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Chapter 1

Introduction

X-rays were discovered by Wilhelm Conrad Röntgen as a result of his first observation

of visible fluorescence generated by an unknown type of radiation, originating from a

cathode-ray tube on November 8, 1895 [1,2]. Röntgen’s discovery was awarded by the very

first nobel prize in physics in 1901. X-rays were found to be electromagnetic radiation

covering an energy range approximately between 0.1 and 100 keV. The interesting prop-

erties of X-rays were rapidly discovered. For instance, X-rays made it possible to look

at the bones in one’s hand or to detect brass weights inside a closed, wooden box. It is

no surprise these X-rays were thoroughly investigated further and were quickly applied in

many fields of science.

When an X-ray photon interacts with an atom, there is a given chance an electron

is ejected from the atom and a new X-ray photon is emitted. It was Moseley who in

1913 discovered the relation between the characteristic wavelength of X-ray emission of

chemical elements and their atomic number [1–3]. He found this relation to be linear when

the atomic number is plotted against the square root of the emission frequency. This

discovery laid the foundations for X-ray fluorescence (XRF) spectroscopy since it allowed

elemental analysis of a variety of samples. In order to detect the energy or wavelength of

an X-ray photon, an energy dispersive (ED) or wavelength dispersive (WD) detector is

needed. The ED detector is often preferred over the WD detector type as it is typically

less bulky. WD detectors provide considerably better energy resolution, however, they

in general have lower efficiency and require longer measuring times due to the need of

lengthy wavelength scans.

X-ray Fluorescence spectroscopy is an essentially non-destructive analytical technique.

This means that in most cases a given sample can be measured without changing it in an

irreversible way. This property makes XRF spectroscopy a popular technique to invest-

igate, e.g., precious objects of art or other delicate and rare samples. XRF spectroscopy

gives qualitative and quantitative information on the detectable elements in a sample,

typically in the range of Na to U in case of a vacuum spectrometer.

Additionally, it is possible to obtain the elemental distributions of the investigated

1



Chapter 1. Introduction 2

material in a spatially resolved manner by scanning the sample using a focused X-ray

beam, performing XRF measurements at each scan point. This technique is further

described as scanning XRF spectroscopy. Moreover, the elemental distributions over the

sample area can be determined, resulting in 2D elemental images. To obtain better

spatial resolutions and better quantitative properties the X-ray beams are focused to

(sub)microscopic beam sizes and more intense photon fluxes using so-called microfocus X-

ray tubes or special synchrotron radiation facilities as primary sources of X-ray radiation.

Recently another type of elemental imaging approach is being introduced to the world

of X-ray Fluorescence spectroscopy based on position sensitive energy-dispersive or so-

called full-field (FF) X-ray detectors. These detectors detect characteristic X-ray emission

from a large area of a sample simultaneously, making it possible to ‘take pictures’ of the

elemental composition of a sample, much like a digital photo-camera does when taking

pictures. Using this new type of detectors, it is no longer necessary to perform long XRF

scans in which thousands of points of a sample are measured individually to form the

elemental distribution map. This novel technique is further described in this work as

full-field XRF spectroscopy. In this work we investigate and characterize a FF detector

which was recently bought by our research group. The full-field camera is named the

SL-Cam, after its inventors Strüder-Langhoff.

It is the goal of this thesis to compare the previously described scanning and full-field

XRF methods in terms of resolution, sensitivity and general performance. Measurements

were conducted using X-ray tubes and synchrotrons as X-ray sources. The used full-

field camera, the SL-Cam [4–6], will be compared to other available full-field cameras in

Chapter 8 and its characteristics will be investigated and optimized (Chapters 9 and

10). It is finally concluded whether the full-field µ-XRF technique is superior, inferior or

complementary to the more conventional Scanning µ-XRF technique.



Chapter 2

Interactions of X-rays with Matter

2.1 Properties of X-rays

X-rays are a type of electromagnetic radiation with a wavelength between 0.01 and 10 nm

(Figure 2.1). This corresponds to an energy range of 0.1 to 100 keV [7,8]. Like all electro-

magnetic (EM) radiation, X-rays exhibit the particle-wave duality. The wave-like char-

acter can explain certain properties of X-rays such as its polarization, diffraction and

interference properties. A unique property of X-rays is their highly penetrating charac-

ter. The penetrating property of X-rays is dependent on their energy: high energy X-rays

will penetrate materials more deeply than low energy X-rays. Another property is their

straight propagation in between interactions, much the same way as individual photons

of visible light.

Figure 2.1: The electromagnetic spectrum [9].

When an X-ray photon interacts with a sample, there is a multitude of interactions

that can occur. The energy range of the X-rays used for analytical purposes lays between

3



Chapter 2. Interactions of X-rays with Matter 4

1 and 100 keV. There are a few interactions one can ignore because they cannot occur

in this energy range. These interactions are pair production and photonuclear absorption

because for both processes, the energy of the interacting photon must be in the MeV

energy range.

The first type of interaction is the photoelectric effect, in which an X-ray photon is

absorbed, ejecting an inner shell electron from the atom. A second option the X-ray

photons can undergo in the 1 to 100 keV energy range is scattering. This can either be

elastic or inelastic scattering, referred to as Rayleigh or Compton scattering, respectively.

The photon can also pass through the sample without any interaction, especially in case

of high X-ray energies and thin samples [2,7].

2.2 Photoelectric Effect

The interaction of X-rays with matter responsible for generating the secondary effect of

X-ray fluorescence is the photoelectric effect. In this process, the X-ray photon is absorbed

and its energy is transferred to (typically) an inner-shell electron, which is ejected from

the atom. The kinetic energy of the ejected electron, called photoelectron, Ee− is given

by:

Ee− = hν − Eb (2.1)

where Eb is the binding energy of the electron which left the atom, h the Planck

constant1 and ν the frequency of the incoming X-ray photon. From this equation it can

be seen that, in order to be able to eject a bound electron from the atom, the X-ray photon

energy must be higher than the binding energy of the electron. It is also noteworthy that

during the collision all the energy of the X-ray photon is absorbed. This is in contrast

with Compton scattering, as will be discussed in a next section.

After the photoelectric absorption, there is a so-called inner shell vacancy present in

the atom, which can be filled by a transition of an electron from a higher shell to this lower

shell vacancy. In this process the excess energy of the high-level electron can be released in

the form of a characteristic X-ray: a fluorescence X-ray photon. This fluorescence X-ray

photon has an energy equal to the difference between the higher energy state from which

the electron originated and the lower energy state the inner shell vacancy had. Since the

energy values of the shells are characteristic for a given element, the energy difference

between two such shells, and therefore also the energy of the fluorescence X-ray photon,

will be characteristic for a given element [1,3].

The fluorescence X-ray photon can either leave the sample unperturbed, or can interact

with a higher-shell electron of the same atom. When a fluorescence X-ray photon ejects

1h = 6.626068 · 10−34 m2kg/s
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another electron of the same atom it originated from, the ejected electron is called an

Auger electron. This is a radiationless relaxation, which means no new X-rays are created.

All the energy of the fluorescent X-ray is transfered to the Auger electron, which leaves the

atom. When one considers the fact that during XRF spectroscopy one wants to measure

as many fluorescence photons as possible, it is clear that this Auger electron emission is

an undesirable outcome of the photoelectric effect. For low Z elements the Auger effect

will occur with higher probability, making the detection of low Z elements, amongst other

reasons, rather inefficient [1,3].

Another radiationless transition possible is the Coster-Krönig transition. This is an

inner-shell transition, where for instance an electron from an L3-shell fills an electron

vacancy on the L1-shell. The difference in energy is transferred to an outer shell electron

or the environment of the atom [1]. A schematic overview of all photoelectric interactions

is shown in Figure 2.2.

Figure 2.2: Scheme representing the photo-electric absorption [10]. From left to right: fluorescence
effect (radiative transition), Auger effect and Coster-Krönig transition.

When an X-ray photon interacts with a sample it does not undergo all three of these

interactions. In fact, there is only a certain probability that an X-ray photon will interact

according to the photoelectric effect. This probability is governed by the photoelectric

cross-section τ(E,Z). If the photon does succeed in ejecting an electron from an atom

by photoelectric effect, the relaxation can occur by either X-ray fluorescence or Auger

electron emission, as discussed above. Each of these photoelectric relaxations have their

own respective probability as well. The chance that a fluorescence X-ray will be emitted

after the photoelectric effect occurred is described by the fluorescence yield ω, which is

specific to each shell involving the vacancy.
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2.3 X-ray Scattering

Besides the photoelectric effect, X-ray photons can also be scattered by the atomic elec-

trons in the sample. There are two types of scattering: Compton and Rayleigh scattering.

Rayleigh scattering is an elastic type of scattering. The X-ray photon loses no energy be-

cause of this interaction, it will only change direction of propagation (see Figure 2.3).

Rayleigh scattering occurs mainly with low energy X-rays. Heavier atoms also have a

higher chance to interact with X-ray photons through Rayleigh scattering [1,3,11].

Figure 2.3: Rayleigh [8] and Compton [12] scattering schematic overviews. Left: Rayleigh scattering,
right: Compton scattering.

Compton scattering is inelastic. During Compton scattering the X-ray photon will lose

part of its energy, ejecting a Compton electron and changing its direction of propaga-

tion (see Figure 2.3). The scattered photon’s remaining energy ECompton depends on the

scattering angle (ϑ) and its incident energy (E0), as given by Equation 2.2:

ECompton =
E0

1 + E0(1−cosϑ)
mec2

(2.2)

where mec
2 is the electron’s rest mass energy 511 keV. The electron ejected by in-

elastic scattering usually originates from an outer shell of the atom. These electrons have

lower binding energies than the inner shell electrons and thus are easier to eject from the

atom. Additionally, in case of light elements Compton scattering will be more frequently

occurring than Rayleigh scattering.

At first sight one might not see the importance of these Rayleigh and Compton scat-

tering: they generate many X-rays directed towards the detector, without providing ele-

mental information under the form of X-ray fluorescence. However, the Compton scatter

probability depends on the electron density of the sample. In other words: by looking at

the Compton scatter intensity and its ratio to the Rayleigh scatter intensity, one can get a

general idea of the irradiated sample mass and the mean atomic number of the matrix [1,7].
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Compton and Rayleigh scatter probabilities, σC and σR respectively, can be calculated

based on the Compton and Rayleigh differential cross-sections as given by Equations

2.3 and 2.4, assuming a degree of linear polarization p for the incident beam [8]. These

equations show the angular dependence of the Rayleigh and Compton scatter probabilities.

The angle described here is the scattering angle between the source beam and the X-rays

going towards the detector, ϑ.

dσC
dΩ

(ϑ, φ,E) =
r2
e

2

(
E

E0

)2 [
E

E0

+
E0

E
− sin2 ϑ

(
1− p+ 2 cos2 φ

)]
S (x, Z) (2.3)

dσR
dΩ

(ϑ, φ,E) =
r2
e

2

[
2− sin2 ϑ

(
1− p+ 2 cos2 φ

)]
F 2 (x, Z) (2.4)

In these equations Ω is the detector solid angle, φ is the angle in which the detector

deviates from the plane of polarization, E is the energy of the scattered photon, E0 is

the energy of the incident photon, re is the classical electron radius, p is the degree of

polarization, S is the incoherent scattering function and F is the atomic form factor. Both

F and S can be obtained through Xraylib [13]. They are functions of the atomic number

Z and x, where x = sin (ϑ/2) /λ
[
Å−1

]
.

When a beam is linearly polarized, p equals 1. When one measures in the plane of

polarization φ equals 0 ◦. One can calculate that when this is the case, and ϑ equals 90 ◦

the Rayleigh scattering cross-section equals zero and the Compton scattering cross-section

is minimal. As the detector does not have an infinitely small dimension however, Rayleigh

scatter from angles different from ϑ = 90 ◦ will be detected as for those angles the scatter

probability is larger than zero. For unpolarized sources, such as X-ray tubes, p equals 0.

During XRF measurements it is advantageous to minimize the Compton and Rayleigh

scattering intensities, as this will reduce the risk of overloading the detector with X-ray

photons that hold no element specific information. This can be done, according to above

equations, by performing the measurement using a polarized X-ray beam and placing the

detector in the plane of polarization, under and angle of 90 ◦ with respect to the source.



Chapter 3

X-ray Sources

3.1 X-ray Tube

The most frequently encountered type of X-ray source used for X-ray spectroscopy is the

so-called X-ray tube: the modern version of the cathode ray tube of the type Röntgen

used when he discovered the existence of X-rays [3].

Figure 3.1 at the left gives a schematic overview of such an X-ray tube. In this tube,

high voltage is induced over the cathode filament and the anode target. Electrons will

be generated by the heated cathode and are accelerated in the high-voltage electric field

towards the anode target. It is the interaction of the electrons with the anode material

that generates X-rays.

Figure 3.1: Working principle of a Röntgen type X-ray tube [8] (left) and the energy spectrum of
X-rays generated by an X-ray tube [14] (right). In this case the anode material is made of Cu and
the applied voltage was 20 kV.

There are two different kinds of interactions generating X-rays. The first is very similar

to the photoelectric effect described earlier. The incoming electrons, originating from the

8
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cathode, will collide with atoms of the anode material, ejecting their electrons via impact

ionization. This creates again shell vacancies, which will result in a cascade of higher shell

electrons filling the vacancies, emitting characteristic X-rays.

The second type of X-ray emission formed is also known as Bremsstrahlung. This

is German for ‘braking radiation’ and describes exactly where this radiation originates

from. When the electrons penetrate the anode target material, they will be slowed down,

resulting in a loss of energy. This lost energy is partially emitted in the form of X-rays.

Bremsstrahlung emits X-rays in a wide energy range. As a result, X-ray tubes are not

monochromatic sources but also have a significant continuous component in their emission

spectra. Furthermore, the electrons which are accelerated towards the anode material will

loose part of their energy as heat by interacting with the anode material. This heat should

be dissipated in order to extend the lifetime of the anode material. This can usually be

done by air-cooling, but water cooling may also be necessary in case of high power X-ray

tubes [1,3].

The X-rays generated in the anode material by the above processes leave the X-ray

tube through a thin, usually beryllium, window. Beryllium is often chosen as window

material because it is a low Z material, making it very permeable to all but the lowest

energy X-rays and because a thin film of this metal is strong enough to not tear when

exposed to the tube’s inner vacuum.

The image on the right in Figure 3.1 represents a typical X-ray spectrum emitted

from a Cu-target X-ray tube. One can easily recognize the characteristic Bremsstrahlung

background, on top of which are the anode material specific X-ray peaks. It is possible

to use filters between the X-ray tube and sample to absorb certain intervals of X-ray

energies. This way it is possible to irradiate a sample with only a small band of X-ray

energies. This can be advantageous when one wants to measure certain elements without,

or with less, interference from the Bremsstrahlung background or from other elements,

where without the filter both elements would be excited and emit fluorescence X-rays.

The design shown in Figure 3.1 on the left has been somewhat improved by creating

the rotating anode X-ray tubes [1,3]. In these tubes the anode rotates on an axis with a

small offset from the place where electron bombardment occurs. This way the anode can

be bombarded much more intensely by electrons as there is a larger surface accessible for

cooling. This allows substantially higher power to be applied for the X-ray generation,

reaching the multi-kW regime even in case of microfocus tubes.

3.2 Synchrotron Radiation Sources

The ultimate source of X-rays for a wide range of spectroscopic applications is represented

by synchrotron radiation sources in so-called electron/positron storage rings. These are

complex large-scale facilities, a schematic of which is shown in Figure 3.2.
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Figure 3.2: Schematic overview of a third generation synchrotron device [15]. The numbered items
on the figure depicted are: (1) Injection system (LINAC), (2) RF cavities, (3) Bending Magnet,
(4) Beamlines, (5) Experimental hutches, (6) Wiggler, (7) Undulator.

In such a facility, a linear accelerator (linac) first accelerates electrons or positrons, after

which they are brought into a so-called booster accelerator ring (not shown). In this ring,

the electrons or positrons are gradually accelerated to the design energy of the storage

ring (several GeV’s), and eventually are injected in the storage ring via the injection

system (1). The storage ring is formed by the help of magnets, including so-called bending

magnets (BM), guiding the electrons or positrons in orbit by means of Lorentz force. By

forcing the highly relativistic electrons or positrons - their speed is nearly the speed of

light - in a curved path they lose energy by the emission of electromagnetic radiation: the

so-called synchrotron radiation, covering a wide region of the electromagnetic spectrum,

including hard X-rays. Through the use of X-ray optics the emitted synchrotron radiation

is guided through the so-called beamlines, where they are used to perform a wide range

of spectroscopic experiments. [1,2].

In the so-called first generation synchrotron facilities, built for particle physics experi-

ments in the 1970’s, the generated synchrotron radiation was considered to be a nuisance

as it represented an energy loss for the accelerated particles. However, by recognizing the

unique properties of synchrotron radiation, new generations (2nd and 3rd) of SR facilities

were developed, dedicated exclusively to the generation of synchrotron radiation mainly

tuned for the X-ray regime. [2,7].

In order to obtain even more intense X-ray beams, in the so-called third generation

SR facilities built in the 1990’s [7], the main sources of synchrotron radiation are no longer

bending magnets but so-called insertion devices, depicted in Figure 3.3. These are special

magnetic structures consisting of a large number of magnets in a series with alternating

magnetic poles, inserted in the straight sections of the storage rings. They cause the

electrons or positrons to oscillate in a sinusoidal way while passing through the alternating
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magnetic fields, resulting in specific emission spectra. The so-called wigglers will simply

make the electrons and positrons undergo more bends, resulting in a more intense X-ray

spectrum than the normal bending magnets. This spectrum will still be polychromatic,

shaped as is shown in Figure 3.4. The brilliance spectrum1 obtained from a bending

magnet is also depicted for reference.

(a) Wiggler (b) Undulator

Figure 3.3: Schematic overview of insertion devices [15]. The distance between the magnets, in
which the electrons or positrons flow, is called the gap. By modifying this gap one can select the
energy of the generated X-rays.

Another insertion device is the undulator. This device makes use of the wave properties

of X-rays, generating the waves in such a way that certain X-ray energies will undergo

constructive interference, and others destructive interference. This results in a spectrum

with very intense energy bands. An example of the X-ray emission spectrum by an

undulator is also shown in Figure 3.4.

The undulator’s emission spectrum can be modified by changing the gap between the

magnets shown in Figure 3.3. This will shift the peaks shown in Figure 3.4 to different

wavelengths. In this way it is possible to perform a scan over a given X-ray energy band

while retaining very high beam intensities.

1The number of photons as a function of energy, emitted per unit source size and emission angle in a
given energy band.
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Figure 3.4: Relative energy spectra obtained by use of insertion devices [15]. The green and black
lines show spectra obtained from a wiggler and a bending magnet respectively. The blue lines
represent the intensity of an X-ray beam one can obtain by using an undulator in function of
the X-ray energy. At a given gap width only a peak spectrum will be obtained. By changing
the gap one can shift this spectrum over different energies, the maximal intensities of which are
represented by the dotted blue line.

X-ray optics can be used to make the X-ray beam monochromatic, as well as create very

small beam sizes down to nanoscopic dimensions. Apart from these two nice properties

of synchrotron radiation, there are also other advantages relevant to XRF: the emitted

X-ray beam is highly polarized and very intense.
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Energy-Dispersive X-ray Detectors

The first X-ray detector was actually discovered by Wilhelm Conrad Röntgen, along

with the discovery of the X-rays themselves. It was because the barium platinocyanide

screen in Röntgen’s lab started to glow, that Röntgen realized that there must be some

invisible form of unknown radiation leaving the experimental setup. This way barium

platinocyanide became the first X-ray detector, which quickly evolved into the creation

of fluorescent screens [3,7].

Such type of X-ray detectors are however not energy dispersive: only the presence of

X-rays can be detected, their exact energy is not known. For the use in X-ray fluorescence

spectroscopy, knowledge of the energy of the X-ray photons is required since the distinction

between different elements can only be made based upon the X-ray photon energy. Some

of the currently used energy-dispersive detectors will be discussed below.

4.1 Basic Principles, Detector Artefacts and Energy

Resolution

4.1.1 Basic Principles

Figure 4.1 shows a schematic overview of the working principle of an energy dispersive

detector. Upon entering the detector, the X-rays are mainly absorbed by photoelectric

absorption depending on the X-ray energy and the detector material and thickness in

question. By interacting with the semiconductor detector material, the X-ray photon will

be converted into energetic photo- and Auger electrons through a series of photoelectric

interactions. The fast electrons rapidly lose their energy by creating a large number of

electron-hole pairs in the semiconductor material. The number of electron-hole pairs

and hence the generated net charge is determined by the incident X-ray energy and the

mean energy required for an electron-hole pair production in the given semiconductor

material, e.g. 3.65 eV per electron-hole creation in Si. The generated charge carriers

13
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are accelerated by the high-voltage bias towards the detector electrodes, where they are

collected, generating a measurable electric pulse which is proportional to the detected X-

ray energy. The total charge collected gives the total energy of the incident X-ray photon

and as such an energy dispersive spectrum can be obtained [16].

