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Abstract
X-ray grating interferometry is an emerging imaging method that has shown great potential for
a number of applications both in medical and industrial settings. The added value of grating
interferometry compared to conventional X-ray imaging stems from the additional contrasts
provided simultaneously with the absorption. The complementary information available from
grating interferometry includes: the phase shift of the wavefront introduced by the sample
and the small angle scattering from the microstructure of the sample. The phase shift, which
is related to the electron density of the sample, can provide higher contrast for low absorbing
samples compared to conventional absorption imaging, while the scattering signal can provide
information about the unresolved structural features of the sample.
Although grating interferometry is well established and understood, there are still a number of points that need to be addressed and further investigated. The method relies strongly
on the successful fabrication of micrometer sized periodic metal structures (gratings). The
fabrication and availability of such structures can be very challenging especially when large
areas and high aspect ratios are required. Another critical point is the flux efficiency of X-ray
grating interferometry. The additional absorption from the gratings can lead to an increased
deposited dose and prolonged exposure time, both of which are limiting medical and industrial
applications respectively. Other challenges at the moment include the limited tunability and
directionality of the scattering signal, which are a result of the fixed system geometry and the
use of linear gratings. To investigate the orientation of the samples’ microstructure both in 2D
and 3D multiple measurements need to be taken with varying orientations between the sample and the interferometer. Such acquisition schemes increase the imaging time significantly.
The strength of the scattering signal for a given microstructure depends on the autocorrelation
length of the grating interferometer. The autocorrelation length depends on the sample position, wavelength and periods of the gratings used. To get a quantitative understanding of the
microstructure, multiple measurements with different autocorrelation lengths are necessary.
Usually, this is achieved by moving the sample or changing the geometry of the system. Both
approaches require additional analysis or hardware.
The work presented in this thesis focuses on addressing these limitations by employing
a number of different strategies. Grating fabrication methods were further developed to provide gratings demanded by various commercial and scientific projects. The use of single
photon sensitive hybrid detectors was explored to achieve a high flux efficient grating interferometer by removing the absorption grating. To tackle the orientation dependency of the
scattering signal we focused on designing appropriate gratings that would allow an omnidirectional sensitivity. Moreover, in order to achieve tunable scattering sensitivity we pursued
the development of an interferometer based on phase shifting elements that would allow a
straightforward modulation of the interference period.
With the presented fabrication method we were able to fabricate absorption gratings with
periods from 1.3 µm up to 48 µm for various imaging applications. The use of single photon
sensitive hybrid detectors for imaging with grating interferometry was successfully demonstrated by recording fringes with a period down to 4.7 µm by exploring charge sharing properties. The technique was shown both with stripe (GOTTHARD) and pixel (MÖNCH) detectors
in a synchrotron environment. A phase grating consisting of a 2D repetition of circular gratings was proposed to obtain omnidirectional dark-field sensitivity. The method was initially
demonstrated with synchrotron radiation and at the moment is further developed on a micro
focal X-ray tube setup. Finally, tunable dark-field sensitivity was achieved by the combination
of two 1.3 µm phase gratings that produce a large pitch fringe which is directly recorded. By
changing the distance between the gratings the pitch of the fringe changes which in turn tunes
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the autocorrelation length. Demonstration was performed on a micro focal X-ray tube setup
by imaging SiO2 powders with different grain sizes.
These developments expand the capabilities of the well-established grating interferometry
and can have a significant impact both in the medical and industrial field of X-ray imaging. Specifically, the increase in flux efficiency by utilising single photon sensitive detectors can translate to higher dose efficiency, which is crucial for in-vivo medical applications
such as mammography. On the other hand, omnidirectional dark-field sensitivity achieved
by specialised X-ray optics can have a great influence on industrial applications such as the
development of fibre reinforced materials. The ability to sense the fibre orientation and density can be utilised to evaluate and further optimise the production workflow. Moreover, the
straightforward tunability of the length scale sensitivity of the scattering signal can open new
possibilities in the research of sub-micrometer structures over large areas. Such examples
could be the study of water transport in fuel cells and the detection of minerals of various size
distributions in rock samples. Finally, these individual technical developments can be combined together to address specific imaging tasks where contrast mechanisms, directionality,
and tunability are concerned.
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Zusammenfassung
Röntgen-Gitterinterferometrie ist ein aufkommendes Bildgebungsverfahren, welches grosses
Potential für eine Reihe von Anwendungen sowohl in medizinischen als auch in industriellen Bereichen gezeigt hat. Der zusätzliche Nutzen der Gitterinterferometrie gegenüber herkömmlicher Röntgenbildgebung ergibt sich aus den zusätzlichen Kontrasten, die gleichzeitig
mit dem Absorptionskontrast aufgenommen werden. Die komplementären Informationen die
durch die Gitterinterferometrie zugänglich werden sind zum einen die von der Probe erzeugte Phasenverschiebung und zum anderen die aus der Mikrostruktur der Probe resultierende
Kleinwinkelstreuung. Die aus der Elektronendichte der Probe resultierende Phasenverschiebung kann im Vergleich zum herkömmlichen Absorptionskontrast einen deutlich höheren
Kontrast bei schwach absorbierenden Proben erzeugen. Das Streusignal auf der anderen Seite
kann Informationen über die nicht aufgelöste Struktur der Probe liefern.
Obwohl Gitterinterferometrie mittlerweile etabliert und weitestgehend verstanden ist, gibt
es eine Reihe von Aspekten die noch untersucht und weiterentwickelt werden müssen. Das
Verfahren hängt stark von der Herstellung hochabsorbierender, periodischer Metallstrukturen
(Gittern) im Mikrometerbereich ab. Die Verfügbarkeit solcher Strukturen ist begrenzt und ihre
Herstellung ist schwierig, insbesondere dann, wenn grossflächige Gitter mit grossen Seitenverhältnissen benötig werden. Für hochenergetische Anwendungen wird die Fertigung noch
anspruchsvoller, da eine grössere Metallhöhe benötig wird. Ein weiterer kritischer Punkt ist
die Flusseffizienz der Röntgen-Gitterinterferometrie. Die zusätzliche Absorption der Gitter
führt zu einer erhöhten deponierten Dosis und zu längerer Bestrahlung, was sowohl medizinische als auch industrielle Anwendungen einschränkt. Weitere Herausforderungen sind
momentan die nur beschränkt mögliche Einstellbarkeit (tunability) und die Richtungsabhängigkeit des Streusignals, was sich aus der fixierten Geometrie des Interferometers und aus
der Nutzung linearen Gitter ergibt. Um sowohl in 2D als auch 3D die Orientierung der Mikrostruktur der Probe zu untersuchen sind mehrere Aufnahmen nötig, welche unter verschiedenen Winkeln zwischen Probe und Interferometer aufgenommen werden. Solch ein Verfahren erhöht die Aufnahmezeit signifikant. Die Stärke des Streusignals einer bestimmten Mikrostruktur hängt von der Autokorrelationslänge des Gitterinterferometers ab, wobei die Autokorrelationslänge wiederrum von der Position der Probe, der Wellenlänge und der Periode
der Gitter abhängt. Um die Mikrostruktur quantitativ zu verstehen sind mehrere Messungen
mit unterschiedlichen Autokorrelationslängen nötig. Dies wird normalerweise ermöglicht, indem entweder die Probe verschoben wird oder die Geometrie des Systems verändert wird.
Beide Ansätze benötigen zusätzliche Auswertung oder Hardware.
In dieser Arbeit werden diese Einschränkungen untersucht und es werden Lösungen aufgezeigt, die auf unterschiedlichen Strategien beruhen. Gitterherstellungsverfahren wurden
weiter entwickelt um Gitter bereitzustellen, welchen für verschiedenste kommerzielle und
wissenschaftliche Projekte benötig werden. Die Verwendung von photonenzählenden Pixeldetektoren wurde untersucht, um Gitterinterferometrie ohne die Verwendung des Absorptionsgitters und mit einer hohen Photoneneffizienz zu ermöglichen. Bei der Lösung des Problems
der Richtungsabhängigkeit des Streusignals legten wir den Schwerpunkt auf das Design von
geeigneten, omnidirektional sensiblen Gittern. Darüber hinaus haben wir ein Interferometer
entwickelt, welches auf phasenverschiebenden Elementen basiert und es ermöglicht, die Periode des Interferenzmusters direkt zu modulieren. Dies ermöglicht wiederum das Einstellen
der Sensibilität des Streusignals. Mit der hier dargestellten Herstellungsmethode war es uns
möglich, Gitter mit Perioden von 1.3 µm bis zu 48 µm für diverse Anwendungen zu fabrizieren. Die Möglichkeit, photonenzählenden Pixeldetektoren für Gitterinterferometrie zu benutzen, wurde erfolgreich demonstriert. Dabei wurden Interferenzmuster mit Perioden bis zu
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4.7 µm durch das Ausnutzen von “charge sharing” Eigenschaften direkt aufgenommen. Dieses Verfahren wurde am Synchrotron sowohl anhand eines Streifendetektors (GOTTHARD)
als auch eines Pixeldetektors (MÖNCH) demonstriert. Um omnidirektionale Sensibilität des
Streusignals zu erzielen wurden Phasengitter, bestehend aus sich wiederholenden kreisförmigen Gittern, entwickelt. Die Methode wurde bereits am Synchrotron erfolgreich getestet
und wird zurzeit für den Einsatz an Mikrofokus-Röntgenröhren weiterentwickelt. Schliesslich
wurde die Einstellbarkeit der Sensibilität des Streusignals erreicht, indem zwei 1.3 µm Phasengitter miteinander kombiniert wurden und dadurch ein Interferenzmuster erzeugten, welches direkt aufgenommen werden kann. Die Periode des Interferenzmusters kann dabei durch
das Ändern des Abstandes zwischen den beiden Gittern verändert werden, was wiederum die
Autokorrelationslänge einstellt. Dieses Verfahren wurde an einer Mikrofokus-Röntgenröhre
durch das Ausmessen von SiO2 Pulvers mit unterschiedlicher Körnung demonstriert.
Diese Entwicklungen erweitern die Möglichkeiten der bereits etablierten Gitterinterferometrie und können sowohl im medizinischen als auch im industriellen Bereich der Röntgenbildgebung erhebliche Auswirkungen haben. Insbesondere kann die Erhöhung der Flusswirksamkeit durch die Verwendung photonenzählenden Pixeldetektoren zu einer höheren Dosisleistung führen, was für medizinische in-vivo Anwendungen wie Mammographie entscheidend
ist. Auf der anderen Seite kann die omnidirektionale Sensibilität des Streusignals, die durch
spezielle Röntgenoptiken erreicht wird, einen großen Einfluss auf industrielle Anwendungen
wie die Entwicklung von faserverstärkten Materialien haben. Die Möglichkeit, die Faserorientierung und -dichte zu erfassen, kann genutzt werden um den Produktionsablauf zu untersuchen und weiter zu optimieren. Darüber hinaus kann die unkomplizierte Einstellbarkeit der
Längenskalenempfindlichkeit des Streusignals neue Möglichkeiten bei der Erforschung von
Strukturen im Submikrometer-Bereich über große Flächen hinweg eröffnen. Beispiele wären
die Untersuchung des Wassertransports in Brennstoffzellen und das Erkennen von Mineralien unterschiedlicher Größe in Gesteinsproben. Schließlich können die einzelnen technischen
Entwicklungen miteinander kombiniert werden um spezifische Aufgaben anzugehen, bei denen Kontrastmechanismen, Richtungsabhängigkeit und Einstellbarkeit entscheidend sind
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Chapter 1

