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ABSTRACT

X-ray fluorescence imaging (XFI) is a versatile tool for determining spatial
distributions of elements or elemental species within a variety of samples. A newer XFI
variant, confocal X-ray fluorescence imaging (CXFI), shows significant promise since
confocal detection facilitates important advantages such as three-dimensionally resolved
elemental investigation, preservation of sample integrity and higher sensitivity.
Additionally, a readily available extension of CXFI, confocal X-ray absorption
spectroscopy (CXAS), allows determination of elemental speciation within a specific
localized volume element. To enable direct visualization of three-dimensional elemental
distribution and speciation in intact biological samples without staining or thinning, this
thesis aimed at developing CXFI and CXAS for biological and archaeological

applications.

CXFI and CXAS technique development included installing and refining the
polycapillary based setup at beamline 20ID-B, Advanced Photon Source (APS), USA,
and verifying the feasibility of different configurations through select measurements. In
addition, a novel X-ray detection focusing optic, the spoked channel array (SCA) recently
developed at the Cornell High Energy Synchrotron Source (CHESS), USA, was

implemented to provide superior spatial resolution.

CXFI and CXAS were used to study the following scientific problems:

a) Embryonic exposure to elevated selenium in zebrafish: The localization and
chemical form of maternally transferred selenium were studied in an early developmental
stage of life to understand the effect of exposure.

b) Highly localized Fe speciation within intact corrosion layer in antique stained glass:
SCA derived CXAS was employed to determine iron speciation in an antique stained
glass sample from 13" century Paderborn Cathedral, Germany to aid the study of
cleaning methods used in restoration.

¢) Differentiating diagenesis from biogenicity: Archaeological bone samples from the

Royal Naval Hospital Cemetery (c. A.D. 1793-1822), Antigua were studied in an attempt

il



to distinguish between diagenetic and biogenic lead uptake. Systematic comparisons of
conventional XFI with polycapillary and SCA-based CXFI showed that lateral spatial

resolution was remarkably improved with SCA optics.

This research facilitated incorporating CXFI and CXAS at beamline 20ID-B, APS
and establishing SCA optics as a valuable addition to the confocal X-ray detection
toolkit. These capabilities will be implemented at the BioXAS imaging beamline at the

Canadian Light Source.
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CHAPTER 1. Introduction

1.1 X-ray Fluorescence Imaging

X-ray fluorescence imaging (XFI)' is a well established technique for direct visualization
of the elemental and chemical species distributions in a variety of matrices. Important benefits of
XFI include elemental specificity, relative non-destructiveness, and minimal or no pre-treatment
of sample. In an XFI experiment, the sample is bombarded with an X-ray beam of energy
selected to be above the absorption edges of all elements of interest. Although a conventional X-
ray source can be used for this application, a state-of-the-art synchrotron source” is preferred in
many experiments due to its greater brightness and tunability. The absorption of X-rays by atoms
of the target elements causes excitation of electrons resulting in core holes. These core holes are
then rapidly filled by the decay of outer electrons resulting in a release of energy equal to the
energy difference between the initial and final states of the transitions. This energy is
characteristic of the specific element excited. This released energy escapes from the sample
either in the form of fluorescence emission (electromagnetic radiation) or Auger electrons.” It is
the former which is detected in an XFI experiment. Figure 1.1 shows a simplified schematic

diagram demonstrating the X-ray fluorescence emission from an atom.
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Figure 1.1 Schematic diagram showing the physics of X-ray absorption and fluorescence
emission in an atom. Incident X-ray excites a 1s electron as a photo-electron to the continuum
resulting in a core hole. The core hole is filled by the dipole allowed decay of a 2ps, or 2pip

electron with a concomitant emission of X-ray fluorescence.

Figure 1.2 shows a diagram displaying the nomenclature of energy levels and examples
of transitions giving rise to some characteristic fluorescence emission lines. The energy of an
electron within an atom depends on three associated quantum numbers, which are known as:
principle quantum number, n; azimuthal or orbital angular quantum number, ¢; and total angular
momentum quantum number, j. The principal quantum number is allowed to have integer values
of n=1, 2, 3, ... which derive the allowed values of azimuthal quantum number as £ =0, 1, 2,
...n-1 and total angular momentum quantum number as j = £ + %2. Traditionally, the atomic shells
are labeled with letters K, L, M, ..., which respectively correspond to n = 1, 2, 3 ... and the
atomic orbitals are denoted by letters s, p, d, ..., which respectively correspond to £ =0, 1, 2 ....
The number of electrons in each energy level is 2j + 1. The possible transition of an electron
from one energy level to the other is constrained by the selection rules for absorption and
emission of electromagnetic radiation. These are the electric dipole selection or Laporte rule* (A¢
= #1) leading to the most intense lines, and the magnetic dipole- and the electric quadrupole

selection rules attributed to certain weak features in the spectra. The most important of the



forbidden transitions are the magnetic dipole transitions for which A¢ = 0; Aj = 0 or =1 and the
electric quadrupole transitions for which A¢ =0, £2; Aj = 0, £1, or £2. A complete listing of the
emission lines and corresponding characteristic energies for all elements are available in X-ray
data booklet.’ Generally, the most intense fluorescence lines, specifically the K, and L, lines
respectively for K and L edges are studied in an XFI experiment. According to the dipole
selection rule, the most intense K X-ray fluorescence lines are K,; and Ky, which respectively
originate from the 2p3» — 1s1 and 2p;» — 1syp transitions. The lines Kg; and Kg,, which are of
secondary intensity, respectively originate from the 3p3» — 1sj, and 3p»; — 15y, transitions.
Although the most intense K, lines are of primary interest in an XFI experiment, the use of a Kp
line may be necessary if the K, is not usable due to an overlap with some other peak generated in
the experiment. The L X-ray fluorescence lines are used when the excitation energy for a K-edge
is too high to be available in a beamline, for example in the case of a heavy element such as Hg
or Pb. The spectroscopic notations for three L-edges are 2s;,, 2p12, and 2ps». The most intense L
X-ray fluorescence lines are L, and Lg;, which respectively originate from the 3ds, — 2ps» and

3ds, — 2py transitions.
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Figure 1.2 Examples of transitions giving rise to some characteristic fluorescence
emission lines. The K'B1 and K'B2 respectively represent combinations of all the M to K and N

to K transitions.

Figure 1.3 shows a schematic diagram for the experimental setup of a typical XFI
experiment. In the experiment, incident X-rays pass through a focusing optic, such as a
Kirkpatrick-Baez (K-B) mirror pair,’ producing a microfocused beam. The microfocused beam
then passes through an ion chamber I), which measures the intensity of incident beam falling
onto the sample. The experimental sample sits on an XY motorized stage, which allows rastering
of the sample along two perpendicular directions. When the microfocused incident beam
interrogates a sample, the emitted fluorescence is monitored by an energy dispersive detector,
which facilitates obtaining a plot of the intensity of photons emanating from the sample as a
function of emitted energy. The experiment records a full X-ray fluorescence spectrum at each
scan point. The elemental maps are then obtained by integrating over the spectral regions of
interest corresponding to specific elemental X-ray fluorescence lines. The ion chamber, It is for
measuring the transmitted intensity, which is measurable only if the incident X-rays are not

overly attenuated by the sample thickness or substrate. In addition, other equipment such as a



cooling stage could make measuring transmitted beam impossible. Figure 1.4 shows an example
detector output spectrum from an archaeological bone sample. The spectrum was obtained using
a single element silicon drift detector in a spoked channel array (section 2.2.2) based confocal
XFI experiment (section 2.4.2). The K, and Kg peaks respectively represent the convolution of

all K, and Kglines, which cannot be resolved in a typical XFI experiment.

Detector

X-ray
——[ocusing Optic

XY Raster Scan

Figure 1.3 A simplified schematic diagram displaying the experimental setup of an XFI
experiment. The incident X-rays are focused by a focusing optic before being placed on sample.
The ion chamber, Iy measures incident beam intensity. The sample is mounted at 45° to the
incident X-ray beam and detector. The ion chamber, I+ measures transmitted intensity. Arrows
show that X-ray fluorescence (XRF) emitted along the incident X-ray beam path, both inside
(solid arrows) and outside (dotted arrows) the sample, can be registered as long as fall within the

detector solid angle.
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Figure 1.4 An example detector output spectrum plotted with the logarithmic counts per
second (CPS) in the ordinate. The data in this example are collected from a bone sample using an

energy dispersive silicon-drift vortex detector at excitation energy of 16.999 keV.
1.2 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a widely used technique for determining the
chemical speciation and local coordination environment information of an absorbing atom.’™"
XAS measures the energy dependency of the X-ray absorption coefficient of an element while
the incident X-ray energy is scanned from below to above the binding energy of a core
electron.*” When the incident energy is just enough to excite a core electron, the photo-electron
is excited to the unoccupied bound states of the absorbing atom leading to a sharp increase of the
absorption coefficient at a particular X-ray energy corresponding to the energy difference
between the core level and unoccupied state. This phenomenon gives rise to the first part of an
XAS spectrum (Figure 1.5), which is within about 50 eV of the absorption edge, often known as
X-ray absorption near edge structure (XANES). At higher incident X-ray energies, the photo

electron is promoted to a free or continuum state, where it is considered as a photo-electron

wave. This wave propagates outward and is backscattered by the neighboring atoms, leading to



constructive or destructive interference as a function of energy.” This phenomenon gives rise to
the oscillatory part of the spectrum (Figure 1.5), often known as Extended X-ray absorption fine
structure (EXAFS).” XAS is an element specific technique; the characteristic absorption edge
energies are well-known and tabulated.” Besides element specificity, XAS offers nondestructive

investigation of any phases of materials with no or minimal sample preparation.

An XAS experiment requires a tunable source, typically provided by a synchrotron
source. XAS can be carried out with a microfocused beam using the same setup as XFI. Whereas
XFI employs a fixed incident energy while scanning the sample position, the XAS uses a fixed
sample position while scanning the incident energy. Typically XAS is recorded following the
completion of an XFI map, although faster detectors allow the collection of effectively an XAS
spectrum at each pixel at some synchrotrons. The XAS data collection is performed by
measuring the intensity of either the transmitted X-rays through the sample, or the fluorescent X-
rays emitted off the sample as a result of the decay of higher level electrons to the core holes.
The former is measured using an ion chamber, Iy while the latter is measured using a
fluorescence detector, as shown in Figure 1.3. Monitoring X-ray transmission is the useful
technique for concentrated samples while fluorescence based measurements are valid and useful
in the thin-dilute limit due to greater sensitivity.” While the XANES yields information about the
electronic structure, such as oxidation state, the EXAFS provides physical information such as

coordination number, interatomic distances, and size (atomic number) of neighboring atoms.’
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Figure 1.5 An example XAS spectrum showing the XANES and EXAFS regions. The
spectrum is adapted from the course materials of Geol 898: Synchrotron Hard X-ray XAS

provided by G. N. George and I. J. Pickering in the University of Saskatchewan.
1.3 Confocal X-ray Fluorescence Imaging

Confocal X-ray fluorescence imaging (CXFID)'* is an innovative variant of the
conventional XFI technique described in section 1.1. Just as confocal optical microscopy has
revolutionized optical microscopy,15 CXFI has the potential to revolutionize conventional XFI.
In the confocal mode, an additional focusing optic is installed upstream of an energy-dispersive
detector in order to restrict the detection of fluorescence to the focal spot of that focusing optic.
Thus in the confocal scenario, although excitation happens everywhere along the beam path,
detection only occurs where the incident beam focusing spot and the detector optic focusing spot
converge in what is known as the confocal volume.'*'® The strength of the confocal technique
arises from its ability to resolve all three spatial dimensions that facilitates using a thick or intact
sample in the experiment.'” Best spatial resolution in a conventional XFI experiment requires
samples to be thinned to a thickness approximately equal to the beam spot size, which is
achieved through the physical sectioning of the sample to a thickness of only few microns.'® 2 If

the sample is not sufficiently thin, then the conventional XFI results in blurry images due to the



superposition of fluorescence originating from the penetrated path of incident X-rays (chapter 4).
In contrast, CXFI is capable of resolving all three dimensions; which lead to the ability to select
a particular plane within a thick sample, often referred to as optical sectioning. Hence, CXFI
avoids the need for physical thin sectioning of the sample. The ability to avoid physical
sectioning offers many advantages, such as maintaining the sample integrity, the nondestructive
study of valuable samples for which sectioning is not desirable and the freedom of investigating
elements in any location within a thick or intact sample. The maximum depth that can be probed
within a sample is dictated by the element to be imaged. For example, a low Z element cannot be

imaged in the middle of a thick sample due to a small critical depth (discussed below).

Figure 1.6 schematically shows how a CXFI experimental arrangement differs from a
conventional XFI setup. Similar to conventional XFI, CXFI also employs an incident focusing
optic such as a K-B mirror pair and ion chamber Iy in order to produce a microfocused beam and
to measure incident intensity. In CXFI, the experimental sample sits on an XYZ motorized stage,
which allows the rastering of a sample along all three perpendicular directions so that a spot of
interest within the sample can be resolved in three dimensions. Unlike conventional XFI, a CXFI
experiment implements a focusing optic on the detection side so that the depths from which

2122 mounted in

fluorescence are being originated can be identified. Generally, a polycapillary
front of the detector is the approach that is overwhelmingly used. Figure 1.7 shows how a
probing volume or confocal volume (V.) is generated in a CXFI experiment through the
intersection of the focal spots of the incident and detection focusing optics.”> This confocal
volume, which is the key to the confocal setup, is determined by the focal spot sizes of the
focusing optics involved.”® To obtain elemental distribution below the surface, the confocal
volume is moved into the desired depth inside the sample and an XY map is collected. The
confocal method thus achieves optical sectioning of a sample. For generating three dimensional
views of elemental distributions, a series of XY maps collected at sequential depth positions is
stacked and combined. In the confocal method, one can go deeper and deeper into the sample
until the critical depth is reached. The critical depth is the depth from which no fluorescence will
be able to reach the detector due to the complete attenuation caused by the overlying thickness of

sample. The critical depth depends on the sample matrix and the energy of fluorescent X-rays. In

a CXFI experiment (applies to conventional XFI as well), both the incident and fluorescent X-



rays will be attenuated due to penetration through the sample matrix.?* In principle, these

attenuation effects can be modeled by knowing the composition of the sample matrix.'***

The collimated detection in CXFI, achieved by the implementation of an additional
focusing optic on the detection side, results in a higher signal to noise ratio in the collected data
through a significant reduction in background counts.”*?® Figure 1.6 demonstrates that a
conventional XFI experiment detects X-rays (scatter and fluorescence) essentially from
anywhere along the beam path, such as the whole depth of the sample (as long as not attenuated),
some air, windows and sample mounting slides. In contrast, a CXFI experiment accepts X-rays
solely from the confocal volume. This collimated detection results in a significantly less intense
scattering peak (Figure 1.8), which comprises scattered signals only from the confocal volume.
The high signal to noise ratio in the multiple channel analyzer (MCA) spectrum enables better
detection of the minor peaks in the detector output spectrum, hence increased sensitivity.”
Moreover, since a CXFI scatter map is constructed by the signals collected only from the probing

volume within sample, it may facilitate visualizing sample structure as obtained in conventional

histology.
XFI CXFI
[ ] -
Detector Detector
Focusing Optic
X-ray X-ray

—— Focusing Optic —s—— Focusing Optic

XY Raster Scan XYZ Raster Scan

Figure 1.6 A diagram comparing the experimental setup between conventional XFI and CXFI.
Unlike conventional XFI, CXFI has an additional focusing optic mounted in front of the detector.
This difference results in collection of X-ray fluorescence (XRF) only from the region of the

sample where the foci of the detection focusing optic intersect that of the incident.
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\ Gonlfocal Volume, V,
Sam'ple

Figure 1.7 Formation of the confocal volume (Vc) within a sample in CXFI. The
intersection of the foci of incident (K-B mirror) and detection (polycapillary) focusing optics

forms an ellipsoidal volume, known as confocal volume (Vc).

AN (a)

High sg_aﬂering

Low scattering

Figure 1.8 Comparison of the scatter peak intensities between conventional XFI (a) and
CXFI (b). Spectra collected from a hair sample. Conventional XFI shows substantially higher
intensity compared to the CXFI.
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1.4 Confocal X-ray Absorption Spectroscopy

A confocal arrangement offers the benefit of studying the localized chemical form of
elements in a three dimensionally resolved micro-volume within a sample through the
implementation of confocal X-ray absorption spectroscopy (CXAS).” In a CXAS experiment, a
fluorescence map is first collected using CXFI and then motors are driven to the specific
locations of interest chosen from the map. Then a spectrum is collected from those locations by

tuning the energy of excitation X-ray beam.”?>"**

This method of collecting XAS is particularly
useful if micron-scale heterogeneity is expected in the chemical form of elements within a
sample. In a conventional XFI experiment, an XAS measurement following an XFI may be
challenging due to the high background from the substrate upon which the extremely thin sample
is mounted. Such background poses a major difficulty especially when a dilute sample is
concerned. Since confocal detection is localized, a greater degree of confidence with respect to
localization can be expressed and the scatter contribution to the total integrated detector signal is
now limited to scatter only produced from within the confocal volume.?” The other great aspect
of CXAS is that it allows browsing through a three dimensional sample for the nondestructive

determination of localized chemical form of elements. Examples of CXAS making use of

polycapillary and spoked channel array optics are presented in chapters 3, 5 and 6 of this thesis.

1.5 Advantages of Confocal Approach

There are many advantages of employing the confocal approach in imaging or

spectroscopy. Some of the leading benefits are described in the following paragraphs.

Ability to use thick or intact sample: In the confocal technique, a probing volume is
created within the sample whose three dimensional rastering throughout the sample results in
maps of elemental distribution. Such capability enables optical sectioning of the sample and
hence, allows the use of a thick or intact sample. The ability to use an intact sample allows the
maintenance of sample integrity - a particularly useful capability when dealing with samples
prone to contamination. Also, the process of thin sectioning of a sample is not always easy,
especially when a tiny feature or serial sections of the sample are of interest. An important tiny

part of the sample can be easily missed during serial sectioning. Furthermore, sometimes
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samples are fragile or a one of a kind precious one, when thin sectioning is either not possible or

desirable.

Three dimensional elemental distributions: CXFI allows investigation of elemental
distributions in three dimensions from an un-stained, un-thinned, and intact sample. Studying
three dimensional elemental distributions is also possible in a fluorescence tomography

. 0,31
expenment,3 3

in which a sample is rotated and rastered to yield a sinogram, which can in turn
be subjected to tomographic reconstruction®” of a cross-sectional slice of the object. The sample
is then vertically translated to collect another cross-sectional slice. The sequential cross-sectional
slices are then stacked to generate the three dimensional viewing of the elemental distribution.”
While CXFI and tomography both have particular benefits, CXFI may be favored when both are
applicable as alternatives. This is because the confocal measuring mode readily collects pixel by
pixel data and does not require reconstruction algorithms to obtain spatially resolved results.

Additionally, CXFI offers the selection of a specific spatial region of interest, thus allowing the

analysis of a small area within a larger specimen.

Three dimensionally resolved speciation: One of the important strengths of the confocal
technique is that the probing volume can also be used for localized chemical speciation of
elements by employing CXAS. Such determination can greatly benefit the study of elements in
microscopically inhomogeneous samples. The conventional geometry lacks the ability of
localized speciation due to the background noise from the substrate upon which the thinned
sample is mounted. Moreover, such speciation is highly complicated in a tomography experiment

as it would require reconstruction of spectra from multiple angles.

Higher signal to noise ratio: In CXFI, a detector collects fluorescence only from the
probing volume and rejects all other fluorescence arising from sample, air, or beamline
components. Such a superior rejection of background can be viewed in Figure 1.8, in which the
intensity of the scatter peak is significantly reduced in confocal detection. This superior rejection
of the scatter signal greatly helps the detector dead time effect, thus allowing a significant
increase in the incident flux on sample compared to conventional XFI. The increased incident

flux results in a higher intensity count, consequently yielding a higher detection sensitivity; this
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is particularly useful when studying a dilute sample. Also, in the case of an XAS experiment
when the scatter peak is close to the peak of interest, a confocal measurement is always
advantageous since the windowed counts are significantly less affected by the scatter

contribution.

1.6 Developments and Applications of Confocal X-ray Techniques

The fundamental principle of CXFI was proposed by Gibson and Kumakhov in 1992, as
one of the applications of polycapillary optics.34 Later, in 2000, a practical demonstration of
CXFI was presented by Ding et al. in which a confocal arrangement was employed to achieve
improved detection sensitivity.”' The implementation of CXFI for achieving three dimensional
elemental distribution did not happen until 2003, when KanngieBer et al. employed it in studying
paint layers in ancient Indian Mughal miniatures.”” This pioneering experiment was performed at
BAMline, BESSY II, in which major and minor elements were detected with a depth resolution
of 10um in paint layers. Since then, CXFI using either a synchrotron or a laboratory based setup

slowly began to appear.

X-ray sources: CXFI experiments have been realized at several synchrotron facilities.
While European synchrotrons are the major players in this field, a few have also been reported
from other synchrotrons of the world. Beamlines in which CXFI have been available include,
BAMline and mySpot beamlines at Berliner Elektronenspeichering fiir Synchrotronstrahlung II
(BESSY II, Berlin, Germany),35 ID18F micro-fluorescence end station and other beamlines at
European Synchrotron Radiation Facility (ESRF, Grenoble, France),”® beamline L at Hamburger
Synchrotronstrahlungslabor (HASYLAB, Hamburg, Germany),14 G line at Cornell high-energy
synchrotron source (CHESS, Ithaca, NY, USA),16 Fluo Topo beamline at Angstromquelle
Karlsruhe (ANKA, Karlsruhe, Germany),”® beam line 4W1B-XRF at Beijing Synchrotron
Radiation Facility (BSRF, Beijing, China),37 and DO9B beamline at Laboratorio Nacional de Luz
Syncrotron (LNLS, Sado Paulo, Bralzil).38 This thesis has introduced CXFI at the 20ID-B
beamline at Advanced Photon Source (APS, Argonne, IL, USA).27’28’39 As a long term goal of
this thesis, the BioXAS beamline at Canadian Light Source (CLS) will also have CXFI available
in the near future. Although synchrotron facilities are the most desirable place for CXFI due to

high brightness, monochromaticity, and tunable nature of X-rays, laboratory based alternatives
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also have evolved due to limited availability of synchrotron beamtime. Examples of laboratory

L ,42’43 and Nakano et

based CXFI can be found in Havrilla ef al.,** KanngieBer et al.,*' Tsuji e a
al. % Although less sensitive, a laboratory based CXFI can produce useful elemental maps,
given that the concentration is not too low. The major advantage of a laboratory CXFI is its
accessibility; no beamtime proposals are required and data can be collected anytime as desired.
Laboratory based setups deploy commercially available X-ray tubes as a source, which have
anode spot sizes of several tens of microns. Hence, generally the probing volume achieved in a
laboratory setup is larger compared to the one from a synchrotron based set up. Also, the
brightness of X-rays obtained from an X-ray tube is much lower compared to the synchrotron.
Therefore, a laboratory based setup generally demonstrates lower elemental sensitivity compared
to a synchrotron based one. Additionally, synchrotron X-rays are readily tunable while

laboratory X-rays are not. Although tunability is not required for imaging, it is a prerequisite for

CXAS.

