in handelbare meettijden kan een confo-
cale detectie methode gebruikt worden. Aan de BM26A bundellijn werd informatie selectief
gedetecteerd van een ~8x8x 10 um? volume, met detectielimieten die slechts een fractie
hoger zijn dan die verkregen voor micro-focale experimenten (4-40 ppm). De confocale
opstelling werd gebruikt om de variaties in Fe te onderzoeken met monsterdiepte en Al
concentratie in chemisch versterkte boro-aluminosilicaat glazen.® Bovendien werden ook
diep Aarde inclusies in natuurlijke diamanten onderzocht om de ijzer houdende mineralen
bevat in deze inclusies te identificeren daar deze een unieke directe monstername van diep

Aarde betekenen.

Desalniettemin verhoogt het opmeten van een 3D volume met de confocale punt-na-punt
methode de meettijd significant. Daarom werd full-field XAS toegepast gebruik makende
van de SLcam, waarin XRF en XAS spectra simultaan worden opgemeten voor 69696
pixels. Ook al neemt een enkele full-field XAS meting gemakkelijk meer dan 10uur in
beslag, het dient opgemerkt dat dit overeenkomt met het opmeten van een XAS spectrum
elke 620 ms per punt, monster bewegingen inbegrepen, om eenzelfde gebied op te meten.
Het is duidelijk dat de SLcam een significante versnelling in het opmeten van 2D en 3D
XAS data betekent.

Een initieel 2D full-field XAS experiment met de SLcam werd uitgevoerd aan BM26A
waarin geologische Nitisol bodemstalen en referentie structuren werden opgemeten.®® Een
data reductie methode gebasseerd op een combinatie van PCA en K-means clusteren werd

toegepast om gelijkaardige XANES spectra te combineren, wat de evaluatie en verwerking
van bijna 70 duizend XAS spectra handelbaarder maakt (Figuur [B.3)).

Daar het monster belicht werd met een brede bundel die uitgesmeerd werd over het mon-
ster oppervlak om een gebied te belichten zo groot als het meetbaar oppervlak van de

SLcam, komt de gedetecteerde informatie van variérende monster dieptes. Op deze wijze
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B.2. Resultaten and Discussie

Figure B.3: Schematisch overzicht van een full-field emissie mode Schematic overview of the
full-field emission modus XANES experiment waarin het Fe-K,, signaal van een Fe’ /Fe;O3 model
monster werd opgemeten in functie van de primaire X-straal bundel energie, gebruik makende
van de SLcam. Een multivariate analyse methode is gebruikt om de data set, bestaande uit
69696 gelijktijdig verzamelde XRF spectra per primaire X-straalbundel energie stap, te reduceren.
Figuur overgenomen uit Tack et al23
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is de verkregen informatie ruimtelijk verdeeld in twee dimensies, echter de derde dimensie
is niet gekend. Door het monster met een vlakke bundel met gekende dikte te belichten
wordt een confocale detectie bekomen met de SLcam, resulterend in full-field XAS metin-
gen. Deze methode werd aangetoond aan de hand van een Au/MgO katalysator deeltje,
opgemeten aan bundellijn P-06 (PETRA-III, DESY, Hamburg). Een virtuele 3D doorsnede
van het monster werd gemaakt met een ruimtelijke resolutie van 8 x8x8 um?®. De verkre-
gen doorsnede kon overlapt worden met transmissie tomografische data opgenomen in een
laboratorium toestel (Figuur [B.4). Gebasseerd op de onttrokken XANES curves van de
goud clusters in het monster konden deze partikels geidentificeerd worden als metallisch

goud.

B.3 Conclusies

Verscheidene benaderingen tot emissie modus XAS dataname werden besproken: bulk
modus, focaal, confocaal en uiteindelijk full-field en confocale full-field XAS. Deze methodes
werden vergeleken op basis van het onderzoeken van verscheidene monsters, waaronder

geologische, katalytische en industriele toepassingen.

De toepassingen besproken in dit werken bieden inzichten in de respectievelijke onder-
zoeksvelden die leidden tot vooruitgang in de synthese of interpretatie van eerder verkregen
data, bewijzend dat XAS een krachtige methode is om de locale chemische omringing in

een monster te onderzoeken.

Bovendien kan geconcludeerd worden dat elke XAS methode gekarakteriseerd wordt door
zijn eigen voor- en nadelen. De besproken applicaties behandelen monsters en onder-
zoeksvragen die gepast zijn voor de corresponderende methodologién. Het is aangeraden
om de gewenste soort informatie te overwegen alvorens een XAS methodologie te kiezen:
in-situ reacties kunnen moeilijk te volgen zijn met voldoende tijdsresolutie indien men full-
field experimenten wenst uit te voeren, terwijl de locale hot spots in een grotere monster
matrix niet ideaal te onderzoeken zijn met bulk XAS. Deze vergelijking van methodolo-
gieén is een steun om de gepaste detectie methode voor een gegeven onderzoeksvraag te

bepalen.