Figure 4.1: Working principle of an energy dispersive detector [2].

4.1.2 Detector Artefacts

The above explanation gives an ideal picture concerning ED X-ray detection. In reality

it is possible that not the correct energy value of the incident photon is measured by the

detector. This is caused by so-called detector artefacts. A first detector artefact is the

‘escape peak’. Escape peaks are formed when an X-ray fluorescence photon created inside

the active material of the detector leaves the detector material without undergoing any

further interactions. This means a small portion of energy has left the detector unnoticed,

and the resulting X-ray energy measured by the detector will have an energy E equal to

E0 - E’. E0 represents the energy of the incident X-ray photon and E’ is the energy of

the fluorescent photon that escaped from the detector. In case of any detector of which

the active material is made of Si, the most important escape energy E’ corresponds to

the Si-Ka fluorescent line energy, i.e. 1.7398 keV. This makes it possible to identify these

escape peaks, manifesting themselves as lower-energy peaks having energy shifts of E’

compared to the true XRF-peaks in the spectrum.

Another important spectral artefact that can be observed in ED XRF spectra are

the so-called ‘sum-peaks’, or pile-up peaks, caused mainly by the associated detector

electronics. Their presence is quite easy to understand by imagining two X-ray photons

entering the detector at nearly the same time. Both will lose their energy, turning into

electron-hole clouds which will be read out. As a result the detector assumes an X-ray

photon was detected with an energy equal to the sum of the energies of the two incident

X-ray photons. The formation of sum peaks can be partially avoided by using a detector
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with higher readout speeds: if the detector and its electronics are fast enough to read out

the signal of the first photon before the second photon enters the detector, the formation

of a sum peak is avoided.

A second way to reduce the formation of sum peaks is by reducing the number of

photons reaching the detector. This can be done by reducing the incoming beam intens-

ity with absorbers, placing the detector further away from the sample, inserting filters

between the sample and detector or using a collimator with a smaller aperture. This way

the chance of two photons reaching the detector within a too short time-interval is re-

duced. It is clear that a careful balance should be achieved between reducing the number

of photons reaching the detector and reducing the amount of sum peaks.

4.1.3 Energy Resolution

Every energy dispersive detector has a certain energy resolution. The energy resolution

expresses how accurately X-ray photons can be distinguished in terms of energy [1]. Be-

cause of certain statistical fluctuations affecting the measurement of a photon energy, the

received signal will not be a narrow line at a certain energy E0. Instead, the signal will be

broadened around this value E0 resulting in a Gaussian-like peak. The energy resolution

of a detector can be expressed as the Full Width at Half Maximum (FWHM) of this

Gaussian peak at a certain energy E0. A higher FWHM value means that it is harder to

distinguish between closely spaced XRF-lines of e.g. neighboring elements.

In X-ray fluorescence spectroscopy, the energy resolution is a function of the energy: as

the energy increases, the X-ray photon must be converted into more charge carriers in the

detector crystal. There is a statistical uncertainty on this photon-to-charge conversion

process, which results in the increasing FWHM. More information on this topic can be

found in Section 11.1 and works by Beckhoff et al. [1] and Van Grieken et al. [3].

4.2 Si(Li)-Detectors

Developed in the early 1960s these detectors were produced not long after high-purity

silicon became available. These detectors have a superior energy resolution than their

predecessors such as scintillation and gas detectors. This is because the mean energy

needed to create a primary elementary charge in a Si(Li)-detector is only 3.65 eV, whereas

it is about 20 to 30 eV for gases [1].

The Si(Li) detector is a semiconductor detector, made of Si and doped with Li atoms.

When a voltage is applied to this semiconductor material, electron holes and free electrons

will be generated. The electron holes, which are positively charged, will gather near the

cathode and the free electrons will drift towards the anode. In between, an area will

be formed without holes or electrons: the depletion region. When a photon enters the
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detector and it is absorbed in the depletion region, it can create a number of electron-hole

pairs, which is proportional with the X-ray energy. The average number of generated

charge carriers is determined by the mean energy required for the production of a single

electron-hole pair. The production of these electron-hole pairs will generate a measurable

voltage.

4.3 Full-Field Energy-Dispersive Detectors

A full-field X-ray detector is a detector capable of detecting X-rays in an energy dispersive

manner, while at the same time providing spatial information. In this way, full-field

detectors can be used to take ‘pictures’ of fluorescence X-rays for entire samples at a time,

much like a photo-camera takes pictures of visible light. In fact, the chips registering the

X-rays are basically the same chips one can find in any digital camera. This property of

the full-field detector to make almost photograph-like pictures is also the reason why this

type of detector is sometimes referred to as a full-field camera.

Full-field detectors have been used since 2000 to perform µ-XRF measurements [17,18].

Within this class of full-field detectors, a distinction can be made between Charged

Coupled Device (CCD) detectors and Complementary Metal Oxide Semiconductor (CMOS)

detectors [19,20]. The main difference between these two types of detectors is the way in

which they read out the collected signals. A CMOS detector will read out each pixel

separately, where a CCD detector will transfer the photogenerated charge from pixel to

pixel and convert this charge to a voltage at an output node [20].

The charge collection in full-field detectors happens in the same way as in a normal

Si(Li) detector. The detector chip is usually built up out of silicon, which will absorb

incoming X-rays and transfer them into electron clouds. In a CMOS detector every pixel

of the full-field detector has its own readout technology, resulting in very fast signal

readout. In fact, one could picture this CMOS full-field detector as a collection of many

miniaturized Si(Li) detectors. A CCD detector reads out the signal in a somewhat more

complex way. However, a CCD chip is less complex to make than a CMOS chip, as the

electron to volt conversion occurs on a separate circuit board [19].

As the full-field detector used in this thesis is a pnCCD type detector, only the readout

of this detector will be discussed in detail in Appendix B. For more information on CMOS

detector readout or its comparison to CCD detectors one is referred to work by Kimmel [16]

and Litwiller [19,20].
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X-ray Optics for the Full-Field

Detector

In order to use the full-field detector in a spatially resolving mode, one needs to combine

the pnCCD chip with an appropriate objective lens in order to image the XRF-distribution

emitted from the sample onto the CCD-chip. The applied detector optics will not only

determine the achievable spatial resolution, but will also influence the overall collection

efficiency of the detection system.

There are many different kinds of X-ray optics of which the relevant ones for detector

optics will be discussed below, but many more can be found in literature [1,2].

5.1 Pinholes

A pinhole is one of the simplest optics and it is basically a metal plate containing a micro-

scopically small hole. Typical pinhole sizes are in the range of a few tens of micrometers.

The pinhole can be used to collimate an X-ray beam in such a way that only fluorescence

X-rays from a certain area on the sample can reach the detector. Figure 5.1 shows a

schematic image of such a pinhole setup (left). As the pinhole is small when compared to

the large active surface of the full-field detector, fluorescent X-rays reach the detector in

a spatially resolved manner.

The pinhole can be used to easily magnify or demagnify samples. Indeed, all one has

to do is to increase the distance between sample and detector pinhole (D1) while keeping

the distance between the detector pinhole and detector (D2) constant to irradiate a larger

area of the sample, and thus demagnifying it.

It should be noted that the material of which the pinhole is made is relevant as well.

If one would use a pinhole crafted out of Cu, one can expect Cu fluorescent X-ray lines

in the spectrum as well. Using a pinhole also decreases the photon flux the detector will

receive, which can be a problem in cases with low count rate.
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Figure 5.1: A schematic overview of an experimental setup using a pinhole (left) and a polycapillary
optic (right). Through the use of a pinhole an area on the sample can be chosen to detect
selectively. By increasing the ratio of distances D1/D2 a larger area of the sample can be detected.
Ray tracing lines are represented by light gray lines.

5.2 Polycapillaries

A more advanced focusing optic is the polycapillary. This is an optic consisting of a large

number of glass fibres with micron sized internal channels, oriented in such a way that

they either focus the beam towards a common microscopic focal point, or turn them into

parallel rays. Figure 5.2 shows an image of the different ways in which a polycapillary can

be used, and a schematic of a measurement setup using the full-field detector combined

with a polycapillary is shown in Figure 5.1. Because the polycapillary can be made in

such a way that one side of the capillaries has a smaller diameter than the other side, the

polycapillary can also be used as a mean to magnify or demagnify the sample onto the

pnCCD chip, which is the relevant application of this optics in the context of detector

optics. [2,21].

Figure 5.2: Polycapillary X-ray optics that produce a focused (a,b) or parallel beam (c), starting
from an X-ray point source (micro-focus X-ray tube (a,c) or a quasi-parallel X-ray source (e.g.
synchrotron (b)) [2,21].
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The focusing property can be used to selectively irradiate a region on the sample, but

it can also be used to selectively detect radiation coming from an area on the sample. By

combining these two principles it is possible to selectively measure the radiation coming

from a small volume of the sample. This technique is called confocal XRF and is a very

powerful technique to perform 3D XRF analysis [22–24].

Polycapillaries guide the photons through the capillary fibres based on the principle of

total reflection: when an X-ray hits a surface with a smaller angle than the so called critical

angle of total reflection ϑC , the X-ray will be totally reflected. This way an X-ray can be

guided through a polycapillary fibre as depicted in Figure 5.3. The critical angle for glass

polycapillaries is dependent on the X-ray energy according to [2]: ϑC(mrad) = 30
E(keV )

where

E stands for the energy of the X-ray photon. This critical angle is usually a few mrad in

case of the analytical X-ray region of 0.1 to 100 keV. The dependence of ϑC on the energy

has its consequences on the transmission probability of high energy fluorescence X-rays,

originating from higher atomic number elements, through the polycapillary. Their critical

angle will be very shallow, causing even the smallest deviation towards a larger angle of

incidence to result into a full attenuation of the photon rather than its transmission. On

the other hand, low energy X-rays will have a larger critical angle, and as a result may

have larger angles of incidence before the photons will be attenuated by the capillary fibre

wall. It should also be noted that these capillaries are made of very thin glass tubes. As

such, it is also possible for highly energetic X-rays to pass through the capillary even

when their angle of incidence is larger than the critical angle. When this happens the

X-rays will not follow the curvature of the capillary, but will penetrate straight through

the glass. For high energy fluorescent X-rays therefore the polycapillary detector lens will

lose its imaging properties and will have a greatly reduced efficiency.

Figure 5.3: Image of the working principles of polycapillaries. ϑC is the critical angle for total
reflection [2,21].
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Detection Limits

Detection limits, or minimum detection limits (MDL), are a way to describe the sensitivity

of an analytical technique. A MDL represents the amount of a certain analyte that must

be present in a sample, before the analyte can be measured by a given technique. They

are expressed in concentrations, either relative concentrations such as weight percent and

parts per million (ppm) or absolute quantities such as µg and moles. In XRF analysis

the detection limit is usually calculated using the following equation [2]:

CMDL,i =
3
√
Nb,i

Np,i

·Ci (6.1)

In this equation Nb stands for the amount of counts in the background, Np the amount

of counts in the peak and Ci the concentration of a certain element. This concentration can

be relative or absolute, resulting in the relative or absolute MDL respectively. Equation

6.1 defines the minimum detection limit as the concentration or amount of analyte that

gives a net intensity equal to three times the standard counting error of the background

intensity [2]. As the emission of photons is described by Poisson statistics, the standard

counting error can be calculated as
√
N where N is the number of photons or counts

integrated over the channel region corresponding to a given peak. Minimum Detection

Limits can only be calculated for samples with known concentrations. Standard Reference

Materials (SRM) or other reliable standards are good candidates to calculate MDL values

for given experimental conditions. When the matrix of a certified material is identical, or

very similar, to an unknown sample, it is possible to state both samples will have about

the same MDL for a given element. For the same reason it is somewhat irrelevant to

compare the MDL of a steel standard to the MDL of a biological standard: both samples

have a very different matrix.

It should be noted that the minimum detection limit is dependent of the analyte element

in question, which is implied in Equation 6.1 by the subscript i, which can be read as ‘for

element i’. The reason this detection limit is dependent on the analyte element’s atomic

number is twofold: on the one hand low-Z materials have low fluorescent yields ωi and, on
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the other hand, the detection efficiency is low due to increasingly significant absorption

effects for lower fluorescent line energies.

When calculating the relative MDL value for a given element, it is enough to simply fill

in Equation 6.1. The value for Ci should be the relative concentration of an element one

finds in the standard reference material certificate, typically given in weight% or ppm. It

is important to use the atomic concentration of a certain element in these calculations.

Otherwise, an overestimation of the MDL is made. The MDL were calculated using an

in-house developed software, see Appendix D on page IX.



Chapter 7

Scanning µ-XRF

Scanning µ-XRF spectroscopy can be considered the conventional way of performing

µ-XRF measurements. As the X-ray beam has to be of micrometer dimensions in this

technique, a focusing optic is used between the X-ray source and the sample. If one also

places an optic between the sample and detector, this technique is called confocal scanning

µ-XRF spectroscopy. Both techniques will be briefly discussed in this chapter. Scanning

µ-XRF spectroscopy can be performed using both synchrotron and laboratory sources.

During this thesis scanning µ-XRF measurements were performed using a laboratory

instrument called the EDAX EAGLE-III. After a general description of scanning micro-

XRF spectrometers, an overview of this device’s properties is given.

7.1 Experimental Setup

During scanning µ-XRF measurements a sample is irradiated by an X-ray beam with a

beam size in the micrometer range. The fluorescence radiation emitted by the sample is

detected by a detector. The angle between source - sample - detector usually measures

90 ◦. This is because at this angle Rayleigh and Compton scattering are minimal1, and as

such the risk of overloading the detector with this scatter radiation is minimized [7,8].

The key feature to a scanning µ-XRF measurement is that the sample is mounted on

a xyz-motor stage. This is a motor stage which can move the sample in the x-, y- and

z-directions. As a result, the sample can be focused and scanned by the beam over its

entire sample area. By collecting the data measured for each point and combining this

data, one can get 2D elemental distributions.

The spatial resolution of this technique is mainly determined by the beam size of the

X-ray beam and the step size of the xy-motor stage. When using an X-ray beam with

a size smaller than the step size of the motor stage, part of the sample is not irradiated

and the sample is undersampled. Oversampling is also possible: by using an X-ray beam

1See Equations 2.3 and 2.4 on page 7 for Compton and Rayleigh scattering’s angular dependance.
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which is larger than the sample stage step size. In this case overlapping areas of the sample

are irradiated during the measurement of multiple adjacent pixels. It is considered ideal

to use a scanning step size which is half of the beamsize, corresponding to a factor two

oversampling.

7.2 EDAX EAGLE-III Characteristics

The EDAX EAGLE-III is an instrument used for non-destructive scanning µ-XRF ana-

lysis. The X-ray source is a Rh-tube which is typically operated at a voltage of 40 kV. The

applied current is adjusted to obtain a maximal detector dead time of 30 % which typic-

ally corresponds to a detected count rate of about 5000 cps. The X-ray beam is focused

by a polycapillary optic. The applied spot size can be selected out of four preset values:

25, 105, 205 or 305µm [25]. The larger beamsizes are obtained by slightly defocusing the

polycapillary. This spot size is inversely proportional with the X-ray energy because the

critical angle of total reflection within the glass channels of the polycapillary scales with

1/E, where E is the X-ray energy2.

The X-ray detector in this instrument is an ED Si(Li) detector with an active surface

area of 80 mm2, cooled by liquid nitrogen. A beryllium window separates the detector

crystal from the rest of the device. An energy resolution of 140 eV for Mn-Kα can be

obtained when measuring at a total count rate of 5000 cps [25]. The incidence angle of the

X-rays on the sample is 60 ◦.

A sample stage is present which can be moved in the X-, Y- and Z-direction. The

motor stages can move with an accuracy of 5µm. This enables performing line and area

scans, as well as point measurements. The instrument can be operated under vacuum,

making the detection of low energy X-rays possible as attenuation by air is eliminated,

making low-Z element analysis possible down to Na [25].

2See Section 5.2 on page 18.
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Full-Field µ-XRF

Due to recent developments in pixel-detector technology, there are a number of full-field

X-ray detectors becoming available for µ-XRF measurements. Although these devices

differ in terms of working principles and performance, the main experimental setup for

such a measurement is the same. This will be discussed below. Also an overview will be

given of the full-field camera used for measurements in this thesis, the SL-Cam [4–6].

8.1 Measurement Setup

Figure 8.1 shows a schematic representation of a possible full-field XRF measurement.

The investigated sample area is fully illuminated by a source with an unfocused wide

X-ray beam. The X-ray photons interact with the sample and create fluorescence ra-

diation, which is detected by the full-field camera. The full-field camera detects the

XRF-spectra on a pixel-by-pixel basis, providing spatially resolved elemental imaging

capabilities without the need of using a focused X-ray microbeam and sample scanning.

Usually the angle between the source, sample and detector measures 90 ◦1. Depending

on the angle between the full-field camera surface and the sample surface, the measured

image can be distorted to a certain extent. This can be best understood by imagining

a circular sample. When looking at this circle under an angle, one will actually see an

ellipse.

The main difference between this setup and a setup for scanning µ-XRF spectroscopy

is the primary X-ray beam diameter. In scanning µ-XRF measurements, a pencil beam

is used to obtain a better spatial resolution. When using a full-field camera however, one

should illuminate an area of the sample the same size as the area that will be detected.

Using a beam size which is larger than the detected area, a part of the photons emitted

by the source is not used and will not contribute to the analysis. Using a smaller beam

size than the detected area, on the other hand, means a part of the detector chip is not

1See Equations 2.3 and 2.4 on page 7
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being illuminated. The use of a sheet beam allows analyzing ‘slices’ of the sample in a

confocal-like way. The fact that the beam size in a full-field measurement is rather large

has an important consequence upon the count rate detected per pixel. Indeed, when

using a focused beam a much higher fraction of photons emitted by the X-ray source will

interact with the sample in this small area. If one chooses to illuminate a larger area

instead, the same photon flux emitted by the X-ray source is spread over a larger area,

and as a result less photons will hit a specific spot on the sample.

Figure 8.1: Schematic representation of a full-field measurement. The setup can be improved by
adding optics on both sides of the sample. The output is the image one gets of the sample after
processing the results. Depending on the setup geometry this image will be somewhat distorted
compared to the real sample image.

The advantage of a full-field measurement, however, is that a relatively large area on the

sample is analyzed with a spatial resolution equal to or better than many scanning µ-XRF

measurements without the need for scanning the sample. This generally means much time

can be saved in comparison, because the setup is rather simple and straightforward to

use. Another advantage is that, by using a wide X-ray beam, there is a lower probability

that sensitive samples will be damaged due to the lower flux-density employed.

The beam size has no real effect on the spatial resolution during a full-field measure-

ment. The spatial resolution is mainly determined by the pixel sizes of the detector, the

distance between the sample and the detector chip and the type of detector X-ray optic

used. Using a 1:1 objective lens, a spatial resolution equal to the pixel size of the CCD-

sensor of the camera is expected. The spatial resolution can be modified by using certain

optics between the sample and the full-field camera. A polycapillary with a magnification

of 10:1 for instance would increase the spatial resolution by a factor of 10, as the projected

pixel size on the sample is 10 times smaller. A pinhole optic can be used for this as well.

A limitation in all full-field cameras are the so called multi pixel events. This is when a

generated charge cloud is spread over more than one pixel. Multi pixel events occur more

frequently in full-field cameras with small pixel sizes and with thicker sensitive depths.

When an X-ray photon is converted to a cloud of electrons, this cloud of electrons drifts to

the front of the detector material where it will be stored and eventually read out. During

this drifting to the front the charge cloud will spread. The greater the distance the cloud

drifts, the larger the area over which the charge cloud is spread in the end. When a multi
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Figure 8.2: Photographs of the SL-Cam installed at beamline P06 of PETRA-III at DESY, Ham-
burg. Left: frontal view, right: side view.

pixel event occurs, one part of this cloud will be accounted to one pixel and another part

of the cloud will be accounted to a neighboring pixel. These multi pixel events have to be

processed to make sure one photon event is read as such, and not as two virtual photons

in two neighboring pixels with a combined energy equal to the real photon. In order to

do this, many studies have been performed about the shape and size of charge clouds in

different detector materials [16,26–28]. Nowadays, the knowledge of these multi-pixel events

is even being used to improve on the spatial resolution of a full-field camera by allocating

the multi-pixel event to a single position, sometimes even smaller than the actual pixel

size, based on weight analysis [5,26,28].