X-ray focusing optics: A CXFI setup uses two focusing X-ray optics, one in the incident
side and the other in the detection side, to enable discrimination of the origin of fluorescence
photons in three dimensions. A number of incident focusing optics, such as K-B mirrors,”’
monocapillaries,'® and compound refractive lenses®® are utilized in synchrotron facilitated
experiments, whereas a polycalpillalry21 is predominantly employed for a laboratory based setup.
An attractive feature of a K-B mirror is that it allows high flexibility of working distance, while
offering a micron-size beam-spot whose position is energy-independent. For the detection
focusing optic, a polycapillary is the predominantly used optic for both synchrotron and
laboratory based experiments. This is because a polycapillary is uniquely well suited for
collecting fluorescence from a point-like source and no other optic is able to transport a broad
energy range without having to be moved. Also, a polycapillary provides an energy-independent
focal distance and collects from a larger solid angle. This thesis has contributed to the
development of a new collection optic, the spoked channel array (SCA),” which showed an
order of magnitude improvement in resolution when compared with the state-of-the-art

polycapillaries.”’
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Previous applications: The four main uses of the CXFI method which have been
demonstrated include depth profiling, probing site selection, three dimensional mapping and
localized speciation of elements. Among publications, a significant number have involved the

o . 16,35,41,46,47
characterization of paint layers. 334146,

These studies were mainly focused in understanding
the methodology applied in creating works of art or paintings, the pattern involved in the
deterioration of paint layers, and the strategy and process of restoration. Knowledge about the
composition of buried layers in paintings is crucial for conservation and restoration. CXFI, in
contrast to other techniques, offers non-destructive depth profiling of paint layers from an intact
sample — therefore, has been considered to be well suited for cultural heritage applications. Other
cultural heritage applications which have employed CXFI include investigation of reverse glass

painting to realize depth profiling of mobile elements responsible for corrosion process,48’49

depth selective mapping of layered paint structures in Japanese lacquerware ‘Tamamushi-nuri’,*’
and profile analysis of the color/glaze and glaze/ceramic interfaces in Portuguese polychrome
glazed ceramics to understand the manufacturing process.” This thesis also has contributed to a
cultural heritage application of CXFI, in which the chemical form of iron is investigated in the
corrosion layer of a medieval stained glass sample from Paderborn cathedral.”” CXFI was also
implemented in the investigation of some geological samples, such as iron oxide in a polished
granite sample,'* age dating of monazite within rock samples,”' radioactive particle embedded in
sediment,’” hot particles originated from hydrogen bombs,” actinide migration in granite,54 and
inclusions in a diamond salmple.26 In the case of biological samples, the application of CXFI can
be very useful as these samples are often prone to contamination and higher penetration depth
can be obtained. Some applications of CXFI to plants include: distribution and speciation of Se
in onion plants;” depth profiling of Ca, K and Fe in the surface coat of a wheat gralin;42
investigation of the distribution of elements in a twig of Buxus microphylla;37 distribution of Ca,
Fe, Zn and Cu across virtual cross sections of a root of common duckweed;5 % and Ti, As, Mn and
Zn in the skin region of rice.”’ Applications of CXFI to other biological systems include: the
study of distributions of lead (Pb) and other relevant metals in skeletal tissues of femoral head
and patella;®® and tissue-specific three-dimensional (3D) distribution of metals in Daphnia
magna."” As for CXAS applications, experiments have been reported in two geological samples:
Fe K XAS study of mineral inclusions within rare natural diamonds® and Np L3 XAS study to

determine valence state of Np within granite,* and also in a cultural heritage sample: chemical
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speciation of the coloring agent in painted tiles.”® This thesis has contributed to the publication of

first biological CXAS, in which the chemical form of Se is investigated in zebrafish eye lens.?®

Limitations of CXFI: A major limitation of confocal method can be its limited probe
depth (dependent on the sample matrix and the energy of X-ray fluorescence line of interest).
This implies to the maximum depth can be probed into the sample before the detected X-ray
fluorescence reaches too low to be considered meaningful. The application of confocal mode can
also be limited due to its shorter working distance, which is especially relevant when the
confocal setup is constructed based on a spoked channel array device (section 2.2.2) for which
the value of working distance is only a few hundred microns. While doing three dimensional
mapping of a volume of interest, a long measuring time, which could easily stretch to a non-
reasonable amount, can be another drawback of CXFI. However, this can be largely overcome
by the introduction of so called on-the-fly scanning mode in the synchrotron beamlines, in which
the overhead produced in the step scanning mode from the time it takes to start and stop the
motors at each step is eliminated. Another limitation is the complexity of the quantification
procedure, arising from the difficulty in simulating accurate heterogeneous sample matrix,
energy-dependent probing volume, and attenuation of incident and fluorescent X-rays.***" Other
pitfalls include the energy-dependency of depth-resolution and the inability to achieve a depth-
resolution smaller than about 10 um; both of these limitations are linked to the characteristics of

a polycapillary detection optic (section 2.2.1).

1.7 Objective of this Research

The BioXAS beamline at CLS is being built as a facility for XAS and XFI of biological
systems. Since there is a growing interest in the direct visualization of the three-dimensional
distribution of elements in un-stained, un-thinned and intact biological samples, the
implementation of CXFI is one of the priorities of BioXAS. However, the challenge lies in the
fact that biological samples are often dilute compared to the non-biological ones. Also,
biological systems are delicate and tend to suffer from contamination or alteration if sectioned.
Furthermore, biological samples often show heterogeneity in elemental distribution and
speciation at only a few microns, thus requiring higher depth resolution than the currently

available ~10 pum. Therefore, this project was initiated in order to develop CXFI for biological
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applications. The 20ID-B beamline at APS, a beamline of Canadian partnership at APS, was
proposed as the main venue for this research development since BioXAS was under construction
during this project. Specific objectives of this research were as follows.

e To develop a CXFI set up at 20ID-B beamline.

e To verify the feasibility of the setup using biological systems of known results.

e To determine the drawbacks of the setup when studying various sample types.

e To establish possible solutions to the drawbacks.

e To establish better depth resolution.

e To establish a full capability for both CXFI and CXAS.

The long term goal of this project is to implement CXFI at the BioXAS imaging
endstation, which would establish an incredible opportunity for distinctive innovations at the

Canadian Light Source synchrotron.

1.8 Organization of Thesis Chapters

The main theme of this thesis is the development of CXFI for biological applications.
Each chapter in this thesis contributes to this overall theme, while focusing on a specific topic.

This section is intended to describe how all chapters unify to construct the theme.

Chapter 1 comprises an introduction and literature review. It describes the concept of the
CXFI technique, how CXFI works, and what its specialties are. The literature review provides a
concise summary of synchrotron and laboratory based CXFI experiments, relevant X-ray optics,
application and limitation of CXFI technique; thus presenting the context for this thesis. Finally,
chapter 1 states the objective of this research, and the current section presents the transition of

the thesis.

Chapter 2 outlines the steps involved in the progress of this research. It provides an
account of the initiation of project, evaluation of the results from test experiments, successes and
failures. It then presents the progress of this research with regards to incorporating novel X-ray

optics and samples.
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Chapter 3 was published in the journal Environmental Science & Technology.” This
chapter illustrates the implementation of polycapillary based CXFI and first demonstration of
biological CXAS in studying Se distribution and speciation in intact zebrafish larvae. A possible
causality between exposure to elevated Se and Se-induced ocular impairments is discussed, since

a preferential accumulation of Se is detected in the eye lens of zebrafish larvae.

Chapter 4 was recently accepted in Archaeometry (2016, In press, DOI:
10.1111/arcm.12232). Based on a polycapillary based CXFI experiment, this chapter illustrates
how a confocal approach can be very useful in studying poorly preserved archaeological bones.
A comparison with the results from conventional XFI shows that CXFI yields images of higher

resolution, which can be insightful in distinguishing biogenic and diagenetic uptake of Pb.

Chapter 5 was published in Journal of Analytical Atomic Spectrometry.”’ This chapter
demonstrates the first application of a novel focusing optic, the spoked channel array, in studying
the oxidation state of Fe in the corrosion layer of a medieval stained glass sample using CXFI
and CXAS. The advantages of employing spoked channel arrays include an improved spatial
resolution and an energy-independent probing volume. The first implementation of a spoked
channel array optic was demonstrated in a non-biological system, since biological samples are

challenging as a test sample due to low concentration.

Chapter 6 illustrates the first application of the novel spoked channel array optic in
collecting high resolution elemental maps and highly localized spectroscopic information from
archeological human bone, a biological sample. This chapter presents the visualization of cellular

spaces in bone (lacunae), and highly localized CXAS.

Chapter 7 is the concluding chapter of this thesis. It revisits the main findings of this
project and links the drawn conclusions to the overall goal of this thesis. A comparative
discussion between the two detection focusing optics, polycapillary and spoked channel arrays, is

presented and directions for future research are identified.
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CHAPTER 2. Technique Development

2.1 Preface

This chapter introduces the two detector mounted X-ray focusing optics, the traditional
polycapillary and novel SCA, used in this research. It then provides an account on the steps of
developing CXFI and CXAS configurations at beamline 20ID-B, APS, and discusses success and

failures with regards to incorporating novel X-ray optics and samples.

2.2 Detection Focusing Optics

A detector mounted focusing optic is the key element for confocal detection. In a CXFI
configuration, a detection focusing optic is installed in the detector snout in order to limit the
detection only to the fluorescence originating from the focal spot of that focusing optic. A
polycapillary focusing optic' is the predominantly used type of focusing optic for confocal
detection. Besides implementing a polycapillary focusing optic, this thesis also implemented a
novel focusing optic, spoked channel array (SCA),” designed and fabricated at CHESS, in order
to achieve improved spatial resolution in confocal detection. Following sections present the
mechanism of function, advantages and limitations, and scope of application for both the

polycapillary and SCA focusing optics.

2.2.1 Polycapillary

A polycapillary optic,' comprised of a tapered bundle of thousands of hollow glass tubes
designed to collect and redirect the emitted fluorescence into a quasi-parallel beam, is well suited
for collecting fluorescence from a point-like source.” The glass tubes in the polycapillary are
slightly angled towards a common focal point outside the optic as shown in Figure 2.1 (b).
Figure 2.1 (c) shows how an X-ray beam is transported through a polycapillary via repeated total

external reflections. The total external reflection occurs if the incident angle at each reflection is
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less than a critical angle (6.), demonstrated in Figure 2.1 (d). Hence, the transmission of X-rays

in polycapillary optics is governed by the critical angle (6.), which is energy (E) dependent. For

a borosilicate glass, the critical angle is approximately,*

GL_(mrad)z%) e 2D

In a CXFI experimental setup, the available depth resolution is determined by the
polycapillary focal spot, which can be estimated from the following relation,*

S(mm)=~a.f6 +d (2.2)

Where S is the full width at half-maximum (FWHM) or the diameter of the spot, d,,, is
the individual channel diameter at the capillary tip, 6. is the critical angle, f is the focal distance
and a is an adjustment parameter determined by the optic design and X-ray source property.
Since the focal spot size increases with the focal distance, a smaller spot size would result in a
shorter focal distance, meaning a shorter working space between the sample and optic. The
above relation 2.2 also indicates that the focal spot increases with the critical angle 6., which
implies that the focal spot of a polycapillary optic decreases with the X-ray energy. Polycapillary
optics have been demonstrated to work over a large energy range of up to 30 keV and to collect
from a large solid angle of up to 20 degrees.3 A photograph of a typical polycapillary optic
(XOS®) used in the CXFI studies employed in this thesis is shown in Figure 2.1 (a). It offered a

focal spot ~ 25 micron (at Mo K,), working distance ~ 9 mm, and collection angle ~ 20° .
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Figure 2.1 Details of focusing using a polycapillary optic. (a) Photograph of the XOS®
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polycapillary optic. (b) Schematic of how a polycapillary optic achieves its focus. (c) Schematic
of the propagation of an X-ray along a capillary tube through multiple total external reflections.

(d) Schematic of the critical angle. Parts (b), (c) and (d) are reproduced from reference 4.

2.2.2 Spoked channel array (SCA)

Most (or almost all) XFI reported to date have used polycapillary X-ray optics to define
the confocal volume, but this method limits the scope of CXFI due to the limited and energy-
dependent depth-resolution. The highest resolution offered by a state-of-the-art XOS®
polycapillary is ~8 um at ~ 17.5 keV with a working distance of ~2 mm, while an improvement
in resolution may result in shorter and possibly impractical working distances (equation 2.2).
Furthermore, the polycapillary derived resolution is inversely proportional to the X-ray energy
(equations 2.1 and 2.2). The best reported polycapillary resolution at the low energy regime (2 -
5 keV) is ~20 um.” To overcome the limitation of spatial resolution imposed by a polycapillary,
this thesis implemented a novel focusing optic, a spoked channel array (SCA) designed and
fabricated at CHESS.? This trapezoidal shaped optic is fabricated via standard lithographic
techniques and deep reactive ion etching (DRIE). It consists of an array of rectangular channels,

arranged like spokes of a wheel directed to a focal point as shown in the schematic diagram of
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Figure 2.2. The X-ray fluorescence emitted from the confocal volume transmits through the
collimating channels to the detector. In the limit of zero reflection from the channels, the
resolution of the SCA only depends on the length and width of the channels.” In the first
experimental realization of the SCA optic,2 three designs with 1, 2, and 5-um wide channels
ranging from 30 to 50 um in depth and 2 mm in length were tested. A nearly energy-independent
depth resolution of ~1.7 um was achieved for the energy range of 4.5 to 10 keV. This
represented an order-of-magnitude improvement over the polycalpillaury.2 However, the optics
demonstrated a limited practical appeal due to the limited collection efficiency and extremely
small working distance of ~0.2 mm. In a later experiment,’ a new SCA design, in which
collimating channels were formed by a staggered array of pillars with side-walls tapered away
from the channel axis (Figure 2.3), were tested. The new design resulted in improved collection
efficiency and better working distances of up to 1.5 mm (chapter 6), while maintaining excellent
spatial resolution.” The optics reported in references 2 and 5 were fabricated from silicon, and
were thus expected to operate well only up to 12 keV according to ray-tracing simulations. In a
recent improvement implemented to the design, SCAs were fabricated from germanium so that
the optics can operate well up to 30 keV. Currently, a new design comprising the channel widths
up to 50 um, which may be suitable for using in non-synchrotron based CXFI, is being planned

for future fabrication.
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Figure 2.2 The SCA optics. (a) A schematic diagram showing X-ray fluorescence emitted
from the confocal volume transmits through the SCA channels, which are shown by the white
lines etched on a substrate such as silicon shown in black. (b) Photograph of a SCA optic

reproduced from reference 2.
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Figure 2.3 The schematic diagram of an improved SCA design. The collimating channels
are formed by a series of staggered absorbing pillars. The inset shows that the pillar edges are

tapered away from the axis of each channel. This figure is reproduced from reference 5.
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2.2.3 Polycapillary vs. spoked channel array

Either a polycapillary or an SCA optic is used to construct the probe volume in a CXFI
experiment. While each has its own advantages and disadvantages, it is upon the user to decide
which optic better suits a specific experiment. A comparative discussion between the optics is

provided below.

Mechanism of function: X-ray photons in a polycapillary optic propagate through
numerous hollow glass channels by the process of total external reflection at the glass surface.
Total external reflection occurs when the incident beam strikes the glass at an angle equal to or
smaller than the critical angle. A detailed description of the mechanism can be found elsewhere.’
In contrast, X-rays in a SCA optic transmits through the collimating channels lithographically
created in silicon or germanium. In the limit of zero reflection from the channel walls, the degree
of collimation and optic’s resolution is solely determined by the length and width of channels. A
detailed mechanism is available elsewhere.! A consequence of the different mechanisms of
function is that in the case of the polycapillary the transmission depends on X-ray energies

(equation 2.1), but no such dependency exists in case of the SCA optic.

Resolution: The size of polycapillary focal spot, which is inversely proportional to energy
and proportional to focal distance, determines the resolution (equation 2.2).! A state-of-the-art
XOS® polycapillary offers the highest resolution of ~8 um with ~2 mm focal distance at Mo K,
(~17.5 keV). According to equation 2.2, further improvements in resolution would result in
shorter focal or working distances. Additionally, since the polycapillary resolution is inversely
proportional to energy, resolution is worst in the low energy (2 - 5 keV) regime. The best
polycapillary resolution reported in that regime is upwards of 20 um.> On the other hand, the
focal spot or resolution of a SCA optic is solely determined by its length and width,? thus
avoiding energy dependency. The highest resolution demonstrated by a SCA optic is ~1.7 um at
4 -10 keV.” This is particularly valuable for the study of biologically relevant light elements such
as P, S, Cl, K and Ca in intact samples, which are expected to show spatial variation in 1 ym
scale. The higher resolution of a SCA optic is not only valuable in resolving ~ 1 um scale
features in elemental mapping, but also in collecting highly localized microstructure specific

chemical speciation information from a CXAS experiment.
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Working distance: The working distance is the distance between the tip and focal spot of
the optic. A reasonable working distance is important for sample translation or installation of a
sample cooling stage. Regardless of the type of focusing optics, improved working distance
comes at the expense of poorer resolution, or vice versa. Polycapillaries with poorer resolving
capacity, tend to have better working distances (e.g. 9 mm for a 25 um focal spot size) compared
with about 0.2 mm for the initially tested 5 um SCAs or about 1.5 mm in the improved design 5
um SCAs. An SCA optic has some advantages over a polycapillary with the same working
distance due to the SCA’s compact design and lack of metal coating. The new SCA design, in
which collimating channels are formed by the staggered arrays of pillars,” has improved the
working distance to a manageable value of about 1.5 mm. Although this improvement will
significantly extend its application, the scope of installing a sample cooling stage or measuring a

sample with uneven surface will still remain challenging.

Collection efficiency: A comparison between the intensities (amount of fluorescence)
collected by a SCA optic and polycapillary from the same confocal volume at a constant energy
would favor the latter. The higher efficiency for a polycapillary can be primarily attributed to its
higher acceptance from the vertical solid angle. Although the collection efficiency of a SCA
optic with regard to its collection from the horizontal solid angle would be similar to a
polycapillary, the collection from the vertical solid angle would be somewhat less. The key
factor limiting the vertical collection is the SCA optic depth, which vary from 30-50 um for
channel widths of 1-5 um.” These depths are limited by the typical aspect ratios for DRIE.>” In
order to achieve deeper channels with routinely-achievable trench aspect ratios, a new mask
design was implemented in which channels were effectively formed by a series of staggered
pillars (Figure 2.3).” This staggering increased the trench width without increasing the channel-
width, thus resulting in a factor of 10 greater collection efficiency nearly equivalent to a
polycapillary.” Further improvement in the total count rate for a polycapillary or SCA may be
achievable by implementing a detection focusing unit comprising a number of optics
(polycapillary or SCA) installed on a mount all focused at the same probe volume in conjunction
with a multielement discrete array or Maia-type detector. Such improvement would lead to an

extension of the scope of CXFI application.
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Fragility: A SCA optic is much more fragile compared to a polycapillary, hence needs
extra caution during handling, mounting and experiment. The metal coating on polycapillaries
makes them durable. In contrast, SCAs are still undergoing development and current stage has no

protective coating.

Ease of mounting and alignment: Due to fragility and very short working distance, the
mounting and alignment of a SCA optic need extra caution. In contrast, mounting and alignment

is much easier with a polycapillary as they are durable and offer longer working distance.

2.3 Polycapillary Based CXFI/ CXAS Studies

Systems studied in this thesis using the polycapillary optic based CXFI included (a)
zebrafish larvae exposed to organic and inorganic mercury, (b) mouse brain sections, (c)
zebrafish larvae exposed to elevated selenium, and (d) archaeological human bones. The
exposure of zebrafish to the mercury and selenium compounds and related sample preparations
were approved by the University of Saskatchewan’s Animal Research Ethics Board and adhered
to the Canadian Council on Animal Care guidelines on the care and use of fish in research,
teaching, and testing. Ethics approval with regard to studying archaeological bone samples was
also obtained from the University of Saskatchewan Biomedical Research Ethics Board prior to
the study. Among the list, samples in a and b were measured at various stages of the
development of CXFI setup, and samples in ¢ and d were measured with a stable CXFI setup.
The experiments at the developmental stages have played important role in the improvement of
setup, thus in achieving the goal of this thesis. However, as one can imagine, the results from the
test experiments were often imperfect due to the limitations present in the setup. On the other
hand, the experiments which exploited the stable CXFI setup shed light on better understanding

of the important scientific issues. The following sections present the description of experiments.

2.3.1 Measurements at 20ID-B, APS

The CXFI development project reported in this thesis was conducted through a close
collaboration with the beamline 20ID-B at APS. This beamline offers several important

capabilities suitable for a CXFI application, such as high flux approaching 1x10"' photons/s/um?,
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micro-beam down to 1-2 um, and access to absorption spectroscopy. A detail of the setup and
capabilities of the beamline can be found elsewhere.®’ The choice of 20ID-B as our experimental
venue was also influenced by the partnership relation between CLS and 20ID-B, APS through
the CLS@APS programme. The majority of experiments presented in this thesis have exploited
the Canadian share of beamtime made available via the Partner User Agreement between CLS
and APS. This project contributed to the upgrade of beamline 20ID-B to include the confocal
capability in XFI and XAS. The following sections summarize all polycapillary based CXFI /

CXAS measurements performed at 20ID-B at various stages of the technique development.

2.3.1.1 Zebrafish larva exposed to organic Hg

This study represents the first test CXFI experiment at 20ID-B, APS. A zebrafish larva
exposed to organic mercury (Hg) was chosen as the test sample. This system was previously
studied using a conventional XFI experiment to understand the mechanism of the toxicity of
organic Hg.® The substantial knowledge made available from that previous study influenced the
selection of this particular sample as a test specimen. The objective of this test measurement was
to repeat the elemental imaging of fish eye using the first installed CXFI setup at 20ID-B and

then to compare the results with that of previously published in the conventional XFI study.®

The first CXFI setup at 20ID-B, APS: Beamline 20ID-B employs an X-ray microprobe
based on a K-B mirror pair. One of the great advantages of K-B mirror is its achromaticity,
which allows large energy changes without realignment. This enables employing high excitation
energy to excite nearly all elements in an imaging experiment, and then continuing with XAS
experiments in which lower excitation energies are exploited. There are two sets of K-B mirror
pairs at 20ID-B, a 200 mm long pair typically used for achieving 4 - 6 pm beam spot and a pair
of 100 mm long mirrors capable of focusing down to 1 - 2 um beam spot size.” For the detection
side focusing optic, a polycapillary purchased from XOS® of focal spot = 25 pm (at Mo K),
working distance = 10 mm, and collection angle = 20° was employed. The polycapillary was
mounted on the snout of a single element Vortex® silicon drift X-ray fluorescence detector. Both
the detector and sample were mounted on high precision XYZ motorized stages. An ion chamber

Iy, placed between the K-B mirror pair and sample, was used to measure the intensity of incident
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X-ray beam. Sample and detector were mounted at 45° and 90°, respectively to the incident X-
ray beam. This geometry minimizes the scattering of linearly polarized synchrotron radiation as
the scattering cross-section along the e-vector is zero.” For the measurement of elemental maps,
the sample was spatially rastered in the micro-beam by means of the translation of a high
precision XYZ stage. Figure 2.4 shows a photograph of the first CXFI experimental setup at
20ID-B beamline.

Figure 2.4 A photograph showing the first CXFI setup at beamline 20ID-B, APS.

Methods: Three days old zebrafish larvae were exposed to 0.5 uM methylmercury L-
cysteineate solution for 18 hrs. Fish larvae were fixed in 4% paraformaldehyde and finally
embedded in 1% agarose gel. The gel block sections containing fish heads were carried to
beamline 20ID-B, APS for the experiment. An intact eye was targeted for the CXFI
measurements. The experiment was performed using the CXFI setup described above with a
beam size of ~ 4 um (horizontal) x 6 um (vertical). The alignment of incident and detection
focusing optics, K-B mirror and polycapillary, to form the probe volume took approximately 8
hrs of beamtime. A rough estimate of the coordinates confining the volume containing a fish eye

was determined by performing several one and two dimensional coarse scans. For depth
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profiling, a series of two dimensional maps were collected at every 25 um depth by translating
the sample toward the polycapillary, equivalent to moving the probe volume deeper into the
sample. A series of ten sequential two dimensional maps covering the whole eye were collected.
Each had an area of 600 um x 400 um and took approximately 1.5 hrs of beamtime with 0.4 sec

per point integration time. Thus a total of ten maps took approximately 15 hrs of beamtime.

Data were analysed using the SMAK (http://home.comcast.net/~sam_webb/smak.html)
and Voxler® (http://www.goldensoftware.com/products/voxler) software packages. The recorded
fluorescence counts were normalized to the incident X-ray intensity and were background
corrected by subtracting the average intensity of pixels outside the image from the intensity of

each pixel of the image.

Results and Discussion: Figure 2.5 shows ten consecutive two dimensional maps
collected at every 25 um depth through the eye. The elemental distribution of Hg, Fe, and Zn are
shown in red, blue, and green, respectively. The eye lens started appearing in the third map and
continued till the eighth map. The circular shaped bright red blob represents the occurrence of
the accumulation of Hg in the eye lens. The bowl-shaped green structure represents the Zn
distribution in the retina. A movie showing three dimensional distributions of elements was
generated by the stacking of all ten maps. Figure 2.6 shows a snapshot taken from that movie. A
comparison of the results with that shown in the previous conventional XFI study8 shows good
agreement. Both studies show a striking preferential accumulation of organic Hg occurring in the
outer layer of eye lens and the presence of Zn in the retina.® The ability of the employed CXFI
setup to reproduce these results was indicative of a successful initiation of CXFI project at 20ID-
B.

While the performance of this first CXFI configuration was promising, some irradiation
effects such as browning and slight melting on sample at the end of the experiment were
observed. In contrast to conventional XFI measurements, the CXFI measurements lead to higher
irradiation of the sample as the same path is irradiated multiple times during the course of
measuring successive optical sections. The prolonged irradiation results in drying, browning and

melting of the sample and embedding material. Therefore, a cooling system was proposed to be
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installed in order to improve the performance of the setup in Figure 2.4 when measuring delicate

biological samples, a modification which was implemented as described in 2.3.1.2 below.

Hg & Fe Hg & Zn

Figure 2.5 Consecutive two dimensional CXFI elemental maps along the depth of an
intact zebrafish eye. The numbers on left represent the sequence of optical sections with a depth

increment of 25 um for each. Each map shows an approximate area of 600 um x 400 um.

W
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Figure 2.6 A snapshot from the movie constructed by stacking and combining the maps

of Figure 2.5. Figure displays the distribution of elements in three dimensions.
2.3.1.2 Zebrafish larva exposed to organic and inorganic Hg

In this stage, the experimental setup described in the previous section (Figure 2.4) was
improved by installing a liquid nitrogen based cooling system (Figure 2.7), which was intended
to minimize the effect of irradiation on the sample. The objective of this experiment was to test
the performance of the newly installed cooling system. A previously studied system was chosen
as the subject of the experiment in order to take advantage of the known outcomes. Two
zebrafish larvae, one exposed to organic Hg and the other exposed to inorganic Hg were studied
to compare the uptake of organic and inorganic forms of Hg in zebrafish larvae. This was

previously studied using a conventional XFI experiment.'”