Introduction
1.1

Lead-in

X-ray imaging has the power to probe the inner structure of samples in a non-invasive manner
[1]. For the last 100 years the absorption of X-rays has been exploited as a contrast mechanism
to provide information about the sample under investigation. Numerous applications have been
developed based on this approach. Such applications include medical imaging, non-destructive
testing of industrial components, homeland security, and the investigation of protein structures.
A few notable medical imaging applications are: computed tomography (CT), fluoroscopy, and
screening programs such as mammography. However, most of these applications are suitable for
materials or tissues that exhibit a strong X-ray absorption and therefore can produce high contrast
images. When we move to soft tissues or materials with low atomic numbers the contrast from
X-ray absorption is low, and therefore conventional X-ray imaging is no longer a suitable method.
In oder to overcome these limitations phase sensitive methods have been developed. These methods are sensitive to the real part of the complex refractive index n = 1 − δ + iβ [2] instead of the
imaginary part which corresponds to the absorption. The value of δ is much higher than β for
materials with low atomic numbers, meaning that by sensing the phase shift higher contrast can
be achieved. One method with high phase sensitivity is X-ray grating interferometry (XGI) [3, 4].
XGI has been demonstrated on synchrotron [3] and conventional X-ray sources [5] and therefore
is a good candidate for clinical and industrial settings. It has the capability of capturing simultaneously three signals: conventional absorption contrast, differential phase contrast (DPC), and
scattering contrast which is usually referred to as dark-field. In more detail, the differential phase
contrast (DPC) signal is directly sensitive to the refraction of the incoming X-rays and can be related to the electron density of the sample. Electron density variations down to 0.18 e nm−3 have
been experimentally observed [6], meaning that biomedical applications can have a great benefit
from XGI. The dark-field contrast contains information about the unresolved microstructure on a
sub-pixel level [7–9]. This enables the investigation of samples on a micrometer scale over a large
field of view (FOV), something that is impractical with conventional imaging due to the small
FOV of high resolution detectors. These three signals can be complementary to each other and
therefore provide a more complete understanding of the sample imaged.
The high sensitivity and complementarity of the three signals have been reported in multi-
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ple publications demonstrating the added value of XGI to conventional X-ray imaging. From a
biomedical perspective various samples have been investigated with XGI such as insects [10, 11],
rat organs like brain and liver [12–14] but also human breast tissue [15, 16]. Several areas of medical imaging have been reported to benefit from XGI. With the most notable being breast, lung,
and joint imaging. For breast imaging, pre-clinical studies [17] have shown the discrimination of
different types of microcalcifications with the dark-field signal [18, 19] and a lot of work is focused on bringing the technology in vivo [20–22]. Impressive results have been also shown in the
lung imaging field demonstrating that the dark-field signal can potentially be used for the in-vivo
diagnosis of pulmonary fibrosis and emphysema [23–25] as demonstrated in mice. Concerning
joint imaging, in-vivo experiments have already been carried out on humans demonstrating the
diagnosing rheumatoid arthritis [26]. Currently, clinical studies are being carried out [27]. Additionally, so far ex-vivo, applications include the investigation of bone microstructure [28, 29]
and osteoporosis imaging [30]. Nonetheless, the fields of non-destructive testing [31], material
science, and homeland security [32] can also benefit from XGI. It has been demonstrated that the
dark-field signal is able to image the water uptake in mortar samples in radiography [33] but also
in time resolved tomography [34]. Such studies allow the better understanding of the mechanical
properties as well as the long term durability of cement. XGI can also assist to optimise the fabrication processes of various industrial products such as integrated circuits (IC) [35], metal welded
components [36], carbon fibre reinforced polymers (CFRP) [37] etc.
The main working principle of XGI is based on the use of a periodic phase modulating structure (phase grating), which is illuminated with a sufficiently coherent beam to generate interference fringes at specific distances downstream (Talbot effect) [38]. By introducing a sample into
the beam path, the amplitude (or visibility), local phase, and intensity of the interference fringe
will be altered. Specifically, refraction taking place in the sample will cause a local phase shift,
absorption will cause an intensity drop, and finally scattering will reduce the visibility of the fringe
by smearing it out. These induced distortions can be sensed with two different approaches depending on the period of the fringe. If the fringe is large enough with respect to the detectors pixel size,
it can be recorded directly and further analysed [39–42]. Nevertheless, the fringe period and the
sample to detector distance directly influence the minimum refractive angle that can be detected
[43] (phase sensitivity). A longer distance or a small period result in a higher phase sensitivity.
When high sensitivity in combination with a compact system (both crucial for clinical applications) are required, the fringe period has to be in the micrometer range. Achieving micrometer
resolution over large areas can be very challenging, requiring additional optics or high resolution
detectors. One approach to sense these fine fringes, without actually recording them directly, consists of using a second grating (analyser grating) constructed from a highly absorbing material
[3]. This grating is commonly referred to as G2 . The second grating is scanned laterally to the
interference fringe and at each step an image is acquired. This results in an intensity oscillation at
each pixel which is referred to as a phase stepping curve. The phase stepping curves are further
analysed to extract the three signals.
This solution of utilising a G2 grating comes with a set of strict requirements. A main drawback is the fabrication of dense highly absorbing structures uniformly over large areas. The micro
fabrication of such structures is highly demanding, especially if one moves to higher energies,
2
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meaning that higher structures are required. Moreover, introducing absorbing structures into the
beam path reduces the photon efficiency of the method, when these absorbing structures are placed
after the sample the dose efficiency is also reduced. Thus, it is important to develop high quality
absorption gratings but also focus on methods that do not require absorbing structures and allow
for a direct recording of the interference fringe (G2 -less imaging).
Another limitation of XGI is related to the dark-field sensitivity in terms of directionality and
size of the scattering structure. The dark-field signal is related to the scattering produced by the
sample and can be explained by the theoretical framework of small angle X-ray scattering (SAXS)
[7–9]. XGI systems with linear gratings are sensitive to scattering perpendicular to the grating
lines [44], meaning that multiple acquisitions with a different angle between the gratings and the
sample are necessary to study the orientation of the scattering structures. Moreover, the dark-field
signal for a fixed interferometer is mostly sensitive to structures with sizes close to the so called
autocorrelation length of the system (length scale sensitivity). Hence, to study completely the
microstructure of a sample, multiple measurements with different correlation lengths are required.
The length scale sensitivity depends on: the sample position, X-ray wavelength, and interference
fringe period at the detector plane. All of which are impractical to tune with the conventional
implementation of an XGI system. To tackle this, a first step would be to design a XGI systems that
allow for easy tuning of their length scale sensitivity, and/or exhibit an omnidirectional scattering
sensitivity.

1.2

Scientific aims and approaches

The main scientific aim of this work was to tackle the limitations that were outlined in the previous
section by a number of different approaches. Namely these aims were: to improve the fabrication
of absorption and phase gratings, develop G2 -less imaging methods, develop XGI system with
tunable dark-field sensitivity, and develop appropriate optics for omnidirectional dark-field sensitivity.
Grating fabrication The first aim of this work was to establish a method for fabrication of
absorption gratings for XGI. Such gratings are either used as source gratings or analyser gratings.
The requirements that need to be satisfied for the absorption gratings are: large field of view
(FOV), high uniformity of the period and the duty cycle, high absorption of the impinging Xrays. All of this requirements need to be satisfied for a wide range of periods ranging from one
micrometer to a few tenths of micrometers. Therefore, our aim was to develop a method that can
deliver gratings that satisfy the above conditions based on well established technologies that are
used for microfabrication.
G2 -less imaging The second scientific aim of this thesis was to develop imaging methods that do
not require an analyser grating G2 and are based only on phase shifting elements. This was pursued
with two approaches, the first one assessed the possibility of utilising single photon sensitive
detectors and exploiting their resolution enhancement capabilities. These detectors do not deliver
a uniform resolution, and therefore the appropriate algorithmic framework needed to be developed
to extract the DPC signal. The second approach was to design an interferometer only with phase
shifting elements that produces an interference fringe large enough to be recorded by conventional
detectors.
3
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Dark-field directionality and sensitivity The third aim was to design XGI systems that: would
deliver omnidirectional sensitivity of the dark-field signal without the rotation of the sample or
the optical elements like the current approaches, and would allow for straightforward length scale
tunability. The approach to the omnidirectional dark-field sensitivity was to redesign the phase
grating. As far as length scale tunability is concerned our approach was to develop an interferometer that allows to tune the dark-field sensitivity by changing the interference fringe period which
is recorded directly.
This thesis is a paper collection, with chapters 2, 3, and 4 providing the necessary background
in X-ray imaging and microfabrication. Chapter 5 represent a manuscript under preparation describing the fabrication of absorption gratings with seedless electroplating. Chapter 6 includes
two publications on the development of G2 -less imaging by utilising single photon sensitive detectors. Chapter 7 is a reprint of the publication on an interferometer based on two phase gratings
that allows tunable dark-field sensitivity. Chapter 8 introduces a grating design that enables omnidirectional dark-field imaging, the chapter is a reprint of the respective publication and conference
proceeding. Finally, in chapter 9 the conclusions of this work are presented together with an
outlook showing some preliminary results of ongoing work.
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Chapter 2

X-Ray Imaging
The following chapter introduces the main principles of X-ray imaging. We start by describing
how X-rays interact with matter taking into account their particle nature. Having understood these
interactions, the process of image formation is explained from a wave perspective. Finally, a
few imaging methods capable of retrieving the phase and scattering properties of the sample are
summarised. Most of the descriptions in this chapter correspond to references [2, 45–47] covering
the basics of X-ray physics.