8.2 SL-Cam

During this thesis work, one used the SL-Cam prototype, or the Strüder-Langhoff camera,

which is a pnCCD type full-field camera developed by IFG Berlin, the Institute for Sci-

entific Instruments GmbH, and PNSensor Munich [6]. A picture of this detector is shown

in Figure 8.2. The detector chip consists of a 450µm thick layer of Si and contains an

area of 264 by 264 pixels. Each pixel of the chip has a dimension of 48 by 48µm2. Two

polycapillary detector lenses are currently available for the instrument. One polycapillary

is a 1:1 magnification optic and the other has a 6:1 magnification. The latter has a conical

shape, which results in an effective pixel size of 8 by 8µm2, while the 1:1 polycapillary

is a parallel polycapillary. These theoretical image pixel sizes provide an upper limit of

the spatial resolution one can obtain using this detector. It should be noted, however,

that the distance between the sample and the detector optic has a considerable impact

on the actual spatial resolution. This is discussed in Section 9.2.2. A subpixel resolution

will be achievable in the future [5,6], however, this has not been tested in the framework

of this thesis. The pnCCD chip is back side illuminated which accounts for a homogen-
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eous illumination over the entire chip surface [4]. Full detector specification is given in

Table 8.1.

Table 8.1: Summary of the SL-Cam characteristics [6].

Parameter Value

pnCCD type column-parallel, split frame readout

pixel size 48x48µm2

number of pixels 69,696

image area 12.7x12.7 mm2

sensitive depth 450µm

frame rate 400 Hz (up to 1 kHz possible)

pixel readout speed 28 Mpixel/s

quantum efficiency > 95 % at 3 keV - 10 keV; > 30 % at 20 keV

readout noise (rms) < 3 e−/pixel

charge transfer efficiency >0.99995

energy resolution 152 eV for Mn-Kα
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Figure 8.3: 99% attenuation length as a function of X-ray energy for pure Si (left) and the fraction
of X-ray photons of a given energy that will be absorbed in a 450µm thick layer of pure Si taking
into account the 50µm Be window(right).

The large image area and the relatively thick sensitive depth of the chip make this

an ideal device to measure the elemental distributions present in a sample, in a short

timespan. It should be mentioned, however, the 450µm sensitive depth also has its

limitations. The first graph of Figure 8.3 shows the shows the thickness of pure Si needed

to attenuate 99 % of the incident beam as a function of X-ray energy. The second graph

of Figure 8.3 shows the fraction of the incoming X-ray photons that will be attenuated in

a 450µm thick layer of Si, when the X-rays hit the surface under an angle of 90 ◦ taking

into account the absorption by the 50µm Be window of the SL-Cam. Less than 36 %

of X-ray photons with an energy higher than 20 keV will be attenuated, as the quantum

efficiency in Table 8.1 expresses. The detection efficiency is reduced considerably above
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25 keV, reducing to approximately 20 % at this energy. Nevertheless, the 450µm sensitive

depth is still superior when compared to other full-field cameras, as will be shown in the

following section. In fact, this sensitive thickness is similar or even better then typical

crystal thickness values in state-of-the-art silicon drift detectors, e.g. VORTEX-EM SDD

has an active thickness of 350 microns [29]. Before X-rays reach the detector chip, they

must pass a 50µm Be window. This decreases the detectability of low energy X-ray

photons (< 3 keV) as they are attenuated severely by the window.

In order to reduce thermal noise, the detector CCD-chip is cooled. The cooling is

obtained by a combination of water cooling and Peltier cooling, however more recent

prototypes of this detector are supposed to be cooled by Peltier elements and active air

cooling only. An operating temperature value of −25 ◦C is reported to be optimal [5,6].

Figure 8.4 shows a graph of the FWHM of the Mn-Kα peak as a function of temperature,

which is a typical figure-of-merit to characterize the energy resolution of an ED-detector.

It is important one operates the detector at a temperature where the FWHM is rather

constant over a small temperature interval [30]. This is the case in the temperature interval

of −25 ◦C to −15 ◦C. The latter value was used throughout the measurements presented

in this thesis. The remaining thermal noise produced by the detector is corrected for by a

dark frame correction. The detector chip is operated under vacuum conditions, typically

0.1 mbar, to reduce the humidity inside the detector and avoid corrosion. This way no

water condensation can take place on the CCD-surface and inner electronics.

Figure 8.4: Graph of the FWHM of the Mn-Kα peak as a function of chip temperature as detected
by the SL-Cam. The FWHM of this peak is the typical figure-of-merit characterizing the detector
energy resolution. It is advised to operate at a temperature for which the FWHM is more or less
constant around this temperature [30].

The user can select the energy region in which X-ray photons should be collected, up

to 40 keV [6]. The selected energy region is divided into 2, 000 channels. A maximum of

600, 000 cps, detected on the full image area, can be handled by the detector before the

event analysis becomes cumbersome [6,30].

In the case of the SL-cam, after event analysis, each pixel reads out a spectrum in
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which each channel has the same energy interval. In order to obtain this, the detector

must be calibrated by the so-called pixel calibration. Once the detector is calibrated

however, all 69, 696 pixel spectra can be fitted using the same calibration model for each

of these pixels. This clearly simplifies the data processing of the measured spectra.

The SL-Cam has a readout speed of 400 Hz. This is achieved by a frame store operation,

which is discussed in Appendix B. The frame store areas are read out through two CAMEX

chips each. A schematic illustration of this is shown in Figure 8.5 [4,5]. Other full Field

detectors are discussed in Appendix C.

Figure 8.5: Schematic illustration of the frame store operation for high-speed readout of the SL-
Cam [5]. During read-out the charges in the chip are first rapidly transfered to dark chips at the
sides, the frame store area, from where the system has more time to read out the charges, while
new photons are being collected by the detector chip.



Chapter 9

Full-Field vs Scanning µ-XRF:

Spatial Resolution.

9.1 Calculation of Spatial Resolution

The spatial resolution obtained during a scanning µ-XRF measurement is a function of

the beam size and the step size of the scanning stage. Using a beam size larger than the

step size, the spatial resolution will be limited by the beam size. When one uses a beam

size smaller than the step size, the spatial resolution is limited by the step size. It should

be noted that in the latter case the sample will be under sampled and parts of the sample

will not have been irradiated during a scan.

A way to calculate the achievable spatial resolution, if the step size is smaller than the

beam size, is by performing a line scan over a wire with known thickness. If one plots the

fluorescence intensity for a given element present in the wire for each data point measured,

a Gaussian profile is obtained. By deriving the FWHM of the measured Gaussian profile,

the achievable spatial resolution can be calculated as follows: [31]:

Rspatial =
√
FWHM2 − T 2

wire (9.1)

where Rspatial stands for the spatial resolution, FWHM is the measured FWHM of

the Gaussian and Twire is the known wire diameter. A similar approach is to measure a

knife-edge scan. During such a measurement, one scans across the edge of a metal foil.

The measured XRF signal will be minimal when the beam is next to the foil and maximal

when the beam is completely on the foil. The measured peak intensity, as a function of

the spatial coordinate, can be fitted by an error function [32]. The derivative of this error

function gives a Gaussian distribution, whose FWHM is equal to the spatial resolution.

To determine the spatial resolution of full-field µ-XRF measurements, a similar method

is used. The main difference is that during a full-field measurement the sample is not

scanned. Therefore, the previously described methods cannot be used. The solution to

30



Chapter 9. Full-Field vs Scanning µ-XRF: Spatial Resolution. 31

this problem is to assume that the step size is equal to the effective pixel size of the full-

field camera. During the measurements from which spatial resolutions were determined,

each time a polycapillary optic with a 6:1 magnification was used.

It is interesting to note the calculated spatial resolution will be dependent on the energy

of the X-ray line for which the spatial resolution is calculated. This is a consequence of

the use of polycapillary optics. As was discussed in Chapter 5, X-ray photons are only

transmitted through a polycapillary optic when their incident angle on the capillary wall

is smaller than the critical angle of total reflection, which scales with 1/E. In case of

primary beam focusing, depending on the X-ray photon energy, the beam will be less or

more focused around the center of the focal spot. Higher energies will have smaller spot

sizes on the sample when they pass through the same polycapillary optic. Also, when

detecting high energy X-rays with a polycapillary optic in front of the detector, a smaller

area on the sample will be ‘seen’ by the individual fibers for high energy X-ray photons

than for lower energy X-ray photons, determining the effective pixel size.

9.2 Results

9.2.1 Laboratory Source Measurements

The spatial resolution was determined for the EAGLE-III using Cu grids with varying

wire thicknesses and a 10µm Goodfellow wire containing Cr, Fe and Ni. Also a knife-edge

scan was performed on a thin Cu foil to verify the spatial resolutions obtained for the Cu

grids. The spatial resolution for the SL-Cam using a lab source was only determined by

a measurement on a 10µm Goodfellow wire containing Cr, Fe and Ni. The lab source

used for the full-field measurements is a Mo-tube operated at 30 kV X-ray tube voltage

and 50 mA tube current.

The results are shown in Table 9.1. It is clear that the spatial resolutions obtained from

the Cu foil and grids for the EAGLE-III are very similar: in almost all cases a resolution

of approximately 29 to 30µm was found. The only deviation found was in the case of the

g1000hs, where one obtains a higher spatial resolution. This is because in this sample the

wires are so close together, there is never a point where no wire is irradiated by the 25µm

beam. This causes the program that fits the Gaussian to fit only the upper part of the

actual Gaussian. As such a much smaller FWHM is found, resulting in an overestimation

of the spatial resolution.

As in each full-field measurement, the polycapillary optic with 6:1 magnification was

used, a spatial resolution of 8µm should be achievable. In all cases the perceived spatial

resolution for the full-field camera is much higher than 8µm, as the sample was positioned

a distance away from the polycapillary optic. This was the case because the detector could

not easily be placed closer to the sample due to geometrical limitations.
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Table 9.1: Spatial resolution values calculated for the EDAX EAGLE-III and the SL-Cam using
an X-ray tube. G400hs, g600hs, g1000hs and gvhs are different kinds of Cu grids. Errors were
calculated assuming an error of 10% on the wire thicknesses.

Instrument Sample Element

Wire

Thickness

(µm)

FWHM

(µm)

Spatial

Resolution

(µm)

EAGLE-III gvhs Cu 10.64 34.6 ± 1.0 32.9 ± 1.1

g400hs Cu 8 30.2 ± 3.7 29.1 ± 3.8

g600hs Cu 5 31.4 ± 1.4 31.0 ± 1.4

g1000hs Cu 6 14.7 ± 1.7 13.4 ± 1.9

Goodfellow Cr 10 47.0 ± 1.3 45.9 ± 1.3

wire Fe 10 43.1 ± 1.1 41.9 ± 1.2

Ni 10 39.8 ± 0.9 38.5 ± 1.0

SL-Cam Goodfellow Cr 10 43.1 ± 1.2 41.9 ± 1.3

wire Fe 10 39.1 ± 1.0 37.8 ± 1.1

Ni 10 36.2 ± 1.1 34.8 ± 1.2

error on

FWHM

(µm)

Spatial

Resolution

(µm)

EAGLE-III Cu-foil Cu 0.17 30.55

Cu 0.16 32.02

Cu 0.16 32.35

Cu 0.16 31.87

Cu 0.16 31.14

It is clear that for these measurements the full-field detector has a similar spatial

resolution as the EAGLE-III instrument. There is no reason however why the full-field

detector would not have resulted in a 8µm spatial resolution if the sample could have been

moved close enough to the detector. This was done during a synchrotron measurement

with the SL-Cam, and indeed a much better spatial resolution was found, as will be

discussed in the next section.

9.2.2 Synchrotron Measurements

For a full-field measurement, the spatial resolution is mainly determined by the pixel size,

and the distance between sample and detector. As such the optimal spatial resolution of

a full-field detector will not change when measuring at a synchrotron.

Beam sizes down to the nanometer range can be reached at modern day synchro-

trons [33], and as a result the spatial resolution one can obtain at a synchrotron for a

scanning measurement will be higher than the spatial resolution obtained for a full-field
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measurement. Nevertheless the spatial resolution was determined for the SL-Cam during

a synchrotron measurement at beamline P06 of PETRA-III at DESY in Hamburg. In

particular, the influence of the distance between sample and detector was investigated, in

order to see the effect on the spatial resolution. Both results are shown in Table 9.2.

Table 9.2: Spatial resolution for the SL-Cam during a synchrotron measurement at beamline P06
of PETRA-III at DESY in Hamburg. The detector-sample distance was varied to show the effect
on the spatial resolution and is represented by ‘Dist.’. Gvhs and g600hs are different kinds of Cu
grids. Errors were calculated assuming an error of 10% on the wire thicknesses.1

Sample
Dist.

(mm)
Element

Wire

Thickness

(µm)

FWHM

(µm)

Spatial

Resolution

(µm)

gvhs n.a. Cu 10.64 25.9 ± 2.3 23.6 ± 2.6

g600hs n.a. Cu 5 33.1 ± 4.5 32.7 ± 4.6

Goodfellow

wire
0 Cr 10 16.6 ± 0.8 13.3 ± 1.3

Fe 10 12.6 ± 0.3 7.7 ± 1.4

Ni 10 - -

Goodfellow

wire
1 Cr 10 21.8 ± 2.6 19.4 ± 3.0

Fe 10 25.7 ± 1.9 23.7 ± 2.1

Ni 10 - -

Goodfellow

wire
3 Cr 10 50.9 ± 11.0 49.9 ± 11.2

Fe 10 40.9 ± 5.2 39.7 ± 5.4

Ni 10 22.4 ± 3.6 20.0 ± 4.1

When the sample can be put close enough to the detector, a spatial resolution super-

ior to that of the EAGLE-III can immediately be found. It is also readily noticed that

increasing the distance between the sample and the detector drastically lowers the resol-

ution. This is because the area seen by a pixel of the SL-Cam changes with the distance

as follows:

S = T + 2 · d · tanϑC (9.2)

where S stands for the effective pixel size seen by the capillary fibres, T is the diameter

of the capillary fibre entrance, d is the distance between the sample and the capillary

entrance and ϑC is the critical angle of total reflection of the capillary material for a

given X-ray photon energy2. For a full-field camera the spatial resolution is the same as

2See Section 5.2 on page 18 for more info on ϑC
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the area seen by one pixel. If one assumes each pixel detects photons transmitted by a

unique capillary channel, the spatial resolution can be assumed to be equal to this effective

pixel-size S. Given the SL-Cam’s 6:1 magnification polycapillary optic, T in equation 9.2

equals 8µm. Using this value for T one can calculate the spatial resolution for Fe at a

given distance d. The results of this are shown in Table 9.3. For easier comparison the

calculated spatial resolutions from the actual measurement shown in Table 9.2 are shown

in Table 9.3 as well.

Table 9.3: Theoretically calculated spatial resolution compared to experimental spatial resolution
for Fe using the SL-Cam with a 6:1 magnification optic at a synchrotron source.

Distance Sample -

Detector (mm)

Theoretical Spatial

Resolution (µm)

Experimental Spatial

Resolution (µm)

0 8.00 7.7 ± 1.4

1 17.38 23.7 ± 2.1

3 36.13 39.7 ± 5.4

It is clear from these results that the experimentally determined spatial resolution

is very similar to the theoretically calculated one. Only for the distance of 1 mm the

two values do not really correspond. It should be noted however that the detector-sample

distances represented in Table 9.2 are rough estimations with uncertainties in the±0.5 mm

range. As such the distance of 1 mm might have been 1.5 mm, which would correspond to

a theoretical spatial resolution of 22.06µm. This value does correspond rather well with

the experimentally determined spatial resolution.

Overall it is safe to say the spatial resolution one can obtain with the SL-Cam is much

better than the spatial resolution one can obtain with the EDAX EAGLE-III or similar

instruments. This is especially the case when one keeps in mind the fact that a sub-pixel

resolution will be possible for the SL-Cam as well, an interesting prospect which is not

handled in detail in this thesis.



Chapter 10

Full-Field vs Scanning µ-XRF: MDL

and Spectral Data Discussion

This chapter presents minimum detection limits for full-field and scanning µ-XRF meas-

urements. Also, experimental XRF-spectra obtained from various reference materials are

compared for both types of micro-XRF techniques. A distinction is made between labor-

atory source measurements and synchrotron measurements. As the matrix of a sample

also has its effect on the MDL and on the fluorescence yields during a measurement, a

distinction will also be made between different types of sample matrices. The MDLs were

calculated using the program calc mdl.pro. For more information on this program, see

Appendix D on page IX.

10.1 Energy Resolution

Figure 10.1: Energy resolution determination on the Mn-Kα peak for the SL-Cam after irradiating
the camera with an 55Fe source.

In order to measure the energy resolution of the SL-Cam, an 55Fe source was used, which

emits Mn-Kα lines. A sum spectrum was made by adding together all pixel spectra. A

35
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Gaussian curve was fitted to the Mn-Kα peak and its FWHM was determined, as shown

in Figure 10.1. An energy resolution of 143 eV was found for this Mn-Kα line. This is

an energy resolution which is very similar to single-element Si(Li)-detectors and other

state-of-the-art ED-detectors, including SDDs.

10.2 Laboratory Source Measurements

The SL-Cam was used as a full-field detector and had a polycapillary optic in front of it

with a magnification of 6:1 or 1:1. The used source was a Mo-anode X-ray tube. The

applied voltage and current will be mentioned for each standard separately.

The results are compared to measurements performed using the EDAX EAGLE-III.

A beam size of 25µm was used to perform area scans of the standards. Afterwards all

obtained spectra were summed together to give a sum spectrum which is representative

for the area scan. The measurement live time which will be mentioned for the EAGLE-III

measurements, is the live time for the entire scanned area.

For each sample the MDL has been derived from the sum spectrum. This sum spectrum

will be used to demonstrate the spectral quality achievable by the novel SL-Cam detector.

The sum spectrum collected by the SL-Cam using a 6:1 magnifying optic is originating

from an area of 2 by 2 mm2, whereas using the 1:1 magnifying optic the detected area

is 11.9 by 12.3 mm2. The sum spectrum of the EAGLE-III measurement corresponds to

an irradiated area of 28.9 by 25µm2. When performing a full-field measurement, one is

usually not interested in the MDL of the total scanned area. It is more interesting to see

what the detection limit is for a given pixel, or a small group of pixels. For this reason

also the spectra and MDL values obtained in one pixel of the SL-Cam, or a small amount

of neighboring pixels, will be discussed. As the measurement time influences the MDL,

each sample was measured for the same live time by the SL-Cam and EAGLE-III.

10.2.1 Glass Matrix (NIST SRM 613 and 1412)

Measurements were performed on NIST SRM 6131 and NIST SRM 1412 [34,35]. They were

illuminated for 7200 seconds and 1000 seconds live time (LT) respectively with both tech-

niques. All samples are glass standards containing trace metals in different concentrations:

NIST SRM 613 contains trace element concentrations of approximately 50 ppm. During

the full-field measurements the Mo X-ray source was applied with a voltage of 20 kV and

a current of 50 mA for the NIST SRM 613 measurement, along with a 6:1 magnifying

polycapillary optic. For the NIST SRM 1412 measurement a 1:1 magnifying polycapillary

optic, 30 kV and 50 mA was used. The EAGLE-III was set to use a voltage of 40 kV and

300µA and 250µA for NIST SRM 613 and 1412 respectively.

1See Appendix E on page XIII for reference values.
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The obtained XRF (sum)-spectra for the EAGLE-III and the SL-Cam measurements

are shown in Figure 10.2. It is clear that both detectors have a similar energy resolution.

The EAGLE-III instrument obtains higher count rates for trace elements in NIST SRM

613. Also low-Z elements are not detectable by the SL-Cam because of the Be detector

window and the air environment.

(a) NIST SRM 613 - EAGLE-III (b) NIST SRM 613 - SL-Cam

(c) NIST SRM 1412 - EAGLE-III (d) NIST SRM 1412 - SL-Cam

Figure 10.2: Sum spectra measured with the EDAX EAGLE-III (left) and with the SL-Cam using a
laboratory source (right) for NIST SRM 613 and NIST SRM 1412 after illuminating the standard
for 7200 seconds and 1000 seconds live time respectively.

Figure 10.3 shows the relative minimum detection limits of the standards for the

EAGLE-III and SL-Cam. It is clear that in all cases the MDL is quite similar for both

techniques, varying between 10 to 100 ppm, depending on the atomic number. Detection

limits for NIST SRM 1412 using the SL-Cam seem somewhat lower than what was found

for the EAGLE-III. Overall however one can claim the detection limits are fairly similar

for both measuring techniques.

The pixel spectrum of a random pixel in the SL-Cam, shown in Figure 10.4 for NIST

SRM 1412, is not adequate to perform any quantitative calculations with, as each pixel

spectra contains only a few counts on average. Any attempt to calculate the MDL for
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these pixel spectra fails as there are no real peaks to calculate the area of. As was

seen in Chapter 6, the peak area is of crucial importance in determining the MDL. An

approximation can be made however by integrating the sum spectrum’s peaks and dividing

the peak’s area by 69,696: the total amount of pixels contributing to the sum spectrum.

This results in MDL values of 500− 1300 ppm for elements with Z between 22 and 30 for

NIST SRM 613 after 2 h measurement time and 0.5− 2.2 % for elements with Z between

19 and 38 for NIST SRM 1412 after measuring for 1000 s.