Method: The CXFI setup at 20ID-B presented in section 2.3.1.1 was employed, with the
addition of a newly installed cooling system. The cooling system, as shown in Figure 2.7,
comprised of a liquid nitrogen dewar, a LNP4 liquid nitrogen pump, and a Linkam THMS600
stage. The sample was mounted inside the Linkam THMS600 stage, which received a constant

liquid nitrogen flow to maintain sample temperature approximately at -80°C throughout the
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experiment. For sample preparation, zebrafish larvae of 3.5 days post fertilization exposed to
IuM mercury chloride (HgCl;) or 1uM methyl mercury chloride (CH3;HgCI) solutions were
fixed in 4% paraformaldehyde and embedded in polymer. The established protocol employed for
zebrafish fixation and embedding can be found elsewhere.'® In the experiment, HgCl, and
CH;3HgCl samples were measured to collect respectively 11 and 14 sequential two dimensional
maps of area 870 um x 600 um and 680 um x 600 um at every 25 um of depth. Approximately,

30 hrs of beamtime was required to accomplish collecting maps for both samples.

Results and Discussion: Figure 2.8 shows snapshots from the movies created by the
stacking of depth specific two dimensional elemental maps measured from zebrafish larvae
samples exposed to organic CH3;HgCl and inorganic HgCl, mercury compounds. While the
CH3HgCl-map was extended till the yolk-region, the HgCl,-map was focused only at the eye-
region due to the bigger sample size and limited synchrotron beamtime. A comparison between
the maps shows a striking fact that the accumulation pattern of Hg in zebrafish varies with its
chemical species. No Hg accumulation is observed in the eyes of HgCl, map, but CH;HgCl-map
shows Hg in lens epithelial region for both eyes. The brain region between two eyes show more
Hg and less Zn in case of HgCl, compared to CH3HgCl. Regardless of the type of exposure, Se
and Zn are predominantly present respectively in the eye lens and retina. These results show

close similarity with that of reported previously.10

It was observed that the installation of the cooling system greatly helped reducing the
irradiation effect, however still a further improvement was felt necessary as the experiment was
affected by an abrupt stop necessitated by a sudden temperature rise and consequent melting of
sample. The consequence of the abrupt stop is visible in the HgCl,-map, in which although a
complete view is available for one eye, the other eye is only partially visible. A follow-up
investigation revealed that this abrupt increase in temperature was due to the occurrence of an
ice-clogging in the transfer line. This ice-clogging interrupted the liquid nitrogen flow, thus
increasing the temperature of the sample. In order to prevent such ice-clogging, the
implementation of a better quality and larger diameter transfer line was proposed. The
measurement of CH3;HgCl-map was also interrupted by a sample shift, which was thought to be

due to the vibrations from the refill of liquid nitrogen dewar every few hours. This refill was
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necessitated by the small size (2L) of the dewar as the size was insufficient for many hours long
CXFI experiment. Therefore, in addition to a better quality and larger diameter transfer line, the

purchase and installation of a bigger dewar was also proposed for future experiments.

e B N2 transfer B
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Figure 2.7 A photograph of CXFI setup at 20ID-B, APS with the newly installed sample

cooling system. Inset shows a zoomed in view of the Linkam THMS600 sample stage.
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Figure 2.8 Elemental distributions in the snapshots taken from the movies generated
through stacking of two dimensional maps measured from zebrafish larvae exposed to CH3;HgCl
and HgCl,. Map area: 870 um x 600 um for CH3HgCl and 680 pum x 600 um for HgCl,. Colour
legend: Zn in green, Se in yellow and Hg in red. RT: Retina, EL: Eye lens, BR: Brain and YK:
Yolk.

2.3.1.3 Mouse brain

This experiment attempted a feasibility test of measuring a mouse brain sample at 20ID-
B, APS using CXFI. This experiment shared the same run of beamtime exploited in the above
section 2.3.1.2; hence no reliable cooling system was available due to the problem as a result of
ice-clogging. Metal distributions in the hippocampus are critical for the understanding of
Alzheimer’s or other neurodegenerative diseases,'' hence the hippocampus area of a mouse brain
was targeted in the experiment. A concern in the area of brain tissue research is that, the metal
distributions may be altered as a consequence of tissue sectioning.'> A confocal mode of
measurement can be very useful in addressing this concern, as the confocal approach allows

avoiding thin sample sectioning by enabling measurement of the intact samples.

Method: The CXFI setup shown in Figure 2.4 without a cooling system was employed.
The hippocampus-region section from a freeze dried wild type mouse brain was sandwiched
between a metal free plastic coverslip (PET film) and thermanox, which then was measured for

metal distributions. The hippocampus area and a lateral ventricle on the right side of the brain
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were imaged. Ten depth specific two dimensional elemental maps of area 3 mm x 2 mm were
collected at every 25 um depth. Each map took approximately 3.5 hrs of beamtime, thus a total

of approximately 35 hrs of beamtime was required in the experiment.

Results and Discussion: Figure 2.9 shows a snapshot from the movie generated by the
stacking of ten depth specific two dimensional maps. A distinct pattern of iron distribution in the
map nicely shows the hippocampus structure.'' Cu is observed in the periventricular regions of
the lateral ventricle. These observations are consistent with the findings of Pushie et al."> and
Antharam er al.'' A crack visible in the map can be attributed to the sample drying due to long
irradiation. The post measurement examination of sample using microscope showed tearing of
sample. It may be worth noting that, a lesser extent of irradiation effect was observed in the
freeze dried samples used herein compared to the formalin fixed samples presented in section
2.3.2.1. The observed irradiation effect further emphasizes on the requirement of a cooling

system for biological CXFI.

Ventricle

Figure 2.9 Elemental distributions in the vicinity of hippocampus and right lateral
ventricle in a mouse brain. Map area = 3 mm x 2 mm. Color legend: Fe in red, Cu in green and

Zn in blue.
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2.3.1.4 Zebrafish larvae exposed to elevated selenium

This study exploited the first stable CXFI setup installed at 20ID-B, APS. The
implementation of a better quality transfer line and bigger dewar allowed achieving a reliable
cooling system for the setup. The improved cooling system was successfully used to keep the
sample cool at -80 °C by maintaining a constant flow of liquid N, throughout the course of this
experiment. The experimental setup shown in Figure 2.7 with an improved cooling system, and a
beam spotsize and polycapillary depth resolution of ~5 pm x 5 pm and ~40 pm (at Se K,),

respectively was employed.

The study investigated the effect of embryonic exposure to elevated selenium by
employing CXFI and CXAS to determine the distribution and localized speciation of Se in intact
zebrafish larva sample. The ability to employ an intact sample avoided sample sectioning,
enabled investigation of a generic volume element anywhere in the sample and ensured sample
integrity. Additionally, the use of confocal geometry led to an increased signal-to-background
ratio, as the polycapillary rejected emission or scatter originating from outside of the confocal
volume. A successful completion of about 3 days long CXFI measurements with no obvious
irradiation effect on sample proved the effectiveness and reliability of the developed cooling
system. The CXAS experiment performed herein marked the first implementation of biological

CXAS.

Details of this investigation are presented in chapter 3 of this thesis. This study is

published in Environmental Science & Technology 49: 2255-2261 (2015).

2.3.1.5 Archaeological human bone

This study also exploited a stable CXFI setup at 20ID-B, APS. A cooling system was not
used, since the thickness of the sample was too high to fit inside the cooling stage, and bone is
expected to be more resistant to radiation compared with the zebrafish larvae or rat brain
samples. The experimental setup presented in Figure 2.4 with a micro-beam of ~ 5 um X 5 pum

spot-size and a polycapillary depth resolution of ~40 um (at Pb L,) were employed.
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Study of the trace element content in archeological samples provides important insight
about the health and lifestyles in the past, however the scope of such studies are often limited by
the fragile nature of the poorly preserved archaeological samples. Synchrotron based XFI
provides greatest element specificity in elemental imaging but the standard technique requires a
sample thickness equal to the desired spatial resolution. A fragile archeological sample is
therefore a challenge for standard XFI. In this study, a poorly preserved archaeological human
bone sample recovered from the Royal Naval hospital Cemetery (c. A. D. 1793 — 1822) near
English Harbour, Antigua was measured for elemental mapping using CXFI. The study
demonstrated the value of CXFI as a tool for generating high resolution elemental images from a
selected section within a thick fragile archaeological bone sample showing excellent details of

elemental incorporation into bone microstructures.

Details of this investigation are presented in chapter 4 of this thesis. This study is

accepted for publication in Archaeometry (2016, In press, DOI: 10.1111/arcm.12232).

2.3.2 Measurements at G-Line, CHESS

The G-line at CHESS offers a bigger beam spot size of ~ 25 um, which is relevant for a
bigger biological sample such as a brain. Hence, this experiment was intended to take advantage
of a bigger beam at G-Line, CHESS. The additional purpose of this experiment was to gain
CXFI expertise from CHESS, since a depth profiling study of a multilayered paint sample was
previously reported based on CXFI data produced at CHESS.'* The following study represents
the first biological CXFI measurement at G-line, CHESS.

2.3.2.1 Transgenic mouse brains

Prion protein (PrP) has received considerable research attention due to its role in the
fatal neurodegenerative disease called prion disease.”” A previous conventional XFI study
showed considerable variation in the localization and concentration of metals in the vicinity of
lateral ventricles among the wild-type, prion gene knockout and prion gene over-expressing
brain samples.” In this study, transgenic mouse brain sections collected from wild-type, prion

gene knockout and prion gene over-expressing mice were chosen as test samples. The objective
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of the experiment was to test the feasibility of the employed CXFI setup in measuring the
elemental distributions of these three types of mouse brains, while taking advantage of the bigger

beam size (~25 um) available at G-Line, CHESS and known outcome of the experiment.

The CXFI setup at G-Line, CHESS: A single bounce monocapillary developed at
CHESS," was used to focus the incident beam onto the sample. Monocapillaries are compact
and demonstrated to function well at up to 40 keV." Also, monocapillaries offer a working
distance of up to several cm and reflection efficiencies of upwards of 90%. Fluorescence was
collected by employing a XOS® polycapillary of focal spot ~25 pum, as used at 20ID-B, APS,
mounted on a Rontec (Carlisle, MA) Xflash silicon drift detector. The components such as,
monocapillary, sample, and detector were mounted on high precision motorized translation
stages for the purposes of alignment and scanning. The sample was positioned at 45° to the
incident beam and detector. The CXFI measurements at CHESS used ~16 keV of excitation
energy. The unattenuated flux on the sample was estimated to be ~2 x 10'" photons/s. Figure

2.10 shows a photograph of the CXFI setup at G-line, CHESS.

Monocapillaiy '

Sample Stage $¥< g

4

Figure 2.10 A photograph of the CXFI setup at G-line, CHESS.

Method: The formalin fixed transgenic mouse brains were sectioned in 1 mm thick slices

using a tissue matrix, and then a single slice from similar brain region per type was sandwiched
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between a metal free plastic coverslip (PET film) and thermanox. To prevent the quick drying of
brain sections, a small formalin-dipped Kim wipe piece was placed in the corners of sandwiches.
In the experiment, these sandwiched brain sections were mounted on the sample stage with the
PET film side facing the beam as the PET films are ultrathin and minimize the attenuation of
fluorescence. Experiments employed the above CXFI setup with a beam size of approximately
20 pm x 20 um. The alignment of monocapillary, sample, and polycapillary took approximately
5 to 6 hrs of beamtime. Several coarse scans were performed to identify the coordinates of the
volume confining the lateral ventricle in a brain section sample. Depth specific two dimensional
elemental maps at every 30 um of depth were collected by translating the sample on a motorized
XYZ stage. Approximately 19 hrs of beamtime per sample was required to accomplish collecting

a series of 15 depth specific two dimensional maps of area ~ 2 mm X 2 mm.

Data were analysed using the SMAK (http://home.comcast.net/~sam_webb/smak.html)
and Voxler® (http://www.goldensoftware.com/products/voxler) software packages. The recorded
fluorescence counts were normalized to the incident X-ray intensity and were background
corrected by subtracting the average intensity of pixels outside the image from the intensity of

each pixel of the image.

Results and Discussion: Figure 2.11 presents snapshots taken from the movies showing
three dimensional distributions of elements in the vicinity of lateral ventricles in the brain section
samples of prion gene knockout (a), prion gene over-expressing (b), and wild type (c) mouse
brain samples. For comparison, all maps were created with the same color contrast and settings.
The comparison shows clear variations in the distributions of Cu and Ca among the samples.
Overall, the prion gene knock-out and over-expressing samples respectively show higher and
lower concentrations of Cu and Ca around the ventricle compared to the wild type. A
considerable colocalization of Cu and Ca is observed in the knock-out and wild type samples. A
thin structure appearing as a connecting tissue in the ventricle of over-expressing sample is the
choroid plexus,'® which produces cerebrospinal fluid in the brain and also acts as a filtration
system for the removal of metabolic waste and foreign substances from the cerebrospinal
fluid."” There is evidence that a choroid plexus plays crucial role in metal sequestration and

transport into the brain.'” However, it is difficult to image using a conventional XFI experiment
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as it is a delicate structure and often lost during sample sectioning.'” The appearance of choroid
plexus in the present study certainly demonstrates a strength of CXFI. A CXFI experiment is
inherently designed to enable the measurement of intact samples, thus is able to play a significant
role in imaging delicate biological structures such as a choroid plexus. A comparison of the
results with those in the conventional XFI study published previously show good agreement.'
Both studies show that the over-expressing prion gene sample is greatly different than the wild

type with regard to the distributions of Cu and Ca.

Although caution was taken to reduce the sample drying by implementing wet Kim wipes
inside the sample sandwiches, some tears were still visible (Figure 2.11 (b)). Measuring the

samples with a cryoprotection in place should prevent the brain tissue from tearing.

Figure 2.11 CXFI derived elemental distributions in the vicinity of left lateral ventricles
in mouse brain samples. (a) A prion gene knockout (2 mm x 2 mm), (b) A prion gene over-
expressing (2 mm x 2 mm) and (c) A wild type (1.5 mm x 2.5 mm). Color legend: Cu in green,

Zn in blue, Ca in yellow, and Fe in red.
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2.4 SCA Based CXFI/ CXAS Studies at 20ID-B, APS

The SCA optic (section 2.2.2), developed at CHESS, is a novel alternative of
polycapillary detection optic. The implementation of SCA optic was intended to achieve better
spatial resolution than a polycapillary in CXFI. Since a brighter synchrotron source supported the
better performance of SCA optic, the beamline 20ID-B was the primary venue for implementing
this device. Samples studied in this thesis using SCA optics included (a) ancient stained glass
and (b) archaeological human bones. The inorganic type ancient stained glass samples were
chosen for the first trial due to the higher metal concentrations and less delicate nature compared
to the biological counterparts. After a successful initiation of the implementation of the optic, a
number of biological samples of contrasting nature were measured by employing SCA optics of

varied depth resolutions.

2.4.1 Antique stained glass

This study exploited the first stable SCA based CXFI setup installed at 20ID-B, APS. The
implementation of a Linkam cooling stage was neither practical due to the very small working
distance available in a SCA based setup nor necessary due to the inorganic nature of sample used
in this experiment. A 200 mm long K-B mirror pair for achieving a beam spot size of
approximately 5 pm x 5 pm was employed. A SCA optic of 7 um depth resolution, fabricated
from the silicon substrate, comprising 96 channels with a 4 mm channel length and an etch depth
of about 200 microns was employed. A working distance of only few hundred microns was

available for the sample translation necessitated by alignment and scanning.

Stained glass windows were one of the major pictorial art forms in medieval European
culture and many examples still exist in their original form. In order to optimize cleaning,
restoration and conservation procedures of these valuables, it is important to explore in-depth
non-invasive elemental investigations. This study employed SCA based CXFI and CXAS in
stained glass samples from 13" century Paderborn Cathedral, Germany to demonstrate the
efficacy of SCA derived superior spatial resolution in depth-profiling of the distribution and

speciation of elements. The study represented the first demonstration of SCA based CXAS.
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A detail of this investigation is available in chapter 5. This study was published in

Journal of Analytical Atomic Spectrometry 30: 759-766 (2015).

2.4.2 Archaeological human bone

This study also exploited stable SCA based CXFI setups installed at 20ID-B, APS. The
implementation of a Linkam cooling stage was neither practical due to the very small working
distance available in a SCA based setup nor necessary as this sample showed no obvious
irradiation effect when measured previously using a polycapillary based CXFI setup (section
2.3.1.5). Two CXFI configurations constructed based on two versions of SCA optics comprising
2 um and 5 um resolutions both etched from germanium substrates were employed. The 2 um
optic was comprised of 101 channels with channel length of 4 mm. The etch-depth and working
distance for this optic was about 200 microns and 1 mm. The 5 um optic had 75 channels of
channel length 1.5 mm, and an etch depth and working distance of about 300 microns and 1.5
mm, respectively. Two sets of K-B mirror pairs; a 200 mm long pair for achieving approximately
S um X 5 um beam spot to use with the 5 um SCA optic, and a pair of 100 mm long mirrors for
producing approximately 2 pm x 2 um beam spot size to use with the 5 um SCA optic, were

employed.

The poorly preserved archaeological bone samples recovered from the Royal Naval
Hospital cemetery (c. A.D. 1793-1822) near English Harbour, Antigua were previously studied
using polycapillary based CXFI and presented in section 2.3.1.5. These samples are further
studied here to take advantage of SCA derived superior resolution CXFI. By employing CXFI
and CXAS, respectively, the three dimensional elemental distributions and the highly localized
chemical forms of Pb were measured. This study demonstrated the first application of
germanium based SCAs, which enabled studying higher energy fluorescence such as Sr Ka. This
study enabled collecting subcellular resolution maps and bone microstructure specific speciation
information with an improved signal to noise. The CXAS experiment performed here marked the

first SCA based biological CXAS.

A detail of this investigation is available in chapter 6.
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CHAPTER 3.  Selenium Preferentially Accumulates in the Eye Lens Following

Embryonic Exposure: A Confocal X-ray Fluorescence Imaging Study

3.1 Preface

This chapter illustrates the implementation of first confocal X-ray fluorescence setup at
beamline 20ID-B, APS, as described in section 2.3.1.4. The study utilized CXFI and
demonstrated first demonstration of biological CXAS in studying Se distribution and speciation
in intact zebrafish larvae received elevated selenium through maternal transfer. A possible
causality between the exposure to elevated Se and Se-induced ocular impairments is discussed

based on a preferential accumulation of Se detected in the eye lens.

3.2 Manuscript Author Contributions

This chapter has been published in Environmental Science and Technology: Choudhury,
S.; Thomas, J. K.; Sylvain, N. J.; Ponomarenko, O.; Gordon, R. A.; Heald, S. M.; Janz, D. M.;
Krone, P. H.; Coulthard, 1.; George, G. N.; Pickering, 1. J. Selenium preferentially accumulates
in the eye lens following embryonic exposure: A confocal X-ray fluorescence imaging study.
Environmental Science and Technology 2015, 49, 2255-61. Copyright 2015, American Chemical
Society. DOI: 10.1021/es503848s. The chapter is reprinted with permission and has been
reformatted from the published version for inclusion in the thesis.

The author contributions are provided below.

S. Choudhury prepared samples, collected and analyzed the data, and drafted the
manuscript.

J. K. Thomas exposed maternal zebrafish to elevated selenium and collected eggs.

N. J. Sylvain assisted with sample preparation.

O. Ponomarenko provided a script for easier XAS data analyses.

R. A. Gordon and S. M. Heald assisted with experimental setups at the beamline.
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D. M. Janz and P. H. Krone provided resources from their laboratories to produce and
prepare samples.

L. J. Pickering submitted the manuscript and revisions to the journal.

I. Coulthard, G. N. George, and I. J. Pickering supervised this research, providing

guidance, scientific input, comments for improving manuscript, and funding.

3.3 Abstract

Maternal transfer of elevated selenium (Se) to offspring is an important route of Se
exposure for fish in the natural environment. However, there is a lack of information on the
tissue specific spatial distribution and speciation of Se in the early developmental stages of fish,
which provide important information about Se toxicokinetics. The effect of maternal transfer of
Se was studied by feeding adult zebrafish a Se-elevated or a control diet followed by collection
of larvae from both groups. Novel confocal synchrotron-based techniques were used to
investigate Se within intact preserved larvae. CXFI was used to compare Se distributions within
specific planes of an intact larva from each of the two groups. The elevated Se treatment showed
substantially higher Se levels than the control; Se preferentially accumulated to highest levels in
the eye lens, with lower levels in the retina, yolk and other tissues. CXAS was used to determine
that the speciation of Se within the eye lens of the intact larva was a selenomethionine-like
species. Preferential accumulation of Se in the eye lens may suggest a direct cause-and-effect
relationship between exposure to elevated Se and Se induced ocular impairments reported
previously. This study illustrates the effectiveness of confocal X-ray fluorescence methods for

investigating trace element distribution and speciation in intact biological specimens.

3.4 Introduction

Selenium (Se) is an essential trace element but exhibits toxicity at elevated levels with
only a narrow margin in concentration between its essentiality and toxicity.'® Elevated Se in the
aquatic environment mainly originates from its mobilization via anthropogenic activities such as
metal and coal mining, petroleum refining and agricultural drainage.'”’ Trace amounts entering
the aquatic environment tend to bioaccumulate through aquatic food webs, accumulating to the

highest levels in top predators such as fish, aquatic birds and amphibians.'” The adverse effect
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of elevated Se in fish can manifest itself in different ways, including developmental
abnormalities,' decreased swim performance,”® reproductive failure* and ocular problems.
Maternal transfer of Se is a major route of environmental exposure in fish, in which dietary
consumption of higher levels of Se by adult female fish results in incorporation of elevated Se in
eggs during vitellogenesis or yolk deposition.® Developing embryos are sensitive to the elevated
Se in the yolk; developmental problems can occur during early development as yolk is utilized as
an energy source.® An understanding of the Se toxicokinetics following such maternal transfer of
elevated Se is therefore essential in order to explain why certain developmental problems would
occur, but to date information regarding Se distribution and speciation during this critical early
life stage in fish is lacking. It is likely that, following embryonic exposure, there will be a
significant spatial heterogeneity in Se distribution and speciation among different larval tissues.
The ability to reveal this information will significantly contribute to the understanding of Se

toxicokinetics, and is the subject of this paper.

Zebrafish (Danio rerio) is a common model organism for the study of vertebrate
toxicology.9 Zebrafish have been used to evaluate the toxicity of various agents9 including
Se.”®!% Here, we investigate the effect on zebrafish larva of embryonic exposure to elevated Se
by examining larval Se distribution and speciation. This was achieved by exposing adult female
zebrafish to a diet spiked with selenomethionine, chosen because it is the major form of
organoselenium in aquatic food and tissues of invertebrates and fish. >3 Although maternal
dietary exposure to other Se species will occur, dietary selenomethionine thus represents the
dominant Se exposure scenarios of adult and embryo-larval fishes inhabiting many Se elevated
aquatic environments. An environmentally relevant dietary concentration of 30 pg Se/g dry
mass>®'" was chosen based on similar concentrations reported in fish prey collected from Se
affected sites."*'* Previous studies have demonstrated that similar exposure via maternal transfer
resulted in egg Se concentrations of 21.9 and 34.1 pg Se/g dry mass when adult zebrafish were
fed respectively 26.6 and 27.5 pg Se/g dry mass selenomethionine-spiked diets.'"""> These
previous studies also have shown that exposure to these levels of selenomethionine resulted in
immediate and persistent toxicities, such as increased larval deformity and mortality, and
significantly reduced swimming performance and tailbeat amplitude in first generation larval

fish.'"?
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Figure 3.1 Experimental arrangement for CXFI at beamline 20-ID, APS. (a) A
photograph showing the arrangement of K-B mirror (incident focusing optic), polycapillary
(detection focusing optic), sample stage and detector. (b) Focal spots of two focusing optics
intersect to form the confocal volume (Vc) inside the sample. In confocal mode, detection is

limited to the confocal volume.

In this study, we demonstrate the use of synchrotron-based CXFI and CXAS to determine
the tissue specific distribution and speciation of Se, respectively. Although conventional XFI has
been used previously to study elements in sectioned zebrafish larvae,'*™"* CXFI*** enables the
study of a specific layer within an intact larva, excluding unwanted signal contribution from
outside of the confocal volume to yield an improved signal-to-noise ratio. In addition, the use of
confocal geometry with XAS gives information on the chemical form in a specific volume
element of the larva. By using confocal synchrotron X-ray techniques to study zebrafish larvae
following maternal transfer of Se, we observed that the highest degree of Se accumulation occurs
in the eye lens, in a selenomethionine-like form. The observed preferential accumulation in the
eye lens may suggest a direct causality between the exposure to elevated Se and the ocular

impairments, as we will discuss.
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3.5 Materials and Methods

Zebrafish Preparation: Adult zebrafish, purchased from a local supplier, were housed in
an environmental chamber with controlled temperature (28.0 + 1.0 °C) and photoperiod (14 h
light, 10 h dark). Fish were introduced into four 25 L glass aquaria (12 fish/tank) with continuous
aeration and filtration, after which treatments were randomly assigned to aquaria, with n = 2
aquaria replicates per treatment. During a 2 week acclimatization to laboratory conditions, fish

were fed Nutrafin basic flake food (Hagen Inc., Montreal, QC, Canada).