2.1

X-ray interaction with matter

X-rays [1] exhibit a dual nature, they can be considered both as particles (photons) and electromagnetic waves. Photons are massless elementary particles that are characterised by their energy
E. On the other hand, electromagnetic waves are characterised by their frequency or wavelength
λ . The relationship between the photon energy and the equivalent wavelength is described with
the following equation
E=

hc
,
λ

(2.1)

where c is the speed with which electromagnetic waves propagate (speed of light) which for vacuum is 299792458 m · s−1 and h ≈ 6.626 · 10−34 J · s is Planks constant.
The basic interactions that can take place between a photon and an atom are: absorption, scattering,
pair production (electron/positron), and triplet production (two electrons/one positron) [2]. The
probability of each interaction to take place depends on the energy of the incoming photon and the
atomic number of the atom. The energy range for X-ray imaging is usually between 10 and 150
keV, therefore pair and triplet production will be neglected since they become relevant at energies
above 1.022 MeV and 2.04 MeV respectively.
When an X-ray photon is absorbed by an atom, its energy is transferred to an electron of the atom,
which in turn is expelled from the atom, causing ionisation. This is known as photoelectric absorption and can only take place if the photon energy is sufficient to expel the electron. Scattering
can be subdivided into elastic (coherent) and inelastic (incoherent). The difference between the
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two types is the energy of the scattered photon. When the scattered photon has the same energy
as the incoming photon, elastic scattering has taken place; if the energy is different, the scattering
is inelastic. Both absorption and scattering result in a reduction of the photon number detected
before and after passing through a sample. This reduction in the photon numbers can be quantified
with the energy depended linear attenuation coefficient µ and the Beer-Lambert law [48]. For a
uniform material of thickness z the intensity of the outcoming photon beam I after passing the
sample is given by
I = I0 e−µz ,

(2.2)

where I0 is the intensity of the incoming beam. The linear attenuation coefficient can be related to
the mass attenuation coefficient µm by
µm =

µ
,
ρ

(2.3)

with ρ being the mass density of the material. In turn µm is proportional to the total cross section
per atom σtot which in principle relates to the total probability of a photon to interact with an atom
in one of the mentioned ways. It can be broken down to principal cross sections
σtot = σ pe + σcoh + σincoh ,

(2.4)

where σ pe is the cross section for photoelectric absorption, σcoh for coherent (elastic) scattering,
σincoh for incoherent scattering.
Photoelectric absorption is the main effect contributing to the attenuation of X-rays in the
lower imaging range (20 keV). The interaction cross section for the photoelectric effect, which
4
describes the probability of a photoelectric absorption, is approximately proportional to EZ 3 , where
Z is the atomic number. From this relation it is evident that for higher energies photoelectric
absorption decays rapidly.
Incoherent or inelastic scattering, also known as Compton scattering [45], becomes a dominant
effect at higher energies (above 25 keV and up to 35 MeV) due to the low photoelectric absorption.
For energies between 25 keV and 150 keV it is almost independent of the energy and the atomic
number Z. The interaction cross section mainly depends on the electron density of the material.
When a photon is inelastically scattered by an atom it deposits part of its energy to an electron
with low binding energy which is then ejected from the atom causing ionisation. The probability
of causing ionisation is proportional to the atomic number. The photon is then redirected with a
different energy (the remaining). The transferred energy ∆E depends on the scattering angle θ
and is given by [2]
∆E =

m0 c2
1 − cos θ

(2.5)

where m0 is the electron rest mass. The angular distribution can be described by the Klein-Nishina
formula [49]. For the energy range of X-ray imaging the angular distribution resulting from the
Klein-Nishina equation is more or less isotropic.
6
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Coherent scattering takes place when the scattered photon has the same energy as the incoming
photon. It can be subdivided into Thomson, photon is scattered from a free electron, and Rayleigh,
photon is scattered from a whole atom [2]. Rayleigh scattering is the dominant effect contributing
to the phase shift of the X-rays [2].
4
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Figure 2.1: Total mass attenuation coefficient, and contributions from photoelectric absorption,
Compton scattering, and elastic scattering for Carbon. The data was taken from the XCOM
database [50].
In figure 2.1 the principal and the total cross sections are shown for Carbon. It is shown that
the photoelectric effect becomes almost negligible around 25 keV and Compton scattering is the
dominant attenuation effect.

2.2

X-ray image formation

When considering the wave like nature of X-rays the complex refractive index n = 1 − δ + iβ is
used to describe the interaction with matter. The attenuation of the X-rays is described by β , and
the phase shift by the complex refractive index decrement δ . Both δ and β can be extracted from
the atomic scattering factors [2] and are given by
δ = 2πre ρA
β=

Z + f1
Z
≈ 2πre ρA 2 ,
2
k
k

σA ρA
Z4
∝ ρA 4 ,
2k
k

(2.6)
(2.7)

where re = 2.817 · 10−15 m is the classical electron radius, k the wavenumber (k = 2π/λ ), ρA is the
number of atoms per unit volume and σA is the absorption interaction cross section. The parameter
f1 is usually considered to be close to zero when the photon energy is far from absorption edges
7
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of the material. In figure 2.2 the δ and β values are reported for C and Ca. The ratio δ /β is
proportional to
k2
1 1 2
δ
∝ 3=
E ,
β Z
h̄ Z 3

(2.8)

where h̄ = h/2π. As the energy increases so does the ratio δ /β quadratically, indicating that for
hard X-rays sensing the phase shift instead of the attenuation can provide a stronger signal.
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Figure 2.2: Values of δ and β for Carbon (red) and Calcium (blue).

Monochromatic X-rays of wavelength λ can be describes as complex plane waves by using the
time-independent Helmholtz equation [51]

D = D0 exp − i(kx x + ky y + kz z) + Φ ,

(2.9)

where D is referred to as the complex
q wave amplitude, D0 is the wave amplitude, Φ is the phase,
and the wave number k is equal to kx2 + ky2 + kz2 . The direction of propagation is the direction
defined by the vector k = (kx , ky , kz ).
Next we will calculate how a sample of thickness z0 and complex refractive index n(x, y, z) modulates the phase and amplitude of a monochromatic plane wave Din . For simplicity, we assume
initial phase Φ = 0 and propagation only along the z direction, meaning that kx = ky = 0 and
k = kz . The complex wave amplitude Dout right after the sample can be given by the projection
approximation (neglecting propagation effects within the sample) [51]
Dout = Din exp ik

Z z0

8

0


dz n(x, y, z) ,

(2.10)
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which can be rewritten as
Z

Dout = Din exp ikz0 exp − ik

z0

Z

dz δ (x, y, z) exp − k

0

z0


dz β (x, y, z) .

(2.11)

0

Each exponential term in the above equation corresponds to a different effect. The first one represents the propagation of the input wave for a distance z0 . The second one contains the phase shift
introduced by the sample. This phase shift ∆Φ is given by the difference of the arguments of the
complex output wave Dout and the propagated input wave Din exp (ikz0 ) and is written as
∆Φ = arg Dout − arg Din exp ikz0





= −ik

Z z0

dz δ (x, y, z).

(2.12)

0

Finally, the third exponential term of equation 2.11 contains the absorption information of the
sample. In a similar manner the residual transmission of the sample is given by
2
|Dout |
T=
= exp − 2k
|Din exp (ikz0 )|


Z z0


dz β (x, y, z) .

(2.13)

0

The exponential can be eliminated by taking the negative natural logarithm of the attenuation
− ln T = 2k

Z z0

dz β (x, y, z).

(2.14)

0

By measuring T and ∆Φ radiographic images or line integrals of the transmission and phase shift
of the sample are obtained. However, both expression 2.12 and 2.13 contain the input wave Din .
This means that a reference measurement is also necessary for extracting the integrals of δ and β .
So far, we assumed that the variations in the real part of the complex refractive index (in the
directions perpendicular to the wave propagation) are resolvable by the used imaging method. We
call these variations "slow" and they are responsible for the refraction of the incoming wave as seen
in figure 2.3 (a). Fast variations corresponding to the microstructure of the sample are responsible
for the small angle X-ray scattering (SAXS). These local variations will cause a distortion of the
wavefront (figure 2.3 (b)) that lead to a broadening of the angle distribution f (α) [52, 53] of
the incoming photons, where α is angle of the scattered photons. The scattering strength can be
associated to the width m2s of this angle distribution given by the second momentum
m2s

=

Z π
−π

α 2 f (α) dα

(2.15)

Like attenuation and phase shift, the scattering signal is given by the following line integral [52, 54]
Ls = m2s =

1
2α p

Z z0

ρn (x, y, z)σs (x, y, z) dz,

(2.16)

o

where ρn is the density of scatterers, α p is an angular beam broadening due to a single scatterer
with refractive index δ [55] and σs (x, y, z) is the scattering cross section of a scatterer. These
variations can be sensed by utilising coherent scattering sensitive techniques as discussed in the
next chapter.
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Figure 2.3: (a) Schematic for (a) refraction and (b) scattering of X-rays.

2.3

Phase sensitive techniques

Conventional X-ray detectors record the intensity of the incoming X-rays |D2out | which means that
they are insensitive to the phase of the complex wave. Therefore, more complicated imaging setups
are required to translate the phase of the complex wave to an intensity distribution that can be
detected by X-ray detectors. Various phase sensitive techniques have been developed throughout
the years. The requirements and applicability vary, and many factors need to be taken into account
to choose the appropriate technique for each application. Critical factors are: the X-ray source,
required resolution, field of view, and scan time.
Propagation based phase contrast imaging Propagation based phase contrast relies on the
generation of interference fringes at the edges of a phase object when it is illuminated with a spatially coherent beam [56]. The projection of the object is recorded downstream the beam allowing
enough free space propagation (Fresnel regime) between the object and the X-ray detector. These
fringes contain information about the phase of the object. The experimental setup requires a coherent source and an X-ray detector. A schematic representation of the experimental setup can be
seen in figure 2.4 (a). Due to the free space propagation the generated interference fringes can be
related to the Laplacian of the objects’ phase shift [56]. In order to retrieve the phase in a quantitative manner multiple measurements at different distances are required [57]. The method has been
demonstrated both on synchrotron [58] and X-ray tube sources with a small focal spot [59].
Analyser based imaging Analyser based imaging [60] requires a more complicated experimental setup compared to propagation based imaging. However, in addition to the phase shift
it provides the dark-field signal that relates to the small angle scattering of the sample (beam
broadening). The experimental setup is summarised in figure 2.4 (b). A coherent beam is used to
illuminate the sample, after passing through the sample the beam is reflected by a titled crystal and
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Figure 2.4: Schematics of (a) propagation, (b) analyser, (c) and coded aperture based imaging.
finally recorded by an X-ray detector. By acquiring multiple images under different tilt angles of
the crystal, a so called rocking curve is recorded [61]. This curve is then compared to a reference
rocking curve without the sample in the beam. By using deconvolution algorithms the phase shift
and dark-field signals are extracted. The method has also been demonstrated on an X-ray tube
setup [62].
Coded apertures Imaging with coded apertures [63] is based on detecting the refraction (phase
shift) introduced by an object with the use of an array of beam-collimating apertures (mask) placed
before the sample. The image of the mask is geometrically projected on a detector. Refraction
from the sample causes a deviation in the direction of the beams which can be detected with the
use of a second mask which is placed in front of the detector. The main advantage of coded
apertures is the low required beam coherence. A schematic representation of coded apertures is
shown in figure 2.4 (c).
Grating interferometry Finally, X-ray grating interferometry (XGI) [4] is a highly sensitive
phase contrast imaging method that is based on the Talbot effect [38]. The method utilises two or
three gratings depending on the spatial coherence of the source. The main principle stems from the
analysis of an introduced interference pattern and the changes that occur to it due to the sample.
Attenuation, differential phase and dark-field signals can be acquired simultaneously. XGI has
been demonstrated to work on low coherence X-ray sources [5]. Since in this thesis we develop
methods that are based on grating interferometry we devote the next chapter to describe in detail
the working principle and shortcomings of XGI.
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Chapter 3