(a) NIST SRM 613 (b) NIST SRM 1412

Figure 10.3: Minimum detection limits for NIST SRM 613 and 1412, measured for the EAGLE-III
and the SL-Cam using a lab source. Exact values can be found in Tables F.1 to F.3 in Appendix
F.

(a) NIST SRM 1412

Figure 10.4: Pixel spectrum as seen in a random pixel of the SL-Cam after measuring a NIST SRM
1412 standard for 1000 seconds live time, using a Mo X-ray tube source applied with a voltage of
30 kV and a current of 50mA. A 1:1 polycapillary detector optic was used.

The pixel spectra and MDL can be improved by summing neighboring pixels. This

way the spatial resolution will be lowered, but it may be possible to make quantitative

conclusions about some elements in the summed area. Using the 6:1 optic in front of the

SL-Cam, each pixel has a dimension of 8 by 8µm2. If one sums together 4 of these pixels,
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a new pixel is obtained with a dimension of 16 by 16µm2, summing together 9 pixels

provides an area of 24 by 24µm2, which is similar to the smallest EAGLE-III beamsize.

Summations of neighboring pixels were generated containing 2 by 2, 3 by 3, 6 by 6, 12 by

12 and 25 by 25 pixels, resulting in spatial resolutions of 16 by 16, 24 by 24, 48 by 48, 96

by 96 and 200 by 200µm2 respectively. Figure 10.5 shows the spectra obtained for each

of these neighboring pixel summations for a given standard.

(a) NIST SRM 613 (b) NIST SRM 1412

Figure 10.5: XRF spectra obtained by summing neighboring pixels of the SL-Cam together
for measurements on a NIST SRM 613 and 1412 standard corresponding to 7200 seconds and
1000 seconds live time respectively using a Mo X-ray tube source. Summations over 2x2, 3x3,
6x6, 12x12 and 25x25 neighboring pixels has been performed, resulting in a spatial resolution of
16, 24, 48, 96 and 200µm2 respectively.

As the summed area increases, also the spectrum quality increases. It was possible to

calculate detection limits for the summation over 25 by 25 neighboring pixels on the NIST

SRM 613 standard. A detection limit of 20− 80 ppm was found for 20<Z<30 elements

when measuring for 7200 s LT. The summation of neighboring pixels was more successful

for the measurement of the NIST SRM 1412 standard, as here a MDL could be calculated

starting from a summed area of 12 by 12 pixels when measuring for 1000 s LT. For the 25

by 25 pixels summed area, a detection limit of 200− 400 ppm for 19<Z<30 elements was

found. MDL values for smaller amounts of summed neighboring pixels could be estimated

in the same way as described above.

From these results it is clear that the EAGLE-III obtains lower levels of detection

compared to the SL-Cam using a lab source. The reason why the EAGLE-III obtains

better results can be found in the fact that the EAGLE-III can measure in vacuum,

which decreases the MDL for low Z elements. A second parameter is the X-ray beam

flux: for the EAGLE-III the beam is focused on a small spot of the sample. To make

optimal use of the SL-Cam’s large area of view, the exciting X-ray beam must irradiate

a large area of the sample, and as such is much less focused. The use of an unfocused

X-ray beam during a full-field measurement results in a lower flux per sample area, which
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in turn results in a lower count rate of fluorescent X-rays per pixel. A third factor is

the 6:1 polycapillary optic used in front of the SL-Cam. This optic is believed to have a

rather low transmission efficiency, rejecting many of the fluorescent X-rays from reaching

the detector chip.

It should be noted that performing a scan of 264 by 264 pixels with the EAGLE-III

instrument would require a live time of 0.01 to 0.1 seconds in order to perform the entire

scan in 1000 to 7200 seconds respectively as was done with the SL-Cam. Not only is

this sub-second live time impossible for the EAGLE-III, measuring at a count rate of

approximately 5000 cps would only result in pixel spectra containing 50 to 500 counts. It

is clear these pixel spectra would be similarly unimpressive as the pixel spectra of the

SL-Cam.

10.2.2 Metal Matrix (NIST SRM 1132 and 1155)

As metal matrix standards the NIST SRM 1132 and NIST SRM 1155 standards were

measured. Voltage applied to the EAGLE-III source was 40 kV. The currents were 225µA

and 65µA for the two samples respectively. A beamspot of 25µm was used. The full-field

measurement used a Mo source with a voltage of 30 kV and a current of 50 mA. The 1:1

polycapillary optic was used in front of the SL-Cam. Both samples were irradiated for

1200 seconds LT with each technique. The MDL calculated using the total sum spectra of

both techniques gives a value between 10 and 100 ppm for the EAGLE-III when looking

at K-lines. For the SL-Cam, slightly lower values are found. However, they are spread

over a range between 0.1 and 100 ppm. Again it could be decided the obtained detection

limits are rather similar to each other. Exact values are represented in Appendix F.

Taking into account the larger irradiated area of the SL-Cam when compared to the

EAGLE-III it would be necessary to sum over 80 by 80 pixels to obtain a spectrum com-

parable to that of the EAGLE-III. Such a large cluster would divide the entire SL-Cam’s

chip in 9 clusters, each with a spatial resolution of 640 by 640µm2. It is clear, how-

ever, that scanning an area of 264 by 264 points, as the SL-Cam does, would take the

EAGLE-III a day to finish, using a 1 second LT, resulting in only slightly better counting

statistics.

A summation of 25 by 25 neighboring pixels, resulting in a spatial resolution of 200µm2,

was performed to obtain a MDL for elements with Z varying between 20 and 30 of

1− 300 ppm when measuring the sample for 1200 seconds.

10.2.3 Biological Matrix (NIST SRM 1577C and SRM CRM278R)

Two biological standards were measured using both the SL-Cam and EDAX EAGLE-III

instrument for 3600 seconds live time. The first standard is the NIST SRM 1577C (bovine

liver). The other standard is SRM CRM278R, which is a standard made of mussel tissue.
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A current of 575µA and 300µA respectively and a voltage of 40 kV was applied for the

EAGLE-III measurement. A beam spot of 25µm diameter was used. The source of the

SL-Cam had a voltage of 30 kV and a current of 50 mA. The 6:1 magnifying polycapillary

optic was used with the SL-Cam.

Minimum detection limits were calculated and for both techniques values between 1

and 10 ppm were found for elements with Z between 20 and 30. In contrast to previously

discussed samples with metallic or glass matrix, a summation of 12 by 12 neighboring

pixels gives quite good results. A MDL of 70 to 150 ppm was found for these elements.

To scan over an area of 484 pixels, the amount of pixels the SL-Cam image has when

summing over 12 by 12 CCD pixels, the EAGLE-III instrument would have to measure

each pixel for 7.4 seconds live time using a beam size of 96µm to obtain the same image.

Under these conditions it is doubtful the EAGLE-III measurement would result in much

better MDL values.

10.3 Synchrotron Source Measurements

In the scope of this thesis no synchrotron measurements were performed using a scanning

µ-XRF method. Full-field measurements were performed, using the SL-Cam as full-field

detector. Measurements were performed at the BAM beamline of BESSY in Berlin and at

beamline P06 of PETRA-III, DESY in Hamburg. Main analytical characteristics derived

from these measurements are presented below.

10.3.1 Glass Matrix (NIST SRM 611 and 613)

Measurements were performed on NIST SRM 611 and 613. Figure 10.6 below shows the

elemental distributions obtained from the full-field camera after 15 minutes of irradiation

with a 10 keV monochromatic X-ray beam and a 25µm pinhole optic at the BAM beam-

line, BESSY (Berlin). The horizontal white line in each image, falsely indicating that

every sample gave zero counts of the specified X-ray fluorescence line, was caused by an

error in the way the detector read out the signal.

Each image also shows a similarly shaped area in the bottom-right corner of the image,

where intensities are remarkably lower. This is believed to be because of a small contam-

inant particle lodged inside the pinhole, which attenuates all X-rays at this point. It is

also possible that the pinhole shape has imperfections, resulting in a non-perfectly round

hole.
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(a) Ca-Kα (b) Cu-Kα (c) Ni-Kα (d) Zn-Kα (e) Compt (f) Rayleigh

(g) Ca-Kα (h) Cu-Kα (i) Ni-Kα (j) Zn-Kα (k) Compt (l) Rayleigh

Figure 10.6: Elemental distribution maps of selected elements in two standards. First row: NIST
SRM 611, second row: NIST SRM 613. Measurement was performed at the BAM beamline at
BESSY synchrotron, using a 10 keV monochromatic X-ray beam and a 25µm pinhole optic. The
samples were measured for 15minutes.

When observing the Compton and Rayleigh images of each standard, the intensity is

lowest at the center of the sample, and it gradually increases towards the borders of the

image. The reason for this is the angular dependence of both the Compton and Rayleigh

radiation intensity2, on the angle in which the radiation is transmitted. As the full-

field camera has a relatively large surface area - 1.27 by 1.27 cm2 - the scattered X-rays

reaching the full-field camera near the borders of the detector are scattered from a wider

angle - away from the ideal 90 ◦ scattering - than those reaching the center of the detector.

Fluorescent X-rays are emitted in an isotropic manner, so this observed phenomenon does

not occur for the fluorescent X-rays.

Figure 10.7 shows a spectrum measured by a randomly chosen pixel for a NIST SRM

611 standard. This spectrum contains more counts than the spectra shown in Figure

10.4, however the amount of counts is still very low. One has to realize that an equivalent

scanning micro-XRF experiment, with 264 by 264 scan points, would require a scan with a

real-time per point of 900 s/69,696, equaling 12.9 ms to finish in 900 s without taking into

account overhead time, which was the collection time for the images shown in Figure 10.6.

Even in case of a high detected count-rate of 20, 000 cps, one would generate XRF-spectra

with a total integrated intensity of about 200 to 300 counts in the full XRF spectrum,

which is comparable to what can be achieved by the full-field camera. The latter, however,

does not require X-ray beam focusing and sample fast-scanning methodology, greatly

simplifying micro-XRF imaging experiments. MDL calculations of the pixel spectra are

approximated as discussed in Section 10.2.1 on page 36. Results are shown in Table 10.1.

Figures 10.8 and 10.9 show sum spectra and corresponding minimum detection limits

for NIST SRM 611 and NIST SRM 613, obtained at the BAM beamline at BESSY. The

minimum detection limits obtained for the NIST SRM 611 and NIST SRM 613 standards
2See Equations 2.3 and 2.4 on page 7
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are both in the 0.5 to 20 ppm range for elements with atomic numbers between 20 and

30 and a LT of 900 s. The detection limits for the NIST SRM 613 standard are lower

than those calculated for the NIST SRM 611 standard. A summation over neighboring

pixels was performed to obtain better spectral data and corresponding MDLs, at the cost

of spatial resolution. The resulting MDLs are also shown in Table 10.1.

Figure 10.7: Pixel spectrum of a random pixel in the full-field camera from the measurement of a
NIST SRM 611 standard. Measurement was performed at the BAM beamline at BESSY, using
a 10 keV monochromatic X-ray beam and a 25µm pinhole optic. The measurement time was
15minutes.

(a) NIST SRM 611 (b) NIST SRM 613

Figure 10.8: Sum spectra of full-field measurements on NIST SRM 611 and NIST SRM 613
standard reference materials, measured at BAM beamline at BESSY, Berlin. Both samples were
measured for 15minutes.
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Table 10.1: Relative MDL values for elements with Z in the 20 to 30 range for different standards
and different amounts of summed pixels using the SL-Cam at the BAM beamline at BESSY,
Berlin. Exact details on the measurements can be found in Sections 10.3.1 and 10.3.2.

amount of summed neighboring pixels

Standard 1x1 6x6 12x12 25x25 264x264

MDL (ppm)

NIST SRM 611 500-5000 80-800 40-400 20-200 2-20

NIST SRM 613 150-3200 25-550 13-290 6-130 0.5-12

NIST SRM 1577b 40-380 6-65 3.5-35 1.5-15 0.15-1.5

Figure 10.9: Relative minimum detection limits for full-field measurements based on the sum
spectra measured for NIST SRM 611 and NIST SRM 613 standards (left) and NIST SRM 1577B
(right), measured at BAM beamline at BESSY, Berlin using a 10 keV monochromatic X-ray beam
and a 25µm pinhole optic. The sample was measured for 15minutes.

Measurements of NIST SRM 613 were also performed at beamline P06, PETRA-III

(Hamburg). The sample was irradiated for 1 h using a monochromatic X-ray beam of

17 keV. The 6:1 magnifying polycapillary optic was used in front of the detector. The

detection limit after measuring for 1 h of the sum spectrum was found to be 5− 170 ppm

for Z between 20 and 30. This is a worse value when compared to a measurement of

only 15 minutes using a pinhole optic, as the MDL is a function of measurement time.

Even though there is a difference in excitation energy between both measurements, the

main reason explaining the difference between these two MDL values is a low transmission

efficiency of the 6:1 polycapillary optic.

10.3.2 Biological Matrix (NIST SRM 1577B and 1577C)

Measurements were performed at the BAMline, BESSY (Berlin) on NIST SRM 1577B and

at beamline P06, PETRA-III (Hamburg) on NIST SRM 1577C. Figure 10.10 shows the

elemental distributions obtained from the full-field camera after irradiating NIST SRM

1755B for 15 minutes with a 10 keV monochromatic X-ray beam and a 25µm pinhole

optic.
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(a) Ca-Kα (b) Fe-Kα (c) K-Kα (d) Zn-Kα (e) Compt (f) Rayleigh

Figure 10.10: Elemental distribution maps of selected elements in a NIST SRM 1577B - bovine
liver standard. Measurement was performed at the BAM beamline at BESSY, using a 10 keV
monochromatic X-ray beam and a 25µm pinhole optic. The sample was measured for 15minutes.

Some inhomogeneities can be observed for Ca-, Fe- and especially K, even though the

absolute amount of counts in each image is not very high. Inhomogeneities in standards are

very error-prone when performing single point measurements using microbeam techniques

for quantitative analysis or MDL calculations and are therefore important to investigate.

The SL-Cam could therefore be a useful tool to quickly trace possible inhomogeneities in

a sample.

Looking at the MDL values shown in the right graph of Figure 10.9 for NIST SRM

1577B, detection limits as low as 0.1 ppm for the most efficiently detected elements are ob-

tained when measuring for 15 m LT. Because the bovine liver has a much less attenuating

matrix than NIST SRM 611 and NIST SRM 613 standards, the obtained signal-to-noise

ratio will be improved. The obtained MDLs are quite promising when comparing to relat-

ive detection limits obtained at beamline-L of the DORIS-III storage ring at HASYLAB.

There, relative MDLs were between 0.01 ppm and 0.1 ppm for the most efficiently excited

elements when measuring NIST SRM 1577B for 1000 s [36]. It should be noted however

that for the beamline-L measurement an X-ray beam with a diameter of approximately

15µm and an energy of 20.7 keV was used. The area of the sample irradiated during the

full-field measurement was larger. A summation over neighboring pixels was performed

to improve on the MDL, results of which are shown in Table 10.1.

Standards with a metal matrix were not measured during a synchrotron measurement.

However, it is expected similar conclusions will be found for those standards. In each

case scanning XRF analysis will give better counting statistics for a given measurement

time, resulting in a better MDL as well. The SL-Cam only gives worse results because of

a lower count rate, which is most likely caused by the 6:1 magnifying polycapillary optic,

which stops much of the fluorescent radiation from reaching the detector. It should be

noted that performing a scan with a scanning µ-XRF setup of 264 by 264 points in the

same time the same time the SL-Cam does this, will result in higher MDL values as well.
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Full-Field Data Processing: Fitting

vs. Region of Interest (ROI)

Integration

The SL-Cam reads out 69, 696 pixels at 400 Hz simultaneously: one spectrum for each

pixel. To process this data each of these spectra can be fitted using programs like AXIL [37].

During the fitting process, each spectrum is fitted by a combination of Gaussian and

polynomial functions and the net peak areas are determined by eliminating XRF-peak

overlaps and subtracting the spectral background. This is a time consuming process given

the large number of single spectra, usually taking a few hours.

A faster way to process the data is by integrating the Region of Interest (ROI) for each

element. In this method all counts are summed together over a given energy interval,

without background subtraction. It is clear this method will be much faster when com-

pared to the fitting procedure since less calculations must be performed. One should also

note, however, that the ROI method does provide spectral background data, which can

be used for MDL or quantitative calculations.

In this chapter it is investigated whether the ROI method provides similar results to

the fitting method. It is expected that the images obtained will be very similar for both

methods for elements whose X-ray fluorescent lines do not overlap. When an overlap

of the ROIs of two elements occurs, the obtained images using the ROI method will be

practically identical. Using the fitting method however, the images will be substantially

different.

11.1 Determination of ROI Width

Before any summation of counts in a given energy interval can be made, the size of the

ROI interval must be determined. A theoretical calculation is therefore performed to
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determine the FWHM of a Gaussian-shaped peak for each X-ray fluorescent line. It is

not possible to use the same ROI width for each X-ray fluorescent line: higher energy

X-ray lines will result in broader peaks with larger FWHM. The equation which is used

to calculate the ROI width is [30]:

FWHM = 2.35 ·

√
FEε+N (11.1)

where F stands for the Fano factor, E for the energy of the X-ray fluorescent line, ε is

a conversion factor from the energy to the number of charge carriers and N stands for the

noise in the spectrum [1]. The number of carriers equals E/ε and as such ε equals the charge

of one carrier. In a Si-based detector ε equals 3.65 eV [16]. The Fano factor is a correction

factor introduced because in semiconductors the individual energy transfer process events

are dependent on each other, which results in a Poisson statistics deviation [1,3]. The Fano

factor and noise values can be obtained by calibrating the spectrum using programs like

AXIL [37]. For a silicon based detector the Fano factor equals approximately 0.115 eV [1,3].

Using these values the ROI width can be calculated for each peak. This value is the

theoretical value of a peak’s FWHM, and thus also of the energy resolution.

11.2 Results

First, a comparison is made between the fitted and ROI results for a measurement per-

formed on a pure copper grid. Since there is no spectral overlap between any XRF peaks,

both the fitted and ROI elemental distributions shown in Figure 11.1 are identical. The

main difference is that the ROI results have a higher maximal amount of counts, as in

the processing of the ROI results no background is subtracted from the spectrum, which

is the case for the fitted results.

Figure 11.1: Elemental distribution of Cu for a Cu grid obtained by fitting of the individual point
spectra (left) and ROI-integration (right).

Spectral overlap of XRF peaks will often occur on non-pure samples. In Figure 11.2

elemental distributions of Ti, Ba and Ca for a geological sample are shown: in the top
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row the fitted data results are shown, while the ROI results are shown in the bottom

row. As it is known that the Ba-Lα peak overlaps with the Ti-Kα peak, this sample is

an interesting case study to compare imaging by individual fitting with ROI imaging.

During the individual fitting process, the problem should be resolved since one part of

the peak surface will be assigned to Ba-Lα, the other part to Ti-Kα. In the ROI process

the entire peak surface will be assigned to both Ba and Ti. In Figure 11.2 it can be

confirmed that the ROI image shown for Ti and Ba is almost identical, whereas there is a

noticeable difference in the elemental distribution obtained by individual fitting for these

two elements. From the elemental distributions obtained by individual fitting it is clear

that both Ba and Ti are present in the sample. For Ti, certain hot spots can be detected

in the sample, whereas for Ba no such hot spots are detected. The obtained mappings for

Ca are very similar to each other as for this sample there is no spectral overlap present

for the Ca-Kα peak.

Figure 11.2: Elemental images for a geological sample for which the data was processed using a
fitting (top row) and ROI (bottom row) method. The elemental images represented from left
to right were obtained using the peaks corresponding to the X-ray lines for Ca-Kα, Ti-Kα and
Ba-Lα.

In these images the fitted results give a higher maximal amount of counts than the ROI

processed results. This can be explained because the fitted results use the complete peak

surface, whereas the ROI processing only adds up the counts given in a small interval

corresponding to the FWHM of the peak. When there is almost no background present

in the spectra, the fitted results can therefore give higher counts.

Another informative sample to illustrate the importance of individual peak fitting is the

cultural heritage ‘majolica’ sample. As the Sr-Kα and Pb-Lα line do not directly overlap,

one might think the ROI and fitted data could provide the same results. However, a
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certain amount of counts in the Sr-Kα peak in the left part of the sample are actually a

contribution from the Pb-Lγ line. A fitting of the data resolves this problem, whereas the

ROI imaging will result in wrong interpretations. The difference between fitting and ROI

imaging for Pb-Lα and Sr-Kα lines is shown in Figure 11.3. It can be seen that the ROI

image (bottom row) assigns a region to contain Sr, where the fitted results show that this

region in fact does not consist of Sr but consists of Pb instead.