Diet Preparation and Feeding: The experimental diet was prepared by dissolving seleno-
L-methionine (purity > 98%, Sigma Aldrich, Oakville, ON, Canada) in deionized distilled water
and then adding to Nutrafin flake food (30 pg Se/g dry mass), as described previously.s’6 The
control diet was prepared by adding an equivalent volume of water without selenomethionine to
food. Food was lyophilized in a freeze-dryer (Dura- Dry MP, FTS Systems, Stone Ridge, NY,

USA). Freeze-dried diets were crushed into flakes and stored at -20 °C in airtight containers.

Se Exposure: All methods applied in the present study were approved by the University
of Saskatchewan’s Animal Research Ethics Board, and adhered to the Canadian Council on
Animal Care guidelines for humane animal use. Fish were fed twice daily (5% body weight/day
ration) with either control or selenomethionine spiked food for 25 days. Fish were allowed to
feed for 2 h, after which excess food was siphoned from the aquarium bottom. During the
feeding experiment, 75% of water was renewed from each aquarium every day to minimize
aqueous selenomethionine exposure to fish.® After 25 days, adult fish from each treatment group
were bred; fertilized eggs were collected, cleaned and staged following standard procedures.23

After staging, the two groups were reared in separate Petri dishes at 28°C until 72 h post

fertilization (hpf).

Sample Preparation: Fish larvae samples were prepared for XFI measurements following
an established protocol of zebrafish fixation and embedding described elsewhere.'® Larvae (72
hpf) from both Se and control groups were fixed in 4% paraformaldehyde for 18 h at 4 °C. Fixed
larvae were then dehydrated in a series of solutions of ethanol (0%, 25%, 50%, 75% and 100%)
in Phosphate Buffered Saline Tween (PBST; 30 mM PBS and 0.1% Tween 20) solution for 5
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min each, and stored in 100% ethanol at —20 °C. Prior to embedding, stored larvae were
rehydrated in PBST following the reverse steps of dehydration. Initial embedding of larvae was
in 1% agarose gel. Next, the gel blocks of larvae were dehydrated in 100% ethanol by gentle
shaking for 8 h at 4 °C. The blocks were then infiltrated overnight in an infiltration solution
(prepared by adding 100 mL of JB-4 solution A to 1.25 g of catalyst followed by 10 min of
stirring) on a rotating stirrer at 4 °C, followed by an additional 6 h with fresh solution. For JB-4
embedding, infiltrated blocks were placed in embedding molds filled with mounting solution
(prepared by adding 1 mL of JB-4 solution B to 25 mL of fresh infiltration solution) and left
overnight at 4 °C. Following solidification, polymer blocks containing fish larvae were obtained.
This sample preparation procedure can be detrimental to the elemental chemical form; hence
care must be taken in interpretation of the results. Next, a Hillquist thin section machine with an
ultrathin diamond blade was used to cut the polymer blocks into pieces, each containing a single
larva. In the final step carried out under the microscope, excess polymer around each larva was

trimmed off using a straight edge razor blade.

Data Collection: Synchrotron-based CXFI was used to determine the elemental
distribution within the samples. Measurements were carried out at the 20ID-B beamline of the
APS at Argonne National Laboratory, Argonne, IL with the storage ring operating in continuous
top-up mode at 102 mA and 7.0 GeV. The incoming beam was tuned to the desired excitation
energy by using a liquid-nitrogen-cooled Si (111) double crystal monochromator with the second
crystal detuned by 15% to reduce harmonic contamination. A microbeam spotsize of 5 x 5 um’
was produced using Rh-coated silicon K-B style focusing mirrors, which also served to provide
additional harmonic rejection. The incident energy was set at 13.45 keV with an estimated
intensity of ~10'* photons/s. Samples were mounted on a Linkam THMSG 600 stage at 45° to
the incident beam and were kept cool at —80 °C by maintaining a constant flow of liquid N2. The
Se Ka emission and other fluorescence X-rays were monitored by a Si-drift Vortex detector (SII
NanoTechnology USA Inc., CA, USA) placed at 90° with respect to the incident X-ray beam.
Spectral regions of interest were set for the Ka fluorescence lines of Se, zinc (Zn), iron (Fe),
copper (Cu) and calcium (Ca) as well as scatter. A polycapillary (XOS) of nominal 25 pm focal
spot (at Mo Ka, 17.4 keV) on the sample was mounted in front of the detector to complete the

confocal geometry, which yielded a confocal volume of approximately 5 x 5 x 40 um3 at Se Ka
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(11.2 keV). Maps were obtained by spatially rastering the sample through the confocal volume.

The experimental arrangement is presented in Figure 3.1.

The CXAS data from zebrafish eye lens at the Se Kedge were collected with the above
setup. The spectra were energy calibrated with reference to the first inflection point of a
hexagonal elemental Se foil (EXAFS Materials Inc.), which was assumed to be 12 658.0 eV.
Near-edge spectra were taken with 0.5 eV steps through the near-edge region and to 150 eV
below and 137 eV above for linear background removal and normalization to edge jump. Spectra

for the Se standards were collected at beamline 7-3 at SSRL, as previously described.***

Data  Analysis: XFI data were analyzed wusing the SMAK software
(http://home.comcast.net/~sam_webb/smak.html). Fluorescence counts were normalized to the
incident intensity measured simultaneously using an ionization chamber and were background-
corrected by subtracting the average intensity from pixels outside the image of the sample.
Intensity attenuation of the incident and fluorescent beams arising from the additional depth into
the sample was calculated using the Beer-Lambert law, which can be expressed as A = log(Io/I) =
opt, where A is the absorbance and Iy and I are the intensities measured before and after crossing
the absorbing medium. The additional path length of X-rays through the medium, t is related to
the separation of the confocal planes in the experiment. The density of the medium, p, is
approximated as that of PMMA (poly (methyl methacrylate), the embedding material). Values of
o, the total absorption cross section of the medium, for both incident and fluorescent X-ray
energies were calculated using the McMaster program in EXAFSPAK (http://www-
ssrl.slac.stanford.edu/exafspak.html). Intensities of the maps of all optical sections were placed
in same relative scale using the SMAK software. XAS data were analyzed using the XAFSPAK

suite of programs.

3.6 Results and Discussion
3.6.1 CXFI

XFI*® without confocal geometry detects elements along the entire path of the beam. All

maps presented herein were measured in confocal mode,”' with fluorescence detected only from
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the microscopic confocal volume of approximately 5 x 5 x 40 um’® defined by the incident and
focusing optics. There are several advantages to this approach. Confocal geometry leads to an
increase of signal-to-background ratio, as the polycapillary rejects emission or scatter originating

from outside of the confocal volume.?’ 2

In addition, it allows the selection of a specific plane
within an intact, unsectioned object, rather than measuring fluorescence from every point in the
trajectory of the incident beam.”** Our ability to use the intact zebrafish sample enabled us to
avoid sample sectioning, which is necessitated for optimum spatial resolution in conventional
XFI. It also allowed the possibility of investigating a generic volume element anywhere in the
sample. Additionally, the use of an intact sample ensured the integrity of the sample by
protecting it from any possible tissue damage or contamination that might result from physical

sectioning.

The tissue specific spatial distribution of Se accumulation was determined in 72 hpf
zebrafish larvae, for which Se had been maternally transferred by feeding adult females
selenomethionine-spiked food or for which adult females had received a baseline Se diet. Figure
3.2 shows CXFI maps obtained for both the control and Se-group larvae. The upper two panels
represent the depth-selective measurements of two consecutive coronal optical sections,
separated by 60 um, within an intact Se group larva. To compare the Se level with the control
group, maps from a control fish larva are presented in the bottom panels. The spatial resolution
for all scans, both horizontally and vertically, was 5 um with an integration time per point of 0.5
s; the average total measurement time for each section was approximately 9 h. Along with the Se
map in the left column, Figure 3.2 also shows the distribution of Zn from the same planes. Maps
of other elements (e.g., Fe, Cu and Ca) are not shown, as they displayed low fluorescent intensity
and no significant anatomical variation; low abundance of these elements in zebrafish larvae is in
agreement with previous studies.'® The color legend at the bottom of Figure 3.2 shows the color
scale representation of the relative elemental concentrations, which are plotted on the same
relative scale for a given element. The fluorescence signal depends not only on the amount of the
element within the confocal volume but also on the attenuation of both incident and fluorescent
beams by the object; it is thus complex to quantify total amounts of elements. However, the
incident and fluorescent X-ray beams for the second optical section of the Se group, displayed in

the middle panel of Figure 3.2, exhibited some additional attenuation, as this section is situated
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60 pum deeper into the sample relative to the first section. This additional attenuation of the

incident and fluorescent X-ray beams is accounted for, as described in the data analysis section.

Several anatomical features, such as eye lens (EL), retina (RT), ear (ER), brain (BR),
swim bladder (SB), pectoral fins (PF) and yolk (YK) are identified (Figure 3.2). It is clear that
the distributions of Se and Zn are spatially heterogeneous and differ from each other. Zn is
relatively abundant in biological tissues and is observed throughout the body. However, elevated
levels of Zn are observed in the yolk sac and retinal pigmented epithelium, as observed
previously.'® Se also appears at considerably higher levels in the yolk compared to most other
tissues; this is of significance because all of the excess Se initially was transferred maternally to
the yolk, which is utilized as the energy source during the early development of larva. The
observed lumpiness in the yolk map represents the natural heterogeneity of the yolk. However,
the most striking observation is the preferential accumulation of Se in the eye lens, with the
highest concentrations in the lens core, and moderate concentrations in the lens epithelium. As
expected, the distributions of elements for both eyes are similar. Because the data collection time
for each optical section (9 h) precluded the detailed scanning of an entire larva, additional optical
sections were scanned with a coarser step size (not shown) but no other region of elevated Se
was observed. The bottom panels show the distribution of Zn and Se in the section of a control
fish larva (Figure 3.2). The distribution of Zn resembles the pattern observed in the Se-group
maps. The concentration of Se is close to the background level in this case, with intensities of all
maps placed for comparison on the same relative scale as discussed in the data analysis section;
the inset shows the same Se map with intensity increased by a factor of 10. In a previous study
using similar treatment conditions, the Se concentration in eggs from fish fed a control diet was
found to be 2.1 + 0.1 pg Se/g dry mass, compared with 34.1 ug Se/g dry mass for eggs from the
selenomethionine-spiked diet.'"""> Thus, our observed intensity differential is consistent with
projected concentrations in the larva, assuming proportionately similar transfer from egg to larva
in both treatments. The inset shows that the low-level Se in the control is broadly distributed in
the yolk and retina, but is not observed in the eye lens, which is identified within the
characteristic Zn retina distribution. From the comparison between maps from the maternally fed
Se group and control group larvae, it can be concluded that the Se observed in the maps of Se

group originates from maternal transfer.
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3.6.2 CXAS

XAS is a sophisticated tool that can be used to determine the chemical forms of
elements.”***"*® The near edge (within approximately 50 eV of the absorption edge) part of an
XAS spectrum can be particularly sensitive to the type of chemical species of the element
concerned.”***"* A “fingerprint” spectrum obtained for a sample of unknown composition can
be compared with standard spectra of known compounds to determine the type of chemical
species. In the case of a mixture of chemical forms, quantitative information about the different
chemical species can be obtained from least-squares curve fitting of a linear combination of

standard spectra.”’®
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In this study, the use of the confocal detection mode allowed depth-selective p-XAS from
a micro volume that enabled higher detection sensitivity compared to conventional XAS on a
thin section sample due to superior rejection of background signal. The confocal geometry
supported ease of return to a specific volume element of interest (the coordinates of high Se
concentration points, in this case) in order to perform spatially resolved XAS measurements.
Although CXFI and fluorescence tomography® both can measure three dimensional elemental
distributions, spatially resolved XAS of a dilute element would be highly challenging in
tomography since reconstruction of spectra from multiple angles is required. Figure 3.3
compares Se K near-edge XAS spectra of the zebrafish larva eye lens with selected Se model
compounds. Distinct variations in the Se K edge features among different model compounds are

228 which are indicative of the rich variability in the local electronic structures. The

apparent,
spectrum of the eye lens shows closest resemblance with that obtained from selenomethionine in
aqueous solution. A small difference may be due to the eye lens and standard spectra being
collected at different beamlines. To simulate the different beamline resolution due to the use of
different monochromator crystal cuts on SSRL 7-3 and APS 20-ID, the selenomethionine

spectrum has been broadened by convolution with a 1.5 eV half-width-half-maximum Gaussian
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that has resulted in improvement in resemblance. Including spectra of other Se species did not

improve the fit.

Selenium treated

Control

Low High

Figure 3.2 CXFI maps showing the distribution of Se and Zn in intact (not physically
sectioned) 72 hpf zebrafish larvae. Bottom row: control zebrafish, scalebar (same for both Se and
Zn) = 100 pm. Upper rows: two confocal sections, displaced by 60 um, of a larva that received
Se through maternal transfer, scalebar =200 um. In each row, left and right images show Se and
Zn, respectively. Se panels are plotted on same relative intensity scale (see text for details). Inset
shows control Se image displayed with greater (x10) sensitivity. Brain (BR), retina (RT), eye
lens (EL), ear (ER), pectoral fin (PF), swim bladder (SB), yolk (YK).
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Figure 3.3 Comparison of Se K-edge XAS spectra of eye lens measured in confocal mode
with selected standard Se species (a, selenate; b, selenocysteinate; c, selenomethionine; d,
broadened selenomethionine) measured using bulk XAS. The eye lens spectrum shows the best
correspondence with the broadened selenomethionine spectrum; the broadening by convolution
with a 1.5 eV half-width-half-maximum Gaussian simulates the different beamline resolution
due to the use of different monochromator crystal cuts on SSRL 7-3 and APS 20-ID. Vertical

offset is added for better comparison.
3.6.3 Preferential accumulation in the eye lens

Although more statistics are required for confirmation, our observations strikingly show
that the eye lens is the main target for excess Se at this developmental stage. We hypothesize that
the preferential accumulation of Se in the eye lens is due to substitution for the naturally
occurring sulfur (S) in the eye lens. Reportedly, y-crystallin constitutes approximately 71% of

3931 moreover, y-crystallin contains S-containing methionine and

total zebrafish eye lens protein;
cysteine amino acid groups.® Although S cannot be detected in our confocal experiment because

fluorescence from this light element in our buried sections is too strongly absorbed by the matrix,
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the presence of endogenous S in the eye lens has been observed previously in XFI elemental
mapping of a section of control zebrafish eye.'®'” The chemical similarity between
selenomethionine and methionine, and the ease with which selenomethionine can substitute for
methionine, has resulted in its routine substitution as a method to solve the phase-problem in X-
ray crystallography of biological macromolecules.® The incorporation of selenocysteine in place
of cysteine can also be used but is relatively difficult as it confers high reactivity.** Double
labeling using both selenomethionine and selenocysteine also can be used when there are too few
methionine residues in the protein.”> As selenomethionine readily replaces methionine, it is
highly likely that the chemical form of Se in the eye lens would be selenomethionine-like, as
determined in our XAS experiment. The ease of potential incorporation of Se into S-rich proteins
in the eye is also facilitated by the larval life stage at which establishment of vision is a high
priority in order to facilitate food acquisition and to evade predation. The cells in the eye lens are
considered one of the most rapidly dividing cell types'® and therefore, it is likely that the excess
Se is preferably incorporated into proteins by these cell types. More work is needed to

investigate this hypothesis.

The investigation of organomercury uptake and accumulation in zebrafish larvae under
different experimental conditions also reported preferential accumulation in the eye but in
different cell types.'®'® In these experiments, larvae were directly exposed to methylmercury in
water for 48 h. Following exposure, XFI showed preferential accumulation of methylmercury in
lens epithelial cells,'® whereas a later higher resolution experiment more precisely located
accumulated mercury to the secondary fiber cells immediately underlying the lens epithelial
cells."® Comparing previous methylmercury work with the present study, both routes and the
times of exposure differ, with exogenous solution and defined time periods in the mercury study
contrasting with maternal transfer via the yolk sac and consequent continuous exposure in the
present study. Although the cell types targeted and the physiological mechanisms both differ, it

is noteworthy that both organoselenium and organomercury species target the eye lens.

3.6.4 Connection to ocular impairments

Our observations suggest that the observed accumulation of Se in the eye lens may have a

direct connection to previously reported ocular impairments related to elevated Se both in
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fish'*>®* and in humans.*>® Se is discussed in connection with ocular impairments in many
reports, where both deficiency and excess of Se are demonstrated as potential risks for
caltauralctogenesis.1’2’5’6’35737’39 As an essential trace element, Se prevents cataract formation by
preventing oxidative damage; thus, Se deficiency may cause cataractogenesis.40 Conversely,
excess Se is found to be responsible for the formation of cataracts presumably due to redox
cycling.’” Other ocular impairments, such as glaucoma in humans,” and exophthalmia and
microphthalmia in fish,” are also found to have a connection with exposure to excess Se. High Se
content in the human eye has been shown to be related to cataracts.”® It seems likely that the
direct incorporation of Se into the eye lens, which we hypothesize is due to selenomethionine
incorporation into the lens crystallin proteins, may be the cause of these ocular impairments. It is
known that the oxidation of protein methionine to methionine sulfoxide is a major contributing
factor in cataract formaltion,41 whereas oxidation of selenomethionine is easier than its sulfur
counterparts.” Hence, we hypothesize that differing susceptibilities of selenomethionine to
oxidation and reduction compared with methionine may form the basis of the mechanism of Se-
induced cataract formation. Further studies are needed to delineate the mechanism, which we

intend to explore in future work.

3.6.5 Environmental implications

In nature, maternal transfer of elevated Se to offspring is a major route of Se exposure.
Although based on limited observations, our work shows that following the maternal transfer,
excess Se is widely distributed in the larval body but to the highest levels within the eye lens in
the form of selenomethionine. As selenomethionine is more easily oxidized than its sulfur
counterparts, it is highly likely that oxidation of selenomethionine would disrupt the strictly
organized structure of the eye lens protein, crystallin. As a consequence, opacification of the eye
lens or cataract would occur. Although more work is necessary for a conclusive statement, our
results suggest that there is a causative relation between this preferential accumulation and
previously reported cataracts in fish inhabiting Se elevated aquatic environments. Our work also
demonstrates the effectiveness of confocal X-ray techniques to study trace element distribution

and speciation in intact biological tissues.
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CHAPTER 4. Confocal X-ray Fluorescence Imaging Facilitates High Resolution

Elemental Mapping in Fragile Archaeological Bone

4.1 Preface

The previous chapter demonstrated the benefit of employing CXFI in studying
distribution of elements within an intact sample. This chapter illustrates how CXFI can be
advantageous in studying poorly preserved archaeological bones which are fragile and hence
challenging for creating thin sections, which is a prerequisite for optimum resolution
conventional XFI. A comparison with the results from conventional XFI shows that CXFI yields
images of higher resolution, which can be insightful in distinguishing biogenic and diagenetic

uptake of Pb.

4.2 Manuscript Author Contributions

The contents of this chapter have been accepted for publication as an article in the journal
Archaeometry: Choudhury S., Swanston T., Varney T., Cooper D. M. L., George G. N,,
Pickering I. J., Grimes V., Bewer B. and Coulthard I. CXFI facilitates high resolution elemental
mapping in fragile archaeological bone. The manuscript ID for the accepted paper is ARCH-06-
0078-2015.R1; accepted date: November 10, 2015. The paper has been reformatted from the
accepted version for inclusion in the thesis.

The author contributions are provided below.

S. Choudhury collected and analyzed the data, and drafted the manuscript.

T. Swanston provided ICP MS results, prepared bone samples for CXFI and participated
in some of the data collection.

T. Varney provided samples and commented on improving the manuscript.

D. M. L. Cooper provided inputs in interpreting data.

V. Grimes provided the R4NL sample.
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B. Bewer performed quantitative analysis.
I. Coulthard submitted the manuscript and changes to the journal.
I. Coulthard, G. N. George, and I. J. Pickering supervised this research, providing

guidance, scientific input, comments for improving manuscript, and funding.

4.3 Abstract

Synchrotron based standard XFI can be a sophisticated tool for mapping distributions of
trace elements in archaeological bone; however, thin samples are normally required to achieve
high spatial resolution results. Poorly preserved or fragile archaeological samples can be
challenging to measure using this standard technique since producing a sufficiently thin section
may be difficult. We discuss the implementation of CXFI as a successful strategy for high
resolution elemental mapping in poorly preserved archaeological bone. The implementation of
the confocal method additionally can facilitate localized quantification and speciation of

elements, which are also discussed.

4.4 Introduction

Study of the trace elements in archaeological bone samples can provide insight into diet,
environmental exposure and other determinants of health in the past."? The uptake of trace
elements into bone microstructures through continuous remodeling during life makes bone a
dynamic reservoir of trace elements. Since the elemental distribution in bone microstructures
carries information about the temporal history of trace element deposition, our ability to extract
such information enables us to potentially comment on lifestyle, health and diet of a subject. In
particular, secondary osteons, also known as Haversian systems, are important structural units of
bone where elemental deposition occurs.” The ‘secondary’ status of these structures is a
reference to the fact that they replace existing bone and thus provide a window on changes that
occur even after growth of the skeleton is completed. Secondary osteons are roughly cylindrical
microstructures oriented along the long axis of bone comprising concentric layers, called
lamellae, surrounding a central canal that provides housing for blood vessels and nerves. The
deposition of trace elements that occurs during life, referred to as biogenic uptake, is our key

interest for extracting information about life history. However, post-mortem contamination due
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to leaching of trace elements from the burial environment, referred to as diagenesis, constitutes a
confounding factor for this area of research. In order for an accurate reconstruction of the
lifestyle of a subject, diagenesis needs to be addressed prior to the use of data.* High resolution
maps of elemental distribution are thus essential to the analysis of the incorporation of elements

in bone microstructures.

Experimental techniques commonly applied to study trace elements in archaeological
bone samples include: laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS);® atomic absorption spectrophotometry (AAS);”® scanning electron microscopy (SEM);”'
and synchrotron XFL>''"'®. While useful, techniques such as LA-ICP-MS and AAS are
inherently destructive in nature. Depending on the elemental concentration in a sample, AAS
may require substantially more sample than is generally available from fragile archaeological
samples. Although SEM is considered non-destructive, it is limited to surface characterization
and involves extensive sample preparation. Synchrotron based standard XFI is a powerful tool
for non-invasive investigation of elemental distribution with minimal sample preparation;
fundamentals of the technique can be found elsewhere.'” While thick samples can in fact be
measured, high resolution results showing the incorporation of elements in microstructures are
acquired in standard XFI only from very thin samples.'® The use of a thick sample (e.g. a ground
bone section) results in a blurry image due to the superposition of fluorescence originating from
features at a range of depths within the sample.'”” Swanston er al. reported an application of
standard XFI by utilizing archaeological bone sections carefully ground down to ~100 microns
thickness.'* However, preparing a section of micron-scale thickness from an archaeological bone
may not always be feasible due to the state of preservation of the sample. Besides, archaeological
samples are often valuable, necessitating minimum processing. Therefore, there is an increasing
demand for non-invasive techniques for elemental analysis which improve spatial resolution
while minimizing both sample quantity and sample preparation.

2021 o determine the

In this study, we apply the synchrotron based CXFI technique
spatial elemental distribution in archaeological bone samples obtained from several different
sites, the most prominent being the Royal Naval Hospital cemetery (c. A.D. 1793-1822) near

English Harbour, Antigua. Historical sources indicate that this hospital provided care to British
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military personnel and the surrounding general populace during the Napoleonic Wars, wherein
the British suffered huge losses due to tropical diseases and other illnesses.”> Lead (Pb)
contamination is believed to have contributed to the demise of the British military, since Pb was
commonly present in eating and cooking utensils, water catchment systems and alcohol
distillation equipment in that era.”>* For these reasons we have chosen Pb as a representative
element to demonstrate the efficacy of this imaging technique, although other archeologically
and biologically important trace elements such as: calcium, zinc, strontium, barium and bromine
can also be measured simultaneously following the described methodology. The implementation
of CXFI not only avoids physical thin sectioning of the sample but also produces elemental maps
showing accumulation of Pb in bone microstructures with excellent detail. A comparison
between standard and CXFI results is presented to demonstrate the advantage of the confocal
method. The resultant high resolution is due to confocal detection, which facilitates not only
optical sectioning of sample but also superior rejection of scatter. Synchrotron based CXFI can
be a valuable addition to the toolkits of bioarchaeologists, especially in unravelling elemental

distribution within fragile samples.

4.5 Materials and Methods
4.5.1 Samples

Four bone samples were analyzed from 3 distinct sites in 3 different countries. The table
below describes the sites by name, location and sample name analyzed using this technique in
this study. The most prominent site in terms of available number of samples was the Royal Naval
Hospital cemetery (c. A.D. 1793-1822) near English Harbour, Antigua. Samples were recovered
during the mitigation of the cemetery due to encroachment by modern construction. Ethics
approval was obtained from the University of Saskatchewan Biomedical Research Ethics Board
for all samples prior to analysis. Samples were specifically chosen for this study representing
several different sites with very different burial environments, soil conditions, and weather in
order to demonstrate the efficacy of this technique regardless of variances in these factors. All
bones utilized were long bones such as fibula and ulna with outer cortical layers and similar

microstructural features.
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Table 4-1 Samples analyzed using CXFI arranged by site names and site locations.