Het werd aangetoond dat full-field emissie modus XAS in staat is om microscopisch

ruimtelijk verdeelde informatie in grote monster volumes te vergaren in eerder onhaal-
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Figure B.4: A) Transmissie tomografie ontwikkeld volume van een Au/MgO katalysator deeltje
waar de grijze delen het deeltje voorstellen en de goud/gele delen de Au nanoparticles die verdeeld
zijn doorheen het monster volume. B) De full-field confocale Au-L, XRF emissie van de regio
aangeduid in het groen. (Eg: 12.079keV, t,,: 10 min)

bare meettijden, waardoor deze aanpak een mogelijkheid wordt voor het onderzoeken van

dikke en verdunde monsters aan synchrotronstraling faciliteiten.
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Appendix C

Thickness Sensitive X AS

Self-absorption Correction

X-ray absorption spectra measured in emission mode can be influenced by self-absorption
effects when the element of interest is concentrated in a sample. In this case, the measured
fluorescence signal I is no longer proportional to the absorption coefficient of interest. As
a consequence, the obtained spectrum will be attenuated and edge energies may appear to
have shifted. Fortunately, mathematical algorithms exist to correct for these self-absorption

effects, provided the investigated sample’s chemical composition is known.

C.1 Infinite Thickness Approximation

Conventionally, this self-absorption correction assumes an infinitely thick sample. Provided
the reaction scheme as shown in Figure [C.I], the fluorescence intensity I; of an element of

interest, originating from a sample slice at depth z, with thickness dz is given by Equation

[C.a]?

Q : 4
Iy () dz, = (4) Toe /im0 ()1 (1) g mlen)safsinds Q1)
T

with:

o 2 the detector solid angle
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o Iy the incident primary X-ray beam intensity

e 1(w) the total absorption coefficient for photons with energy w
e 0, the incident angle (Figure

o ¢7(w) the fluorescence yield

* ie(w) the absorption coefficient with contributions from the edge of interest, opposed

to the contributions from other atoms and edges of the element of interest denoted
pip(w). (W) = pre(w) + pp(w)
» wy the energy of the fluorescent photon

o 0 the detection angle (Figure [C.1]

By integrating Equation over the sample thickness z,, the fluorescence signal is ob-

tained:

/OZS Iy (2n)dzn = I(w) (C2)
L) (2)__aele) _, emenii)an] oy
I(w)  \47) pe(w) + pe(wy) - 55

For an infinitely thick sample p;(w) > z; ! and thus [p(w) + pe(wy)] > 27, Additionally,
usually 0 < (6; < 90deg) resulting in:

lut(w) N ut(wf)] > o1 (C.4)

sinb; sinby

And, subsequently

Ij(w) <Q> ( ef(w)pe(w) (C.5)
e

1) ) + pnlooy) - 20

I¢/1y corresponds to the pre-edge background subtracted XAS data and is zero below the
absorption edge of interest. Adding an edge-step normalisation one obtain the normalised

signal N:

208



C.2. Thickness Sensitive Approach

Figure C.1: Schematic representation of fluorescence experimental setup. Figure adapted from
Haskel 2

%wﬁ{ ep(wg Je(wg ) | | pua(w) + pe(wy) - %

with wg an energy above the main absorption edge. By dividing numerator and denomi-

nator by s (wg) and solving for p.(w)/pe(wg) on gets the equation for the self-absorption

corrected X-ray absorption curve:

N <Mt(wi) szngl + Hb(w_g >
fre(w) pe(wy) sinfy  pe(wy) (C.7)

Me(wg_) N (Mt(wf) sinb; + Mb(wg—) + 1) — N

He (WJ) sinbg He (WJ)

Where N is the experimentally measured I/ 1.

C.2 Thickness Sensitive Approach

If however one needs to correct for self-absorption effects in thin samples for which the in-
finite thickness approximation (Equation |C.4]) does not hold, the self-absorption correction
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equation becomes the following, analogous to the section above:

pe(w) N - [pu(wy) - e1 + p(w)]
fe(wi) . ' n Ny 1o~ (@@ tmtpya)e . N
< [Mt(wf) e+ pe(wq ) + Hp(wo )} Lo (el )ty s (op)er )2 N pre(wy)
(C.8)
With:
° = Ef(w) ~
c er(wg)
__ sinb;

*a= sinfy

Zs
sinf;

° C2:

It is clear this equation cannot be solved directly as the term p.(w) is contained in both
sides of the equation. To solve this equation a functional half-interval iterative method
was applied which ends when the self-absorption corrected function is determined within
an error of 0.05 %.
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List of Beamtimes

2013:

2014:

June 18 - June 21: Uranium speciation in rat bone slices and environmental sludge
samples, P-06 beamline PETRA-III (DESY, Hamburg, Germany)