Figure 11.3: Elemental mappings for a majolica sample for which the data was processed using a
fitting (top row) and ROI (bottom row) method. The elemental mappings represented from left
to right were obtained using the peaks corresponding to the X-ray lines for Pb-Lα and Sr-Kα.

One can conclude that the ROI processed results are a much faster way to process

the obtained data, yet spectral overlaps can result in the misinterpretation of elemental

abundances in a given point on the sample. It should also be noted that for quantitative

results a fitting should be performed, as this is the only way to resolve spectral overlaps.

If qualitative information of which elements are present in a sample is required, ROI

imaging is often adequate and less time consuming than fitting of the individual point

spectra.
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Full-Field vs Scanning µ-XRF:

Applications

This chapter illustrates elemental imaging applications for which the SL-Cam can be used

in the field of µ-XRF. Imaging comparisons will be made to measurements performed

with the EDAX EAGLE-III. A distinction is made between laboratory sources, which are

typically X-ray tubes, and synchrotron sources.

12.1 Laboratory Source Applications

12.1.1 Biological Samples

To compare full-field to scanning µ-XRF a biological model organism was measured using

the SL-Cam and EDAX EAGLE-III respectively. The sample which was analyzed was a

gill of a mussel which was cultured in a heavy metal polluted environment in the framework

of an ecotoxicological study. The sample was kindly provided by Dr. M. Vandegehuchte,

Department of Applied Ecology and Environmental Biology, UGent. The distribution

of the metals inside the gill tissue, as well as to know how much of the metals were

accumulated by the gill provides important information about the detoxification process.

For the measurement with the SL-Cam, a 30 kV Mo X-ray tube was used at a current

of 50 mA. A 1:1 magnifying polycapillary was used in front of the detector. The sample

was at a relatively large distance from the detector polycapillary, so a spatial resolution

of more than 48µm should be expected. The sample was irradiated for 3706 seconds.

The EAGLE-III was operated using a 40 kV Rh-tube at a current of 400µA. A beam

size and step size of 200µm were used. A mapping was performed over 51 by 19 pixels.

Each point was measured for 40 s live time. Since the EAGLE-III was operated at ap-

proximately 30 % dead time, the measurement required 15 hours and 45 minutes.

Images of the elemental distributions obtained with both techniques are shown in

Figure 12.1. With the SL-Cam no sulfur could be detected. The energy of this Kα-line
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is rather low1 and can be significantly attenuated in the non-vacuum environment, 1:1

polycapillary or 50µm thick Be window.

Figure 12.1: Elemental distributions of Ca, Fe, S and Zn measured in a mussel gill with the EDAX
EAGLE-III in scanning mode (top row) and the SL-Cam as full-field detector, showing images
for Ca, Fe and Zn (bottom row).

The amount of counts in a pixel of the full-field measurement are rather low, especially

taken into consideration the fact that the sample was measured for over an hour. The

EAGLE-III gives a much better count rate in one pixel after measuring for 40 seconds

LT. The reason for this is most likely twofold: on one hand the X-ray source used for the

full-field measurement has a much higher power than the source used in the EAGLE-III,

but the X-rays are not focused into a small spot on the sample, spreading the photons

over a wider area on the sample. The second reason for a low detector count rate during

the full-field measurement can be found in the transmission efficiency of the polycapillary

optic.

Even though the counts in one pixel of the elemental distributions obtained by the

full-field camera are very low, hot spots for Ca and Zn can be detected. It is clear

that the EAGLE-III measurement took much longer than the full-field measurement in

order to give full images. Please note, that the micro-XRF images from the EAGLE-III

spectrometer only represent 51 by 19 pixels, as opposed to the SLCam’s much higher

definition of 264 by 264 pixels. In fact, to provide similar images by scanning-XRF within

an equivalent measuring time of 1 hour, the scanning spectrometer should be operated at

a scanning time of 52 ms per pixel without any overhead time, which is not possible. An

interesting property of the SL-Cam is the ability to provide elemental images of an entire

sample, showing the user in a very short time where elemental hot spots or elemental

deficiencies are located in the sample.

1 S Kα = 2.3075 keV
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12.1.2 Test Structure Samples

12.1.2.1 Fe/Ni Test Structure IRMM301

Measurements were also performed with both the EDAX EAGLE-III and the SL-Cam

on a microchip standard - Fe/Ni test structure on a Si-chip support - IRMM301. This

is a small silicon chip containing sixteen micro structures. The sample was measured to

investigate the spatial resolution of the SL-Cam with respect to EAGLE-III. Figure 12.2

shows elemental distributions of Ni for an IRMM301 Fe/Ni test structure measured with

the SL-Cam (left) and EAGLE-III (right). Figure 12.3 shows a close-up of the grid shown

in the lower left corner of the right fine structure in Figure 12.2.

Figure 12.2: Elemental distribution of Ni for an IRMM301 Fe/Ni test structure measured with the
SL-Cam (left) and EAGLE-III (right).

Figure 12.3: Close-up of an elemental distribution of Ni for an IRMM301 Fe/Ni test structure
measured with the SL-Cam (left) and EAGLE-III (right).

The SL-Cam detector was operated while illuminating the sample with a 30 keV and

50 mA Mo X-ray tube. A 6:1 magnifying polycapillary optic was used, resulting in a

theoretically achievable spatial resolution of 8 by 8µm2. The sample was irradiated for

15 minutes and 30 seconds. For the EAGLE-III measurement a Rh X-ray tube was used

at 40 keV and 165µA. A beamsize of 25µm and stepsize of 8µm were used. Each pixel

was measured for 5 seconds live time.

It is clear from these two images that even though the amount of counts in each pixel

differs greatly - maximum 22 counts for the SL-Cam and 6800 counts for the EAGLE-III

- the SL-Cam provides a sharper image as all metallic stripes are clearly seperated from
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the background. This shows the superiority of the SL-Cam in terms of spatial resolution

when compared to a laboratory source instrument as the EAGLE-III.

12.1.2.2 G1000HS Copper Grid

Figure 12.4 shows the elemental distribution of Cu from a G1000HS Cu grid using the

EAGLE-III and the SL-Cam at a P06, PETRA-III, DESY (Hamburg). For the EAGLE-III

measurement a polychromatic white beam was generated with a Rh X-ray tube, operated

at 40 kV and 220µA. A beamsize of 25µm was used to illuminate the sample. A step size

of 1µm was used, along with a live time of 3 s for each measurement point. This adds up

to 18.75 hours live time to scan over and area of 150 by 150µm2. At the P06 beamline,

a 17 keV monochromatic sheet beam was deployed and the sample was measured for

10 minutes.

Figure 12.4: Elemental distribution of Cu for a G1000HS Cu grid with 6µm bars. On the left
the result for an EAGLE-III measurement is shown, the right image represents the result of a
full-field measurement at P06, PETRA-III, DESY (Hamburg) using the SL-Cam.

The G1000HS Cu grid consists of 6µm bars. The width of an opening in the grid is

19µm. These images may be somewhat more difficult to compare as the full-field image

on the right displays a much larger area of about 1 by 1 mm2. It is visible however

that the SL-Cam has no problem in displaying the fine structures of the Cu grid, where

for the EAGLE-III the used beam size is slightly too large to obtain a proper spatial

resolution. Please note, that the collection of an equivalent 264 by 264 image using the

scanning micro-XRF spectrometer would have taken approximately 20 hours even with

the shortest pixel real-time of 1 s, which is difficult to realize due to measuring overhead

time.

12.2 Synchrotron Radiation Applications

Synchrotron measurements were performed at the BAMline, BESSY in Berlin and at the

P06 beamline, PETRA-III at DESY (Hamburg).
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12.2.1 Polycapillary Errors

A polycapillary optic with a 6:1 magnification was used in front of the SL-Cam to perform

most of our full-field XRF measurements. This polycapillary optic consists of thousands

of glass capillaries, which guide the X-ray photons from the entrance point of the optic

to the detector chip in such a way that the spatial distribution information is retained.

In reality, however, these capillaries and their transmission properties are not all identical

to each other. For this reason a homogeneous 8µm thick copper foil was measured at

beamline P06, PETRA-III (Hamburg). A monochromatic X-ray beam of 17 keV was used

to excite the sample. The elemental distribution of Cu is shown in Figure 12.5.

Figure 12.5: Elemental distribution of Cu resulting from performing a full-field measurement on a
thin Cu foil at beamline P06 in Hamburg using a 6:1 magnifying polycapillary optic. Polycapillary
errors are marked by black circles.

It is clear that some defects are visible in the obtained elemental distribution. At the

bottom of the image one can see subtle hexagonal shapes: these are most likely edges of

the capillaries giving their print on the detector as no X-rays are originating from those

points. Other spots of lower intensity seen in Figure 12.5 are originating from capillaries

with a lower transmission efficiency than their neighboring capillaries. This shows that

one should be careful to proclaim a given sample is not homogeneous when performing a

full-field measurement using a polycapillary optic: it might as well be that the used optic

results in an inhomogeneous transmission of the X-rays, which should be corrected for by

measuring the response of such homogeneous standard foils.

12.2.2 Biological Samples

12.2.2.1 Image quality in function of measuring time

As previously mentioned the full-field camera enables obtaining qualitative micro-XRF

images corresponding to the elemental distributions within a sample in a fast manner. An

interesting field where the full-field camera can be successfully applied is in environmental

research. Elemental distributions are shown of a Daphnia magna sample, which was



Chapter 12. Full-Field vs Scanning µ-XRF: Applications 55

exposed to Zn. Figure 12.6 shows some results from a full-field measurement on a Daphnia

magna sample for different measuring times. The measurements were performed at the

BAMline, BESSY (Berlin). A monochromatic X-ray beam of 10 keV was used, along with

a 25µm pinhole optic in front of the detector.

Zn
Ca
Fe

(a) 30 s

Zn
Ca
Fe

(b) 2min

Zn
Ca
Fe

(c) 5min

Zn
Ca
Fe

(d) 10m 2 s

Zn
Ca
Fe

(e) 16m 36 s

Zn
Ca
Fe

(f) 2 h 16m

Figure 12.6: Elemental distributions of Ca, Fe and Zn in a Daphnia magna sample for different
measurement times. X-ray excitation energy used was 10 keV. The respective measurement time
is noted directly below the image.

It is clearly visible that the longer one measures, the better the signal-to-noise ratios

become. The exoskeleton fine structures can already be seen after 10 minutes of meas-

urement time and at a little over 16 minutes some organs can be observed. One should

also keep in mind that a Daphnia magna is only a few millimeters tall. This means the

full-field camera can provide elemental distributions in a sample with a spatial resolution

in the micrometer range, even though the exciting X-ray beam has a diameter many times

larger than that. After measuring Daphnia magna for 2 hours elemental distributions are

obtained in which most internal organs can be distinguished.

12.2.3 Microchip Samples

To show just how well the full-field camera can depict very fine structures, measurements

were performed on a IRMM301 standard at the BAMline, BESSY (Berlin). IRMM301

is a microchip with different micro-structures consisting out of an Fe, Ni, Cu alloy. A

monochromatic X-ray beam of 10 keV was used, along with a 25µm pinhole optic in front

of the detector. The image shown in Figure 12.7 shows the Ni distribution measured: at

the left an overview is given of the entire microchip, the right image shows the results of

a measurement when the detector was focused on only one substructure. It is clear the

full-field camera can be used to perform fast elemental imaging of both large and small

samples, provided one only needs qualitative information on the elemental distributions

and does not need detailed information of a certain pixel.
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Ni Ni 650 µm

Figure 12.7: Ni distribution in IRMM301 standard. Left image gives an overview of the full sample.
A close-up of the substructure encircled in red is shown in the right image. The left and right
image were obtained after measuring for 15min and 72min respectively.

12.2.4 Geological and Cultural Heritage Samples

The SL-Cam is also applicable in the fields of geology and cultural heritage. Figures

12.8 and 12.9 show examples of such applications. The left image is for each figure a

photograph of the sample, while the right image shows the elemental distributions of

three elements in the sample measured by the full-field camera. The geological sample

in Figure 12.8 was measured with a 10 keV beam for approximately 11 minutes, using a

pinhole optic of 25µm in front of the detector. The porcelain card, represented in Figure

12.9, was measured for 10 min with a 16 keV X-ray beam. In this case a 50µm pinhole

was used as a detector lens. Both measurements were performed at the BAMline, BESSY

(Berlin).

Fe
Cu
Ti

Figure 12.8: A photograph (left) and composite elemental distribution of Fe, Cu and Ti of an ore
sample obtained with the SL-Cam (right).

A good correlation can be seen in both figures between the photograph and the results

obtained through the XRF elemental images provided by the full-field camera. In the

ore sample a Cu vein in a Fe matrix can be seen, along with some Ti hot spots. Similar

results can be concluded for the porcelain card: Hg is present in the red paint while Cu

corresponds to the yellow/gold pigment. It is also seen that Pb is present in regions of
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the porcelain card which are painted both blue and green.

Pb  Cu  Hg

Pb  Cu  Hg

Figure 12.9: A photograph (left) and composite elemental distribution of Pb, Cu, Hg from a
porcelain card obtained with the SL-Cam (right). The right images are close-ups of the areas
defined by the red rectangles in the photograph (left). A 50µm pinhole was used.
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Conclusions

X-ray Fluorescence (XRF) spectroscopy is an essentially non-destructive, qualitative/quant-

itative analytical technique in which a sample is irradiated by X-rays and fluorescent X-

rays are detected. The fluorescent X-rays provide information on the atomic level with

respect to the elemental composition of a sample. Conventionally, elemental distribution

scans can be obtained by scanning the sample across a focused X-ray beam. This way it is

possible to determine for each point on the sample which elements and in what quantity

are present. As the X-ray beam typically has a diameter in the µm range, this technique

is called scanning µ-XRF. The process of scanning over a large area of a sample can be

rather time consuming, and as a result alternatives are of interest.

Another method to obtain elemental distributions is to use a radically new method-

ology, based on the use of novel full-field energy-dispersive detectors. In this method

a sample is irradiated with a large X-ray beam covering a large area of interest on the

sample. The irradiated area is measured by a large energy dispersive (ED) pixel-detector

which is capable to retain the spatial information of the emitted fluorescent X-rays. The

full-field camera used during the preparation of this thesis is the SL-Cam pnCCD camera,

developed by IFG Berlin, the Institute for Scientific Instruments GmbH, and PNSensor

Munich [6]. This detector has a Si-based pnCCD detector chip with 264 by 264 pixels, each

with an area of 48 by 48µm2.

The goal of this thesis was to compare both techniques and to characterize the ana-

lytical performance of the new full-field XRF detector prototype. Measurements were

performed using X-ray tubes and synchrotron radiation sources. The combination of

the SL-Cam with an X-ray tube source proved to be inadequate to perform any kind of

quantification, since the spectral information obtained in one pixel of the detector was

limited. This was the case for biological, geological and metallic samples. However, the

method could be used to obtain fast, qualitative information on the elemental distribution

in a sample: spatial resolutions of 40µm were measured for mid-Z elements, yet a 10µm

spatial resolution is achievable. Minimum Detection Limits (MDL) of 10− 100 ppm for

the most efficiently excited elements were calculated based on the sum spectra of the SL-
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Cam. These MDL values are comparable to values calculated for the EAGLE-III. This

comparison is not fully adequate however, as the entire surface detected by the SL-Cam

is many orders larger than the small area that is illuminated during a scanning µ-XRF

measurement. The spectrum obtained in one pixel of the SL-Cam using a lab source

has an insufficient amount of counts to calculate a MDL. For this reason a summation

over neighboring pixels was performed. It was found that a summation of 12 by 12 pixels

provided spectra from which a MDL could be calculated. The obtained spatial resol-

ution and MDL, 96µm and 50− 200 ppm respectively, was then inferior to what was

obtained for the EAGLE-III instrument when measuring for the same length of time. A

summation over neighboring pixels leads to MDL of 20− 80 ppm for 25 by 25 pixels and

250− 1000 ppm for a 6 by 6 pixels summation. A spatial resolution of 8µm was measured

for Fe. The MDL values presented were calculated using a program which was written for

this thesis. This IDL based program automatically calculates relative and absolute MDL

values for a given standard when an ‘.asr’ file is supplied. Also a program was written

which creates Region of Interest (ROI) based elemental mappings instead of fitting based

elemental mappings, which can be obtained through the use of programs like AXIL [37].

Summations over more neighboring pixels can be made to obtain even lower MDLs, yet

this will always come at the cost of a loss in spatial resolution.

In order to obtain a fast, quantitative and spatially resolved elemental distributions

of a sample a fast-scanning method can be used. In such a fast-scanning method, a

sample is scanned by a continuous movement relative to the X-ray beam and fluorescent

X-rays are detected by a large, sensitive detector. This way a high data collection rate

without overhead time will be achieved by the detector, saving large amounts of time when

compared to conventional scanning µ-XRF measurements. However, in order to match

the data-collection speed of the SL-Cam, one needs to use very short scanning acquisition

times per pixel, in the 10− 100 ms range, to achieve image dimensions provided by the

full-field detector.

The reason for the low count rate using the SL-Cam combined with an X-ray tube

source is believed to be the low photon flux of the X-ray tube, which is spread over

a relatively large area. For this reason measurements were performed at synchrotron

facilities, where the photon flux is many orders of magnitude higher. The count rate

detected by the SL-Cam was found to be slightly better, but still no quantitative data

could be retrieved from a single pixel spectrum. It is therefore believed the low count rate

at a synchrotron facility is caused by the low transmission efficiency of the 6:1 magnifying

polycapillary detector optic. Further research will be performed to optimize the count

rate for the SL-Cam so that quantitative data can be gained from a pixel spectrum. In

addition to the improvement of the detector optics, a higher incident flux (up to 30x) will

be used in the future at PETRA-III using a wide-bandpass multilayer monochromator

instead of Si(111) crystals.
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Elemental distributions obtained through the use of ROI based processing of data was

compared to the individual fitting of the pixel spectra. It was found that ROI based

processing is less time consuming than the fitting alternative, however, when spectral

overlap is present in the spectra the ROI based process can result in wrong conclusions.

For quantitative purposes, a fitting based process should be always used.

There is good reason to believe quantitative information on the pixel-level of the SL-

Cam is possible, assuming the detected count rate can be increased. One way of doing

this is by even further increasing the X-ray flux, but this has the danger of destroying

sensitive samples. A better solution might be to test the SL-Cam using different kinds

of X-ray optics, as the 6:1 polycapillary used for the larger part of the measurements

performed during this thesis is believed to have a very low transmission efficiency. Also

a better spatial resolution of sub-pixel resolution is possible using charge cloud shape

corrections [5,26,28] or other mathematical algorithms [38].

When qualitative information is the aim, the full-field µ-XRF imaging method is faster

and more convenient than the more conventional scanning µ-XRF method. When quantit-

ative information is needed however, scanning µ-XRF measurements give superior results.

It is suggested that both techniques are in fact complimentary: a quick overview can be

made using a full-field camera, after which more in detail information can be obtained

through the use of scanning µ-XRF on small regions of interest.

In general, it can be concluded the SL-Cam is capable of rapidly making spatially

resolved elemental images with a micrometer range spatial resolution of elements in a

sample with, a concentration in the percentage range. This property was successfully

applied on metallic, geological, artistic, archaeological and even biological samples.

It is also possible to perform Computed Tomography (CT) measurements using the

SL-Cam in a much shorter time frame when compared to conventional scanning µ-XRF.

During a CT measurement a series of 2D images are made of a sample, each time under a

different angle of rotation. Afterwards these 2D images are combined to form a 3D image,

showing the elemental distribution within a sample.

More research will be performed in the future using this novel full-field technology in

the field of XRF. There is also large interest in using the excellent energy dispersive,

spatially resolved properties of the SL-Cam in the fields of X-ray Diffraction (XRD) and

X-ray Absorption Spectroscopy (XAS) to obtain more information in a shorter time frame

than was previously possible.
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Appendix A

Fundamental Parameter Method

A rather primitive yet accurate way of calculating an XRF-intensity is the Fundamental

Parameter Method. This method starts from an experimental setup shown in Figure A.1.

An X-ray beam with intensity I0 and energy E0 is directed towards a homogeneous sample

under an angle α relative to the sample surface. The beam travels a distance x inside

the sample and creates fluorescent X-rays with an energy of Ei over a distance dx in the

sample. The fluorescent X-rays travel a distance y in the direction of the detector before

they leave the sample. The detector is placed at an angle β relative to the sample surface,

at a distance D removed from the sample surface. The detector has an active area of

ADET . The sample has a thickness T. Also a distance z is defined perpendicular to the

sample surface, defining the depth at which the incoming beam is fully attenuated by the

sample.