Site Name Site Location Name of Sample Approx. Sample
Thickness
(microns)
Royal Naval Hospital English Harbour, B3 140 (non-confocal)
Cemetery Antigua 1980 (confocal)
Royal Naval Hospital English Harbour, B18 450 (confocal)
Cemetery Antigua
Harney Site Montserrat H1 1550 (confocal)
South Side Naval Newfoundland, R4NL 680 (confocal)
Cemetery Canada
4.5.2 ICP-MS

Initial testing of the samples included a bulk analysis of the Pb concentrations using
standard methodologies at the ICP-MS Laboratory in the Department of Geological Sciences at
the University of Saskatchewan.'® Quality control standard BCR-2 shows that the long term

analytical error for Pb is + 7%.

4.5.3 Standard XFI

Experiments were carried out at the 20ID-B beamline of the APS at the Argonne National
Laboratory (Illinois, USA), with the storage ring operating in continuous top-up mode at 102 mA
and 7.0 GeV. The incoming beam was tuned to the desired excitation energy of 16.5 keV (with
an estimated intensity of ~10'* photons/sec) by using a liquid-nitrogen-cooled Si (111) double
crystal monochromator with a second crystal detuned by 15% to reduce harmonic contamination.
A micro-beam of approximately 5 um X 5 um spot-size was produced using Rh-coated silicon
based K-B-style focusing mirrors, which also served to provide additional harmonic rejection.
Samples were mounted on a motorized stage at 45° to the incident beam. The Pb La fluorescent
emission lines at 10.55 and 10.44 keV and other fluorescence X-rays were monitored using a Si-
drift Vortex® detector (SII NanoTechnology USA Inc.) placed at 90° with respect to the incident
X-ray beam in the horizontal plane. An ionization chamber monitored the intensity of the
incident X-ray beam, Iy, which was used for the normalization of the fluorescence; this process

eliminates the impact of any possible flux variations of the source.
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454 CXFI

CXFI experiments were also carried out at the 20ID-B beamline with the following
modifications. To create the confocal geometry, an additional focusing optic, a polycapillary
(XOS®) of nominal 25 pm diameter focal spot (at Mo Ka; 17.4 keV), was installed in front of the
Si-drift Vortex® detector. Figure 4.1 shows a schematic diagram and a photograph of the CXFI
experiment at 20ID-B, APS. The arrangement for a standard XFI experiment differed only in the
absence of the polycapillary, which is not required for the standard technique. The sample was
positioned at an orientation of 45° to both the incident X-ray beam and detector, with the detector
at 90° to the incident beam in order to minimize the inelastic scattering of linearly polarized
synchrotron radiation, as the scattering cross-section along the e-vector is zero.”* Figure 4.1
shows: 1) K-B mirror: a focusing optic on the incident beam to produce micro-focused beam; 2)
ionization chamber Iy: a unit that measures incident beam intensity; 3) sample stage: a platform
that holds the sample and allows its XYZ translation; 4) detector: an energy dispersive
fluorescence detector that measures fluorescence emitted from sample; and 5) polycapillary: a
second focusing optic on the detection side for confocal detection. Figure 4.1a schematically

shows the formation of confocal volume (V.), within the sample.
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XYZ sample translation stage

Figure 4.1 The CXFI arrangement at beamline 20ID-B, APS, shown as (a) a schematic
diagram and (b) a photograph. The sample is at 45° to the incident beam and detector. The
schematic diagram shows the formation of the confocal volume (Vc) within the sample through
the intersection of foci of incident and detection focusing optics, K-B mirror and polycapillary,
respectively. The sample can be rastered along XYZ directions through V. to produce elemental

maps along desired planes.
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4.5.5 Data analysis

Data from both experimental configurations were analyzed using the SMAK software
package (http://home.comcast.net/~sam_webb/smak.html). The recorded fluorescence counts
were normalized to the incident intensity I, (Figure 4.1) and were background corrected by
subtracting the average intensity of pixels outside the image from the intensity of each pixel of

the image.

Quantification was performed by first normalizing the sample measurement to the known
reference material with respect to incident photon flux, dwell time, and detector sensitivity.
Sample fluorescence signal loss from absorption due to confocal depth within the sample was
corrected for by using the known surface calcium count rate compared to the count rate
measured at each point to determine the local depth for each pixel. The measured Pb count rate
for the reference material could then be compared to the measured Pb count rate for the sample

and using the known concentration of the reference the sample concentration was determined.”

4.6 Results and Discussion

A small portion of certain samples was sacrificed for the ICP-MS measurement, which
determined the bulk levels of Pb in samples B3 and B18 to be 75 and 58 ppm, respectively. The
amount of material sacrificed was approximately 0.05-0.1 g by weight and was always taken
from a section of bone immediately adjacent to the section of bone analyzed with XRF. While
the presence of Pb in bone may indicate that subject was exposed to Pb while living, diagenesis
could also be the source of Pb. Quantification of the Pb levels using the CXFI image for sample
B18 yielded whole bone Pb concentration levels consistent with the ICP-MS level though
typically 10-25 % lower.” Of greater interest is the ability to glean localized Pb concentration
methods from this method. The quantification method yielded localized maxima of Pb
concentrations of several hundreds of ppm at the canal walls of some osteons with the highest

observed localized concentration being ~600 ppm.

In a standard XFI experiment, which lacks a focusing optic on the detector, fluorescence

emitted from the range of sample depths interrogated by the incident beam is collected directly
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by the detector. Mapping is accomplished by rastering the area of interest through the incident
micro-beam with simultaneous measurement of fluorescence. Since the fluorescence lines of
elements are at well-defined energies, this technique offers excellent element specificity.
However, although standard XFI is a widely used technique for elemental mapping, it is not
designed to discriminate information originating from different depths within the sample.
Fluorescence emitted from microstructures at a range of depths are detected and superposed on a
two dimensional map resulting in a blurry image. In order to minimize this problem, the
thickness of sample used for the standard XFI measurement can be reduced by physical
sectioning. However, preparation of thin sections is frequently not possible; for example, sample
B18 in this study was deemed to be too fragile to be sectioned. We therefore have employed

CXFI to accomplish elemental mapping in sample B18.

Figure 4.2 represents Pb elemental maps obtained from sample B3 by employing
standard (Fig. 4.2a) and CXFI (Fig. 4.2b), respectively. Two separate pieces of sample B3 were
utilized, one thinned to 140 microns of thickness and the other left intact with a thickness of
1980 microns. A ~2 mm X 2 mm area of interest from each piece of sample B3 was mapped with
a 20 um step-size where each map took approximately 2.5 hrs. The comparison between
standard- and confocal-derived maps in this figure demonstrates that CXFI (Fig. 4.2b) yields an
elemental map with significantly improved spatial resolution compared with standard XFI (Fig.
4.2a), showing excellent details of the incorporation of Pb in various bone microstructures.
Structural detail observed in the confocal map (Fig. 4.2b) includes younger osteons, older
osteons, cement lines and osteonal canals. A younger osteon can be identified as a continuous
closed-ring structure with a central canal, whereas an older osteon appears as a discrete broken-
ring structure with or without a central canal formed during regular bone tissue maintenance or
turnover. The osteonal canals are easily identified as holes at the center of the osteons. Cement
lines are observed as the boundary lines of osteons, with some broken cement lines observed as

the remnants of old osteons
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Figure 4.2 X-ray fluorescence maps showing Pb distribution in bone micro-structures: 2
mm x 2 mm areas of (a) sample B3 measured using standard mode and (b) sample B3 measured
using confocal mode. Comparison between 2a and 2b demonstrates the advantage of CXFI in
generating high resolution elemental maps from fragile archaeological bone. The intensity scale
shows the relative amounts of Pb from black (lowest Pb) through shades of red, orange and

yellow to white (highest Pb).

Figure 4.2a-b shows clear accumulation of Pb in bone microstructures but no
accumulation in the periosteal surface (the right sample surface in Fig. 4.2b) which are the outer
surfaces of the bone fragment that were most directly exposed to the burial environment. Pb is
observed in most canal walls and cement lines, while few osteons show Pb enrichment
throughout the entire structure. Although most canals show clear Pb accumulation, a few show
little or no accumulation at all. These results are consistent with previous results on
archaeological bone where such patterns of Pb were attributed to be indicative of biogenic
uptake.14 They are also strikingly similar to results where the samples were modern bone from
cadavers which had not been exposed to a burial environment and the subsequent diagenetic

factors.'
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In comparison, Fig. 4.2a shows a standard XFI map obtained from sample B3. Clearly,
the spatial resolution in this map is considerably degraded compared to the confocal one. The
three dimensional structure of osteons, comprising cylindrical structures of varying diameter and
three dimensional angular orientation arranged throughout the depth of sample, explains the
blurred appearance of the map. If an irregular three dimensional structure is viewed by a standard
imaging technique, the resulting image is a juxtaposition of fluorescence from different features
situated at different depths within the sample. While some three dimensional information, such
as the angular orientation of the cylindrical structures in the sample, might be extractable from
such an image, the ability to resolve individual features is significantly reduced. This map (Fig.
4.2a) thus demonstrates the challenge of employing standard XFI in investigating an irregular
three dimensional feature within a thicker sample, which is significantly improved using

confocal detection in Fig. 4.2b.

|
Low High Low High

Figure 4.3 X-ray fluorescence maps showing distribution of Pb (a), Zn (b), and Sr (c) in
bone micro-structures of sample B18. Scan size is 2 mm x 2 mm. In all images, the intensity
scale shows the relative amounts of the elements with darkest coloration being the lowest

amounts and lightest coloration being higher with white being the highest.
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Figure 4.3 shows confocal images of sample B18 for multiple elements taken
simultaneously demonstrating that while the emphasis in this paper has been on showing Pb
accumulation images, the power of the energy dispersive type detector used means that the
fluorescence signal from all elements within the sample are analyzed at the same time. This
makes this data available for all elements and all samples and also assures that all maps of all
elements overlap each other without offset. The position of the confocal focusing optic relative
to the sample and the detector also assures that all images for all elements are confocal images.
Figure 4.4 shows Pb CXFI images for a pair of samples (HI and R4NL) from different locations
(Table 4.1) other than the Naval Hospital Site in Antigua, demonstrating that the technique
works perfectly well for samples taken from a diverse variety of locations and burial conditions
and is not only applicable to a narrow set of samples collected or found under ideal or extremely

specific conditions.

Low High

Figure 4.4 X-ray fluorescence maps showing distribution of Pb in the bone
microstructures of samples R4NL (a) and H1 (b). Scan sizes are ~2 mm X 2 mm but were
slightly modified to account for sample shape. In both images, the intensity scale shows the
relative amounts of Pb with darkest coloration being the lowest amounts and lightest coloration

being higher with white being the highest.

88



In CXFI experiments, excitation and detection coincide only at the intersecting volume,
commonly known as the confocal volume, defined by the foci of the incident (K-B mirror) and
detection (polycapillary) focusing optics. Since the focal spot of the polycapillary (25 um
diameter at the Mo Ka energy) is much bigger than the beam spot size (5 um x 5 um), the
resulting detection volume would be ellipsoidal *° with an approximate dimension of 40 um x 5
um x 5 pm *° at the energy of Pb La. Elemental maps can be obtained by spatially rastering the
sample through the confocal volume along any desired plane within the sample. This technique,
therefore, removes the need for physical sectioning of sample through its inherent ability of
optical sectioning. Implementation of the confocal technique also greatly helps to improve signal
to noise ratio in the resulting maps due to the collimating nature of polycapillary, since
fluorescent and scattered photons are collected essentially only from the volume of interest.”” In
comparison, a standard XFI experiment will show a much larger scatter peak as the detector
collects fluorescence from a much longer intersection path of the beam through the sample
(limited by the absorption length). Besides, as the detection solid angle in a standard XFI
experiment is much larger compared to the confocal, scatter originated from other sources such
as mounts, windows, air or other gas and other beamline equipment may also be detected. A
superior signal to noise ratio is particularly important for the detection of low concentration
elements in the sample. Further this optical form of sectioning clearly gives better results in

terms of co-localizing the elements to the microstructural features of the bone.

The wvariation in Pb accumulation in bone microstructures may carry significant
information regarding health, lifestyle or diagenesis. However, a detailed observation of the
incorporation of Pb throughout the various components of bone microstructures is necessary in
order to be able to comment on what might be the underlying reason for such variations. We
emphasize here the potential of CXFI in producing high resolution maps which will make such
observation possible. Additionally, a high resolution confocal map may exclude the need for a
matching histological image, which was necessary for the interpretation of a standard XFI map

- - 14
in a previous study.

Another important advantage of employing CXFI is its ability to make XAS possible for

an element of interest within a very specific detection volume from within the sample, allowing
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assessment of the localized chemical form of elements.”® CXAS may thus aid in differentiating
between the biogenic and diagenetic nature of elements in archaeological samples by looking for
differences in speciation of elements at specific structural features of the bone such as: osteon
canal wall, cement line, and periosteal surface. Moreover, localized quantitative information
about the elements is available from CXFI maps given that self-absorption of incident and
fluorescent X-rays can be estimated.”® Quantitative elemental analysis may aid in the
differentiation of acute or chronic exposure to toxic elements. Further improvements in the
spatial resolution of CXFI can be achieved by implementing a novel detection focusing optic, a

micro-channel array.”” We intend to explore this potential in future studies.

4.7 Conclusions

This paper demonstrates the potential of synchrotron based CXFI as a tool to generate
high spatial resolution elemental maps from fragile archaeological bone samples showing
excellent details of elemental incorporation into bone microstructures. Fragile or poorly
preserved archaeological samples cannot be processed to create sufficiently thin sections for
elemental mapping using standard XFI experiments. CXFI, which inherently produces optical
sections, avoids the need for physical sectioning. Besides enabling optical sectioning, the
confocal mode also aids in generating maps of a higher signal-to-noise ratio by considerably
reducing the background scatter. This technique should help elucidate the origins of observed
elements in the bone samples, and whether they are biogenic, diagenetic, or a combination of

both.
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CHAPTERS. Application of a Spoked Channel Array to Confocal X-ray Fluorescence
Imaging and X-ray Absorption Spectroscopy of Medieval Stained Glass

5.1 Preface

This chapter demonstrates the first confocal X-ray fluorescence experimental setup at
20ID-B, APS that employed a novel focusing optic, the SCA, for achieving a higher spatial
resolution compared to the traditionally used state-of-the-art polycapillary optics. The first
experiment with this setup studied the oxidation state of Fe in the corrosion layer of a medieval
stained glass sample using CXFI and CXAS. The choice of an inorganic sample was deliberate
due to the high elemental concentrations. The results demonstrate the advantages of employing
SCA derived improved spatial resolution and energy-independent probe volume in studying
elemental distribution and speciation from precious ancient samples in a highly nondestructive

manner.

5.2 Manuscript Author Contributions

This chapter was published in the Journal of Analytical Atomic Spectrometry:
Choudhury, S.; Hormes, J.; Agyeman-Budu, D. N.; Woll, A. R.; George, G. N.; Coulthard, L;
Pickering, 1. J. Application of a spoked channel array to confocal X-ray fluorescence imaging
and X-ray absorption spectroscopy of medieval stained glass. Journal of Analytical Atomic
Spectrometry 2015, 30, 759-766. DOI: 10.1039/C4JAO00389F. The chapter is reproduced by
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC. The paper has been reformatted from the accepted
version for inclusion in the thesis. The author contributions to the manuscript are provided
below.
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D. N. Agyeman-Budu and A. R. Woll designed and fabricated the SCA optics.

I. J. Pickering and G. N. George performed the deconvolution of pre-edge spectra shown
in Figure 5.4(B).

L. J. Pickering submitted the manuscript and changes to the journal.

I. Coulthard, G. N. George, and I. J. Pickering have supervised this research, providing

guidance, scientific input, comments for improving manuscript, and funding.

5.3 Abstract

CXFI can determine the spatial distribution of elements in a depth selective manner. The
closely related technique of CXAS can reveal the chemical form of an element at a specific
volume element in three dimensional space. Confocal measurement offers increased accuracy
and avoids physical sectioning or ablative depth profiling methods, thus preserving sample
integrity. At present, a polycapillary mounted on the detector is the common optical element
used to complete the confocal configuration. Here we demonstrate implementation of a novel
collection optic, a lithographically fabricated SCA optic, to achieve the confocal configuration at
beamline 20-ID, APS. The advantages of employing SCA optics include improved spatial
resolution and energy independent probing volume. By employing this optic, three dimensional
distributions of Fe, Ca and Mn and the localized chemical form of Fe were measured in the intact
corrosion layer of an ancient stained glass sample obtained from 13 Century Paderborn
Cathedral, Germany. Implementation of the optic enabled superior resolution depth selectivity in
the intact corrosion layer and measurement of elemental distribution and speciation in a highly
localized manner within the layer with improved signal to noise. The results show that both the
composition and the chemical form vary as a function of three dimensional location in the
corrosion layer. This observation is contrary to expectations from simple corrosion models

assuming leaching processes and indicates that metal chemistry in these layers is quite complex.

5.4 Introduction

The implementation of synchrotron based techniques to investigate artefacts of historical
interest is an area of significant growth. Bright and tunable synchrotron X-rays enable greatly

improved sensitivity in trace elemental detection together with techniques not possible using
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conventional X-ray sources. XFI is a non-destructive tool for studying two dimensional trace

element distribution.’ CXFI,Z’3

a more recent variant, enables depth selective investigation of the
spatial distribution of elements from a thick or intact sample with improved spatial resolution,
and is particularly useful for fragile or valuable objects for which sectioning is challenging or
undesirable. Although confocal micro-analysis is a relatively new technique, its application in
investigating cultural heritage samples is of increasing interest due to the non-destructive nature
and depth-profiling capability of this method. Some examples of such studies include: paint
layers in ancient Indian Mughal miniatures,”’ depth profiling of historic paintings,3 Chinese faux
bamboo paint,” corrosion layers of reverse glass paintings,® Japanese lacquerware Tamamushi-

nuri,’ Portuguese polychrome glazed ceramics,® and Persian polychrome underglaze painted

tiles.’

Confocal detection requires the use of an additional focusing optic placed in front of the
detector in conjunction with the focusing optic at the incident side. The spatial resolution of a
CXFI experiment is defined by the size of the probing volume, which depends on the focal spot
sizes of the incident and collection focusing optics.3 Although a number of optics are in use for
focusing the incident synchrotron X-ray beam, a polycapillary has been the predominant choice
of optic for the collection of fluorescent X-rays. A novel collection optic, a lithographically
fabricated SCA, recently has been reported as a practical alternative for confocal micro X-ray
analysis.'” The basic principles and fabrication methods for SCAs have been described
previously.'" Employing this optic for CXFI enables a much smaller probing volume, allowing
investigation of highly localized features as small as ~2 pm, whereas the best-reported spatial
resolution achieved from a polycapillary is ~10 um at 10 keV 1213 Additionally, the SCA optic
renders the probing volume nearly independent of energy, resulting in a constant spatial
resolution for different elements.'” In contrast, a polycapillary derived probing volume is always
energy dependent due to the energy dependency of the critical angle of total external reflection.
This dependence is especially problematic for fluorescence energies below about 5 keV, for

which the best reported resolution is greater than 20 um.3’12’13

XFI can be used in conjunction with XAS, which is a non-destructive tool for

determination of the chemical form of an element. One of the strengths of the confocal detection
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scheme is that it enables XAS determination of the chemical form in a highly localized volume
element within a thick or intact sample, which is particularly useful if heterogeneity in chemical
form is expected on a scale of a few microns. Polycapillary based CXAS has been used
previously for depth resolved chemical speciation of elements in geological and cultural heritage
samples, such as Fe K XAS studies of mineral inclusions within rare natural diamonds,14 Np Ls
XAS to determine the valence state of Np within granite,”” and Cu K XAS in investigating the
chemical state of coloring agents in blue and blue-green zones of Persian polychrome underglaze
painted tiles.” The current paper comprises the first demonstration of SCA based CXAS;
implementation of SCA allows superior spatial localization coupled with an energy independent
probing volume. Although not demonstrated in this paper, the energy independency of probing
volume will allow more straightforward correlation of chemical forms determined using more

than one absorption edge.

In this paper, we demonstrate SCA based CXFI and CXAS in investigating the
distribution and speciation of elements in a medieval stained glass sample obtained from the 13"
century cathedral in Paderborn, Germany. This sample, in addition to three others from the same
cathedral, was previously studied to determine the concentrations of elements using both LA-
ICPMS and synchrotron based XFI, as well as the chemical form of elements using XAS.'
Elemental concentration results obtained from two techniques showed significant variation,'
which was thought to be due to the presence of concentration gradients originating from
corrosion or leaching layers combined with the differing surface sensitivities of the two
techniques. The investigation of chemical forms of elements'® employed conventional (non-
confocal) XAS and highlighted the potential of the technique for revealing information on how
various elements play roles in glass degradation. The XAS results'® showed that although most
elements in glass are found in their most stable oxidic forms, Ti and Pb show exceptions. Stained
glass windows were one of the major pictorial art forms in medieval European culture with many
examples still existing in their original form, for instance in churches, cathedrals and other public
places. In order to optimize the cleaning, restoration and conservation procedures for these
precious historical art forms and to better understand the techniques that were used in their
fabrication process, it is important to explore in-depth elemental investigations as such study

facilitates our understanding of the manufacturing and underlying degradation mechanisms.

99



The corrosion of historical glasses is a complex process determined and controlled by
numerous factors such as chemical composition and characteristics of the glass, climatic
conditions and atmospheric pollution.”’18 The basic “corrosion mechanism” described in the
literature is a two-step process in which an initial step is an ion exchange process between
hydrogen-bearing species from the water film on a glass and (mainly) network-modifying ions,
such as alkali and earth-alkali atoms. After the evaporation of the water film these products form
a solid weathering crust. In a subsequent step, the silica network is broken up by hydroxyl ions
forming Si-OH groups and thus dissolving the glass."”” To better understand the details of the
mechanism of the corrosion process, depth profiling of all elements involved in this process is of
interest. We demonstrate that SCA derived higher spatial resolution is useful in studying the
three dimensional distribution of elements in the corrosion layer as well as their localized
chemical states. Our imaging results show significant variations, within the ~100 pm outer
thickness of the corrosion layer, in the concentration of iron (Fe), manganese (Mn) and calcium
(Ca) which are the predominant non low-Z elements observed in the sample. In addition,
spatially resolved XAS shows variation in the chemical form of Fe in the corrosion layer as a
function of depth and position. This variation indicates a more complex chemistry of elements in
the corrosion layer than previously described in the literature.'”" This paper demonstrates that
the capability of a confocal approach in studying cultural heritage samples can be further

enhanced by implementing lithographically fabricated SCA optics.

5.5 Materials and Methods

The stained glass sample labelled as ‘Paderborn 11’ studied in this paper was recovered
from an archaeological excavation at the Paderborn Cathedral, Germany carried out between
1978 and 1980.%° The sample looked light green in colour under the corrosion layer. A picture of

the sample is available elsewhere.'®

CXFI and CXAS experiments were carried out at the 20ID-B beamline of the APS at the
Argonne National Laboratory, with the storage ring operating in continuous top-up mode at 102
mA and 7.0 GeV. The incoming beam was tuned to an incident energy of 10 keV (estimated
intensity of ~10'? photons/sec) by using a liquid-nitrogen-cooled Si (111) double crystal

monochromator with a second crystal detuned by 15% to reduce harmonic contamination. A
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micro-beam of approximately 5 x 5 um? spot-size was produced using Rh-coated silicon based
K-B style focusing mirrors, which also served for additional harmonic rejection. The fluorescent
emission lines were monitored using an energy-dispersive single element Si-drift Vortex®
detector (SII NanoTechnology USA Inc.) placed at 90° with respect to the incident X-ray beam
in the horizontal plane. To arrange the confocal geometry, a trapezoidal-shaped SCA optic,
described in the next paragraph, was mounted immediately in front of the detector snout. The
sample was mounted on a motorized stage at 30° to the incident beam, an angle chosen to
maximize space for sample translation. An Ij ionization chamber, mounted downstream of the K-
B mirrors to monitor the incident monochromatized X-ray beam intensity, was used to normalize
the fluorescence; this process eliminates the impact of any possible flux variations of the X-ray
source on the various fluorescence spectra. A variable magnification camera focused on the
sample surface was employed during set-up to view the position of beam and SCA optic relative
to the sample surface, the relative positions of which were critical given the very small working

distance.

The SCA optic, etched from a silicon wafer, is comprised of 96 channels each
approximately 7 um x ~200 um x 4 mm (width x depth x length) in size,'® and fabricated using
standard lithographic techniques, including DRIE. The optic has a working distance of 1.0 mm,
with channels separated by 9 mrad. Previous tests of this optic'’ demonstrated that the angular
selectivity of the channels is 3.3 mrad, somewhat larger than their geometric selectivity of 1.75
mrad, and a total, effective solid angle of collection of as much as 0.14% of 4n at 9 keV. Care
was taken to block virtually all other radiation (from outside the probing volume) from reaching
the detector, which is generally more challenging for SCAs than for polycapillaries. The working
distance for the SCA optic used in these measurements was only a few hundred microns,

although in newer versions this has been increased to about a millimeter.