Grating Interferometry
In this chapter we will give a description of imaging with X-ray grating interferometry (XGI). It
starts by introducing the Talbot effect from a fundamental point of view and continues by explaining how it is used for imaging. Afterwards, the necessary requirements concerning the gratings
and X-ray source are discussed. Finally, the current limitations of XGI are outlined in order to set
the basis for the motivation of this thesis.

3.1

Talbot effect

The Talbot effect [38] is a near-field diffraction effect which is observed when a coherent wave is
incident upon a laterally periodic structure. For the demonstration of the Talbot effect we follow
the derivation from [64]. In the case of XGI such periodic structures are called diffraction gratings.
The gratings can be separated in two types: absorption (or amplitude or transmission) and phase
(or phase shifting). The absorption gratings only modulate the intensity of the incoming beam
and the phase gratings only the phase. Let Din (x) be the complex wave amplitude after passing a
periodic structure with period g1 , we call this structure G1 . After propagating in free space for a
distance z the complex wave amplitude is
q2 
z exp (iqx),
(3.1)
2k
q2 
where D̃in (q) is the Fourier transform of Din (x) and exp − i 2k
z is the Fresnel propagator in the
frequency domain [65]. Since Din (x) is periodic its Fourier transform is given by the following
sum
Dout (x) =

Z

dq D̃in (q) exp − i

D̃in (q) = ∑ G̃(q)δ (q − qm ),

(3.2)

m

where G̃(q) is the Fourier transform of one period of Din (x). The above Fourier transform is non
zero only at specific values of qm = m2π/g1 , m ∈ Z. When the propagation distance z is equal to
tn = n

g21
, n ∈ N,
2λ
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the Fourier transform of Dout (x) is equal to the one of Din (x) and therefore a self image is observed.
These distances are called Talbot distances. This effect is detectable for absorption gratings, since
X-ray detectors are sensitive to the amplitude and not the phase of X-rays. For phase shifting
gratings, interference fringes are observed at different distances [66]. These are the so called
fractional Talbot distances and in the case of a π or π/2 phase shifting grating they are given by
dm =

1 ng21
, n ∈ N,
η 2 2λ

(3.4)

where η is equal to 1 for π/2 phase shift and 2 for π. When observing the intensity of the wave
as it propagates after passing through a grating the so called Talbot carpets are observed. In figure
3.1 exemplary Talbot carpets are shown for (a) absorption, (b) π/2, and (c) π phase shift gratings
respectively.

(a)	
  

(b)	
  

T	
  =	
  0	
  
(c)	
  

T	
  =	
  e-‐iπ/2	
  
T	
  =	
  e-‐iπ	
  
z	
  

Figure 3.1: Talbot carpets for (a) absorption, (b) π/2, and (c) π gratings phase shifting gratings.

3.2

Imaging with XGI

XGI has been successfully demonstrated for imaging purposes since 2002/2003 [3, 4]. In the case
of imaging, a phase shifting grating is commonly used as G1 , this increases the photon utilisation
since no photons are lost in the grating structure. The sample is usually placed right before or
14
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right after G1 . In the pervious chapter it was demonstrated that when a sample is illuminated with
a plane wave, it will modulate its intensity and phase. The intensity modulation will cause an
equivalent intensity modulation of the interference fringe. The phase modulation causes refraction
of the incoming beam [65]. We assume that an incoming wave
Din = Ae−ikz z ,

(3.5)

with amplitude A and wave number kz propagating along z is interacting with a phase modulating
sample. The sample introduces a phase modulation Φ(x) along the x direction. Meaning that the
total phase of the wave exiting the sample is
Φtotal (x, z) = −kz z − Φ(x).

(3.6)

The local wave number in the x direction can be calculated from the partial derivative of the total
phase
∂ Φtotal
∂ Φ(x)
=−
.
(3.7)
∂x
∂x
Finally, the direction of propagation of the wave which is considered to be the refraction angle α
is given by
kx =

α = arcsin

kx
.
kz

(3.8)

The refractive index decrement δ is in the range of 10−6 to 10−5 meaning that α will be in the µrad
range. Therefore the small angle approximation (α  1) can be used and equation 3.8 becomes
α =−

1 ∂ Φ(x)
.
kz ∂ x

(3.9)

The observed interference fringe will be shifted locally due to this refraction. The local shift can
be calculated from the refraction angle and the distance between the sample and the detector ds .
Again due to the small angle approximation the shift becomes
s = αds ,

(3.10)

which will be in the micrometer range. This shift can be related to the local phase shift of the
fringe by
φ = 2π

s
,
g01

(3.11)

where g01 is the period of the interference fringe. The small angle scattering will cause a reduction
in the visibility of the fringe (defined at the end of this section). In order to quantify these changes
the interference fringe needs to be recorded.
To record directly the interference fringe a detector with the appropriate resolution is necessary.
From equation 3.10 and 3.11 the induced shift of the interference fringe depends on g01 and the
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distance ds . Therefore, a high phase shift can be achieved either by having a small fringe period
(few micrometers) or a long distance between the sample and the detector. However, recording
micrometer fringes over larger areas can be challenging since high resolution detectors are usually
limited to a few millimetres, and therefore multiple exposures and image stitching are necessary
to image larger samples. On the other hand, long systems come with a reduction in the detected
number of photons due to beam divergence. Additionally, depending on the available space they
can be impractical, especially in clinical settings where space is limited.
ΔΦ

Intensity [a.u]

flat
sample

Af
Bs

Bf
As

xs

Figure 3.2: (a) General implementation of a Talbot-Lau interferometer, the sample is usually
placed before or after the grating G1 . The period of the source grating is g0 , the phase grating
g1 , the interference fringe g01 , and the analyser grating g2 . (b) Flat and sample phase stepping
curves.
The detector resolution and the fringe period can be decoupled by the use of a second grating
G2 (absorption grating) placed at the plane of the generated interference fringe [3]. A general
implementation of an XGI system can be seen in figure 3.2 (a). The G2 grating has a period g2
which is equal to the projected fringe period g01 . In order to sense the interference fringe, G2 is
scanned with discrete steps over one or more periods [11]. At each step an image is acquired,
resulting in an intensity oscillation at each pixel called the phase stepping curve (PSC). After
acquisition, each phase stepping curve is analysed to retrieve the three complementary signals.
In order to correct for background variations and get quantitative results, two acquisitions are
performed; one with and one without the sample. Let fi, j (xs ) be the flat phase stepping curve
at pixel i, j and si, j (xs ) the sample phase stepping curve, where xs is the shift of the absorption
grating G2 . Exemplary phase stepping curves are shown in figure 3.2 (b). The following values
can be defined for the recorded phase stepping curves. Average intensities A f and As , flat and
sample fringe amplitudes B f and Bs , and finally the relative phase shift between the curves ∆Φ.
The ratio of the amplitude over the average intensity of a phase stepping curve is defined as the
fringe visibility
B
(3.12)
A
The transmission Ti, j , differential phase Pi, j , and visibility reduction Vi,r j at each pixel i, j are then
given by the following set of equations
V=
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Ti, j =

Ai,s j

,

(3.13)

Pi, j = ∆Φi, j

(3.14)

Vi,r j =

Vsi, j
V fi, j

Ai,f j

=

Ai,f j Bi,s j
Ai,s j Bi,f j

,

(3.15)

Assuming that G2 is stepped over one period of the interference fringe the average intensity, amplitude, and phase can be retrieved by the Fourier components of the phase stepping curves. Specifically, the average intensity corresponds to the amplitude of the zeroth component, and the fringe
amplitude is equal to the amplitude of the first component. Finally, the phase shift is given by the
difference of the phases of the first Fourier components.
A widely accepted way of evaluating the performance of an interferometric system is by measuring
the fringe visibility V f of the flat phase stepping curve over the field of view. The flat visibility
is defined by the coherence properties of the source and the geometrical parameters of the XGI
system. A more detailed discussion follows in section 3.3.
The visibility reduction due to the sample is related to the unresolved microstructure of the imaged
sample [7–9]. Specifically, the visibility reduction for a defined interferometric design is
Z z0

Vs
Vf

=e

0


Σ(x, y, z) G(x, y, z; ξ ) − 1 dz

,

(3.16)

ξ

where the integration takes place in the direction of the beam for a given sample thickness, Σ is
the macroscopic scattering cross section, G is the real space correlation function of the sample
(corresponding to fast variations of the refractive index). Finally, ξ is the autocorrelation length
[7–9] of the XGI system which is defined as
ξ=

λ Ds
,
g01

(3.17)

where Ds is a distance depending on the position of the sample within the interferometer. If the
sample is placed after the phase grating G1 , then Ds is equal to the sample to detector distance ds .
If it is placed before the grating then Ds = (dG0 G1 + dG1 G2 − ds )dG1 G2 /dG0 G1 , where dG0 G1 is the
source or source grating G0 to G1 distance, and dG1 G2 is the G1 to G2 distance.