The Lambert-Beer equation provides the relation between an X-ray beam intensity and

the distance traveled in a substance:

I = I0e
−µ0ρx (A.1)

where ρ is the mass density of the sample, x is the distance traveled in the sample, I0

is the intensity of the X-ray beam before attenuation and µ0 stands for the total mass

attenuation coefficient of the incident X-ray photons. The mass attenuation coefficient

is a function of the X-ray energy and the atomic number of the element attenuating the

X-ray photon. The total mass attenuation coefficient for a compound consisting of n

elements with weight fractions wi and atomic number Zi can be calculated as:

µρ(E,Z0, Z1, ..., Zn) =
∑

wi ·µρ(E,Zi)

where mass attenuation coefficient has a unit of [cm2/g]. The mass attenuation coeffi-

cient in turn is defined as the linear attenuation coefficient µL divided by the mass density

ρ. The linear attenuation coefficient µL is expressed in a given amount of cm−1 and is

calculated by the product of the cross section σ and the number of atoms per volume
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unit n:

µL = nσ = σ ·NAµ/ma

In this equation ma is the mass of an atom and NA is Avogadro’s number1. The total

cross section σ of a given element is the sum of the photoelectric-, Rayleigh scattering-

and Compton scattering cross sections.

A.1 Generated Fluorescence Intensity

Figure A.1: Schematic representation of an XRF measurement setup [8]. Distances and angles used
in the Fundamental Parameter Method are represented.

Looking at Figure A.1 the Kα fluorescence intensity of element i generated in the interval

(x,x+dx) can be expressed as:

dI∗i,Kα = I0e
−µ0ρxµ0ρdx

wiτi,K
µ0

ωK,ipi,Kα (A.2)

This equation can be understood by looking at each term separately. The first term

I0e
−µ0ρx calculates the amount of X-ray photons reaching the interval (x,x+dx) in the

sample. The second term µ0ρdx gives the amount of interactions occurring in the inter-

val. The term
wiτi,K
µ0

expresses the fraction of these interactions that is a photoelectric

interaction. τi,K represents the chance that an electron will be ejected from a K-shell. ωK,i

is the fluorescence yield, which is the fraction of photoelectric interactions that results

in the emission of a fluorescence X-ray. The last term, pi,Kα , gives the chance that the

emitted fluorescence X-ray is a Kα line X-ray photon.

Equation A.2 can be simplified by inserting the element-dependent ‘production cross-

section’ Qi,Kα , which is equal to τi,KωK,ipi,Kα , which results in the following equation:

1NA = 6.022 · 1023 particles/mol
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dI∗i,Kα = I0e
−µ0ρxwiQi,Kαρdx (A.3)

A.2 Detected Fluorescence Intensity

The detected intensity of Kα photons of element i, originating from depth (z,z+dz), can

be calculated by the following equation:

dIi,Kα = dI∗i,Kα
ΩDET

4π
e−µ1ρy (A.4)

where µ1 is the total mass attenuation coefficient for the energy of the Kα X-ray photon.

This energy is always lower than the incidence X-ray beam energy E0 and as a result the

mass attenuation coefficient µ1 is higher than µ0. The term e−µ1ρy consequently expresses

the fraction of the fluorescence photons that will be attenuated before leaving the sample.

As fluorescence X-rays are emitted in a spherical wave, the term ΩDET
4π

gives the fraction

of the emitted radiation that travels towards the detector surface. ΩDET is the solid angle

of the detector and can be approximated as ADET/D
2.

A.3 The Fundamental Parameter Equation

Inserting Equation A.3 in Equation A.4 and replacing x, dx and y by the following three

equations one gets Equation A.5.

x =
z

sinα

y =
z

sin β

dx =
dx

sinα

dIi,Kα = I0GwiQi,Kαe
−χρzρdz/ sinα (A.5)

with

χ =
µ0

sinα
+

µ1

sin β

and

G =
ΩDET

4π sinα
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Integration of Equation A.5 over the sample thickness T eventually results in the

Fundamental Parameter Equation:

Ii,Kα = I0GwiQi,KαρTAcorr (A.6)

where Acorr is the absorption correction factor with definition Acorr = 1−e−χρT
χρT

. The

absorption correction factor is a parameter which can be related to matrix effects and has

a value between zero and one.

An extra factor can be added to the Fundamental Parameter Equation which represents

the fact that a detector is not ideal: not every fluorescence photon leaving the sample

in the direction of the detector will be counted. There is sometimes a detector window

present which will absorb part of the radiation. There is also the possibility that a high

energy photon is transmitted through the detector crystal, without resulting in a signal.

Both terms can be put together in the factor ε:

ε(E) = e−µwtw(1− e−µCdC ) (A.7)

The first term in Equation A.7 stands for the absorption of the window, the second term

represents the percentage of photons that are not transmitted through the detector crystal.

µw and µC are the linear attenuation coefficients of the detector window and crystal

respectively. tw and dC are the thicknesses of the detector window and crystal respectively.

Multiplying Equation A.7 by Equation A.6 results in a Fundamental Parameter Equation

taking the detector quantum efficiency into account as well.

A similar reasoning can be followed to compose a Fundamental Parameter Equation to

predict the detected scatter intensities or other fluorescence line intensities. The Funda-

mental Parameter Equation can also be used to perform a quantification by the following

equation, where (u) standards for the unknown sample and (s) for the known standard:

w
(u)
i = w

(s)
i

I
(u)
i,Kα

ρ(s)T (s)A
(s)
corr

I
(s)
i,Kα

ρ(u)T (u)A
(u)
corr

(A.8)

A.4 Limiting Cases and Information Depth

The Fundamental Parameter Equation knows two limiting cases. In the first case the

sample is very thin (T � 1
χρ

). In this case the Fundamental Parameter Equation can be

simplified to:

Ii,Kα = I0GwiQi,KαρT (A.9)

The detected fluorescence intensity is linearly related to the sample thickness T, and

as a result with the amount of sample irradiated by the beam.
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In the second case the sample is approximated to be infinitely thick (T � 1
χρ

). The

Fundamental Parameter Equation can then be rewritten as:

Ii,Kα =
I0GwiQi,Kα

χ
(A.10)

Using the infinitely thick sample approximation the detected X-ray intensity does not

increase with increasing thickness T of the sample. Indeed, the fluorescence radiation

can only travel a certain distance ‘Tinfo’ in the sample before all radiation is completely

attenuated. When the fluorescence radiation has to travel a distance longer than Tinfo,

the infinitely thick sample approximation must be used and the detected fluorescence

intensity will not increase with increasing sample thickness.

The distance Tinfo is called the information depth and is defined as the sample thickness

which produces 99 % of the total fluorescence intensity, compared to an equivalent sample

with infinite thickness. One can calculate it as:

Ii,Kα(Tinfo)

Ii,Kα(∞)
= 1− e−χρTinfo = 0.99⇔ Tinfo =

ln 100

ρχ(E0,Ei)
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pnCCD Full-Field Detector Readout

Principle

Figure B.1 shows a cross section of a pnCCD detector chip. The generated electron

cloud prefers to be at the bottom of the electron potential surface. This minimum in

the potential surface is created by applying a somewhat higher voltage in a p+ register

implant, when compared to the neighboring register implants. The collected electron

clouds will be transfered to the readout anode by changing the voltages of the register

implants relative to each other. The detector depicted, much like the full-field detector

used for the measurements in this thesis, has a 3-phase readout schematic. This means

that an electron cloud will be fully shifted to the next pixel by changing the voltages

of the p+ register implants in three steps. Once the electron cloud reaches the readout

anode a charge will be created which can be amplified and interpreted to give the correct

energy of the incident X-ray photon.

Figure B.1: Schematic cross section of a pnCCD chip. Depicted are the p- and n-junctions as well
as the arbitrarily chosen front- and backside. Electrons will gather in electron potential surface
minima and can be transfered by changing the voltages over the p+ register implants [16].

V
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The full pnCCD chip consists of rows and columns of pixels. Often the readout of such

a chip will occur by moving the collected electron clouds one pixel to the side, followed

by a complete readout of the last column before the process is repeated by moving each

row one pixel to the side again. This is a relatively time consuming process. Even

though transporting all electron clouds in one direction is fairly fast, the movement in the

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

Furthermore, if a photon reaches the detector while the readout process is occurring,

the exact incident location cannot be determined. As long as the photons hit the CCD

before the readout process has started, the correct place of incidence can be determined.

However if a photon hits the detector after the readout process has started, the location

of incidence of this photon will be assigned to the wrong pixel. The time the detector

takes to process a previous signal and correspondingly can not detect new signals is called

the detector dead time. In the case of a full-field detector the definition of detector dead

time might be more aptly worded by saying the detector dead time is the time during

which the detector can not correctly process new incoming signals.

One can imagine the slow readout is a weak spot for many CCD detectors. However,

several solutions have been found to solve this problem. A first possibility is splitting the

chip in two or more separate segments for the readout process. This way the electron

clouds pass a lower amount of pixels before they reach the readout anode. Consequently

the signals are read out more quickly. A second possibility is the ‘frame store’ mode [16].

In this mode the CCD chip is split in two halves: one half is still used for the photon

detection, while the other half is used for electron storage only. The readout process

then quickly transfers all electron clouds from the detecting half to the storage half, after

which the storage half can commence depletion. Obviously, as soon as the detecting half

of the chip is empty the chip can collect new photons and subsequently the detector’s

dead time has been reduced. Both these possibilities can be combined, which is the case

in the SL-Cam resulting in a readout frequency of 400 Hz.

It is also interesting to note that most CCD detectors are described as working under

‘backside illumination’. As can be seen in Figure B.1 the backside has a thin, more or less

homogeneous layer covering the detector. The front side has many electronic components

on it of different thicknesses and sizes, causing the X-rays to be attenuated differently

based on their point of impact to the detector. A difference can even be perceived between

different points in one pixel. When illuminating under backside illumination conditions,

it is safe to say every X-ray photon of a certain energy will be attenuated up to the same

degree at any point of incidence of the detector before it enters the depleted silicon region,

since it passed the same material of roughly the same dimensions on the way.
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Medipix and Other Full Field

Detectors

C.1 Medipix Full-Field Camera

Medipix chips are available since 1998 and are mainly developed for medical applications.

Other applications are however also possible [18,39]. The first Medipix detector, Medipix-1,

is a CMOS type full-field detector of 64 by 64 pixels, summing up to a total op 4, 096 pixels

with an area of 170 by 170µm2 each [18]. This Medipix-1 chip can be bonded to both a Si

or GaAs matrix, which will convert the X-ray photons to electron clouds. Thicknesses of

the matrices used reach up to 200µm [39]. This smaller sensitive depth when compared to

the SL-Cam’s 450µm results in a much lower quantum efficiency at higher X-ray energies.

The Medipix-1 chip has larger pixel sizes than the SL-Cam: 170 by 170µm2 compared to

48 by 48µm2, resulting in a worse spatial resolution. The Medipix-1 chip is also operated

under higher temperatures, typically a few degrees Celcius, which results in a worse energy

resolution than the SL-Cam.

A Medipix-2 chip was developed in 2002, taking advantage of better CMOS technology

advances compared to Medipix-1. This chip has 65, 536 pixels with a size of 55 by 55µm2

each [17]. This means this chip has a similar spatial resolution as the SL-Cam, and has

roughly the same amount of pixels. X-ray measurements were performed by coupling this

chip to a 300µm thick layer of Si [40], resulting in a lower quantum efficiency at higher

X-ray energies when compared to the SL-Cam. The pixel counting rate of this chip is

reported to be 300 kHz, which is orders of magnitude higher than the readout of the SL-

Cam. However, it should be noted the Medipix-2 chip features two energy thresholds: by

setting these thresholds only an energy interval can be chosen in which the X-ray photons

are detected. This means the Medipix-2 chip does not register a full spectrum of 0 to

20 keV, as the SL-Cam does, but it registers small parts of such a spectrum, with for

instance an interval size of 8 keV.

VII
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An improvement was made to the chip to be able to measure four intervals at a given

time, working with eight energy thresholds. This chip is called the Medipix-3 chip. Bal-

labriga et al. reported about this Medipix-3 protoype in 2007 [41]. This prototype only

has 64 pixels in total, with a pixel size of 55 by 55µm2 each. This detector chip is also

a CMOS type chip with special features to eliminate the spectral distortion produced

by charge diffusion in highly segmented semiconductor detectors [41]. In order to further

decrease this spectral distortion, so called three-dimensional Medipix are developed as

well. These would also result in even faster pixel readouts. For more information on the

three-dimensional Medipix the reader is referred to Wright et al. [42,43].

C.2 Other Full-Field Cameras

Hartmann et al. reported in 2000 about a pnCCD full-field detector with a sensitive

thickness of 300µm of Si, a sensitive area of 1 by 3 cm2 with a pixel size of 150 by

150µm2, which was used in the XMM and ABRIXAS satellite missions [44].

Kemmer et al. reported in the same year about a 6 by 6 cm2 large pnCCD detector

which would be used for several astrophysical investigations. This detector has a pixel

size of 150 by 150µm2, a sensitive depth of 300µm and, as a result, a good quantum

efficiency for X-Ray photons with energies between 0.2 and 15 keV [45]. While operating

at temperatures below 180 K a thermal noise of less than 5 e− and an energy resolution

of 130 eV was found for the Mn-Kα line [45].

In 2010, Alfeld and Janssens reported the use of a full-field pnCCD camera with 512

by 512 pixels, with a pixel size of 24 by 24µm2 each. The Si crystal is 80µm thick, but

has an active depth of nearly 20µm [46]. This results in a rather poor quantum efficiency

and an energy resolution of 235 eV was found for the Mn-Kα line [46].

It is clear that in each of these cases the SL-Cam has a higher quantum efficiency,

making it more applicable to measure high energy X-ray photons. Also a better spatial

resolution can be obtained with the SL-Cam when compared to the detectors discussed

by Kemmer and Hartmann [44,45].
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IDL Program ‘calc mdl.pro’

In the scope of this thesis it was considered useful to write a program which can automat-

ically calculate detection limits, both absolute and relative, for a given standard reference

material, including the determination of the effectively irradiated/detected sample mass.

Below the calculations this program performs and approximations that were made will be

discussed.

This program requires two file locations: the first file location must be the location of

an ‘.asr’-file. This is an output file of the AXIL program [37] and stands for an ‘AXIL Saved

Results’ file. In this file all fitting information of a given spectrum can be found. The

relevant data for the calc mdl program are the atomic numbers, the corresponding line

type, peak intensity and background intensity. The second file location the program needs

is the location of a ‘.cnc’-file. This is a file containing the reference material information

such as name, mass, thickness and relative concentrations in ppm of each element given in

the certificate. The program must be run under IDL 8.1 or higher because it uses certain

functions that are not known in earlier versions of IDL.

The information listed in both files is sufficient to calculate the relative detection limits.

When one wishes to calculate an absolute MDL however, there are extra parameters

required. A schematic image to clarify these parameters is shown in Figure D.1. The

first parameter is the size of the beam, in two perpendicular directions. The x-direction

is considered to be the projection of the X-ray beam on the sample. Accordingly, the

x-diameter size will change as a function of the incoming beam’s angle with the sample

surface. The program calculates this exact x-diameter size projection on the sample

surface automatically. The y-direction is considered perpendicular on the x-direction,

and as such the y-diameter size will not change with different incoming angles.

The second parameter is the beam geometry: the illuminated area differs when using

an elliptical beam shape or a rectangular beam. A circular beam can be considered as a

special case of an elliptical beam where both the major and minor axes of the elliptical

beam cross-section are equal.

Thirdly the angular setup of the measurement should be given. This comes down to

IX
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Figure D.1: A schematic representation of the parameters required to operate the calc mdl.pro
program.

defining what the source - sample surface angle, and sample surface - detector angle is.

Typically both angles are 45 ◦. As a final parameter, the incident beam energy is required.

D.1 Absolute MDL Calculation

The calculation of an absolute MDL is somewhat more complex. The reason for this is

that one needs to determine the absolute irradiated/detected mass of an analyte element

in a given sample. This detected mass, however, is dependent on the volume and density

of the sample that was irradiated. One can easily understand this by imagining a very

wide X-ray beam compared to a very narrow X-ray beam. It is clear the wide beam will

irradiate a larger part of the sample, and as a result more analyte, when expressed in an

absolute manner.

It is however not only the beam size that determines the irradiated sample volume.

Also the energy of the incoming X-ray beam is important: higher energy beams will

penetrate a sample deeper than low energy beams. Another complication is that lower

energy fluorescent lines will only escape from shallow depths from the sample, further

reducing the effectively irradiated sample volume. This is why usually absolute MDL are

only calculated for thin samples. In these samples one can assume the full thickness of the

sample will be irradiated for all X-ray energies. As a result the incoming beam’s energy

can be neglected, as long as not too low energy beams are involved. At this point one

only needs the area of the sample surface that is illuminated - a value one readily obtains

from the incident angle and beam sizes - as well as the sample’s areal density, which is a

value one can also often determine for standard reference materials. The areal density is

the mass of the reference material spread over a given area. In practice this often comes

down to the mass of the reference material powder used, divided by the area of the thin

pellet in which the powder is pressed.

The program first calculates the irradiated sample volume. To do this the program



Appendix D. IDL Program ‘calc mdl.pro’ XI

calculates the element dependent information depth Tinfo for the given sample and ana-

lyte. The information depth for a given element i is defined as the sample thickness which

produces 99 % of the total fluorescence intensity for the element in question, compared

to an equivalent sample with infinite thickness [7,8]. Based on the fundamental parameter

method1 and the spectroscopically infinitely thick sample approximation this can be ex-

pressed by the following formulas:

Ii,Kα(Tinfo)

Ii,Kα(∞)
= 1− e−χρTinfo = 0.99 (D.1)

Tinfo =
ln 100

ρχ(E0,Ei)

(D.2)

with χ =
µ0

sinα
+

µi
sin β

where ρ stands for the mass density of the sample, µ0 is the total mass attenuation

coefficient of the incoming X-ray photons, µi is the total mass attenuation coefficient of

the fluorescent X-ray photons for element i, α is the angle between the source and the

sample and β is the angle between the sample and the detector. Values of the total

mass attenuation coefficients are obtained through Xraylib. Xraylib is a library of X-ray

spectroscopic data for most chemical elements which can be accessed by programs written

in C++, IDL and many others [13,47].

As χ is dependent on the excitation and fluorescent energy, it is clear the information

depth will be different for each element. This was accounted for in the program: the

information depth is calculated for each separate element that is present both in the .asr-

and .cnc-file. The program also checks whether a certain calculated information depth

is longer or shorter than the sample thickness TSample. The shortest length d is divided

by sinα in order to obtain the effectively irradiated depth, which will be used for further

calculations.

Once this shortest length has been determined one can simply calculate the irradiated

sample volume by multiplying the effectively irradiated depth value with the sample

irradiated surface. This irradiated surface is defined by the beam diameter, taking into

account the incident beam angle as described above. Now the irradiated volume has

been calculated, the absolute concentration of the sampled volume can be calculated,

using the certified (relative) concentrations. The equation used for this calculation is

Cabs,i = ρ ·Virr ·Crel,cert. where Virr is the irradiated sample volume in cm3, ρ is the mass

density of the sample in mg/cm3 and Crel,cert. is the certified relative concentration of the

element in question in ppm or µg/g. Using these units the absolute concentration Cabs,i

would be expressed in ng.

1See Appendix A for more information on the fundamental parameter method.



Appendix D. IDL Program ‘calc mdl.pro’ XII

Now everything is known to calculate the absolute MDL using Equation 6.1 on page 20,

making sure the value used for Ci is the value of Cabs,i, which was calculated as described

above. It should be noted this method of calculation works for any sample, even thick

samples, as long as the sample matrix is properly described. When the sample matrix

is not provided, this calculation should still give proper results, provided the sample

thickness is very small. In this case the sample thickness would be shorter than the

information depth for any given element.

This method assumes homogeneous samples and monochromatic X-ray sources. How-

ever, as stated above this method is believed to give quite accurate results for polychro-

matic X-ray sources as well. If the polychromatic excitation spectrum involves energies

which are significantly higher then the fluorescence line energy of the analyte, then the

µ0 term in Equation D.2 will be negligible compared to µ1. As a result the first term will

only contribute with a small amount to the total calculation. It should be clear, however,

that in order to completely take into account polychromatic excitation without making

above approximations, one has to integrate over all energies in the excitation spectrum

taking into account their relative intensities.
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‘.cnc’ Files

Below two examples of a .cnc file are shown, which is needed to use the calc mdl.pro

program which automatically calculates Minimum Detection Limits.

A .cnc file is built up out of certified values. The certified values for NIST SRM 611 and

NIST SRM 613 are shown. These values were selected from the NIST Standard Reference

Certificate [34] and an article by Pearce et al. [35].