Figure 5.1 shows a schematic of the confocal XFI/XAS experimental arrangement with
the SCA collection optic. An initial alignment procedure allowed the intersection of focal spots
of incident (K-B mirror) and collection (SCA) focusing optics in order to form the probing
volume. The sample was mounted on a high precision motorized XYZ translation stage, which

allowed the translation of the sample through the probing volume in three directions. The
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energy-independent dimension of the ellipsoidal probing volume for this configuration was ~ 5 x
7 x4 pm3 (D x Dy x Dy). Here Dg is one of the minor axes of the ellipsoid defined by the
FWHM of the incident beam, Dy is the major axis of the ellipsoid defined by the FWHM of the
acceptance of SCA optic, and Dy is the other minor axis of the ellipsoidal probing volume,
which can be calculated from the relationship (1/DV)2 = (l/DA)2 + (1/DB)2.14 In the XYZ
description presented in this paper, Dg, D4 and Dy respectively correspond to X, Y and Z.
Elemental maps were obtained by spatially rastering the sample through the probing volume
along any desired plane within the sample. For the Fe K-edge CXAS measurement, motors were
driven to the location of interest chosen from the XFI derived map with spectra recorded by
scanning the energy at the XYZ location. Multiple XAS sweeps were collected at each location
to verify if oxidation state is affected by X-ray irradiation, but no such indication was observed.
Data were taken with 0.3 eV steps and 3 s per pt integration time through the near-edge region
and to 150 eV below and 186 eV above for linear background removal and normalization to edge
jump. Spectra were energy calibrated with reference to the first inflection point of a
simultaneously measured Fe foil, for which the value was assumed to be 7111.3 eV. Standard

spectra were reported previously.21

102



Figure 5.1 A schematic diagram showing SCA based confocal XFI/XAS set-up. Foci of

the incident (K-B) and collection (SCA) focusing optics intersect to form the probing volume.

CXFI data were analyzed using the SMAK software package.”” Recorded fluorescence
counts were normalized to the incident intensity and were background corrected by subtracting
the average intensity of pixels outside the image from the intensity of each pixel of the image. Fe
K near-edge XAS (also called Fe K-edge X-ray absorption near edge structure, or XANES) data
were background subtracted and analyzed using the EXAFSPAK suite of programs.23 In brief,
fluorescence counts were first normalized to the incident intensity. Multiple sweeps were
examined for possible spectral changes indicative of beam-induced changes, and when none
were detected, the multiple sweeps were averaged. To remove background due to scatter and
fluorescence from other absorption edges, a function was fitted to the below-edge region of the
spectrum and was extrapolated through the remainder of the spectrum such that when subtracted,
the above-edge region followed the Victoreen theoretical absorption cross-section function.
Spectra were normalized by fitting a spline function through the above-edge region and then

dividing by the value of the spline at 7125 eV.
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The pre-edge peak region was deconvoluted similarly to the methods of Wilke et al.**
using the EXAFSPAK program EDG_FIT. For each spectrum, a 20 eV region encompassing the
pre-edge peaks was fit using least-squares minimization to a background function and one or two
pseudo-Voigt peak functions. Refined parameters for the peaks were the height, half-width at
half height, and position. Following the method of Wilke er al.** the pseudo-Voigt mixing
(amount of Gaussian versus Lorenzian) was fixed at 50% and where two or more peaks were
required to fit a spectrum, the widths of the peaks were constrained to be equal. Following the
calculation of peak areas, the peak centroid was calculated as the mean of the peak positions,
weighted by the areas. The fit error is the sum of squares of the differences between the data and

fit, normalized to the number of points in the fitted range.

Fluorescence self-absorption (also called fluorescence thickness effects) may be of
concern when XAS spectra are measured on specimens which are both thick and concentrated in
the target element, such that the absorption cross-section of the matrix changes significantly as a
function of energy across the target absorption edge.! The phenomenon manifests itself as
attenuation of high intensity spectral features concomitant with enhancement of lower intensity
features. While CXAS samples are inherently “thick”, in our case the matrix is predominantly
composed of Si, O and other non-Fe elements, such that self-absorption of Fe should be
minimized. Evidence to substantiate this comes from the spectra collected at different depths,
which do not appear to show any significant suppression of high intensity features or
enhancement of low intensity features which would be symptomatic of this spectral artifact.

Hence, no special data analysis was used to account for self-absorption in these samples.
5.6 Results and Discussion

5.6.1 CXFI

Figure 5.2 shows elemental maps of Fe, Ca and Mn in a 400 x 400 pm’ scan area
measured from a plane parallel to the surface, situated at a depth of ~15 um. The map was
obtained by scanning the horizontal (X) and vertical (Y) sample position motors with a 5 pm
step size and a 1 s integration time, with a total acquisition time of 2 h and 14 min. The bottom-

right map shows the superposition of all three elements in which Fe, Ca and Mn are respectively
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presented as red, green and blue. The images reveal spatial variation of the elements within the
mapped area. Depth profiling of elemental distributions was achieved by recording maps of
seven parallel planes, consecutively 10 um apart. The specimen shows significant heterogeneity
in the distribution of the measured elements within this scanned volume. In particular, in Figure
5.2 an oval area shows a significant enrichment in both Ca and Mn compared with surrounding

areas.

Y (400 pm)

Max

— Min
— X
Figure 5.2 Elemental maps of Fe, Ca, and Mn measured from a plane parallel to the
surface at a depth of ~15 um. The bar to the right gives the relative intensity scale. The bottom
right map shows a superposition of Fe (red), Ca (green) and Mn (blue). The sketch at the top

shows the scanning directions relative to the sample surface. Scalebar = 40 pm.
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Figure 5.3 Elemental maps of Fe, Ca, Mn measured in a plane normal to the surface. The
bar to the right gives the relative intensity scale. The bottom right map shows a superposition of
Fe (red), Ca (green) and Mn (blue). The sketch at the top shows scanning directions relative to
the sample surface. Zero intensity (dark) at low values of Z originates due to air. Scalebar = 40

pm.

Figure 5.3 represents elemental maps measured in a sample plane perpendicular to the
plane presented in Figure 5.2, obtained by scanning vertical (Y) vs. normal to the sample surface
(Z) axes. The direction Z corresponds to depth from the sample surface, hence this figure depicts
a spatially resolved depth profile of the elemental distributions in a two dimensional view. A 400
(Y) x 140 (Z) um? area was mapped using the same acquisition settings used for Figure 5.2, with
an acquisition time of 50 min. The scan range of ~ 100 um into the sample (Z) covers a
significant part of the corrosion layer, which is visible by eye as a less transparent weathering
crust on the surface. In Figure 5.3, the interface between air and the corrosion layer at the sample
surface is apparent as the sharp boundary between zero and higher intensity (dark to
blue/yellow). Once again, a significant heterogeneity in the elemental distribution is observed. In
particular, Fe is seen to be enriched at the surface but decreases with distance away from the
surface. Conversely, Mn shows lower concentration close to the surface and a narrow band of

enrichment, approximately 10 um wide at approximately 60 um below the surface. Ca also
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shows a high intensity band at the surface with an isolated enrichment of approximately 150 um
wide and only about 10 um deep. The bands of each element persist across the entire width of

the measured sample indicating a layered pattern.

The medieval glass sample investigated in this study belongs to the category of wood ash
glasses, which are characterized as a mixture of sand and ash from various trees; ash would have
been added to the sand in order to lower the melting temperature of the glass batch.'® The origin
of Ca is therefore most likely from the ash.*® The presence of Fe could be due to its deliberate
addition in order to achieve the green colouration of the glass®® or simply as an impurity of
silica.’” Mn similarly could be an impurity in the starting materials or added on purpose to
compensate the green colour caused by Fe.” The leaching of Ca in the corrosion layer as an ion
exchange process with hydrogen bearing species is a well understood phenomenon,”’19 hence the
observed presence of Ca in the surface region (Figure 5.3) is expected. Although the presence of
alkaline earth ions such as Ca in the corrosion layer is well understood, a limited number of
studies is available on the leaching of transition metals such as Fe or Mn into the corrosion
lalyer.zg’30 Our work shows that Fe is concentrated on the surface and gradually decreases as a
function of depth, whereas the concentration of Mn is low at the surface, with a buried high
concentration band followed by a gradual decrease with further depth. The area of high
concentration Ca with co-localized Mn evident in Figure 5.2 in the near surface region is another
noticeable detail, whereas the high concentration Mn band does not appear to show such co-
localization. More statistics are needed to draw conclusions about such apparent patterns. A
larger scale study will generate an improved understanding of the role of transition metals in the

corrosion layer.

5.6.2 CXAS

Figure 5.4A shows confocally collected spatially resolved Fe K near-edge XAS measured
from selected volume elements of interest in the intact sample. The acquisition time for each
spectrum was 16 min. The locations were chosen according to the map shown in the inset to
Figure 5.4, labelled a through e. Pronounced co-localization of Ca with Fe is observed in a
whereas co-localization of Mn with Fe is observed in d. Locations a and b are close to the

surface of the corrosion layer while ¢, d and e are successively deeper into the corrosion layer
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and closer to the actual glass part of the sample. Figure 5.4A shows clear variation in the Fe K
near-edge XAS spectra, especially the position and intensity of the pre-edge peaks as well as
some shifts in the rising part of the spectrum. Also presented in Figure 5.4A are spectra of Fe
standard species. XAS can provide speciation information of elements in situ as spectra have
characteristic features that depend on chemical environment.'**'* The spectra of locations a, b
and ¢ show marked similarity to the octahedral oxygen-coordinated Fe(IIl) standard (Figure 5.4),
indicating that Fe at or near the surface of the corrosion layer is in this coordination environment.
The spectra from d and e are quite distinct from those in a through ¢, in particular with more
pronounced intensity in the region of the pre-edge peaks. The pre-edge peaks are commonly
referred to 1s — 3d transitions, formally dipole-forbidden, quadrupole allowed Al = 42
transitions which can gain dipole-allowed intensity from admixture of 4p orbitals in non-

. .. . 24
centrosymmetric transition metal sites.
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Figure 5.4 A: Confocal Fe K-edge X-ray absorption spectra from different locations
within the sample (a-e), as indicated in the inset (also shown in Figure 5.3). Spectra of Fe
standards coordinated by O shown are: octahedral Fe(Ill) in iron substituted aluminium
phosphate [Fe(Ill)-oct]; tetrahedral Fe(III) in iron substituted sodalite [Fe(Ill)-tet]; and
octahedral Fe(Il) in aqueous ferrous sulfate [Fe(Il)-oct]. B: Expanded region showing the pre-
edge 1s—3d peak region of the same spectra as in A, together with the results of peak-fitting
(numerical values shown in Table 1). Each deconvoluted spectrum shows: data points (filled
circles); fit (solid grey or coloured line); and pseudo-Voigt fitted peaks (dashed and dot-dashed
lines). Both data and fit have had a background function subtracted to isolate the pre-edge

features.
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Table 5-1 Pre-edge characteristics for Fe at selected locations in the glass corrosion layer
in comparison with standards as shown in Figure 5.4. Peak heights are normalized to an edge
jump of unity. Width corresponds to the half-width at half-height. Where more than one peak is
fitted for a sample, the widths of the two peaks were floated but were constrained to the same
value. The fit error is the sum of squares of the differences between the data and the fitted curve,

normalized to the number of points in the fitted range.

Location Height Position (eV) Width (eV) Area Total area Centroid (eV) Fit error

a 0.0220 7112.98 0.946 0.0548 0.1164 7113.68 1.29x10°
0.0247 7114.30 0.946 0.0616

b 0.0230 7113.15 0.751 0.0455 0.0958 7113.80 8.91x107
0.0254 7114.39 0.751 0.0503

c 0.0300 7113.20 0.890 0.0704 0.1299 7113.78 8.61x107
0.0254 7114.46 0.890 0.0596

d 0.0219 7112.02 0.973 0.0562 0.2759 7113.44 9.10x10°
0.0857 7113.81 0.973 0.2197

e 0.0369 7111.92 1.070 0.1040 0.4368 7113.42 7.77x10°
0.1180 7113.88 1.070 0.3327

Standard Height Position (eV) Width (eV) Area Total area Centroid (eV) Fit error

Fe(Ill)-oct 0.0213 7113.40 0.890 0.0500 0.0915 7113.97 3.57x107
0.0177 7114.65 0.890 0.0415

Fe(II)-tet 0.1500 7113.97 0.980 0.3874 0.3874 7113.97 9.37x10°

Fe(I)-oct 0.0204 7111.82 1.060 0.0570 0.0843 7112.44 1.07x107
0.0098 7113.74 1.060 0.0273

The region of the pre-edge peaks is shown on an expanded energy scale in Figure 5.4B.

24,3435
the

In several studies of the pre-edge features in materials with iron-oxygen coordination,
region of the pre-edge peaks has been found to be particularly insightful in providing information
both on oxidation state and on coordination environment. Similar to these previous
analyses,”**** Figure 5.4B also includes the results of deconvolution by fitting pseudo-Voigt
peak functions to these features, the numerical results of which are shown in Table 1. Previous
work has shown that, for single Fe species, the centroid of the pre-edge peaks is a relatively good
indicator of the Fe(Il) versus Fe(IIl) oxidation state, independent of the number or geometry of
the oxygen ligands. After shifting to our calibrated energy scale, the mean centroid energies for

Fe(IlII) and Fe(Il) states are 7113.7 and 7112.3 eV respectively;24 other workers® show values
within +0.1 eV. The observed centroid values for the Fe(IIl) and Fe(Il) standards in our study, at
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7114.0 and 7112.4 eV (Table 1), therefore are in good agreement with the previous
observations.”**** The observed centroid values for all points in the glass, which range from
7113.4 to 7113.8 eV, therefore are indicative of a predominantly Fe(Ill) oxidation state.
However, the average energy for the two deeper points, d and e (7113.4 eV), is slightly lower

than the average energy of a, b and ¢ (7113.8 eV) which lie closer to the surface.

Within a given oxidation state, the integrated intensity of the pre-edge feature has been
found to be indicative of the coordination geometry of the Fe-O site.?****° For Fe(III), the non-
centrosymmetric tetrahedral sites give rise to the greatest intensity (around 0.26 - 0.36) while the
centrosymmetric octahedral sites are lowest in intensity (around 0.06 to 0.13).** Our integrated
intensity values of 0.39 and 0.09 for tetrahedral and octahedral Fe(Ill) standards are thus in
excellent agreement. For the glass samples, spectra a, b and ¢ show intensities of 0.12, 0.10 and
0.13, consistent with octahedral coordination. In contrast, the intensities of d and e are 0.28 and
0.44, which indicate a more non-centrosymmetric site and numerically show the most
consistency with a tetrahedral coordination. However, whereas our tetrahedral Fe(Ill) standard
and those of Wilke et al. show a single prominent peak in the pre-edge region, glasses d and e
show intensity distributed between a prominent peak and an additional lower energy feature.
This peak might be attributable to a single Fe(IIl) site which deviates from the ideal tetrahedral
Fe(Ill), either by distortion or by having an intermediate 5-coordination. Alternatively, this may
be explained by co-localization of different iron species, in which the dominant form is
tetrahedral Fe(IIl) but with some admixing of another Fe type. Other authors have carried out
detailed consideration of the pre-edge region in mixtures of Fe species.**** Unless the spectrum
of the pure end-members are known it is challenging to extract quantitative information in this

situation.

Hence, our data are consistent with two environments for Fe in the glass. Near the surface
of the corrosion layer (a through c) the spectra are commensurate with Fe(Ill) in octahedral
coordination. Deeper into the corrosion layer (d and e), the spectra differ from those near the
surface, still consistent with a predominantly Fe(IIl) site but with a modified or mixed
coordination environment. Our observation is consistent with that of Abuin et al.27, though we

differ in interpretation. In their non-confocal XAS study performed on various glasses with
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various degrees of weathering damage, they observed a shift to lower energies of the absorption
edge position as a function of decreased weathering, which they interpret as a trend from Fe(III)
in weathered to Fe(Il) in unweathered glass. Qualitatively we see a similar trend in a shift to
lower edge energy (Figure 5.4) with increased depth into the sample, consistent with decreased
weathering for more buried material. However, rather than to a change in oxidation state, we
attribute this to a change in coordination environment of the predominantly Fe(IIl) site; it seems

likely that this is also the case in the study of Abuin et al.*’

The differences observed in the spectra demonstrate variations in the chemical form of Fe
in a range of locations within a single specimen of the corrosion layer, indicating that the
chemistry of metals within this layer can have significant nuances with more than a single
chemical form expected. Corrosion is a complex process where depending on the nature of the
glass and environment, the associated physical, chemical and electrochemical phenomena
manifest differently and our results are only based on limited observations. Hence, investigation
of additional specimens and elements are necessary to improve the understanding of the
corrosion processes. However, our preliminary results presented herein show that establishing a
relationship”’ between the chemical form of an element and the degradation can be especially
complex due to heterogeneity of chemical form as a function of location. In non-confocal mode,
determination of the chemical form of elements is limited by the contribution of XAS originating
from a range of depths within the sample. Our study demonstrates that the implementation of the
SCA optic for CXAS provides high spatial resolution as a function of depth allowing researchers
to significantly extend such speciation research on medieval glasses and related specimens of

historical interest.

5.7 Conclusions

The exploitation of a SCA as a collection optic in a confocal XFI/XAS experimental
configuration results in significant improvement in the spatial resolution of the experiment.
Study of samples such as ancient stained glass specimens, which are often unique, fragile and
require depth profiling of elements to understand the mechanisms of processes such as glass
corrosion, can greatly benefit from the application of a SCA collection optic. Additionally, as the

SCA derived probing volume is energy independent, the resulting energy independent spatial
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resolution will result in a less complicated quantification procedure compared with a
polycapillary based one. In the present work, we have found that the chemical form of iron varies
with locations within the sample, which is contrary to the general belief that elements in such
samples are expected to be present in their most stable forms. Our results indicate that
elucidating the chemical form of an element is complex as it shows spatial variation within a
sample. This work is primarily focused on demonstrating the implementation of the SCA optic,
and only a small area of a single specimen was investigated. The analysis of mapping and
speciation on a larger scale and in additional related specimens will provide significant

information with regards to the relationship between corrosion and elements.
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Chapter 6. Spoked Channel Array Optics Based Confocal X-ray Techniques Enable
Superior Resolution Mapping and Highly Localized Speciation of elements:

Application to Archaeological Human Bone

6.1 Preface

The study presented in the previous chapter investigated a non-biological sample, a
medieval stained glass, using a SCA optic based CXFI and CXAS. As a final step, this thesis
aimed at studying a biological sample, an archaeological human bone, using SCA based CXFI
and CXAS. By implementing a superior resolution SCA optic, this chapter presents important
outcomes such as high resolution elemental maps of bone microstructures, highly localized
spectroscopic information within a sample, and advantages of employing SCA optics in studying

low Z elements such as Ca.

6.2 Manuscript Author Contributions

A modified version of this chapter will be submitted as a manuscript to a peer-reviewed
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D. M. L. Cooper provided inputs in interpreting bone data.

E. Hallin assisted with the data collection, submitted the proposal for beamtime at 20ID-
B, and provided important insights.

I. Coulthard, G. N. George, and I. J. Pickering supervised this research, providing

guidance, scientific input, comments for improving manuscript, and funding.

6.3 Abstract

CXFI and CXAS are of particular interest when the localization and speciation of trace
elements are to be determined in a biological sample. The confocal mode facilitates preservation
of sample integrity by enabling optical sectioning of samples, thus avoiding physical thin
sectioning. A higher signal to noise ratio, especially favorable for dilute biological samples, is

also a consequence of the selective confocal detection.

Existing confocal X-ray instruments generally employ polycapillary X-ray optics to
receive fluorescence emitted only from the small confocal or probe volume. However, these
optics both limit and impose variation on the spatial resolution in CXFI and CXAS, restricting
their applications. Here, we employ a novel X-ray detection focusing optic, the SCA, in the
CXFI and CXAS study of an archaeological human bone sample recovered from the Royal
Naval Hospital Cemetery, Antigua. We present a comparison of bone elemental maps, collected
using various modes of XFI to demonstrate the advantage of employing SCA optic based CXFI
in collecting superior resolution maps. In particular, the use of SCA-based optics, has made
collecting superior resolution maps possible for Ca, a light element, due to the SCA confocal
volume being essentially independent of energy, unlike that of a polycapillary. Additionally, our
CXAS results, which represent the first SCA based biological CXAS, showed Pb speciation data
collected from micro-volumes with dimensions comparable to bone microstructures. We
speculate that such high resolution results can be beneficial in determining the origin of Pb:
whether the observed Pb is biogenic or diagenetic - a question often encountered in the study of
archaeological bone. The application of novel SCA optic enhances the current capability of
CXFI and CXAS, extending the scope of the techniques to resolutions approaching 2 microns

and to light elements.
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6.4 Introduction

Increasing interest in the mechanisms and functions of trace elements in biological
systems has triggered significant improvement in technologies employed for revealing the

7
Trace element

distribution and speciation of trace elements in biological systems.'”
concentrations are often determined in biological samples after homogenization of cell types or
acid digestion in techniques such as inductively coupled plasma atomic emission spectrometry
(ICP AES) and ICP MS;® however, this approach is invasive and offers limited resolution.®
Techniques that employ membrane diffusible fluorescent probes are invaluable for studying
elements in live samples,’ enabling the reporting of subcellular resolution distributions for
cations such as zinc’ or copper.'”!" However, use of these probes limits the simultaneously
detectable number of elements and requires substantial sample prepalraltion.g’12 In addition, these
probes are rather indirect, with the observed response being dependent on the thermodynamic
and kinetic availability of the metal ions.” Therefore, this strategy may not allow the detection of

the entire inventory of an element within a sample as some may be adventitiously labelled,

resulting in an anomalous reading.

Conventional XFI'"? allows direct and simultaneous visualization of multiple elements in
two dimensions. It is largely non-destructive and can be extended to include the speciation study
of elements.” However, it lacks depth resolving capability and therefore, for the best spatial
resolution results, requires samples to be thinned to a thickness approximately equal to the
desired depth resolution.'* Tomographic XFL">™" a special variant of XFIL, provides a means of
viewing the elemental distributions in three dimensions, unlike the two dimensional visualization
in conventional XFI. While useful, this mode of XFI restricts the sample thickness and density;
as the fluorescent X-ray beam must pass through the sample thickness to reach the detector
throughout the angular rotation of sample, generally 180 degrees. Additionally, fluorescence
tomography is challenging for speciation as this would require reconstruction of spectra from

18,19

multiple angles. Another special variant of XFI, CXFI, avoids some of these restrictions.

CXFI enables depth resolving capability while offering all the advantages available in
XFI. It can readily be extended to CXAS to collect speciation data from a localized voxel of

interest anywhere within a sample as long as the emitted fluorescence is not completely

121



attenuated by the overlying sample thickness. A CXFI experiment enables depth resolution by
implementing an additional detection focusing optic, traditionally a polycapillary optic,***'
between the sample and the detector. The intersection of incident and detection foci creates a
voxel, named confocal volume or probe volume, which allows optical sectioning of a thick or
intact sample. A CXFI experiment is therefore especially valuable when studying biological
samples as it avoids physical thin sectioning or ablative depth profiling methods, thus preserving
sample integrity. Moreover, CXFI offers improved signal to noise since the scatter in CXFI
arises only from the confocal volume, a particularly favorable feature for measuring dilute
biological samples. While a polycapillary optic is well suited as a confocal detection optic since
it offers a large solid angle of collection and operates over a large energy range, it imposes a
limitation on the achievable depth resolution. The best resolution offered by a commercially
available polycapillary is ~8 pum at 17.5 keV with a working distance of ~2 mm.** Since the
polycapillary resolution decreases with energy,”’ the resolution is severely limited in the low
energy regime (2 - 5 keV), for which the highest reported resolution is ~20 pm.”> While this
resolution is sufficient for many applications, an improved resolution is of interest when
inhomogeneity on a scale of only a few microns is expected, which is often the case for the

biological samples.

This paper demonstrates the scope and advantages of implementing two recent versions

of novel SCA detection opticsB*25

in achieving superior resolution mapping and highly localized
speciation of elements. A SCA optic, which is fabricated using the electron beam lithographic
techniques and DRIE, consists of micron-scale arrays of collimating channels arranged like

2324 The fundamental difference

spokes of a wheel, all focused on a single source position.
between a SCA and a polycapillary arises from the use of collimating channels in the former,
rather than reflective glass capillaries in the latter, in order to selectively transmit fluorescence
from sample to the detector. Additionally, the SCA spatial resolution, which is solely determined
by the length and width of the device channels, is nearly energy independent in contrast to
polycapillary resolution, which is dependent on the critical angle for total external reflection,
thus on energy.”>** Two designs of SCA optic, both fabricated from silicon, have been reported

to date.”>** In the first, an array of micron scale collimating channels etched on a substrate were

implemented,23 whereas in the second, instead of just etching, the collimating channels were
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formed by a staggered array of pillars, whose side-walls were tapered away from the channel
axis.”* The latter design offered a higher efficiency through the implementation of deeper
channels, together with an increased working distance through the tapering of channels from the
channel axis.** Recently, a new version of the SCA optic has been fabricated from a germanium
substrate in order to achieve operation at higher energies (up to 30 keV) as suggested in “ray”-
tracing simulations designed to model SCA behavior.”> The current study implemented two
optics with depth resolutions approximately 7 um and 2.5 um, fabricated from silicon and

germanium substrates, respectively.