3.3
3.3.1

Requirements
Source

In the previous subsection the Talbot effect was demonstrated for an ideal source and parallel beam
geometry. In reality no infinitely small source exists. The size of the source defines the spatial
or transverse coherence of the illumination. The transverse coherence can be quantified with the
17
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coherence length ζ [2]. If we assume an extended source with a size of w, then the coherence
length at a distance R in the direction the light propagates for a wavelength λ is given by
λ
(3.18)
ζ =R .
w
This length corresponds to the transverse distance (to the direction of propagation) between two
points that are located on the same plane and the phase difference of the illumination between
those two points is 2π. Qualitatively, it shows how far two points on the illumination field can be
and still produce interference.
In order to observe interference from the phase grating G1 its period g1 should be smaller that the
coherence length g1 < ζ . This defines the geometry of the system, especially when working in
laboratory setting with table top sources, where the distance from the source is limited. In XGI
the effect of the finite source size can be modelled as a blurring of the interference fringe with the
projected source size (figure 3.3 (a)) which is given by
d
w0 = w ,
(3.19)
R
where d is the distance between the phase grating G1 and the plane where the interference fringe
is observed. The blurring is performed by convolving the interference fringe with a Gaussian
distribution with a full width half maximum (FWHM) equal to the projected source size. In figure
3.3 (b) we can see the effect of blurring as the observation plane is moved further away from G1
which introduces a phase shift of π/2. The same Talbot carpet considering an infinitely small
source is shown in figure 3.3 (c) for comparison.
Laboratory sources with larger focal spots can be used when a third grating G0 (absorption) is
placed in front of the source. This reduces the source size seen by the phase grating G1 . The pitch
of G0 should obey the following relation
R
g2 .
d
This implementation of a grating interferometer is called Talbot-Lau interferometer [5].
g0 =

3.3.2

(3.20)

Gratings

The geometry of the gratings (both G1 and G2 ) have a strong influence on the performance of
the interferometer [67, 68]. By saying geometry we refer to the following parameters that are
explained in figure 3.4: grating height h, grating period T , and the width of the grating lines τ.
From the grating period and line width we can define the duty cycle dc = τ/T . The precision
with which these parameters can be achieved in reality is non infinite due to imperfections in
the fabrication procedure. Here, we show a basic sensitivity analysis on how the height of G2 in
combination with the duty cycles of G1 and G2 influence the fringe visibility. The following were
assumed for this analysis: parallel beam, monochromatic illumination, finite source size, perfect
period for both G1 and G2 , ideal height of G1 to introduce a π phase shift. It has been shown
[43, 69] that the noise σ in the DPC image is proportional to the following quantity
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(a)"

w0 = w

w

d
R

G1"
R"

d"

(b)"

(c)"

Figure 3.3: (a) Schematic of the projected source size on the detector plane. (b) Blurring of the
Talbot carpet (π/2 phase shift grating) as the projected source size is getting larger when moving
further away from G1 . (c) Reference Talbot carpet without blurring.

σ∝

1 1
√ ,
V N

(3.21)

where N is the number of detected photons. In figure 3.5 the inverse noise is shown for a few
different cases. The blue line shows how the inverse noise changes when the duty cycle of G1 is
changed, it has clear maximum at 0.5. When varying the duty cycle of G2 the value that gives
the minimum noise depends on the residual transmission of the absorbing lines. This is due to the
additional photon absorption induced by G2 leading to a lower signal to noise ratio (SNR) in the
phase stepping curves. In the ideal case of 0% residual transmission the optimal performance is
achieved for a duty cycle of 0.38. As the residual transmission increases, the optimal value gets
closer to 0.5. In general in the community of X-ray grating interferometry it is commonly accepted
to have a duty cycle of 0.5 for both gratings.
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Figure 3.4: Basic definitions of grating characteristic values.
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Figure 3.5: Inverse noise in the DPC image for varying duty cycles of G1 , G2 , and residual transmission from G2 .

3.4
3.4.1

Limitations
Grating fabrication

As demonstrated in the previous section the quality of the gratings plays a major role in the performance of an XGI system. The period, duty cycle, and height need to be controlled with high
precision in order to achieve optimal performance. To implement highly sensitive and compact
XGI systems, high visibility and small grating periods are needed [36]. In order to achieve a high
visibility, the residual transmission of G2 needs to be as low as possible, meaning that high aspect
ratio metal structures are necessary. However, the fabrication of such structures can be very challenging [70, 71]. Usual issues that occur during the fabrication include: distortion or collapsing
of the metal lines due to the high aspect ratio and uneven height over large areas. Such distortions have a detrimental effect on the systems performance. Therefore in order to render XGI a
more robust imaging method, fabrication procedures with a high yield of good quality gratings are
necessary.
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3.4.2

Flux efficiency

By introducing absorbing structures in the beam path of an imaging system its flux efficiency
is reduced. A reduced flux efficiency leads to longer exposure time, and potentially to a higher
deposited dose at the sample if the absorbing structure is placed after the sample. In the case for
Talbot and Talbot-Lau interferometry the flux is reduced at least by 50% and 75% respectively.
Hence, it would make sense to adopt a G2 -less imaging approach if it would not compromise the
DPC sensitivity.

3.4.3

Dark-field directionality

The usual implementation of XGI systems is based on linear gratings, this means the scattering
signal that is retrieved corresponds only to the direction perpendicular to the grating lines. When
the unresolved microstructure of the sample is highly directional a clear modulation of the darkfield signal with the angle between the sample and the grating lines is observed [44, 72, 73]. So
far, in order to investigate the directionality, the sample or grating interferometer had to be rotated
and multiple exposures had to be taken. Such an implementation is impractical as it requires
additional motors and makes the acquisition time demanding. Moreover, when a 3D investigation
of the orientation of the underlying structure of the sample (X-ray tensor tomography) is required
the acquisition scheme becomes even more complicated [74]. Specifically, the sample needs to be
tilted and rotated around at least three axes rendering the procedure extremely time consuming.
If the dark-field signal can be acquired with an omnidirectional sensitive method on the imaging
plane, the acquisition scheme could be simplified by removing one axis. Allowing for a more
straightforward study of the scattering properties of samples in 2D and 3D.

3.4.4

Tunability

To study the unresolved microstructure of a sample in terms of the dark-field signal the correlation
length of the system needs to be considered [7–9]. In the previous sections it was explained that
the visibility reduction corresponds to "sampling" the real space correlation function of the sample
at a length scale equal to the autocorrelation length ξ . In order to get a full image of the real space
correlation function multiple measurements with different correlation lengths are needed. The
correlation length so far had been changed either by performing measurements at different Talbot
orders [7, 8] or by moving the sample along the beam [9, 75] or by changing the energy in a
beamline setting [76]. These approaches have a number of limitation since it might not always
be possible to move the sample or change the energy or order of the interferometer. Moreover,
additional analysis steps, i.e registration and demagnification are required, rendering the whole
experimental process more demanding. Tuning the wavelength would require spectral detectors
which still are not easily available [77]. An alternative approach would be to tune the interference
fringe pitch without exchanging the gratings in the system.
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Chapter 4

Microfabrication Methods
In this chapter, the main micro fabrication steps that are used for the fabrication of X-ray phase
and absorption gratings are summarised and explained. The purpose of the chapter is to provide
the fundamental background in micro fabrication from a general point of view, so the reader can
understand how the gratings used in this work were fabricated. We start by discussing how a
grating pattern is generated by various patterning methods, we move on to how thin layers of Cr
or SiO2 are etched. These layers are used as masks for the deep reactive ion etching of Si which
produces the grating structures. Finally, we talk about how these structures are filled with gold
by electroplating to get absorption gratings. The information presented in this chapter was taken
from references [78–82].

4.1

Patterning

Three patterning methods were used for the fabrication of the gratings. The appropriate method
was chosen depending on the period, exposure speed, grating area, and grating pattern.

4.1.1

UV lithography

Ultraviolet (UV) lithography, or optical lithography or photolithography is based on the reaction
of a photosensitive resist with UV radiation and is ideal for exposing fast large areas with pitches
of a few micrometers. The whole procedure is summarised in figure 4.1. The pattern is generated
by the use of a UV source and an UV opaque mask (figure 4.1 (a)). The mask is usually fabricated
by a thin Cr layer on top of a quartz plate. In order to expose the Si wafer which is coated with
the appropriate photoresist the mask can either be in contact with the wafer (vacuum contact), or
close to the wafer (proximity) or far from the wafer (projection).
To perform photolithography a tool called mask aligner is used. The mask aligner allows the
alignment of the mask and the wafer with high precision, additionally by choosing the exposure
mode it places the wafer at the correct position in reference to the mask. To achieve a uniform
duty cycle of the exposed grating pattern it is crucial to have no particles between the mask and
the wafer, and the wafer and the chuck of the mask aligner. Especially for thin wafers that can
deform under the high vacuum. When the resist is exposed to UV radiation its solubility in certain
chemicals (developers) (figure 4.1 (b)) is changed. The resist is categorised as positive when its
solubility increases and negative when it decreases. The remaining photoresist is either a positive

23

CHAPTER 4. MICROFABRICATION METHODS

Photoresist)
Si)wafer)
Developer)
UV)radia5on)
Photomask)
(a))

(c))

(b))

(d))

Figure 4.1: Schematic of photolithographic process. (a) The wafer is exposed with UV radiation,
the exposed wafer is then submerged into the appropriate developer (b). Depending of the type
of the resist, the negative (c) or positive (d) image of the mask is obtained. Please note that more
layers such as Cr or SiO2 can be between the layer of photoresist and the wafer, for simplicity we
show only the photoresist in figure.
or negative image of the photomask as seen in figures 4.1 (c) and (d). The exposure and development times need to be chosen depending on the resist type and thickness, and exposed structure
size. UV lithography is very robust for pitches down to a few micrometers. However, as the pitch
decreases the exposure conditions become more critical. In figure 4.2 (a) we can see an exposed
grating with a period of 1.2 µm, large areas that suffer from defects are visible, therefore UV
lithography is not recommended for these periods.
In this work we have successfully patterned gratings with periods ranging from 2.4 µm to 23 µm.
The mask aligner we used was the SUESS MA 6. The photoresists used where the S1805 and
S1813 from Shipley with thicknesses of 500 nm and 1300 nm respectively. The development was
performed in room temperature with the MF-24A developer. When the resist mask was used for
etching an underlying layer of Cr, 500 nm of S1805 were used. For etching Si directly with a photoresist mask we used 1300 nm of S1813 due to the limited etching resistance of the photoresist.
All the exposures were done in vacuum contact.