E.1 NIST SRM 611

Standard Name

NIST 611

Density(mg/cm3) Mass(mg) Sample thickness(nm)

0.0 0.0 1000000

Number of elements

63

Z Cert conc(ppm) Standard error(ppm)

3 484.6 21.7

4 465.6 19.2

5 356.4 7.3

8 452590.2 0.0

11 101462.5 0.0

12 465.3 26.6

13 10340.28 0.0

14 328745.4 0.0

15 342.5 53.1

17 470.0 0.0

19 486.0 45.7

20 83783.99 0.0

XIII
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21 441.1 9.6

22 434.0 14.7

23 441.7 42.7

24 405.2 32.3

25 433.3 31.8

26 457.1 22.2

27 405.0 22.9

28 443.9 24.2

29 430.3 23.6

30 456.3 19.2

31 438.1 11.3

32 426.3 9.5

33 317.4 12.4

34 109.0 1.4

37 431.1 11.4

38 497.4 18.3

39 449.9 19.3

40 439.9 7.8

41 419.4 57.6

42 376.8 45.0

47 239.4 18.6

48 259.4 4.7

49 441.4 32.0

50 396.3 17.8

51 368.5 27.5

55 360.9 67.5

56 424.1 29.3

57 457.4 72.4

58 447.8 16.8

59 429.8 30.0

60 430.8 37.5

62 450.5 20.6

63 461.1 52.1

64 419.9 25.2

65 442.8 22.4

66 426.5 18.0

67 449.4 24.6

68 426.0 23.9

69 420.1 19.2
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70 461.5 30.6

71 434.7 31.0

72 417.7 28.2

73 376.6 77.6

74 445.3 25.0

75 103.7 90.0

79 22.5 3.5

81 61.2 2.1

82 413.3 15.4

83 357.7 49.0

90 450.6 27.8

92 457.1 13.6

Notes

Matrix consists out of Si-, Ca-, Na- and Al- oxides

Values for O, Na, Al, Si, Ca are used from NIST reference sheet

Other reference values are used from DOI: 10.1111/j.1751-908X.1997.tb00538.x
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E.2 NIST SRM 613

Standard Name

NIST 613

Density(mg/cm3) Mass(mg) Sample thickness(nm)

0.0 0.0 1000000

Number of elements

62

Z Cert conc(ppm) Standard error(ppm)

3 41.54 2.87

4 37.73 2.41

5 34.73 3.21

8 462282.0 0.0

11 103635.2 0.0

12 77.44 30.15

13 10561.7 0.0

14 335785.22 0.0

15 55.16 22.71

16 16.0 16.0

19 66.26 0.37

20 85578.14 0.0

21 41.05 4.09

22 48.11 3.01

23 39.22 3.76

24 39.88 15.17

25 38.43 0.99

26 51.0 2.0

27 35.5 1.2

28 38.8 0.2

29 37.7 0.9

30 37.92 3.86

31 36.24 2.03

32 34.64 2.64

33 37.33 6.56

37 31.4 0.4

38 78.4 0.2

39 38.25 2.14

40 35.99 1.25

41 38.06 0.86
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42 38.30 1.65

47 22.0 0.3

48 28.32 0.65

49 42.93 4.32

50 37.96 1.76

51 38.44 2.26

55 41.64 2.59

56 37.74 1.26

57 35.77 2.15

58 38.35 1.64

59 37.16 0.93

60 35.24 2.44

62 36.72 2.63

63 34.44 1.59

64 36.95 1.06

65 35.92 2.68

66 35.97 0.82

67 37.87 1.09

68 37.43 1.5

69 37.55 1.25

70 39.95 2.86

71 37.71 1.95

72 34.77 3.65

73 39.77 2.15

74 39.55 0.78

75 8.12 3.27

79 5.09 0.13

81 15.7 0.3

82 38.57 0.2

83 29.84 5.98

90 37.79 0.08

92 37.38 0.08

Notes

Matrix consists out of Si-, Ca-, Na- and Al- oxides

Values for O, Na, Al, Si, Ca, Fe, Co, Ni, Cu, Rb, Sr, Ag, Tl, Pb, Th, U are used

from NIST reference sheet

Other reference values are used from DOI: 10.1111/j.1751-908X.1997.tb00538.x
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Additional Data

Table F.1: MDL values for NIST SRM 613 when summing neighboring pixels of the SL-Cam.
264x264 is the total SL-Cam chip. The sample was illuminated for 7200 seconds with a Mo X-ray
source, applied with a voltage of 20 kV and a current of 50mA. A 6:1 magnifying polycapillary
detector optic was used.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

13 8248 2749.19 1374.60 740.65 329.90 31.24

14 4265 1421.71 710.85 383.02 170.60 16.16

16 11.6 3.86 1.93 1.04 0.46 0.04

20 1920 640.03 320.02 172.43 76.80 7.27

22 1125 374.97 187.49 101.02 45.00 4.26

23 1296 431.92 215.96 116.36 51.83 4.91

24 519 173.10 86.55 46.63 20.77 1.97

25 1184 394.68 197.34 106.33 47.36 4.49

26 752 250.83 125.41 67.57 30.10 2.85

27 796 265.23 132.62 71.46 31.83 3.01

28 927 309.15 154.58 83.29 37.10 3.51

29 706 235.37 117.68 63.41 28.24 2.67

30 797 265.67 132.83 71.57 31.88 3.02

Table F.2: MDL values for NIST SRM 613 using the EDAX EAGLE-III instrument when set to
use a voltage of 40 kV and 300µA. A beamsize of 25µm was used and the sample was irradiated
for 7200 seconds.

Z Line MDL (µg/g)

13 K 31.24

14 K 16.16

16 K 0.04

20 K 7.27

XVIII
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22 K 4.26

23 K 4.91

24 K 1.97

25 K 4.49

26 K 2.85

27 K 3.01

28 K 3.51

29 K 2.67

30 K 3.02

Table F.3: MDL values obtained of the sumspectra for NIST SRM 1412 measuring for 1000 seconds
LT with the EAGLE-III instrument and SL-Cam. A 1:1 magnifying polycapillary optic, 30 kV
and 50mA was used for the Mo X-ray source of the full-field measurement. The EAGLE-III was
set to use a voltage of 40 kV and 250µA.

EAGLE-III SL-CAM

Z Line MDL (µg/g) Z Line MDL (µg/g)

12 K 1257.87 19 K 44.7

13 K 174.72 20 K 20.4

14 K 74.26 26 K 3.35

19 K 35.67 30 K 5.37

20 K 36.74 38 K 19.8

26 K 20.42 48 K 0

30 K 22.19 48 L 139

38 K 83.77 56 L 27.2

56 L 90.45 82 L 23.6

82 L 195.46

Table F.4: MDL values for NIST SRM 1412 when summing neighboring pixels of the SL-Cam.
264x264 is the total SL-Cam chip. Measuring for 1000 seconds, a 1:1 magnifying polycapillary
optic, 30 kV and 50mA was used for the Mo X-ray source of the full-field measurement.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

12 332078.14 110692.71 55346.36 29821.50 13283.13 1257.87

13 46125.97 15375.32 7687.66 4142.23 1845.04 174.72

14 19605.72 6535.24 3267.62 1760.65 784.23 74.26

19 9417.10 3139.03 1569.52 845.68 376.68 35.67

20 9699.11 3233.04 1616.52 871.01 387.96 36.74

26 5389.27 1796.42 898.21 483.97 215.57 20.41

30 5859.34 1953.11 976.56 526.18 234.37 22.19

38 22118.81 7372.94 3686.47 1986.33 884.75 83.78
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56 23878.01 7959.34 3979.67 2144.31 955.12 90.45

82 51604.08 17201.36 8600.68 4634.18 2064.16 195.47

Table F.5: MDL values obtained of the sumspectra for NIST SRM 1132 measuring for 1200 seconds
with the EAGLE-III instrument and SL-Cam. Voltage applied to the EAGLE-III source was
40 kV. The current was set at 225µA. A beamspot of 25µm was used. The full-field measurement
used a Mo source with a voltage of 30 kV and a current of 50mA. The 1:1 polycapillary optic
was used in front of the SL-Cam.

EAGLE-III SL-Cam

Z Line MDL (µg/g) Z Line MDL (µg/g)

26 K 0.38 26 K 0.4

29 K 17.29 28 K 0.33

50 L 435.30 29 K 2.73

51 L 455.59 33 K 0.84

82 L 949.47 50 L 224

51 L 182

82 L 127

83 L 0

Table F.6: MDL values for NIST SRM 1132 when summing neighboring pixels of the SL-Cam.
264x264 is the total SL-Cam chip. The full-field measurement used a Mo source with a voltage
of 30 kV and a current of 50mA. The 1:1 polycapillary optic was used in front of the SL-Cam,
measuring for 1200 seconds.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

26 105.44 35.15 17.57 9.47 4.22 0.40

28 87.57 29.19 14.60 7.86 3.50 0.33

29 720.08 240.03 120.01 64.67 28.80 2.73

33 222.25 74.08 37.04 19.96 8.89 0.84

50 59196.31 19732.10 9866.05 5315.99 2367.85 224.23

51 48101.60 16033.87 8016.93 4319.65 1924.06 182.20

82 33640.80 11213.60 5606.80 3021.03 1345.63 127.43

Table F.7: MDL values obtained of the sumspectra for NIST SRM 1155 measuring for 1200 seconds
with the EAGLE-III instrument and SL-Cam. Voltage applied to the EAGLE-III source was
40 kV. The current was set at 65µA. A beamspot of 25µm was used. The full-field measurement
used a Mo source with a voltage of 30 kV and a current of 50mA. The 1:1 polycapillary optic
was used in front of the SL-Cam.

EAGLE-III SL-Cam

Z Line MDL (µg/g) Z Line MDL (µg/g)

14 K 83.73 23 K 9.09



Appendix F. Additional Data XXI

16 K 1.48 24 K 7.04

23 K 12.20 25 K 6.17

24 K 23.27 26 K 12.69

26 K 40.64 28 K 24.22

28 K 71.79 29 K 15.92

29 K 35.97 42 K 80.31

42 K 188.71 42 L 2815.59

42 L 115.18

Table F.8: MDL values for NIST SRM 1155 when summing neighboring pixels of the SL-Cam.
264x264 is the total SL-Cam chip. The full-field measurement used a Mo source with a voltage
of 30 kV and a current of 50mA. The 1:1 polycapillary optic was used in front of the SL-Cam,
measuring for 1200 seconds.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

23 2398.59 799.53 399.76 215.40 95.94 9.09

24 1857.99 619.33 309.66 166.85 74.32 7.04

25 1628.62 542.87 271.44 146.25 65.14 6.17

26 3350.28 1116.76 558.38 300.86 134.01 12.69

28 6394.13 2131.38 1065.69 574.21 255.77 24.22

29 4201.69 1400.56 700.28 377.32 168.07 15.92

42 21201.14 7067.05 3533.52 1903.92 848.05 80.31

Table F.9: MDL values obtained of the sumspectra for NIST SRM 1577C measuring for
3600 seconds with the EAGLE-III instrument and SL-Cam. A current of 575µA and a voltage
of 40 kV was applied for the EAGLE-III measurement. A spot size of 25µm diameter was used.
The source of the SL-Cam had a voltage of 30 kV and a current of 50mA. A 6:1 magnifying
polycapillary optic was used with the SL-Cam.

EAGLE-III SL-Cam

Z Line MDL (µg/g) Z Line MDL (µg/g)

12 K 57.89 17 K 1303.43

15 K 4.72 19 K 18.50

16 K 2.56 20 K 6.18

17 K 1.51 25 K 5.23

19 K 3.80 26 K 3.33

20 K 1.77 29 K 2.98

25 K 0.61 30 K 3.88

26 K 2.43 33 K 0.01

29 K 3.38 42 K 0.00

30 K 3.49 42 L 0.00
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37 K 76.60

Table F.10: MDL values for NIST SRM 1577C when summing neighboring pixels of the SL-Cam.
264x264 is the total SL-Cam chip. The full-field measurement used a Mo source with a voltage
of 30 kV and a current of 50mA. A 6:1 polycapillary was used as detector optic, measuring for
3600 seconds.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

17 344106.18 114702.06 57351.03 30901.65 13764.25 1303.43

19 4884.31 1628.10 814.05 438.62 195.37 18.50

20 1632.48 544.16 272.08 146.60 65.30 6.18

25 1381.65 460.55 230.27 124.08 55.27 5.23

26 878.26 292.75 146.38 78.87 35.13 3.33

29 786.88 262.29 131.15 70.66 31.48 2.98

30 1025.02 341.67 170.84 92.05 41.00 3.88

33 1.59 0.53 0.26 0.14 0.06 0.01

Table F.11: MDL values obtained of the sumspectra for CRM278R measuring for 3600 seconds
with the EAGLE-III instrument and SL-Cam. A current of 300µA and a voltage of 40 kV was
applied for the EAGLE-III measurement. A spot size of 25µm diameter was used. The source
of the SL-Cam had a voltage of 30 kV and a current of 50mA. A 6:1 magnifying polycapillary
optic was used with the SL-Cam.

EAGLE-III SL-Cam

Z Line MDL (µg/g) Z Line MDL (µg/g)

25 K 0.32 24 K 0.09

29 K 0.32 25 K 3.18

30 K 15.96 29 K 0.16

30 K 2.47

33 K 1.55

34 K 0.00

48 L 0.08

80 L 0.01

82 L 1.28

Table F.12: MDL values for CRM278R when summing neighboring pixels of the SL-Cam. 264x264
is the total SL-Cam chip. The source of the SL-Cam had a voltage of 30 kV and a current of 50mA.
A 6:1 magnifying polycapillary optic was used with the SL-Cam, measuring for 3600 seconds.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

24 24.88 8.29 4.15 2.23 1.00 0.09
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25 838.67 279.56 139.78 75.31 33.55 3.18

29 41.68 13.89 6.95 3.74 1.67 0.16

30 651.14 217.05 108.52 58.47 26.05 2.47

33 408.30 136.10 68.05 36.67 16.33 1.55

48 20.25 6.75 3.38 1.82 0.81 0.08

80 2.35 0.78 0.39 0.21 0.09 0.01

82 338.61 112.87 56.44 30.41 13.54 1.28

Table F.13: MDL values for NIST SRM 611 when summing neighboring pixels of the SL-Cam,
after 15minutes of irradiation with a 10 keV monochromatic X-ray beam and a 25µm pinhole
optic at the BAM beamline, BESSY (Berlin). 264x264 is the total SL-Cam chip.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

20 4943.05 1647.68 823.84 443.90 197.72 18.72

22 2204.75 734.92 367.46 197.99 88.19 8.35

23 1997.38 665.79 332.90 179.37 79.90 7.57

24 2445.12 815.04 407.52 219.58 97.80 9.26

25 1433.91 477.97 238.98 128.77 57.36 5.43

26 922.28 307.43 153.71 82.82 36.89 3.49

27 774.96 258.32 129.16 69.59 31.00 2.94

28 610.90 203.63 101.82 54.86 24.44 2.31

29 488.17 162.72 81.36 43.84 19.53 1.85

30 504.06 168.02 84.01 45.27 20.16 1.91

Table F.14: MDL values for NIST SRM 613 when summing neighboring pixels of the SL-Cam,
after 15minutes of irradiation with a 10 keV monochromatic X-ray beam and a 25µm pinhole
optic at the BAM beamline, BESSY (Berlin). 264x264 is the total SL-Cam chip.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

20 3195.24 1065.08 532.54 286.94 127.81 12.10

22 297.69 99.23 49.61 26.73 11.91 1.13

23 717.41 239.14 119.57 64.43 28.70 2.72

24 560.38 186.79 93.40 50.32 22.42 2.12

25 358.59 119.53 59.76 32.20 14.34 1.36

26 209.10 69.70 34.85 18.78 8.36 0.79

27 236.06 78.69 39.34 21.20 9.44 0.89

28 196.18 65.39 32.70 17.62 7.85 0.74

29 152.08 50.69 25.35 13.66 6.08 0.58

30 185.52 61.84 30.92 16.66 7.42 0.70
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Table F.15: MDL values for NIST SRM 613 when summing neighboring pixels of the SL-Cam, after
1 h of irradiation with a 17 keV monochromatic X-ray beam and a 6:1 magnifying polycapillary
detector optic at the P06 beamline, PETRA-III (Hamburg). 264x264 is the total SL-Cam chip.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

15 2753.74 917.91 458.96 247.29 110.15 10.43

16 2418.95 806.32 403.16 217.23 96.76 9.16

20 43834.87 14611.62 7305.81 3936.49 1753.39 166.04

22 3029.21 1009.74 504.87 272.03 121.17 11.47

23 8804.08 2934.69 1467.35 790.63 352.16 33.35

24 4615.26 1538.42 769.21 414.46 184.61 17.48

25 3417.72 1139.24 569.62 306.92 136.71 12.95

26 1965.23 655.08 327.54 176.48 78.61 7.44

27 1535.72 511.91 255.95 137.91 61.43 5.82

28 1470.99 490.33 245.16 132.10 58.84 5.57

29 1286.41 428.80 214.40 115.52 51.46 4.87

30 1399.25 466.42 233.21 125.66 55.97 5.30

31 1262.82 420.94 210.47 113.40 50.51 4.78

32 1231.30 410.43 205.22 110.57 49.25 4.66

33 1367.28 455.76 227.88 122.79 54.69 5.18

37 343.35 114.45 57.23 30.83 13.73 1.30

38 367.85 122.62 61.31 33.03 14.71 1.39

82 1966.76 655.59 327.79 176.62 78.67 7.45

83 1198.80 399.60 199.80 107.66 47.95 4.54

Table F.16: MDL values for NIST SRM 1577B when summing neighboring pixels of the SL-Cam,
after 15minutes of irradiation with a 10 keV monochromatic X-ray beam and a 25µm pinhole
optic at the BAM beamline, BESSY (Berlin). 264x264 is the total SL-Cam chip.

MDL (ppm) for # summed neighboring pixels

Z 1x1 3x3 6x6 12x12 25x25 264x264

16 28581.11 9527.04 4763.52 2566.66 1143.24 108.26

17 10523.61 3507.87 1753.94 945.05 420.94 39.86

19 1158.83 386.28 193.14 104.07 46.35 4.39

20 377.11 125.70 62.85 33.87 15.08 1.43

23 57.84 19.28 9.64 5.19 2.31 0.22

25 39.18 13.06 6.53 3.52 1.57 0.15

26 45.70 15.23 7.62 4.10 1.83 0.17

29 51.48 17.16 8.58 4.62 2.06 0.20

30 59.79 19.93 9.97 5.37 2.39 0.23
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De X-straal Fluorescentie (XRF) analytische techniek laat toe om op niet
destructieve wijze de elementaire samenstelling te bepalen van een staal.
Door gebruik te maken van microscopisch kleine X-straalbundels, is het
bovendien ook mogelijk om elementaire microscopische beelden te beko-
men. Het opnemen van zulke beelden is echter tijdrovend daar de gegevens
van iedere pixel van het beeld afzonderlijk, dus opeenvolgend in tijd, moet
worden bemeten. In deze thesis wordt het gebruik van een nieuw type van
energie dispersieve (ED) ‘full-field’ detector getoond waarbij simultaan
alle elementen in alle pixels kunnen bemeten worden op microscopische
schaal. Naast de ontwikkeling en optimalisering van deze nieuwe inno-
verende techniek, wordt de toepasbaarheid van de gebruikte ‘full-field’
detector (SL-Cam) aangetoond in enkele vergelijkende studies.
Kernwoorden: XRF, full-field, SL-Cam

Introductie

X-straal Fluorescentie (XRF) spectroscopie is een niet destructieve, analytische techniek
waarin een staal wordt bestraald met X-stralen. Door interactie met X-stralen kan een
elektron verwijderd worden uit de binnenste schil van een atoom: het foto-elektrisch effect.
De op deze manier ontstane elektron holte kan gevuld worden door elektronen van hoger
gelegen schillen. Bij deze transitie komt het overschot aan energie vrij als een X-straal
met energie gelijk aan het verschil tussen de twee betrokken schillen. Deze X-stralen zijn
fluorescente X-stralen en zijn karakteristiek voor een gegeven atoom. Meet men de energie
of de golflengte van deze fluorescente X-stralen, dan kan men de element samenstelling
van een staal bepalen. Naast het foto-elektrisch effect kan ook Compton en Rayleigh
verstrooiing optreden, respectievelijk inelastische en elastische verstrooiing. Ook kan het
Auger effect optreden, wat in competitie staat met het produceren van fluorescentie X-
stralen [1–3].

Indien men de distributie van een staal wil onderzoeken via XRF spectroscopie wordt
traditioneel het staal door een microbundel gerasterd, waarbij in elk punt een XRF spec-
trum wordt geregistreerd. Na dataverwerking wordt een twee-dimensionaal beeld ver-
kregen met de element samenstelling van het staal. Deze methode heet raster µ-XRF
spectroscopie indien de verkregen beeldresolutie in het micrometer bereik ligt.