The initial imaging and spectroscopy results measured from a biologically relevant
sample, an archaeological human bone, excavated from the Royal Naval Hospital Cemetery (c.
A.D. 1793-1822) near English Harbor in Antigua, are presented. Bone samples from this
cemetery were previously investigated to shed light on historical questions such as whether lead
(Pb) poisoning played a role in the demise of the British military in the West Indies, and whether
the observed Pb is deposited during life (biogenic) or through post-mortem contamination
(dialgenetic).z‘s’27 One of the studies employed a strategy of matching the Pb distributions with
bone microstructures as a way to determine the nature (biogenic or diagenetic) of Pb;*’ however,
the results lacked high resolution maps, which could provide improved detail about the Pb
incorporation in bone microstructures. Similar reasoning can be applied to another previous XFI
study, which reported the evidence of biogenic mercury in a bone sample from the same
cemetery.”® The fragile nature of samples due to poor preservation of archaeological bone
precluded the creation of sufficiently thin sample sections (of the order of a few microns thick),
which is a prerequisite for high resolution results using conventional XFI. In the present study,
various modes of XFI were employed to collect maps of successively improved resolutions, and
a 2.5 um resolution SCA optic was implemented to collect Pb speciation data, which presented
the first demonstration of SCA based biological CXAS. The analysis of the results illustrated the
potential of applying high resolution CXFI and CXAS to differentiate whether a toxic element

has biogenic or diagenetic origins, a topic of key importance in bioarchaeology.
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6.5 Materials and Methods
6.5.1 Samples

The archaeological bone samples were recovered from the Royal Naval Hospital
cemetery (c. A.D. 1793-1822) near English Harbour, Antigua. These samples were recovered
during the mitigation of the cemetery due to encroachment by modern construction. Ethics
approval was obtained from the University of Saskatchewan Biomedical Research Ethics Board
prior to study. An analysis of craniofacial features indicated the subject to be of European
descent, and an assessment of pubic symphysis estimated the subject to be a male with an age
range of 40 - 45 years. An initial bulk analysis of bone fibula sample using standard ICP MS
method, performed at the Department of Geological Sciences at the University of Saskatchewan,
determined the elemental concentrations to be 304,251 ppm for calcium (Ca), 101.9 ppm for Pb,
and 364.8 ppm for strontium (Sr). This study reports a rib section thinned to a thickness of 0.18
mm measured using conventional XFI, and a fibula section thinned to 2.95 mm measured using
CXFI experiments. Both samples are obtained from the same subject. Details of the thin section

preparation have been published previously.27

6.5.2 Experiments

All imaging and spectroscopy experiments were carried out at the 20ID-B beamline of
the APS at the Argonne National Laboratory (Illinois, USA), with the storage ring operating in
continuous top-up mode at 102 mA and 7.0 GeV. The incoming beam was tuned to the desired
excitation energy of 16.5 keV (with an estimated intensity of 10'? photons/sec and 10"
photons/sec respectively for the beamsizes of 5 x 5 um” and 2 x 2 um?) by using a liquid-
nitrogen-cooled Si (111) double crystal monochromator with a second crystal detuned by 15% to
reduce harmonic contamination. A micro-beam of desired spot size was produced using Rh-
coated silicon based K-B style focusing mirrors, which also served to provide additional
harmonic rejection. An ionization chamber filled with nitrogen gas monitored the intensity of the
incident X-ray beam, Iy, which was used for the normalization of the fluorescence; this process
eliminated the impact of any possible flux variations of the source. The beamline setup offered

multiple cameras, which facilitated viewing of the sample during alignment or scanning. Both
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sample and detector were mounted on high precision motorized stages. The sample was oriented
at 45° (for polycapillary based measurements) and 30° (in case of SCA based measurements) to
the incident beam and detector. The emitted fluorescence were detected using a Si-drift Vortex®
detector (SII NanoTechnology USA Inc.) by implementing three different detection strategies
described below and sketched in Figure 6.1.

Holder
g Polycapillary

Holder

a Sample

4’0}' % | '
(o7 +,. %,
’tlayﬂq, %J, ¢
Probe volume Saple Probe volume Sarfple

Conventional XFI Polycapillary CXFI SCA CXFI

Figure 6.1 Schematic diagram showing differences between conventional XFI,
polycapillary and SCA based CXFI setups. Conventional XFI has no detection focusing optic,
hence detection of X-ray fluorescence (XRF) may occur at anywhere along the incident X-ray
path as long as the spot is within the detection solid angle of the detector. In polycapillary and
SCA based CXFI, detection is limited to the respective probe volumes. The SCA optic allows
forming a smaller probe volume compared to the polycapillary. Insets show photographs taken

by the beamline camera during CXFI experiments.
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6.5.2.1 Conventional XFI

For the conventional XFI experiment (left panel, Figure 6.1), the excitation energy was
selected to be 16.5 keV, above the K absorption edge of Sr, so that the distribution of Sr in the
bone sample can be mapped. A K-B mirror pair29 was used to create an incident micro-beam of

approximately 5 um x 5 um spot size, which determined the spatial resolution available in the

experiment. Conventional XFI allows the resolution of features in two dimensions, while the
third dimension remains unresolved. Therefore the third dimension (say, thickness) of the sample
has to be thinned sufficiently to be comparable to the expected resolution along this direction.
Data were collected using step scan mode with a pixel resolution of 20 pm x 20 um and 100 ms
per point integration time. The measurement time required for this data set was approximately

2.5 hrs.

6.5.2.2 Polycapillary based CXFI

CXFI configurations are established by implementing an additional focusing optic in
front of the detector so that although excitation occurs everywhere along the incident beam path,
detection only occurs of photons originating from the probe volume. The spatial resolution
available in a CXFI experiment is three dimensional, and determined by the dimensions of
ellipsoidal probe volume produced by the intersection of incident and detection foci. ™ Figure 6.2
presents a schematic diagram showing the axes of the ellipsoidal probe volume. The axes a and b
of the ellipsoidal probe volume respectively correspond to the depth resolution of the detection
focusing optic and beam size, and the axis c is determined from the convolution of a and b using
the formula (1/¢) 2 = (1/a) * + (1/b) * as described by Silversmit et al.”” The volume (V) of the

ellipsoid, whose axes are a, b and c, can be calculated as V= (4/3)n abc.
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Figure 6.2 Schematic diagram showing axes of the ellipsoidal probe volume.

For a polycapillary based CXFI experiment, a polycapillary detection optic is installed in
front of the detector as shown in the middle schematic panel of Figure 6.1. The diagram shows
that only the fluorescent photons originating from the probe volume are registered by the
detector, while others are restricted from entering the polycapillary. The experiment reported

herein employed a microbeam of approximately 5 um x 5 pm spot size in combination with a

polycapillary optic (XOS®) of depth resolution 25 um (at Mo Ko; 17.4 keV), which yielded a
probe volume with axes 25, 5 and 5 pm (a, b and ¢) at Mo Ko.”® The polycapillary depth
resolution is inversely dependent on energy.”’ Hence the measured depth resolution for Pb Lo
(10.5 keV) was found to be 40 um, greater than the value at Mo Ka. Thus the estimated value for
Sr Ka (14.1 keV) and Ca Ka (3.6 keV) would respectively be somewhat smaller (< 40 pm) and
significantly larger (>> 40 um) compared to the value at Pb La (10.5 keV). The fluorescence
originating from the probe volume is conducted through the capillaries via total external
reflection to arrive at the detector. Elemental maps were obtained by spatially rastering the
sample through the probe volume along any desired plane within the sample. Data were collected
using fly scan mode with a pixel resolution of 5 pum x 5 um and 100 ms per point integration

time. The measurement time required for the data was approximately 4 hrs.
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6.5.2.3 SCA based CXFI

In a SCA based CXFI configuration, the detection focusing optic installed in front of the
detector is a SCA optic, as schematically shown in the right side panel of Figure 6.1. This setup
shows two major differences compared with the polycapillary based one: firstly, the smaller
probe volume, hence higher spatial resolution; and secondly, a shorter working distance, hence
less room for sample translation between the tip of optic and probe volume. The CXFI data
obtained using two SCA optics of depth resolutions 7 um and 2.5 um are reported in this study.
The 7 um SCA optic, fabricated from a silicon wafer, was comprised of 96 channels each

approximately 7 um x 200 um x 4 mm (width x depth x length) with a working distance of

approximately 1.5 mm. The 2.5 pm SCA optic was germanium based comprising of 101

channels each approximately 2.5 pm x 200 uym X 4 mm (width x depth x length) with an

approximate working distance of 1 mm. The microbeam sizes employed with 7 um and 2.5 ym

SCA optics were approximately 3 um x 3 pm, and 2 pm x 2 um, which respectively yielded

approximate probe volume axes of 7, 3 and 2.75 um and 2.5, 2 and 1.5 pm as calculated above.
In case of SCA optics, the probe volume is nearly independent of energy.23 The fluorescence
originating at the probe volume travels through the collimating channels to arrive at the detector.
Elemental maps were obtained by spatially rastering the sample through the probe volume along
any desired plane within the sample. Both 7 um and 2.5 um SCA optics were implemented in
measuring the same bone sample which also was measured using the above polycapillary based
CXFI. Data were collected employing step scanning mode, using pixel resolutions of 5 ym x 5
um, and 2.5 um X 2.5 um respectively for 7 um and 2.5 um SCA optics, and using a integration

time of 100 ms per point. The measurement time for each case was approximately 11 hrs.

6.5.2.4 SCA based CXAS

The 2.5 um SCA optic was employed for Pb L; CXAS in bone, in which XYZ motors
associated with sample stage were driven to the locations of interest chosen from the CXFI map,
and the spectra were recorded by scanning the energy of the incident X-rays at a fixed XYZ
location. Data were taken with 0.5 eV steps and 3 s per point integration time through the near-
edge region and to 100 eV below and 186 eV above for linear background removal and

normalization to edge jump. In order to improve signal to noise ratio and to check for possible
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effects of irradiation, ten sweeps were collected at each location. No indication of irradiation
effect was observed. The acquisition time for each spectrum was 12 min. Spectra for the Pb

standards were collected at beamline 7-3 at SSRL.

6.5.3 Data analysis

Data were analysed using the SMAK software package
(http://home.comcast.net/approximatelysam_webb/smak.html). The recorded fluorescence
counts were normalized to the incident intensity Iy and were background corrected by subtracting
the average intensity of pixels outside the image from the intensity of each pixel of the image.
CXAS data were analyzed using the EXAFSPAK suite of programs (http://www-ssrl.slac.
stanford.edu/exafspak.html).

6.6 Results and Discussion
6.6.1 Elemental mapping in archaeological human bone

Figure 6.3 shows elemental maps for Pb, Sr and Ca collected using various modes of X-
ray fluorescence imaging indicated on the left. Two different bone samples recovered from the
same subject were measured, a rib section for conventional XFI and a fibula section for all CXFI.
Since the images for both sections were measured in the cortical region of bone, similar general
structural features such as osteons are expected to be seen in the maps. Unlike rib, the fibula
sample was extremely fragile due to poor preservation. Hence the challenge associated with thin
sectioning made the fibula sample a logical candidate for CXFI. The data for each mode were
collected during separate beamtime runs at 20ID-B, hence the spatial region within the sample
mapped in each CXFI mode is different. The dimensions of the mapped area varied with the

measuring modes and setups due to the variation in required measuring time per unit area.
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Panel A:
Conventional XFI =
Area =2 mm#

Panel B: Max

PC (25 pm) CXFI
Area = 1.5 mm?

Panel C:
SCA (7 pm) CXFI
Area =900 pmé?

Min

Panel D:
SCA (2.5 pm) CXFI
Area =500 pm?

Figure 6.3 Elemental (Pb, Sr and Ca) maps from archaeological human bone samples
collected using various XFI configurations presented in panels denoted on the left. All samples
are from same archaeological subject: panel A presents a rib section, and panels B, C and D
present different regions of a fibula sample. Scale bars, which are same for all elements within a
panel but different for each panel, are shown in the Ca-maps. Inter-panel or inter-element
intensities are not normalized to each other. PC: polycapillary, SCA: spoked channel array, SCO:
small canal osteon, LCO: large canal osteon, CA: osteonal canals, CL: cement lines, SS: sample
surface, LN: lacunae and X: an unknown feature (possibly due to bone resorption). The depths of

subsurface areas mapped in CXFI with respect to the sample surface are 200 pm, 20 um and 10
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um respectively for panels B, C and D. In the colour-legend, the low intensity levels are

represented by black and darker red, and the higher intensity levels in yellow through white.
6.6.1.1 Conventional XFI

The images shown in panel A of Figure 6.3 are measured using a conventional XFI
experiment. This technique lacks depth resolving capability due to the absence of detection
focusing optics, hence requires samples to be thinned to a thickness similar to the desired depth
resolution. The bone sample measured here was approximately 180 pum thick as creating a
thinner sample was not possible due to its fragility. The Pb-map shows blurry osteon-like
structures with some three dimensional information, such as the orientation of the cylindrical
osteonal structures arising from the superposition of fluorescence originating from a range of
depths within the sample. The Sr and Ca maps show rather a uniform distribution throughout
except for the osteonal canals which appear as “holes”, or low to zero concentration. Although
these maps show a clear variation among the distributions of Pb, Sr and Ca, a detailed element to
structure localization information is not available. These maps demonstrate the challenge of
employing conventional XFI in investigating irregular three dimensional features such as osteons
in an insufficiently thin sample. Additionally, the results from conventional XFI experiments are
likely to suffer from a limited signal to noise ratio. The detection of both fluorescence and scatter
occur at most places along the incident beam path (Figure 6.1) such as various sample depths (to
the limit of fluorescence attenuation), some air, windows and sample holders. While a limited
signal to noise ratio negatively affects all experiments, this would be of particular significance
when a dilute biological sample is of interest since the excessive scatter would cause the detector

deadtime effect.

6.6.1.2 Polycapillary based CXFI

Data presented in panel B of Figure 6.3 are measured using a polycapillary based CXFI.
The fundamental difference between this and conventional XFI arises from the use of a
polycapillary detection focusing optic, which restricted the collection of fluorescence to its focal
spot. Here, a poorly preserved fragile sample of 2.95 mm thickness is measured. Although this is

a fairly thick sample compared to the one measured using conventional XFI, a remarkably
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improved spatial resolution is achieved, particularly in the Pb and Sr maps. This is because the
rastering of the sample through the probe volume in CXFI allowed optical sectioning of the
sample. CXFI enables collection of maps from an area or volume of interest anywhere within a
three dimensional sample as long as the emitted fluorescence is not completely attenuated by the
overlying sample thickness. A comparison with the maps obtained from conventional XFI (panel
A) demonstrates the value of CXFI in achieving higher spatial resolution maps from a sample for
which thinning is difficult or impractical. The inherently higher signal to noise ratio offered by
the confocal mode also contributes to the clearer appearance of the weak features such as

remnants of older osteons.

A considerable variation is observed in the intensities of Pb throughout the map. A
significantly higher accumulation of Pb is observed particularly in the canal walls and cement
lines, likely due to a biogenic type of uptake as the cement surface layer is exposed to the
interstitial fluid during bone remodeling.®’ Interestingly, while some of the canal walls show
higher concentrations, others show very low levels; this may be due to the variation in the extent
of exposure to Pb during the formation of a certain canal wall. A high concentration Pb layer is
observed in the sample surface, the outer surface which was exposed to the burial environment.
Since this accumulation is present throughout the imaged surface and does not show any

correlation with bone microstructures, it may be an indication of diagenesis.

The Sr distribution is different from that of Pb. Only some osteons show higher Sr
concentrations, while others show low; this may be linked with the change in diet during the
formation of osteons, as will be discussed below. In the case of high Sr concentration osteons,

the entire structure appears to be enriched in Sr relative to the surrounding bone.

The Ca map shows noticeable intensity variations across the map (zero to low intensities
on the left and lower side, and high intensities on the upper right corner) as a collective
consequence of several factors. First and foremost, the overlying sample thickness between the
confocal plane and sample surface varies with spatial locations, likely as a result of a small
mismatch of the plane of the bone specimen surface with the plane of scanning. Other factors

include porosity of the bone which also may vary with spatial locations. It is the low energy
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fluorescence which suffers most attenuation; therefore such effect is not apparent in the maps of
Pb or Sr. Another observation regarding the Ca map includes a limited spatial resolution in
comparison with Pb and Sr maps in the same panel. For instance, the osteonal canals are better
resolved in the Pb and Sr maps compared to Ca map. This is due to the poorer polycapillary
depth resolution for low energy Ca fluorescence, as predicted by the energy dependent nature of
polycapillary.”’ A ‘broken hole’ looking feature denoted by X, which could be due to bone
resorption, looks darker in Pb and Sr maps but appears significantly different in the Ca map. The
extra features appearing as higher intensities inside the hole are likely due to a larger probe

volume in the case of Ca.

While the maps obtained using a polycapillary optic show a substantial improvement in
the clarity of element to structure visualization compared to the maps in conventional XFI, a

further improvement can be anticipated if smaller probe volumes are employed.

6.6.1.3 SCA (7 um) based CXFI

Data presented in panel C of Figure 6.3 are collected using SCA optics based CXFI

experiment. A 7 um SCA optic is used in conjunction with an approximate beam size of 3 pm x

3 um, thus employing a probe volume with axes 7, 3 and 2.75 um, which is smaller than the

polycapillary derived probe volume dimensions 40, 5 and 5 pm. Since the pixel size (5 pm x 5

um) employed in both cases was the same, it is the 6-fold improvement in depth resolution (7
um compared with 40 pm) which is expected to contribute to the difference in spatial resolution.
A comparison with the maps obtained from the polycapillary based measurements (panel B)
show a clear improvement in map quality. The variations in Pb intensities among canal walls,
cement lines and osteons are now much more clearly visible. Interestingly, while Pb is observed
on most cement lines and canal surfaces, we see at least one osteon which is highly enriched in
Pb. The Sr map also shows clearer details in the distributions across the map. Interestingly, the
distributions among the osteons are not similar; while some are rich in Sr some show lower Sr
concentrations. A younger looking osteon identified by a larger canal osteon (LCO), which likely
was undergoing formation when death occurred, shows Pb and Sr within the canal, while this

particular osteon also exhibits enrichment in Pb throughout the whole structure. Since the
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osteonal canal contains blood supply, the presence of Pb and Sr is not surprising inside the canal.
Importantly, it may imply the subject’s exposure to Pb at the time of death. The other
explanation for the presence of Pb and Sr in the canal could be the grinding of the sample surface
during sample preparation which may leave microscopic debris of bone trapped inside the canal.
However, the combination of both the enrichment of Pb throughout the osteon and the
occurrence of Pb within the canal better supports the former. Another possibility could be
leaching of Pb and Sr into the canal through diagenesis; however the accumulation only in this
particular canal rather than all of them seems less likely in the case of diagenesis. Smaller
intensity variations across the Ca-map in comparison to its counterpart in panel B can be
attributed to smaller variations in the overlying sample thickness on the confocal plane as a
function of spatial locations. Since a smaller area is mapped compared to panel B, a less
variation in overlying sample thickness is expected. Interestingly, while the Pb and Sr show
incremental improvement in spatial resolution compared to their counterparts in panel B, the Ca
shows a greater improvement going to the SCA optic. This is due to a greater improvement in the
depth resolution for Ca map, compared to the Pb or Sr, going from polycapillary to SCA. The
other factor is the improved signal to noise ratio in panel C compared to panel B due to the closer
proximity to the sample surface (depths are 200 um, and 20 um respectively for panels B and C),
and use of a smaller probe volume. Additionally, here all three maps (Pb, Sr and Ca) appear to be
of similar resolution; a careful observation show tiny low intensity circular bone microstructures,
called lacunae, are of 2-3 pixels in both Sr and Ca. This is expected in accordance with the nearly

energy independent nature of SCA optics with regard to spatial resolution.*

In spite of the improvement, the spatial resolution is still insufficient to resolve bone
microstructures such as the width of an individual cement line, which is in the range of 2 pm.3 !
Hence the fluorescence signal averaged over a larger matrix volume than the true feature

occupies is observed in the maps.

6.6.1.4 SCA (2.5 pm) based CXFI

The SCA based CXFI data presented in panel D of Figure 6.3 are collected by
implementing a higher resolution SCA optic. A 2.5 um SCA optic was employed with a
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beamsize of approximately 2 um x 2 um, thus forming an approximate probing volume with

axes 2.5, 2 and 1.5 pm. This configuration resulted in approximately 3-fold improvement in the
depth resolution (2.5 um in place of 7 um) compared to the previous SCA based configuration.

Additionally, here the employed pixel size was 2.5 um x 2.5 um, which is comparable to the

dimension of bone microstructures such as cement lines. This is an important aspect of this
configuration as it allows improved accuracy in predicting the association between observed
intensities and bone microstructures. Superior resolution maps showing excellent details of bone
microstructures and lacunae (cellular spaces) demonstrate the advantage of the present CXFI
configuration. Lacunae are clearly visible in most parts of the Sr and Ca maps, however not in
the Pb map, which may be due to the deposition of Pb in those structures. The Sr map observed
here shows interesting concentric intensity bands across the radii of osteons. This could be
possible due to a change in diet or wellness over the duration of osteon formation. The mean
formation time for a cortical osteon has been found to increase from 46 days at 10 years of age to
108 days at 60 years of age,’” hence the Sr profile observed here may be reflecting a change in
diet over a period of approximately two and a half months given the age of the individual in the
present case is approximated as 40-45 years. Since the sample reported here is from a naval
cemetery, a change in diet associated to travel is highly probable. With regard to Ca map, the
intensity variation observed across the map here is least compared to its previous counterparts.
This is likely due to the least variation in the distances between the sample surface and confocal
plane as a function of spatial locations. Since this map is smallest in size, the least variation is
expected. As observed in panel C, the appearance of lacunae in this panel (panel D) is also
similar in both Sr and Ca maps, which suggests a similar spatial resolution in both maps. Here
lacunae are of 4-6 pixels: the spatial resolution along the horizontal axis of the map is doubled

compared to panel C, as expected.

6.6.2 Pb speciation using SCA (2.5 um) based CXAS

In a CXFI arrangement, the created probe volume can also be used in performing three
dimensionally resolved X-ray absorption spectroscopic measurements in order to determine
localized elemental speciation information within a sample. To date, there are at least four

instances of polycapillary based CXAS****° and one occurrence of SCA based CXAS® in the
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literature. However, the highest spatial resolution offered by a commercially available
polycapillary optic is limited to approximately 8 um,” and the previous SCA based CXAS
reported a resolution of approximately 7 pm. The novelty of the experiment reported herein lies
in the application of a SCA optic of 2.5 um resolution in CXAS, which allowed probing a

volume as small as approximately 2 um x 2.5 um x 1.5 pm.

The imaging study presented above has shown an indication of diagenetic Pb in the
sample surface. This experiment attempted to test the hypothesis that the chemical form of Pb
may be different depending on the type of uptake. Taking advantage of the superior resolution of
SCA based CXAS, the species of Pb was examined by exploiting the Pb Ls-edge CXAS at
selected volume elements of interest in specific locations within sample. Figure 6.4 shows the
obtained results. The locations a, b, and ¢ respectively correspond to the sample surface, cement
line and canal wall features, which were chosen from the map shown in the inset. Since the
spatial resolution employed in this experiment is comparable to the width of a cement line or
canal wall (approximately 2 pm), the collected spectra should reflect a close correspondence
with the features. Comparison among the spectra shows that while the spectra from b and c¢ are
fairly alike, the spectrum corresponding to a is different from b and c. In particular, a broad peak
at around 13,083 eV in spectrum a is absent from b and c. Since the difference in spectra is a

035 -
3035 it can be

manifestation of the different chemical environments of Pb at the studied locations,
inferred that the difference observed in a is indicative of a different Pb-chemical form at the
sample surface. Since the surface was exposed to the burial environment, it is likely to pose a
higher risk of diagenesis compared to the shielded inner bone structures. Or alternatively, this
could be biogenic Pb but subjected to a different chemical environment post interment, leading
to different chemical transformations. Interestingly, the results for inner locations, b and ¢, show

a similar Pb chemical form, while the difference is observed in location a, which is outer surface.
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Figure 6.4 Pb Ls-edge CXAS spectra collected from an archaeological human bone
sample. Spectra from three locations (a, b, and c¢) within the sample presented in panels B, C and
D in Figure 6.3 are presented. The locations a, b, and c respectively correspond to sample
surface, cement line and canal wall; chosen according to the map shown in the inset. Each

spectrum was collected from a voxel dimension of approximately 2 um x 2.5 pm x 1.5 um.