June 21 - June 24: Full-field micro-XRF measurements on inclusions in rare natural
diamonds, P-06 beamline PETRA-IIT (DESY, Hamburg, Germany), 10009686

July 8 - July 16: Confocal micro-XANES/EXAFS investigation of high surface com-
pressive strength, DUBBLE beamline BM26A (ESRF, Grenoble, France), BM26-01-
976

November 18 - November 25: Slcam application for XANES on geological soil sam-
ples, DUBBLE beamline BM26A (ESRF, Grenoble, France), Inhouse

January 29 - February 1: Full-field micro-XRF measurements using the Slcam on

mammalian teeth and rat, ID19 beamline (ESRF, Grenoble, France), Inhouse

February 12 - February 17: Confocal micro-XANES investigation of FCC and zeolitic
extrudate particles, DUBBLE beamline BM26A (ESRF, Grenoble, France), BM26-
01-985

July 2 - July 6: Copper K-edge grazing incidence XAFS: Study of Cu and Ag oxida-
tion of silver alloys during sulphidation in Na2S solution, DUBBLE beamline BM26A
(ESRF, Grenoble, France), BM26-01-990
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2015:
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July 6 - July 8: Gold XANES on titania/gold photocatalytic materials to determine
the oxidation state as a function of reduction synthesis, DUBBLE beamline BM26A
(ESRF, Grenoble, France), Inhouse

July 9 - July 14: Cu XANES on biological model organisms, DUBBLE beamline
BM26A (ESRF, Grenoble, France), IH-CH-853

July 14 - July 20: Confocal micro-XANES investigation of high surface compressive
strength alkali-aluminosilicate glasses, DUBBLE beamline BM26A (ESRF, Grenoble,
France), BM26-01-989

August 25 - September 2: Ba determination in chimp and neanderthal teeth to study
dietary conditions, ID19 beamline (ESRF, Grenoble, France), IH-LS-1976

January 30 - February 3: Full-field XRF imaging to examine the 3D distribution
of metals in the developing mouse brain, ID19 beamline (ESRF, Grenoble, France),
[H-LS-2344

February 10 - February 17: Construction of a confocal micro-XAS setup and its
application in cultural heritage and ecotoxicological research, DUBBLE beamline
BM26A (ESRF, Grenoble, France), IH-CH-918

April 2 - April 6: Assessing the mechanisms of copper toxicity in the marine envi-
ronment, DUBBLE beamline BM26A (ESRF, Grenoble, France), BM26-01-1035

May 18 - May 24: Wavelength dispersive XRF/XAS of rare earth elements in diamond
inclusions, P-06 beamline PETRA-IIT (DESY, Hamburg, Germany), 1-20140708 EC

June 24 - June 27: Three-dimensional confocal XAS/XRF analyses of polyphase lower
mantle and transition zone inclusions trapped in ultra deep diamonds, DUBBLE
beamline BM26A (ESRF, Grenoble, France), BM26-01-1036

July 22 - July 28: 3D texture scanning on bone osteons using a novel method of white
beam and energy dispersive 2D detector, XMAS beamline BM28 (ESRF, Grenoble,
France), SC-4041

October 27 - October 29: Depth resolved EXAFS experiments on ion-exchanged
glasses, DUBBLE beamline BM26A (ESRF, Grenoble, France), IH-CH-1017



2016:

November 4 - November 9: Longterm Project: (Con)focal XRF and XANES on Ming
dynasty porcelain glasses, DUBBLE beamline BM26A (ESRF, Grenoble, France),
BM26-01-1053

February 20 - February 25: Development of a serie of Al-V-bimetallic metal organic

frameworks, DUBBLE beamline BM26A (ESRF, Grenoble, France), BM26-01-1046

March 21 - March 23: Test experiment for (con)focal XAFS measurements on ancient
geographical map inks, DUBBLE beamline BM26A (ESRF, Grenoble, France), TH-
CH-1053

May 8 - May 14: Nondestructive REE Measurements of Carbonate and Carbonatitic
Inclusions in Unique Deep Mantle Diamonds, P-06 beamline PETRA-III (DESY,
Hamburg, Germany), [1-20150052 EC

June 1 - June 7: Crystal orientation in healthy and diseased bone osteons: sub-
micron texture scanning by a one-shot energy-dispersive Laue diffraction approach,
BM32 beamline (ESRF, Grenoble, France), BM32-SC-4241

July 26 - August 1: Why teeth hit hard: Understanding the structure-function rela-
tionship in teeth by white-beam energy dispersive 3D texture determination, XMAS
beamline BM28 (ESRF, Grenoble, France), SC-4249

September 8 - September 14: Nondestructive REE Measurements of Carbonate and
Carbonatitic Inclusions in Unique Deep Mantle Diamonds, P-06 beamline PETRA-
IIT (DESY, Hamburg, Germany), 11-20150052 EC
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