4.1.2

Electron beam lithography

Electron beam (e-beam) lithography is performed by scanning a focused electron beam over a
surface covered with a film of electron sensitive resist as demonstrated in figure 4.4 (a) . Depending
on the type of resist (positive or negative) the solubility of the exposed area increases or decreases.
In the case of PMMA (poly-methyl methacrylate), which is a long chain polymer, it is broken into
smaller polymers that are soluble. On the other hand, HSQ (hydrogen silsequioxane) undergoes
cross linking meaning that smaller polymers are combined into bigger ones. In contrast to UV
lithography no mask with the desired pattern needs to be fabricated prior to exposure. With the
use of CAD (computer aided design) programs the pattern is designed giving a lot of freedom for
a wide range of size structures and shapes. The resolution of e-beam lithography can be down to
a few nm meaning it is ideal for small pitch gratings. However, the major constrain is the total
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(a)$

(b)$

Figure 4.2: (a) 1.2 µm grating exposed with a mask aligner compared to a (b) 1.2 µm grating
exposed with displacement Talbot lithography. No defects can be seen in the second exposure.

writing time which can be several hours for full 4 inch wafers. Therefore, we choose to use e-beam
lithography mostly for testing and development purposes and not bulk production. The majority
of the gratings patterned with e-beam were either used in a beamline setting where small areas are
required or for process development and prototyping.
When preparing e-beam exposures a number of parameters need to be optimised in order to gain
the maximum writing speed for the required resolution. These parameters are: the deposited dose,
beam current and beam spot size, beam step size, main field size, and sub field size. In order
to minimise stitching errors and maximise data transfer speeds the sub field size is either one or
multiple periods of the grating (few micrometers), and the main field multiple periods of the sub
field size (hundreds of micrometers). A sketch summarising the experimental procedure is shown
in figure 4.4.
For the exposures in this thesis we used the Vistec EBPG 5000PlusES electron beam tool. As
electron beam resist a solution of 4% 950 K PMMA was spin coated on the wafers resulting in a
thickness of approximately 500 nm. The development was performed with a 1:1 mixture of MIBK
(Methyl isobutyl ketone) and IPA (Isopropyl alcohol). The development is carried out with a spray
developer system from HAMATEC.

4.1.3

Displacement Talbot lithography

Displacement Talbot Lithography (DTL), commercially known as PHABLE, has been developed
by the spin-off company EULITHA AG [83] from the Paul Scherrer Institute, Switzerland. With
PHABLE periodic patterns of very small period (bellow 1 micrometer) can be exposed over large
areas. The working principle is similar to photolithography, a mask is used to generate an intensity
pattern that is projected on the wafer. The projected image on the wafer is the Talbot image of
the mask and therefore both amplitude and phase masks can be used. During the exposure the
wafer is moved over one period of the Talbot carpet of the mask. This effectively introduces an
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Figure 4.3: Exposed and developed wafer with e-beam. The exposure contained gratings for
synchrotron experiments of small area 4 × 4 mm2 and prototype gratings for tube applications
with an area of 1.5 × 1.5 cm2 .
optical image that has a very large depth of focus. This is unlike any of the conventional proximity,
contact or projection lithography technologies. With the high depth of focus the resist uniformity
and wafer flatness do not affect the quality of the exposure, allowing to expose on thin wafers fine
fringes, something not achievable, by conventional UV lithography. All the PHABLE exposures
in this thesis were performed by EULITHA AG. In figure 4.2 a comparison between displacement
talbot lithography (b) and UV lithography (a) is demonstrating the superiority of DTL for small
pitches. The periods of the gratings were 1.2 µm respectively.

4.2

Reactive ion etching

Reactive ion etching (RIE) is a form of dry etching that is used to transfer the pattern from the
resist into a different layer or mask. Such layers can be thin films of Cr or SiO2 . The wafer is
placed on top of an electrode that is located in a chamber under vacuum as seen in figure 4.5. The
plasma is generated by applying a strong RF (radio frequency) field to the wafer electrode which
is electrically isolated from the rest of the chamber. At the same time the chamber is filled with
the appropriate etch gas depending on the material etched. The RF field causes the gases to ionise,
meaning that the electrons are freed from the gas molecules. The electrons start to oscillate due
to the RF field, but eventually accumulate on the wafer electrode building up a negative charge.
Due to this charge the ions (positively charged) are accelerated and react both chemically and
kinetically (sputtering) with the sample. Due to the acceleration of the ionised molecules highly
anisotropic etch profiles can be achieved. An inductively coupled plasma (ICP) source can be used
in addition to the RF source. This increases the plasma density which leads to higher etching rates.
1pc
For the grating fabrication work carried out in this thesis, RIE was mostly used to etch Cr and SiO2
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Figure 4.4: Schematic of patterning with e-beam lithography. (a) The wafer is exposed with a
focused electron beam which is scanned to write the desired pattern. The exposed wafer is then
submerged into the appropriate developer (b). Depending of the type of the resist, the negative (c)
or positive (d) image of the pattern is obtained. Please note that more layers such as Cr or SiO2
can be between the layer of resit and the wafer, for simplicity we show only the resist in figure.

masks. For the Cr masks a plasma of O2 /Cl2 and for SiO2 a mixture of CHF3 and O2 performed
with the CMA4 and the PlasmaPro 100 REI system from BMP Plasmatechnologie GmbH and
Oxford Instruments respectively. Etch examples of Cr and SiO2 masks can be seen in the SEM
images in figure 4.6 (a) and (b).

4.3

Deep reactive ion etching of Si

This is the special case of highly anisotropic RIE etching used for the fabrication of high aspect
ratio Si structures. In general there are two types of deep reactive ion etching (DRIE), cryogenic
and Bosch. We will focus only on Bosch since it was mainly used in the presented work. Bosch
can be considered as a repetition of two distinct processing steps, polymerisation and etching
which allow high aspect ratio structures to be fabricated. The etching is a nearly isotropic etching
of Si with plasma of sulphur hexafluoride SF6 . The passivation is usually performed by using
Octafluorocyclobutane C4 F8 which creates a uniform layer of a passivation layer that protects the
walls of the structure during the etching step. This iterative procedure results in scalloped side
walls. The procedure of Bosch etching is summarised in figure 4.7 (a). In figure 4.7 (b) an SEM
image is showing the scalloping effect. By modulating the switching times, pressures, gas flows,
and temperature different profiles can be achieve. For the fabrication of gratings for XGI it is
important to have vertical side walls to mimic an ideal binary grating. The etching parameters
were optimised to achieve this. Another important feature of the Si etching is the difference
between the width of the etching mask and the width of the etched Si structure referred to as
undercut. Depending on the duty cycle required the undercut can be modulated mostly by tuning
the pressure in which the process takes place and the rate of passivation and etch times.
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Figure 4.5: Schematic of a RIE process. In this case the oxygen ions are accelerated and etch the
sample.
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Figure 4.6: Etched (a) Cr and (b) SiO2 masks with reactive ion etching.

4.4

Anisotropic wet etching of Si

A different approach to producing Si gratings is anisotropic wet etching. When crystalline Si
is submerged in a solution of potassium hydroxide KOH it reacts and stars to get etched. The
chemical reaction taking place is the following
Si + KOH + H2 O → K2 SiO2 + 2H2 .

(4.1)

The etch rate grossly depends on the crystallographic orientation. In general the etch rates for the
main crystallographic planes can be ordered in the following order (100)>(110)>(111). The (111)
crystallographic plane is considered to be the "stop" plane since it is etched away with the lowest
rate. Typical etch rates for the 110 direction are plotted in figure 4.8 (a) for different temperatures
in a 20% KOH solution. Due to this high difference in etch rates grating with straight lines can
be produced. To do so only wafers with an orientation of 110 can de used. The lines need to be
perpendicular to the 111 direction to achieve the highest aspect ratio. Therefore, extra care needs
to be taken during the patterning step to achieve sufficient alignment between the crystallographic
orientation of the wafer and the pattern. Moreover, this method is only suitable for producing
linear gratings. The concentration and temperature of the etching solution are crucial parameters
that influence the selectivity between Si and the used mask (usually Si nitride).
28

4.5. AU ELECTROPLATING

Etching(

N(cycles(

Passiva-on(
Si(wafer(
Mask(
Polymer(

500(nm(

(a)(

(b)(

Figure 4.7: (a) Schematic of BOSCH procedure. (b) SEM example of etched Si where the scalloping effect is clear.
The hydrogen that is produced during reaction is in a gas form and can get trapped at the bottom of
the etched structure. This causes the etching to stop and as a result the depth of the grating is non
uniform. An example of this is shown in figure 4.8 (b). Solutions to tackle this include; adding
isopropanol in the etching solution or using a megasonic source that dissolves the bubbles without destroying the etched structures, something that would happen with a conventional ultrasonic
source.

(a)$

(b)$

Figure 4.8: (a) Etch rate of 110 Si in 20% KOH solution for different temperatures [84, 85]. (b)
SEM example of KOH etched Si grating.

4.5

Au electroplating

Gold electroplating is the final step necessary to produce absorption gratings. The Si templates
that have been produced by dry or wet etching are filled with gold by electroplating. Electroplating
isSunday
the process
of depositing metal cations on a seed
layer by the use of electricMatias
current.
In the
case
Kagias - Progress
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of grating fabrication from Si templates the electroplating takes place on a wafer that is connected
as a cathode in a metal ion-containing electrolyte solution. In the case of gold electroplating the
solution is AuCN and the reaction that takes place is the following
−
Au(CN)−
2 ↔ AuCN + CN

AuCN + e− → Au (s) + CN− .

(4.2)

A schematic representation of a plating system can be seen in figure 4.9. In order for the plating
to start a seed layer is required. The seed layer should be conductive and connected to the power
supply. In the case of low resistivity wafers the seed layer can be omitted and plating can be done
directly on the wafer. In this case the contacting with the wafer is done by evaporation of a thin
gold layer on the backside of the wafer that is thermally treated.
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Figure 4.9: Schematic representation of an electroplating reaction, the Au is accumulated to the
cathode of the system.
The main parameter for electroplating is the current density. It affects the speed of deposition and
the density of the deposited gold. High current densities can result in porous deposition which
is not desirable for the fabrication of XGI absorption gratings where high absorption is required.
High current densities can also cause a non uniform gold growth between the grating lines which
in turn cases distortion of the lines. In figures 4.10 (a) and (b) two plating examples are shown
for gratings with a period of 4.8 µm. The current density in the case of the second grating was 20
times higher.
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(a)$
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Figure 4.10: Plating results with different current densities for 4.8 µm gratings. The current
density in (a) was 20 times lower than in (b).

31

CHAPTER 4. MICROFABRICATION METHODS

32

Chapter 5

Fabrication of Analyser Gratings for
X-ray Grating Interferometry by
Seedless Electroplating
This section represents a manuscript currently in preparation for publication by the following
authors: M. Kagias, Z. Wang, M. Stampanoni, and K. Jefimovs.