A common method for identifying an unknown XAS spectrum is to compare the
spectrum with a library of standard XAS spectral.3 > Figure 6.5 shows such an effort, in which the
experimental Pb CXAS spectra from a, b and ¢ are compared with Pb XAS from some standard
Pb compounds. While no identical fingerprinting is observed between the bone data and shown
standards, some similarity of b and c are visible with PbO. The absence of similarity with shown
standards implies that the Pb species in bone spectra are not well represented by these specific
standard Pb chemical forms. An extension of this analysis by including more standards is needed

to elucidate the chemical forms of Pb in measured bone CXAS.
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Figure 6.5 Comparison of Pb Ls-edge XAS spectra measured from bone with some
standard Pb species. Bone spectra (a, b and ¢ from Figure 6.4) are collected using confocal mode,

and standards are measured using bulk XAS. PbHA: Pb Hydroxyapatite and PbAc: Pb Acetate.
6.6.3 Rationale for the presence of Ca, Pb and Sr in bone

The presence of Ca in bone is well understood as it is one of the main constituents of
hydroxyapatite, the bone mineral.*® Ca is generally expected to be present everywhere in the
bone matrix and therefore, a Ca-map is viewed as a way of visualizing some bone micro
structures such as osteonal canal, lacunae and outer boundary of a sample. For instance, the Ca-
maps in Figure 6.3 show mapped areas with periosteal surfaces, the locations of osteons and
lacunae. Unlike Ca, Pb and Sr are non-essential for bone; these elements get deposited in bone
following biochemical mechanisms when exposure to these elements occurs during life through

diet, occupation or other constituents of lifestyle. While neither has any known benefiting role to
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health, Pb is known as a potential toxin. Studies have suggested that Pb** is competitive with
Ca” ions,” and capable of occupying Ca®* sites in the hydroxyapatite.*® A recent confocal X-ray
fluorescence study,31 which demonstrated similar Pb distributions to those presented herein,
suggested that the higher Pb intensity in the cement lines and canal walls compared to the
adjacent mineralized bone matrix may likely be due to non-collagenous proteins like osteocalcin
and osteopontin, which are higher in the cement lines and canal walls in comparison with the
mineralized bone matrix.” Particularly, the higher affinity of osteocalcin for Pb compared to Ca
may be responsible for the higher concentrations of Pb in these regions.3 "1t is reasonable to think
that the canal walls (also cement lines) accumulate Pb ions through their exposure to the
interstitial fluid when the new bone matrix is deposited in the cement line materials (proteins and
mineral).”! Like Pb, Sr has been also known to replace Ca in the crystal lattice of the bone
hydroxyapatite by ionic substitution."” While, our data show some similarities between the
localization of Pb and Sr, some variation is also evident. This suggests a need for further studies

to understand the uptake mechanism of Sr in bone.

6.6.4 Biogenicity versus diagenesis

Biogenicity implies uptake during life whereas diagenesis means molecular alteration of
skeletal materials after interment. While biogenic elements are of interest in bioarchaeology,
diagenesis is often a problem as it is difficult to differentiate between the two. This study
attempted testing if the high resolution CXFI and CXAS can be useful in differentiating between

biogenicity and diagenesis.

CXFI elemental maps showing details of the association between elements and
microstructures may be advantageous to differentiate between the two types of uptakes. We see
that the analysis of the results does, in fact, show some compelling evidences of biogenic uptake.
The distributions of Pb showed a systematic pattern in the map, such as generally exhibiting
higher intensities in the cement lines and canal walls. We speculate that this would not have been
this way if the uptake was diagenetic; rather, a random presence of Pb in canals and throughout
the sample would be expected. A further evidence of the biogenicity of Pb lies in the illustration
of few canal walls showing almost no Pb accumulation while most canal walls do. We speculate

that if diagenesis was the underlying reason of Pb accumulation, a distance of approximately 250
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microns (approximate spacing between two osteons) is too short to exhibit any noticeable
difference in Pb accumulation. Furthermore, the enrichment of at least one osteon with Pb
combined with the presence of Pb within canal may be suggestive of high Pb levels in blood for
about two months preceding death. On the other hand, the appearance of a high intensity Pb layer
on the periosteal surface looks suspicious for biogenicity, thus may be suggestive of diagenesis
as it is observed all over the surface which was exposed to the burial environment. Similar to Pb,
the Sr also displays certain patterning in its localization within bone microstructures. The
presence of high Sr in some osteons while others show very low levels is suggestive of
biogenicity. In addition, the observation of intensity bands throughout the osteons likely manifest
systematic biological processes as underlying reasons, not just a random diffusion from the

burial environment.

The Pb chemical forms are likely to be different depending on the type of uptake:
biogenic or diagenetic. SCA based CXAS enables probing highly localized bone microstructure
specific Pb chemical form, thus can be advantageous in differentiating between the two.
Strikingly, our CXAS result agrees with CXFI in indicating diagenesis of Pb at the sample
surface. While more data and further studies are needed for the confirmation of results, this paper
provides an initial demonstration of the potential of combining high resolution CXFI and CXAS

as a successful strategy to differentiate elemental diagenesis from its biogenic counterparts.

6.7 Conclusions

This study demonstrated the first report of the implementation of novel high resolution
SCA optics for biological CXFI and CXAS. The results illustrated the advantage of employing
this optic in achieving a superior spatial resolution, approaching 2 microns, in confocal X-ray
fluorescence mapping and absorption spectroscopy of elements. Unlike traditional polycapillary
optics, the SCA optics have demonstrated an equivalent spatial resolution for a low energy
element, Ca - a manifestation of the nearly energy independent nature of SCA optics. The SCA

optics therefore can enhance the current capability of confocal imaging and spectroscopy.

While the analysis of bone data showed some indication of biogenesis, an extended study

employing more samples from the same cemetery and other burial conditions such as from the
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Arctic where diagenesis is unlikely to happen, is suggested for the confirmation of the nature of
Pb in samples. The mapping of a larger area would be valuable as it will allow the examination
of many osteons and the pattern of Pb localization. Improved statistics in a given spectrum, and
more observations of spectra at different locations are also required in Pb CXAS to confirm the
difference in Pb chemical form observed at the sample surface. A combined approach using both

polycapillary and SCA based CXFI may be useful for large area and high resolution mapping.

Different modes of X-ray fluorescence imaging were presented in the mapping of
elements and it is important to be aware that each of them has their own advantages and
disadvantages. A decision about choosing a certain mode for a specific experiment will depend
on a number of factors such as the required spatial resolution, necessity of sample cooling,
required map size and available synchrotron beamtime. Conventional XFI may be sufficient if
optical sectioning does not bring any advantage to the experiment and some background noise is
acceptable. Polycapillary based CXFI is appropriate as long as a resolution smaller than
approximately 8 um is not a requirement. Although a high resolution SCA optic allows a
resolution approaching 2 um; these optics may restrict the use of certain samples such as those
with a rough surface or requiring a cooling stage due to the shorter working distance. Also, the
intensity counts obtained from a confocal volume using a SCA optic are likely to offer less
efficiency compared to a polycapillary due to several SCA design restrictions, such as 1) smaller
vertical collection solid angle, ii) fluorescence striking the channel pillars being blocked from
being transmitted to the detector and iii) if the distance between the optic and detector is big then
some fluorescence transmitted through the channels may be too divergent to reach the detector.
The long measuring time required for high resolution measurements could also be a limiting
factor for some applications requiring large area mapping as access to synchrotron beamtime is

limited.
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Chapter 7. Discussion and Conclusions

7.1 Linking the Goal and Findings

The unique properties of CXFI'™® and CXAS"™ offer tremendous potential and new
opportunities for scientific exploration in a variety of disciplines (chapter 1). Research with
biological samples can particularly benefit from these techniques since the confocal method
allows measurement of intact (unthinned or unstained) samples for determination of elemental
distribution or speciation. On the other hand, most biological samples are generally better
candidates for confocal X-ray fluorescence investigation due to greater achievable probe depth.
Since a biological sample matrix is usually comprised of light elements with low X-ray
absorption cross sections with a concomitantly low density, they allow probing a greater depth
compared to their inorganic counterparts. Although there is potential, both CXFI and CXAS
techniques are relatively new and still underutilized in biological research. The fundamental
principle of the confocal method requires restricting the detector’s field of view by employing an
additional detection focusing optic in a microprobe setup to the focal spot of the optic. A

polycapillary'*!!

is the traditionally used detection focusing optic for the construction of a
confocal X-ray fluorescence geometry. While highly suitable, a polycapillary limits the
achievable value of spatial resolution (up to 10 — 12 um or greater at 10 keV) and also gives rise
to spatial resolution that is inversely proportional to energy.g’12 Recently a new detection
focusing optic, SCA,*'? has been proposed for achieving higher spatial resolutions (in the scale
of ~2 um) even for light elements (2 - 5 keV). Such improvement in spatial resolution has made
confocal X-ray fluorescence techniques even more suitable for biological applications since
biological systems often involve light elements and micron scale inhomogenity. This thesis,
therefore, aimed at developing the confocal techniques, CXFI and CXAS, for biological

applications, with a long term goal of implementing the instrumentation at the BioXAS beamline

at CLS.
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The 20ID-B beamline at APS,13’14 a beamline of Canadian partnership, was used as the
main venue for this research, since 20ID-B offered all the required capabilities while the
BioXAS beamline at the CLS was under construction during this project and therefore
unavailable for testing. The G-line at CHESS synchrotron was also used once for a special
purpose. Chapter 2 gives an account of how CXFI and CXAS were initiated and developed at
20ID-B through a number of test experiments in which both types of detection optics mentioned
above, the traditional polycapillary and novel SCA optics, were employed in investigating a
variety of systems. For the purpose of discussion, the complete technique development project is

divided into two parts, the polycapillary- and SCA-based studies.

Polycapillary based CXFI and CXAS: Polycapillary optic based confocal X-ray
fluorescence configurations were employed in the starting phase of the project. It was logical to
start with the traditional polycapillary optics, since the beginning of this project in fact initiated
the confocal capability at 20ID-B beamline. Section 2.3.1.1 described the first confocal setup
constructed at the beamline 20ID-B. The first test experiment reported in this section studied Hg
distribution in the eye of a zebrafish larva exposed to organic Hg. While a number of depth
selective elemental maps through the eye were collected successfully, some irradiation effects
such as browning and slight melting of the sample were problematic in the experiment,
suggesting the need for a sample cooling system. It is worth noting that the irradiation effects in
confocal experiments are significant since the same paths through a sample are irradiated
multiple times during the collection of a number of depth selective two dimensional maps. The
requirement of a sample cooling system was also evident in the measurements of mouse brain
sections at beamlines 20ID-B, APS and G-line, CHESS (sections 2.3.1.3 and 2.3.2.1) in which
drying and tearing of samples also occurred. While almost all experiments in this thesis were
performed at 20ID-B, the G-line, CHESS was once used to utilize a bigger beam spot size of ~
25 um, which is relevant for measuring bigger biological samples. In order to overcome the
irradiation effects, a sample cooling system, based on a Linkam stage and utilizing liquid
nitrogen, was employed in the setup of 20ID-B (section 2.3.1.2). However, achieving a stable
cooling system required applying some improvements through the implementation of a better

quality transfer line and bigger dewar to the initial system (section 2.3.1.4).
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The study exploiting the first stable CXFI setup developed at 20ID-B investigated the
effect of embryonic exposure to elevated selenium in intact zebrafish larva. The detail of
experiments and findings can be found in chapter 3 and has also been published.”” Maternal
transfer of selenium is an important route of selenium exposure for fish in the natural
environment. The study intended to determine tissue specific spatial distribution and speciation
of maternally transferred selenium in the early developmental stage of life using CXFI and
CXAS in an intact larva. Strikingly, the CXFI revealed a preferential accumulation of selenium
in the eye lens. The reported CXAS data, which marked the first published biological CXAS,
suggested the speciation of selenium within the eye lens of intact larva to be a selenomethionine-
like species. It was hypothesized that the preferential accumulation of Se in the eye lens is likely
due to the substitution of Se for the naturally occurring sulfur in the eye lens. As
selenomethionine readily replaces methionine,'® it was thought that the chemical form of
selenium in the eye lens is highly likely to be selenomethionine-like species, as determined in
CXAS. Interestingly, a literature search following this observation uncovered previous reports of
ocular impairments in fish inhabiting selenium elevated water.'” " The study suggested that
there may be a relationship between the exposure to elevated selenium and reported ocular
impairments. While studying this scientific question, this study also has demonstrated the
practicality and usefulness of the first confocal setup at 20ID-B in investigating the trace element

distribution and speciation in an intact biological specimen.

The first confocal setup at 20ID-B was then employed to measure high resolution
elemental maps from poorly preserved archaeological human bone samples, for which thin
sectioning and consequently, conventional XFI was impractical. The detail of this study is
reported in chapter 4 and a manuscript has been accepted.20 While the study described in the
previous paragraph benefitted from the confocal method by employing an intact sample to
maintain the sample integrity, the use of confocal in this study was intended to enable
measurement of a fragile sample, which is impractical for thin (micron scale) sectioning and
hence unrealistic for best spatial resolution results using conventional XFI. This work
demonstrated the value of CXFI as a tool for generating high resolution elemental maps from a
fragile archaeological bone sample showing excellent details of elemental incorporation into

bone microstructures.
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SCA based CXFI and CXAS: The implementation of novel SCA optic in the confocal
setup at 20ID-B was considered as the next logical step. While the use of a polycapillary optic as
a confocal detection optic is utilized in all known previously demonstrated experiments, the SCA
optics are first demonstrated in experiments reported in this thesis. The implementation of SCA
optics as an alternative to polycapillary was primarily intended to achieve higher spatial
resolutions in elemental mapping and speciation obtained by CXFI and CXAS. The use of
polycapillary optics imposes two limitations in confocal experiments: firstly, the highest

achievable resolution is approximately 10 - 12 um or greater at 10 keV;*"?

and secondly, the
resolution deteriorates with decreasing X-ray energy (from 10 to ~ 40 um as X-ray energy vary
from 12 down to 3 keV).*>*"** In contrast, SCA optics are nearly achromatic, enabling ~2 pm
resolution operaltion;g’12 hence an important tool for CXFI especially when resolution superior to
polycapillary is required. While SCA is applicable in most cases, some restrictions with regard to
the sample type and cooling system may be applied due to the limited working distance and

collection efficiency (section 2.2.3).

The first CXFI experiment at 20ID-B that employed a SCA optic was primarily intended
to test the feasibility of the optic. The detail of this study is reported in chapter 5 and is
published.” The experiment studied an inorganic type sample, a medieval stained glass, obtained
from 13th Century Paderborn Cathedral, Germany. This sample was chosen due to the relatively
high elemental concentrations. Three dimensional distributions of Fe, Ca and Mn, and the
localized chemical form of Fe were measured in the intact corrosion layer of the sample.
Implementation of the SCA optic enabled superior resolution depth selectivity in the intact
corrosion layer and measurement of elemental distribution and speciation in a highly localized
manner within the layer. The results showed that both the composition and the chemical form
vary as a function of three dimensional locations in the corrosion layer. While demonstrating the
potential of implementing SCA based confocal techniques in the study of corrosion layers, this

work demonstrated the first implementation of SCA based CXFI and CXAS at 20ID-B.
As a next step, the SCA based confocal setup at 20ID-B was applied in studying

biological samples. An archaeological human bone sample was studied using confocal X-ray

fluorescence configurations with SCA optics of varied resolutions. The detail of this study is
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reported in chapter 6. This chapter presents CXFI elemental maps of unprecedented resolution
and highly localized CXAS spectroscopic data in bone. Several recent studies of human bone
employing CXFI in conjunction with quantitative backscattered electron imaging (qBEI)Mﬁ26
explicitly noted that the comparatively poor spatial resolution of CXFI prevented the images
from two different techniques to be overlaid precisely, and obscured the degree of variation in
elemental concentrations among different bone microstructures. The measurements described in
chapter 6 presented superior resolution maps, obtained using the 2.5 um SCA optic, showing
excellent details of bone microstructures and lacunae (cellular spaces). The results allowed
improved accuracy in predicting the association between observed intensities and bone
microstructures. Besides demonstrating the practical utility and benefit of employing SCA optics
in elemental imaging and speciation within bone, Chapter 6 also served to shed light in
answering the question, whether the observed Pb is biogenic (uptake when alive) or diagenetic
(postmortem contamination). Although more statistics are required for confirmation, the
observed variation in the Pb intensities among canal walls, cement lines and osteonal canals; and
Pb speciation data among canal wall, cement line and periosteal surface indicated a biogenic
uptake of Pb. It was speculated in the chapter that confocal X-ray fluorescence techniques, CXFI
and CXAS, can be applied as important tools in determining the nature of Pb. The knowledge
with regard to the origin of Pb eventually may aid in answering the historical question: whether
lead poisoning played a role in the demise of the British military in colonial Antigua, West

Indies.

To conclude, this thesis successfully included the confocal capability in elemental
imaging and speciation offered at the 20ID-B beamline. This beamline now accepts user
proposals requesting CXFI and CXAS experiments. The superior resolutions obtained by the
implementation of SCA optics have potential to significantly broaden the range of application of
confocal X-ray fluorescence techniques. While polycapillary still remains the predominant
means of performing confocal X-ray fluorescence experiments, the SCA optic serves as an
important addition to the toolkit when superior spatial resolution results (< 10 um) are required.
It is expected that the confocal X-ray fluorescence capabilities studied in this thesis will be

implemented at the BioXAS imaging beamline at the CLS in near future.
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7.2 Recommendations for Future Research

While the development of confocal X-ray fluorescence techniques was the primary focus
of this thesis, several scientific questions were also studied along the way as reported in chapters
3 - 6. To discuss the future directions of this research, this section is divided into two parts: one

focused to the studied scientific cases, and other focused to the technique development.

7.2.1 Future research related to the scientific cases studied

1. Selenium in zebrafish: The effect of maternal transfer of Se is investigated and
reported in chapter 3. When compared to fish on a control diet the study found that although Se
is widely distributed in the larval body, the highest level is present within the eye lens. This
observation is of importance in understanding possible Se-related ocular impairments; however,
the preferential accumulation in the eye lens needs to be supported by better statistics. Therefore,
a large scale future study including more larvae may be suggested for improved understanding.
This study also found that the chemical form of Se in the eye lens is selenomethionine; however,
this was obtained based on the CXAS data collected from only a single hot spot of Se. More
CXAS data from other locations at the eye lens are needed for the confirmation. In an effort to
explain Se-related cataract, this study hypothesized that the opacification of the eye lens or
cataract likely occurs from the oxidation of selenomethionine, which disrupts the strictly
organized structure of the eye lens protein, crystallin. This hypothesis can be tested in a future
study investigating the chemical form of Se in a cataract affected fish eye lens collected from a
high selenium water area. In another extension, comparing the toxicity of various chemical forms

of selenium through different routes of exposure such as diet or water may be of interest.”’

2. Antique stained glass: Antique stained glass sample obtained from 13" century
Paderborn Cathedral, Germany is investigated and reported in chapter 5. The study attempted
determining the composition and chemical form of metals in the corrosion layer of the sample. It
was observed that both the composition and the chemical form vary as a function of three
dimensional locations in the corrosion layer, however only a small area of a single specimen was

studied. Future larger scale studies of mapping and speciation in additional related specimens
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and using higher resolution SCA optics will provide valuable information to understand the

process of corrosion.

3. Archeological bone: Archaeological bone samples excavated from the Royal Naval
Hospital Cemetery (c. A.D. 1793-1822), Antigua were studied in chapters 4 and 6. A key
historical question related to this population was whether Pb poisoning played a role in the
demise of the British military in West Indies, and whether the observed Pb was biogenic
(deposited during life) or diagenetic (postmortem contamination). Although the Pb elemental
maps and speciation data presented in those chapters have shown indication of Pb being
biogenic, additional mapping and speciation data are necessary to confirm the understanding of
the nature of Pb. This study could be expanded in several directions, such as by employing more

specimens of the same or other individuals, and different burial environments.

7.2.2 Future technique development

1. Improved depth resolution: The depth resolution in confocal X-ray fluorescence
techniques is determined by the focal spot of the detection focusing optic. In contrast to
polycapillaries, the novel SCA optics are nearly achromatic, enabling ~2 um resolution
operation. While the SCA optics have demonstrated improvement in depth resolution, there may
be possibilities of achieving a further improvement when optics are fabricated from materials
other than silicon or germanium. A simulation designed for SCA optics has indicated that it
should be possible to make channel arrays having channel widths of 0.5 um by using gold (see

appendix), possibly through electrodeposition.

2. Smaller incident beam: The dimensions (X, Y, and Z) of a probe volume in a confocal
X-ray fluorescence experiment is determined by the sizes of the incident beam and focal spot of
the detection focusing optic. The use of an incident beamsize smaller than ~ 2 um x 2 um, the
smallest employed in this thesis (chapter 6), should improve spatial resolutions along two
dimensions (say, X and Y), regardless of the focal spot size of the detection focusing optic (Z).
While such configuration can not be applied to any general scenario, it may be worth applying in

circumstances when a higher resolution is required for a sample plane (XY), however the
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variation in sample features along the perpendicular direction (say, Z) can be viewed by

employing the resolution available from the detection focusing optic.

3. Larger working distance of SCA optics: The shorter working distance (only up to 1.5
mm) of SCA based confocal configurations represent a limitation of the technique. This
limitation restricts the use of sample cooling stages or samples with rough surfaces due to the
space limitation between the tip of the optic and the confocal volume. An improved SCA design,
in which collimating channels were formed by the staggered arrays of pillars, showed an
improved working distance of ~ 1.5 mm.* A further improvement to the working distance of
SCA optics may be possible, in which a higher SCA depth can be obtained by implementing
synchrotron based lithography, for which an improved aspect ratio compared to DRIE could be

obtained.®

4. Increased collection solid angle for SCA optics: Section 2.2.3 discussed the weaker
performance of a SCA optic compared to a polycapillary with regard to the collection of the
amount of fluorescence from a volume element. This is because the vertical collection solid
angle for a SCA optic is smaller than a polycapillary of similar resolution. This vertical
collection angle is determined by the channel’s depth, which is limited by the typical aspect
ratios for deep reactive ion etching (DRIE).® Implementation of synchrotron based lithography in

fabricating optics may allow deeper channels.

5. Improved count rate by vertical stacking of the devices: Biological samples are often
dilute, hence an improved count rate will significantly contribute to the success of an experiment.
It can be hypothesized that employing a slightly complex setup, in which a number of detection
focusing optics vertically stacked on a holder, all focused to a single confocal volume will
significantly increase the count rate in an experiment. This idea can be applied in both
polycapillary or SCA based setup, although it may be easier with SCA optics due to their

compact size.

6. Creating cryogenic sample environment: Cryogenic conditions were proved to be vital

for many biological samples (chapter 2). A Linkam THMS600 cooling stage, which received a
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constant liquid nitrogen flow, was used in this research; however applying this cooling system in
a SCA based setup is impractical due to the shorter working distance of the optic. Although other
means of sample cooling, such as the implementation of a cryogenic gas (N2) stream or cold
finger may be helpful, these may cause vibration of the optical system or frosting of the sample.
The implementation of a cryostream or cold finger have not been tested in this thesis, hence

future experiments testing the feasibility of these cooling techniques would be valuable.

7. Quantification: CXFI has been employed to analyze samples of different origin, such
as pigment layers in art objects or elemental distributions in biological and environmental
samples. The desire of quantifying elements at spatial locations of interest within samples lead to

3222831 i which only a coup1622’30 dealt with biological samples. The

several reports,
quantification of CXFI data is relatively less straightforward compared to conventional XFI as
the calculations in CXFI require detailed knowledge of the absorption of both the incoming and
detected beams, spatial form of the probe volume, and sample matrix. In case of SCA based
CXFI, the calculations would face one less complication as the SCA derived probe volume is
nearly energy independent, unlike the polycapillary optics. It may be possible to extend the
method suggested by B. De Sambar et. al.” to use the K, to Kp peak ratios of all elements to

predict the degree of attenuation of fluorescence for all elements. This may be applied to the

quantification of CXFI data from biological samples.

7.3 Conclusion

This thesis facilitated establishing confocal capability in the X-ray fluorescence detection
at beamline 20ID-B, APS. Two confocal setups, based on two types of detection side X-ray
focusing optics; the polycapillary and novel SCA, were developed. For both configurations, K-B
mirror pairs were used to achieve the focusing of incident X-rays. The introduction of confocal
detection capability enhances beamline competence by enabling important advantages such as
localized X-ray fluorescence analysis of microscopic sub-volumes within a larger sample
(limited by the escape depth of emitted X-ray fluorescence), and improved signal to noise ratio
through a superior scatter reduction. This thesis successfully implemented novel SCA optics as
an additional confocal detection focusing optic. The reported results demonstrated that SCA

optics can be the optics of interest when polycapillary derived spatial resolution is insufficient,
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and these are capable of extending the scope of confocal X-ray fluorescence to resolutions
approaching two microns even for light elements such as calcium. Future research enabled by the

developments achieved in this thesis shows outstanding potential.
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Appendix

Energy vs. SCA channel length plot
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Figure 1. Energy vs. SCA channel length plots for four choices of channel width and
absorber material: (a) 1 um silicon channels, (b) 5 um silicon channels, (c¢) 0.5 um gold and (d) 2
um germanium channels. In each plot, the lower line at high energy (blue) corresponds to
minimum length required for sufficient absorption of unwanted emission from the sample, and
the upper line at low energy (red) to maximum length, above which diffraction-induced losses
are expected to play a role. The shaded overlap region (green) shows the region in which
channels are expected to perform well.[Figure courtesy: Arthur R. Woll and David N. Agyeman-
Budu]
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