Meer recentelijk worden ook ‘full-field’ detectoren gebruikt. Deze detectoren zijn ty-
pisch pnCCD of CMOS detectoren die energie dispersief X-stralen kunnen meten met
behoud van de ruimtelijke verdeling van de X-stralen. In ‘full-field’ µ-XRF spectroscopie
wordt het staal bestraald met een hoge, smalle X-straal onder een kleine invalshoek, zodat
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een groot oppervlak in één keer belicht wordt. Dit verdeelt de fotonen over een groter
oppervlak, waardoor de intensiteit van fotonen in een punt lager is. De beeldresolutie in
deze techniek wordt bepaald door de grootte van de pixels van de detector, en de eigen-
schappen van de optische elementen tussen detector en monster. Bij conventionele raster
µ-XRF spectroscopie wordt de beeldresolutie bepaald door de dimensies van de invallende
X-straal en de stapgrootte van het monster.

In deze thesis worden beide technieken met elkaar vergeleken. Hiertoe worden de ken-
merken van beide technieken onderzocht en wordt een studie gemaakt over de toepasbaar-
heid van de ‘full-field’ XRF techniek. Bij de ‘full-field’ metingen wordt nagegaan of het
meer tijdrovende fitten van de resultaten voordeel heeft ten opzichte van het eenvoudigere
weergeven van Regionen van Interesse (ROI).

Experimenteel

In dit werk werden metingen verricht zowel met een röntgenbuis als aan een synchrotron.
Raster µ-XRF metingen werden niet verricht aan een synchrotron tijdens deze thesis. Als
laboratorium toestel voor raster µ-XRF toepassingen werd de EDAX EAGLE-III gebruikt.
Als ‘full-field’ camera werd de SL-Cam gebruikt, in combinatie met een röntgenbuis en
met een synchrotron.

EDAX EAGLE-III

De EDAX EAGLE-III is een µ-probe, gebruikt voor niet destructieve µ-XRF analyses.
De X-stralenbron is een Rh-anode, gebruikt bij 40 kV en een stroom die resulteert in 30 %
dode tijd. Dit komt overeen met ongeveer 5.000 tellen per seconde (tps).

De grootte van de X-straal bepaalt de beeldresolutie, en kan via een polycapillair
aangepast worden tot een diameter van 25, 105, 205 of 305µm. De gebruikte detector is
een vloeibaar stikstof gekoelde, 80 mm2 actief oppervlak, ED Si(Li)-detector. Een energie
resolutie van 140 eV kan worden bereikt voor Mn-Kα. De X-stralen raken het staal onder
een hoek van 60 ◦ [4].

De monsteromgeving kan vacuum getrokken worden, zodat geen attenuatie van X-stralen
door moleculen in de lucht plaats vindt. Dit zorgt voor een lagere detectie limiet van laag
energetische X-stralen.

SL-Cam

De SL-Cam, of Strüder-Langhoff Camera, werd ontwikkeld door IFG Berlin, het Institute
for Scientific Instruments GmbH, en PNSensor Munich. Deze detector is een pnCCD type
Si detector met 264 bij 264 pixels, elk met een oppervlakte van 48 bij 48µm2 [5]. De pixel
grootte bij een ‘full-field’ meting bepaalt de beeldresolutie. Het is mogelijk om deze te
verbeteren door het gebruik van polycapillaire optica, ‘pinhole’ optica of mathematische
methoden waarin een subpixel resolutie wordt verkregen [5–8].

Het detector kristal heeft een dikte van 450µm en heeft een kwantum efficiëntie van
meer dan 95 % voor fotonen met een energie tussen 3 en 10 keV en meer dan 30 % voor
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fotonen met een energie tot 20 keV. De detector chip wordt uitgelezen aan een frequentie
van 400 Hz en kan maximaal 600.000 tps meten over het totale oppervlak van de chip dat
12,7 bij 12, 7 mm2 bedraagt [5].

De detector wordt gekoeld via waterkoeling en Peltier koeling opdat thermische ruis
zou verminderd worden. Er wordt gemeten bij −15 ◦C om het ruis constant te houden,
waarop een correctie kan worden uitgevoerd. Ook een energie kalibratie wordt uitgevoerd
die ervoor zorgt dat elke pixel een spectrum uitleest waar elk kanaal voor hetzelfde energie
interval staat.

Synchrotronstraling

In een synchrotron worden elektronen of positronen versneld tot relativistische snelheden.
Wanneer deze deeltjes afgebogen worden in een magnetisch veld verliezen zij een deel van
hun energie onder de vorm van elektromagnetische straling: synchrotronstraling. Een
deel van het energiespectrum bestaat uit X-stralen. Deze stralen worden begeleid naar
een zogenaamde ‘beamline’ waar de X-stralen voor verscheidene analytische doeleinden
gebruikt worden.

Voordelen van meten aan een synchrotron zijn de veel hogere flux van de verkregen
X-straal in vergelijking met een röntgenbuis, de hoge polarisatiegraad en de mogelijkheid
tot het verkrijgen van monochromatische straling. Hierdoor is de achtergrond in een spec-
trum lager en worden kwantitatieve berekeningen eenvoudiger daar bepaalde vereenvou-
digingen kunnen doorgevoerd worden. Een extra voordeel is dat aan een synchrotron zeer
kleine X-stralenbundels kunnen verkregen worden, zelfs tot op de nanometer schaal.

Resultaten en Discussie

Beeldresolutie

De beeldresolutie geeft aan hoe dicht twee punten in een staal bij elkaar mogen liggen,
voor ze beschouwd worden als één punt. Bij raster µ-XRF metingen is de beeldresolutie
gelijk aan de bundelgrootte, op voorwaarde dat de stapgrootte kleiner is dan de bundel-
grootte. De stapgrootte is de afstand over de welke het staal wordt bewogen tussen twee
meetpunten. De bundelgrootte kan bepaald worden door een lijn scan uit te voeren over
een metalen draad. Door de intensiteit van een element uit te zetten als functie van de
afstand wordt een Gaussiaanse functie verkregen waaruit de bundelgrootte kan bepaald
worden volgens [9]:

Rbeeld =
√
FWHM2 − T 2

draad (1)

met Rbeeld de beeldresolutie, FWHM de breedte op halve hoogte van de verkregen
Gaussiaanse curve, gefit aan de lijnscan en Tdraad de dikte van de draad waarover de
scan werd uitgevoerd. De beeldresolutie is afhankelijk van de energie van de X-stralen
indien men gebruik maakt van polycapillaire optica, daar deze verschillende focusserende
eigenschappen hebben voor X-stralen met verschillende energieën.
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De beeldresolutie van een ‘full-field’ µ-XRF meting kan met dezelfde vergelijking be-
paald worden. De stapgrootte is nu gelijk aan de breedte van één pixel, omdat het staal
bij deze methode niet wordt bewogen.

Voor de EDAX EAGLE-III werd een beeldresolutie van 30µm gevonden voor de meest
efficiënt geëxciteerde elementen. De SL-Cam werd voorzien van een 6:1 vergrotend po-
lycapillair, waardoor elke pixel van de detector een oppervlak mat ter grootte van 8 bij
8µm2. Een beeldresolutie van 40µm voor de SL-Cam werd gevonden. Dit is echter een
gevolg van de nadelige positie van de detector ten opzichte van het monster. Er bestaat
een verband tussen de afstand tussen monster en detector en de beeldresolutie van de
SL-Cam indien men gebruik maakt van een polycapillaire lens:

A = T + 2 · d · tanϑC (2)

In vergelijking 2 is A de diameter van de cirkel dat één capillair ‘ziet’ op het monster,
T is de diameter van de opening van het capillair, d is de afstand tussen de opening van
het capillair en het monster en ϑC is de kritische hoek van het capillair voor een gegeven
foton energie. Het is duidelijk dat indien d gelijk is aan 0 mm, wat bij benadering het
geval is wanneer het staal zeer dicht bij de detector staat, een beeldresolutie gelijk aan de
grootte van één pixel wordt gevonden.

Ook al lijkt de EAGLE-III een betere beeldresolutie te geven, is de SL-Cam in staat
om een resolutie van 8µm te bereiken indien de opstelling optimaal is.

‘Full-field’ metingen werden verricht aan beamline P06 van PETRA-III, DESY in Ham-
burg. Beeldresoluties van ‘full-field’ metingen worden niet bëınvloed door het meten aan
een synchrotron: de bundelgrootte bepaalt enkel het oppervlak van het staal dat wordt
belicht. Bijgevolg kunnen raster XRF metingen aan een synchrotron superieure beeldre-
soluties verkrijgen tot op nanoscopische dimensies.

Voor de SL-Cam werd een beeldresolutie van 8µm bekomen voor Fe. Vergelijking 2
werd toegepast op praktijk metingen waarvan de resultaten te zien zijn in tabel 1. Het
dient opgemerkt dat de afstanden tussen het staal en detector geschatte waarden zijn met
een fout van ±0, 5 mm, en dus komt vergelijking 2 goed overeen met de experimentele
waarden. De experimenteel gemeten beeldresolutie voor een geschatte afstand van 1 mm
komt overigens overeen met een theoretische afstand van 1, 5 mm.

Tabel 1: Theoretisch berekende beeldresolutie vergeleken met experimentele beeldresolutie voor Fe
gebruik makende van de SL-Cam met een 6:1 vergrotende polycapillaire lens aan een synchrotron
bron.

Afstand Staal -
Detector (mm)

Theoretische Beeld
Resolutie (µm)

Experimentele Beeld
Resolutie (µm)

0 8,0 7, 7 ± 1, 4
1 17,4 23, 7 ± 2, 1
3 36,1 39, 7 ± 5, 4
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Minimum Detectie Limieten en Kwaliteit van Spectrale Data

Minimum Detectie Limieten (MDL) geven aan welke concentratie van een element dient
aanwezig te zijn in een staal, voor een signaal afkomstig van dit element kan gemeten
worden. In XRF worden MDL bepaald door middel van vergelijking 3 [2].

CMDL,i =
3
√
Nb,i

Np,i

·Ci (3)

Hier is CMDL,i de berekende MDL voor element i, Nb,i het aantal tellen in de achter-
grond corresponderend met een bepaald element i, Np,i het aantal tellen in de piek van
element i en Ci de gecertificeerde concentratie van element i in het standaard referentie
materiaal (SRM). Deze concentratie kan relatief of absoluut zijn en zo kan ook de MDL
relatief of absoluut zijn.

Figuur 1 toont het spectrum van de standaard NIST SRM 613 [10,11] na meten met de
EAGLE-III en SL-Cam. Het somspectrum van de SL-Cam komt overeen met een bestraald
oppervlak van 2,1 bij 2, 1 mm2 daar een 6:1 vergrotend polycapillair werd gebruikt. Dit
is een veel groter oppervlak dan wat werd bestraald door de EAGLE-III. Aan de hand
van deze spectra werd voor beide methodes een MDL gevonden tussen 1 en 10 ppm voor
de meest efficiënt geëxciteerde elementen na meten voor 1 h. Het dient opgemerkt dat
rasteren over 264 bij 264 meetpunten, zoals de SL-Cam, met het EAGLE-III instrument
een dag zou duren met een meettijd van 1 s per punt. Dit geeft het sterk beeldvormend
vermogen van de SL-Cam aan.

(a) NIST SRM 613 - EAGLE-III (b) NIST SRM 613 - SL-Cam

Figuur 1: Somspectra gemeten met de EDAX EAGLE-III (links) en met de SL-Cam gebruik
makende van een röntgenbuis (rechts) voor NIST SRM 613 na bestralen van de standaard voor
3600 seconden live time.

Gebruik makende van de SL-Cam wil men ook weten wat de element samenstelling
is voor één enkele pixel van de detector. Deze pixelspectra zijn echter onvoldoende om
enige kwantitatieve data te bekomen: de meeste pixels bevatten maar een aantal tellen
na een uur meten. De hoofdredenen hiervoor zijn het polycapillair met lage transmis-
sie efficiëntie en de ongustige afstand detector - staal. Voor laag energetische X-stralen
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wordt het detectievermogen ook vermindert door het 50µm dikke Be venster voor de
detector.

Een alternatief voor kwantitatieve analyse is het samentellen van naburige pixels, om
zo een beter spectrum te verkrijgen, ten koste van beeldresolutie. Via het sommeren van
25 bij 25 pixels werd een MDL tussen 20 en 80 ppm voor de meest efficiënt geëxciteerde
elementen gevonden in een NIST SRM 613 na 2 h meten. Metingen op biologische en
metaal standaarden leverden vergelijkbare resultaten op.

Metingen met de SL-Cam werden verricht aan beamline P06 van PETRA-III, DESY in
Hamburg en aan de BAMline van BESSY in Berlijn. Figuur 2 toont de element distributie
van NIST SRM 611.

(a) Ca-Kα (b) Cu-Kα (c) Ni-Kα (d) Zn-Kα (e) Compt. (f) Rayleigh

Figuur 2: Element distributies van enkele elementen in NIST SRM 611. De meting is uitgevoerd
aan de BAMline, BESSY (Berlin) met een 10 keV monochromatische X-straal bundel en een 25µm
pinhole optica. Het monster werd gemeten voor 15 minuten.

De Compton en Rayleigh verstrooiing afbeeldingen hebben een lagere intensiteit in
het midden. Dit is te verklaren door de hoekafhankelijkheid van de verstrooiingsproba-
biliteit [12]. De berekende MDL van de meest efficiënt geëxciteerde elementen voor de
somspectra bedraagt tussen 1 en 20 ppm voor de meting aan de BAMline van NIST SRM
611. Sommeren van naburige pixels verbetert de MDL, zoals weergegeven in tabel 2 voor
een meting van NIST SRM 613 aan P06, PETRA-III (Hamburg).

Tabel 2: Relatieve MDL van Fe voor verschillende aantallen gesommeerde pixels voor NIST SRM
613 gemeten aan P06 van PETRA-III aan DESY, Hamburg. Een 17 keV monochromatische X-straal
bundel bestraalde het staal voor 1 uur lang. Een 6:1 vergrotend polycapillair werd gebruikt voor de
SL-Cam.

Aantal gesommeerde pixels 1x1 3x3 6x6 12x12 25x25 264x264
MDL voor Fe (ppm) 1.965 655 328 176 79 7

Spectrale Dataverwerking: Fitten vs. ROI

Doorgaans worden alle XRF spectra gefit met programma’s zoals AXIL [13] om daarna
element beelden te genereren. Bij het fitten wordt van elk spectrum een achtergrond af-
getrokken en worden de fluorescentie pieken gëıntegreerd. De SL-Cam levert echter voor
één enkele meting 69.696 spectra op, waarvan het fitten van al deze data een tijdrovend
proces is. Bijgevolg is het nuttig te onderzoeken welke voordelen fitten oplevert in verge-
lijking met de eenvoudigere ROI beeldvorming techniek. In deze laatste techniek worden
alle tellen in een bepaald energie interval samengeteld.
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Indien er geen spectrale overlap is, levert zowel het fitten als het ROI proces dezelfde
resultaten. Indien er echter spectrale overlap aanwezig is zal het fitten hiervoor corri-
geren. De ROI beeldvorming techniek zal het overlappend gebied voor beide elementen
registreren, en zo een vertekend beeld geven van de element distributie in het monster. Dit
wordt weergegeven in figuur 3 voor een geologisch staal dat zowel Ba als Ti bevat. Beide
methoden geven verschillende resultaten voor de Ba distributie: de ROI methode geeft
valselijk de elementdistributie van Ti weer, in tegenstelling tot het fitten waar uitsluitend
de elementdistributie gevisualiseerd wordt op basis van de Ba-Lα fluorescentielijnen.

Figuur 3: Element beelden voor een geologisch monster voor dewelke de data werd verwerkt ge-
bruik makende van fitten (links) en van een ROI proces (rechts). De distributie van Ba-Lα wordt
weergegeven, die een spectrale overlap kent met Ti-Kα.

De ROI methode is veel sneller dan het fitten. Fouten kunnen zich echter voordoen
zodra er een spectrale overlap bestaat. Het dient ook opgemerkt dat het fitten van de
resultaten nodig is indien men kwantitatieve berekeningen wil uitvoeren. De ROI methode
kan echter gebruikt worden om snel een idee te krijgen van de distributie van elementen
in een staal.

Toepassingen van ‘Full-Field’ µ-XRF

Met ‘full-field’ µ-XRF wordt snel een beeld gemaakt van de element distributie in een mon-
ster, met een maximale beeldresolutie van 8µm. Voornamelijk het meten van elementen
met percent concentraties in een monster levert goede resultaten op met de SL-Cam.

De hoge beeldresolutie wordt nogmaals benadruk wanneer men de resultaten van een
meting op de standaard IRMM301 weergeeft. Deze standaard bevat een reeks metallische
microstructuren. De Ni distributies voor de SL-Cam met röntgenbuis en de EAGLE-III
zijn weergegeven in figuur 4. Het is duidelijk dat met de SL-Cam de microstructuren
beter te onderscheiden zijn.
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Figuur 4: Element distributie van Ni voor een IRMM301 fijnstructuur gemeten met de SL-Cam
(links) en EAGLE-III (rechts).

Een voorbeeld van de tijd die de SL-Cam nodig heeft om een element distributie te
geven wordt weergegeven in figuur 5. Hier werd een biologisch monster Daphnia magna
gemeten aan de BAMline in Berlijn voor verschillende tijdslengtes. Reeds na 2 minuten
meten is het exoskelet van de watervlo waarneembaar. Na een kwartier meten worden
ook de interne organen licht zichtbaar, en na 2 uur kan men duidelijk de verschillende
organen onderscheiden. Men dient in rekening te nemen dat elke afbeelding hier bestaat
uit 69.696 punten, elk vertegenwoordigd door een eigen spectrum. Indien men een afbeel-
ding van deze dimensies zou willen namaken met behulp van conventioneel raster µ-XRF
methoden zou men een veel langere meettijd nodig hebben.

Zn
Ca
Fe

(a) 30 s

Zn
Ca
Fe

(b) 2 min

Zn
Ca
Fe

(c) 5 min

Zn
Ca
Fe

(d) 10 m 2 s

Zn
Ca
Fe

(e) 16 m 36 s

Zn
Ca
Fe

(f) 2 h 16 m

Figuur 5: Element distributies van Ca, Fe en Zn in een Daphnia Magna monster voor verschillende
meettijden. Gebruikte X-straal excitatie energie was 10 keV. De respectievelijke meettijden zijn
vermeld onder de afbeelding.

Een ander voorbeeld van een domein waarin de ‘full-field’ µ-XRF techniek nuttig kan
ingezet worden is het domein van kunst en geologische stalen. Door de elementen te
bepalen in een monster kan informatie verschaft worden over het type mineralen of pig-
menten die aanwezig zijn in het monster. Een voorbeeld wordt getoond in figuur 6 waar
de verschillende pigmenten van verf op een porseleinen kaart kunnen gelinkt worden met
bepaalde elementen. Deze meting werd uitgevoerd aan de BAMline in Berlijn gebruik ma-
kende van een monochromatische X-straal bundel van 16 keV. Het staal werd bestraald
voor 10 minuten.
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Pb  Cu  Hg

Pb  Cu  Hg

Figuur 6: Een foto (links) en ‘full-field’ element distributie (rechts) van een porseleinen kaart voor
drie verschillende elementen. De rechtse afbeeldingen zijn close-ups van de gebieden, aangeduid door
de rode rechthoeken op de linkse foto. Een 50µm pinhole werd gebruikt.

Conclusie

De SL-Cam is een pnCCD type silicium detector met 264 bij 264 pixels, elk met een
grootte van 48 bij 48µm2 [5]. Deze ‘full-field’ detector is in staat om in korte tijd beelden
met micrometer resolutie te maken van elementen, wiens XRF lijnen tussen de 3 en
20 keV liggen, die in percent concentratie hoeveelheden aanwezig zijn in een staal. MDL
bepaling van spoorelementen is slechts mogelijk na lange tijd meten. Samentellen van
naburige pixels verkleint de beeldresolutie maar verhoogt de MDL en kwaliteit van de
spectra, zonder dat extra meet tijd nodig is.

Detectielimieten voor de meest efficiënt geëxciteerde elementen tussen 1 en 10 ppm
werden gevonden voor NIST SRM 613 na 1 uur meettijd aan BAMline in BESSY (Ber-
lijn), voor zowel raster µ-XRF toepassingen als ‘full-field’ µ-XRF toepassingen. Spectra
verkregen in één pixel van de SL-Cam zijn onvoldoende om MDL berekeningen uit te voe-
ren. Beeldresoluties van 8µm werden bereikt dankzij het gebruik van een 6:1 vergrotend
polycapillaire optica.

Het fitten van de resultaten van de ‘full-field’ metingen wordt ten sterkste aangeraden.
De snellere ROI beeldvorming methode geeft echter een algemeen beeld van de bekomen
resultaten, maar maakt fouten op vlak van element distributie indien er sprake is van
spectrale overlap.

Er wordt besloten dat de ‘full-field’ µ-XRF techniek complementair is aan de raster µ-
XRF techniek: met de ‘full-field’ camera kan op korte tijd een overzicht verkregen worden
van een monster, waarna bepaalde interessante gebieden kunnen gemeten worden met
raster µ-XRF spectroscopie om spoor elementen op te sporen.
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ter beschikking stellen van de SL-Cam. Ook de medewerkers aan BAMline, BESSY en
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