Abstract
One of the key elements for successful imaging with X-ray grating interferometry is high quality gratings. Grating fabrication, specifically of absorption gratings, with high aspect ratio and
large area, is a great challenge from a microfabrication point of view. In this paper we further develop a presented method to manufacture absorption gratings for X-ray phase contrast
imaging applications. The method is based on seedless electroplating of gold in high aspect
ratio silicon moulds that are fabricated by deep reactive ion etching (Bosch technique). We
demonstrate the fabrication of absorption gratings with periods between 1.3 µm and 14 µm
and various heights. In addition, the quality of the gratings is assessed by performing visibility
measurements on a compact X-ray grating interferometer.

5.1

Introduction

X-ray radiographic imaging is a powerful non-destructive method to investigate the inner structure of materials, capable of providing valuable information in the fields of medicine, material
science, and homeland security. Conventional X-ray imaging is based on absorption as a contrast
mechanism. However, in the case of soft matter (biological tissues, polymers etc) the high contrast
cannot be achieved due to low absorption. Moreover, to investigate structures in the micrometer
range high resolution is necessary, which inevitably increases the radiation dose. These limitations can be overcome by the use of phase and scattering sensitive imaging techniques. X-ray
grating interferometry (GI) [3, 4] has shown a great potential in medical [16, 19, 23, 86–89] and
material science [36] imaging, mainly due to the high sensitivity it delivers in combination with
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its compatibility with conventional X-ray sources. The usual realisation of a GI compatible with a
conventional X-ray tube is the so called Talbot-Lau interferometer [5]. The Talbot-Lau interferometer consists of three gratings, G0 (absorption), G1 (phase), and G2 (absorption). The first grating
is used to increase the lateral coherence of the X-ray source, the second causes a periodic phase
modulation of the incoming wave which due to the Talbot effect creates an intensity interference
fringe at specific distances. Finally G2 is used to sense this interference fringe with the so called
phase stepping procedure. This is done by laterally scanning G2 for one or more periods of the
interference fringe and acquiring an image at each step. The period of G2 should match the period
of the interference fringe.
A major challenge for translating the method from its current experimental state to an industrial
or medical setting is the need of cost efficient and reliable fabrication methods for the gratings.
Moreover, the fabrication method should be compatible with a wide range of structure sizes ranging from one up to tenths of micrometers in order to accommodate a variety of interferometer
designs. In order to achieve a high performance the gratings should fulfil a number of requirements, this requirements concern the height (h), period (p), and duty cycle (dc.) The phase grating
G1 should introduce as little absorption as possible and is therefore usually fabricated in Si. For
higher energies Ni or other materials is chosen to reduce the required height. The height is tuned
to introduce a π or π/2 phase shift at the design energy. The major challenge concerning the fabrication of the phase grating is to achieve a duty cycle of 0.5 which is the optimum value. This is
usually tackled by carefully choosing the exposure parameters and fine tuning standard fabrication
steps, therefore we will not focus on this optimisation task. For the absorption gratings G0 or G2 ,
it is crucial to achieve a high absorption for the design energy, for this reason highly absorbing
materials such as Au are utilised. For high energies the required Au thickness (hAu ) increases leading to the need of high aspect ratio (AR) metal structures. Such structures, especially over large
areas are very challenging to achieve.
Up to now, different approaches have been used for the fabrication of metal gratings. Electroplating on a Si template with a metal seed layer has been used to fabricate both one and two
dimensional gratings [70, 71]. The metal seed layer is deposited by evaporation, inevitably for
high ARs the evaporation becomes increasingly difficult and the methods fails. Other alternative
methods utilise X-ray LIGA [90] in order to produce high AR structures in photoresist deposited
on a metal base for electroplating. The major limitation of this method, is the availability of
synchrotron sources which are necessary to perform the appropriate lithography step. The resist
used is susceptible to radiation damage leading to a deterioration of the grating quality over time.
Moreover, X-ray opaque masks need to be fabricated which still impose a technical challenge.
A recently presented method [91] is based on seedless electroplating of Au on low resistivity Si
wafers has shown promising results. The authors presented the fabrication of gratings with an
Au height of 40 µm and period of 4.5 µm resulting in an AR of approximately 17. For certain
applications, even finer fringes are necessary [22], in this letter we demonstrate the fabrication of
small period gratings, down to 1.3 µm by adapting the proposed method by Noda et al.
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SiO2
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Figure 5.1: (a) Layout of the complete fabrication process. SEM images of characteristic processing steps. (b) Etching of the Cr and SiO2 masks. (c) Si template etched with Bosch. (d) The Si
template is thermally oxidised and then the thermal SiO2 at the bottom of the trenches is etched
away. (e) Electroplated gold grating.

5.2

Fabrication method

The whole fabrication procedure is summarised in figure 5.1 (a). The fabrication was performed
on low-resistivity wafers covered with a SiO2 layer of 500 (or 1000) nm covered by a Cr layer
of 50 (or 100) nm which finally was covered by the appropriate resist for the chosen patterning
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method. The initial step consists of generating the desired grating pattern. Depending on the
period and area different patterning method is chosen. For small areas, electron beam lithography
is a very robust patterning method which can produce structures with a nano-metric precision. For
larger areas and periods greater than 2 µm photolithography was utilised due to the high yield
and capability to cover a large area. Finally, for small pitches over large areas (less than 2 µm)
displacement Talbot lithography (DTL) [79, 80] was used. This method is ideal for producing
periodic patterns over large areas and it is less sensitive to artefacts due to particles, wafer flatness,
resist thickness etc. The DTL exposures were performed by EULITHA AG with the PHABLETM
technology.
After development of the resist the pattern is transferred to the Cr mask by Cl2 /O2 plasma etching
and consecutively into the SiO2 mask by reactive ion etching with O2 and CHF3 plasma. The
etching of the SiO2 mask is really crucial since any residual SiO2 in the grating lines will result
in Si pillars or generally depth anomalies that affect the electroplating procedure. In figure 5.1 (b)
we can see the etched Cr and SiO2 masks of a 4.8 µm period grating. After etching through the
SiO2 the remaining Cr mask is removed again by Cl2 /O2 plasma. The reason for removing the
Cr originates from rules regulating allowed material in the ICP Oxford Estrelas machine that was
used for etching the Si templates.
p = 1 μm
h = 30 μm

p = 2 μm
h = 50 μm

(a)

p = 5 μm
h = 72 μm

(b)

(c)

Figure 5.2: Various Si templates of different pitches and depths etched with DRIE. (a) Pitch 1 µm
depth 30 µm, (b) pitch 2 µm depth 50 µm, (c) pitch 5 µm depth 72 µm
The Si etching is achieved by the so called Bosch technique [81]. In principle this is a repetitive
recipe consisting of two alternating steps: polymerisation by C4 F8 based plasma and etching by
SF6 plasma. By repeating these steps high aspect ratio structures can be achieved. For the etching
of the Si it is important to achieve a constant duty cycle and vertical side walls since these factors
will affect the performance of the interferometer. In figure 5.2 we can see etched Si templates of
periods of 1 µm, 2 µm, and 5 µm with AR of 60, 50 and 28.8.
After the Si etching the sidewalls have to be protected by some insulating material. The material should cover only the sidewalls and the top of the Si lines in order to prevent plating at those
areas. We chose SiO2 as an isolating material. In order to achieve a uniform thickness on high
aspect ratio structures, thermal oxidation is performed. For large pitches, a layer of 200 nm is
deposited, for smaller periods, such a thick layer causes deformation of the lines due to thermal
stresses and therefore only 50 nm are deposited.
The bottom of the grating lines has to be opened in order to create an area where the electro36
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p = 1.3 μm
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h = 69 μm

Au

p = 14 μm
h = 38 μm
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Figure 5.3: Various examples of Au gratings fabricated with seedless electroplating on Si. (a)
Pitch 1.3 µm Au height 16 µm, (b) pitch 5.4 µm Au height 69 µm, (c) pitch 14 µm Au height
38 µm
plating can start. This is done by RIE etching with inductive coupled plasma (ICP) in order to
achieve a highly anisotropic etching rate. However, the top of the grating lines should be protected
since a gold growth on top is not desirable. This protection is achieved by depositing additional
SiO2 (to the etching mask) by plasma enhanced chemical vapour deposition (PECVD) or by angled evaporation of Cr under ±45°. In figure 5.1 (d) we can see that the thermal oxide has been
successfully etched at the bottom of the trench but still a uniform layer can be observed at the side
walls.
Finally, the Si templates are filled by seedless electroplating of Au. To perform this, necessary
contact between the wafer and the electrode should be achieved. To create a uniform contact a
thin layer of Au is evaporated on the back side of the Si wafer and thermally treated in order to
diffuse into the Si. The plating starts from the bottom and should not appear anywhere else on the
grating lines. Various issues can appear during this procedure if defects from the previous steps
are introduced. Such defects can cause a non a uniform filling of the lines which in turn cause line
distortions due to uneven forces, especially in the case of high ARs.
The method was utilised to fabricate a number of gratings with different pitches. In figure
5.3 we demonstrate three examples of pitches 1.3, 5.6 and 14 µm with hAu of 18, 69, and 38 µm
respectively. We can see that for the pitch of 1.3 µm the Si lines start to distort due to slightly
different platting rates between neighbouring lines. For this reason, we stopped the plating at this
point in order to avoid distortion of the gold lines. Since we are interested in using the gratings for
X-ray phase contrast imaging we also performed visibility measurements and imaging examples
which are presented in the next section.

5.3

X-Ray characterisation and phase contrast imaging

The X-ray grating characterisation and imaging was performed on an in house X-ray tube set up.
A sketch of the Talbot-Lau grating interferometer can be seen in figure 5.4 (a). The main criterion
for the performance of a grating interferometer is the so called visibility of the phase stepping
curves. The visibility is defined by
V =2

a1
a0

(5.1)

where a1 and a0 are the 1st and 0th harmonics of the phase stepping curve. For the visibility and
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X-ray source

Sample
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Figure 5.4: (a) Typical realisation of a grating interferometer for phase contrast Imaging. Retrieved
(b) transmission and (c) differential phase contrast images of a PMMA cylinder with drilled holes.

imaging measurements we used one set of gratings all of 4.8 µm pitch. The first and third (G0 and
G2 ) were absorption and the second one (G1 ) a pure Si grating for modulating the phase of the
incoming X-ray beam. The design energy of the interferometer was 28 keV. The tube voltage was
set to 30 kVp, the current to 100 µA and the detector in use was the PS-SCX:4300 equipped with
a Gd2 O2 S : T B (Gadox) scintillator. The mean visibility for the above configuration and operation
conditions was measured to be 20% at the first Talbot order. In order to demonstrate the Imaging
capabilities of the gratings we imaged a PMMA cylinder contain five holes. The absorption and
differential phase images can be seen in figure 5.4 (b) and 5.4 (c) respectively.

5.4

Conclusion

To conclude, we have further developed and tested a method for fabricating absorption gratings
suitable for X-ray phase contrasting imaging applications. The method combines deep reactive
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ion etching of Si and seedless electroplating of Au on the Si. We manage to demonstrate that
a wide range of grating periods can be achieved, specifically we were able to fabricate gratings
within the range of 1.3-14 µm with AR larger than 20. A configuration of gratings with a pitch of
4.8 µm measured mean visibility of 20% and was used to image a PMMA phantom. Distortions
in the grating lines can occur for higher AR, to mitigate this issue bridges and similar supporting
structures can be used. The processing steps that are utilised in the proposed method consist of
mature technologies, meaning that the process can be transferred from an academic environment
to an industrial setting for systematic production of gratings for X-ray phase contrast applications.
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Chapter 6

G2-Less Imaging with Hybrid Detectors
6.1

Micrometer-resolution imaging using MÖNCH: towards G2-less
grating interferometry
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Abstract
MÖNCH is a 25 µ m pitch charge integrating detector aimed at exploring the limits of current
hybrid silicon detector technology. The small pixel size makes it ideal for high resolution
imaging. With an electronic noise of about 110 eV r.m.s., it opens new perspectives for many
synchrotron applications where currently the detector is the limiting factor e.g. inelastic Xray scattering (IXS), Laue diffraction and soft X-ray or high resolution colour imaging. Due
to the small pixel pitch, the charge cloud generated by absorbed X-rays is shared between
neighbouring pixels for most of the photons. Therefore, at low photon fluxes, interpolation
algorithms can be applied to determine the absorption position of each photon with a resolution of the order of one micron. In this work, the characterisation results of one of the
MÖNCH prototypes are presented in low flux conditions. A custom interpolation algorithm
is described and applied to the data to obtain high resolution images. The images obtained
in grating interferometry experiments without the use of the absorption grating G2 are shown
and discussed. The perspectives for the future developments of the MÖNCH detector are also
presented.

6.1.1

Introduction

Hybrid pixel detectors are widely used in X-ray applications since they are able to fulfil most
of the requirements of the experiments: single photon sensitivity, large dynamic range, wide area
coverage, fast frame rate, simple, stable and user friendly operation. Photon counting detectors are
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well established at synchrotrons, e.g. PILATUS [92], EIGER [93], MEDIPIX [94], IMXPAD [95].
However, due to the pulsed structure of the beam, they are unusable at X-ray Free Electron Lasers
(XFELs). In the last few years, this boosted the development of charge integrating hybrid detectors
like CSPAD [96], GOTTHARD [97], AGIPD [98], DSSC [99], LPD [100], JUNGFRAU [101].
These detectors can offer the same data quality as photon counting detectors [102], while overcoming some of their disadvantages, including the minimum detectable energy, the saturation at
high count rates and the limits on the pixel size due to charge sharing [103].
However, hybrid detectors have never been considered as candidates for soft X-ray detection
due to their relatively large electronic noise (few hundreds eV r.m.s. compared to few tens eV r.m.s.
offered by drift detectors [104]). Only recently it has been shown [105] that hybrid detectors can
offer an energy resolution better than 100 eV r.m.s. and can be used for X-ray experiments down
to 1 keV or for energy dispersive imaging.
In addition, the bump-bonding technique necessary to connect the sensor to the front end electronics has always set a limit on the minimum pixel size of ∼50 µ m, preventing hybrid detectors
from being used for high resolution imaging.
MÖNCH is a charge integrating detector which aims to overcome the main limitations of the
current hybrid detector technology, focusing in particular on the high spatial resolution provided by
the 25 µ m pitch pixels. MÖNCH is optimised for low noise, but, despite the small area available
for the pixel electronics and the limitations of the power consumption per pixel, it still has a
relatively high dynamic range considering the 25 µ m pitch [106]. With high frame rates and
moderate photon fluxes, the detector can operate in the single photon regime (i.e. with less than
one photon detected on average per 3×3 pixels), discriminating single photons from the electronic
noise and separating them spatially. In this operation mode, it delivers the same data quality
as photon counting detectors but with a pixel pitch at which photon counting detectors could
not operate due to the high level of charge sharing. Additionally, the analog readout provides
spectral information concerning the detected X-rays. Many applications can benefit from the
spatial resolution which can be achieved already thanks to the 25 µ m pixel pitch. This, coupled
to the outstanding low noise, allows also soft X-ray or energy dispersive imaging with an energy
resolving power mainly limited by the electronic and by the Fano noise. Moreover, the low noise,
together with the large amount of charge sharing, permits to estimate the absorption position of the
photons with sub-pixel resolution using interpolation [107]. The micron-level spatial resolution
makes MÖNCH ideal for high resolution imaging techniques.
In the following, we discuss the applicability of MÖNCH to single shot grating interferometry [39], a radiographic technique whose application to clinical practice is limited by the relatively
large pixel size of state of the art medical imaging detectors (usually ≥ 20 µ m). In fact, in order
to directly resolve the fringes generated by the analyzer grating (G1 ) and the phase shifts introduced by the samples, the spatial resolution must be significantly smaller than the few microns
period of G1 . Therefore, in Talbot-Lau grating interferometry [5], an absorption grating (G2 ) with
a pitch matching the period of the fringes generated by G1 is normally stepped in front of the
detector to resolve the sub-microradians fringes of G1 on larger pixel detectors [11]. This translates into a low dose efficiency (due to the absorption of 50% of the X-rays by G2 ), increased
measurement times, challenging mechanical stability and difficulties in fabricating large area grat42
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ings for hard X-rays [22]. The micron-level resolution delivered by the MÖNCH detector after
interpolation allows to resolve the interference fringes without the use of G2 . The phase shift
introduced by the sample can be retrieved from the MÖNCH data by combining position interpolation algorithms with an algorithm based on the Hilbert transform optimised to compensate for
the position-dependent spatial resolution of the detector.
In this work, section 6.1.2 describes the MÖNCH detector system and the MÖNCH 0.2 prototype. Section 6.1.3 shows the characterisation measurements. The data analysis and algorithms
for position interpolation of single photons are explained in detail and applied to the imaging of
a biological sample in section 6.1.4. In section 6.1.5 the proof of principle of a G2 -less grating
interferometry experiment is demonstrated. Finally, the results are discussed and perspectives for
future optimisation are given.

6.1.2

MÖNCH detector description

The MÖNCH hybrid detector
MÖNCH is a charge integrating hybrid pixel detector project with a small pixel pitch of 25 µ m
currently developed at the Paul Scherrer Institut (PSI, Switzerland) [106].
The sensor consists of a 320 µ m thick n-doped high resistivity silicon wafer. The n+ -doped
backplane is kept at a stable high bias voltage of 90-120 V, while the 25 µ m pitch p+ doped
electrodes are connected to the readout electronics by means of indium bumps of the size of a few
microns [108].
The X-rays are absorbed in the silicon sensor producing electron-hole pairs (Q0 = E0 /3.62 eV in
silicon, where E0 is the photon energy and Q0 is the number of electron-hole pairs generated). Due
to the high electric field applied to the fully depleted silicon wafer, the electrons drift towards the
backplane, while the holes are collected by the p+ implants and are then integrated in parallel and
fully independently by each single pixel in the Application Specific Integrated Circuit (ASIC),
which is read-out over several serial analog lines and finally digitised by external commercial
Analog to Digital Converters (ADCs).
While drifting to the collecting electrodes, the charge cloud diffuses and can be collected by
several pixels, depending on the absorption position. This effect is known as charge sharing and is
more prominent in smaller pixel pitch detectors. The amount of charge sharing depends on several
parameters including the sensor thickness, the sensor bias and the photon energy [109, 110]. It
has been measured that for a 320 µ m thick silicon sensor biased with 120 V the size of the charge
cloud is of the order of 17±3 µ m in the 10-20 keV energy range [111].
The 25 µ m pixel pitch has been chosen as a trade-off between opposite constraints. On the
one hand the pitch has to be small enough such that the charge produced by the majority of the
photons will be shared between neighboring pixels to be able to effectively perform interpolation.
On the other hand, small pixel sizes are very challenging both in terms of bump-bonding yield,
due to the small size and increasing force to be applied, and in terms of electronics design due to
the constraints in the pixel area and power consumption.
ASIC and sensor design as well as bump-bonding are performed in-house by the Swiss Light
Source (SLS) Detector group. In this commissioning phase, the same read out board as developed
for the GOTTHARD microstrip detector has been used for data acquisition [97], with some adap43
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Figure 6.1: Simplified diagram of the basic pixel architecture of MÖNCH.
tation of the firmware and software to match the requirements of the MÖNCH pixel detector. With
a 1 Gb/s data transfer interface, it allows a maximum frame rate of 1 kHz.
The MÖNCH read out chip
Several prototype ASICs were designed in UMC 110 nm technology. Details can be found
in [106]. The data presented in this work have been acquired using the MÖNCH 0.2 prototype.
It is a fully functional, small scale ASIC of 4×4 mm2 , containing an array of 160×160 pixels.
This array is subdivided into five blocks, each featuring a different pixel architecture. Two blocks
have statically selectable preamplifier gains and target synchrotron applications. In low gain mode
they still provide single photon sensitivity for energies higher than 6 keV as well as a reasonable
dynamic range for such a small area (>120 12 keV photons). In high gain, they target high resolution, low flux experiments where charge sharing can be exploited to reach micron level resolution.
Three other architectures address possible uses at XFELs and implement automatic switching between two gains to increase the dynamic range, as well as input overvoltage control. The dynamic
range of charge integrating detectors scales with the available area for the integration capacitance
in the pixel. Therefore compared to a larger pixel pitch of 75 µ m (e.g. JUNGFRAU) the dynamic
range per pixel is reduced by about a factor of nine, but remains constant per unit of area, allowing
to measure the same total flux.
The basic pixel structure, common to all sub-blocks, is shown in figure 6.1. The charge produced in the sensor by the impinging photons is integrated by the feedback capacitor of the charge
amplifier. Two different capacitors can be switched into the feedback loop to obtain two different
preamp gains. A Correlated Double Sampling (CDS) stage follows, to reduce the low frequency
noise contributions coming from the preamp and its reset transistor [112]. The output of the CDS
is stored locally on a capacitor, which gives the pixel the ability to be continuously sensitive: after storage the preamplifier and CDS are available again for processing the next image, while the
readout of the current image can happen simultaneously. The gain of the CDS buffer can be statically selected between 4 (for low noise applications) and 0.5 (to extend the dynamic range). The
voltage stored on the storage capacitor is driven to the chip periphery by an off-pixel buffer and is
refreshed by a column buffer. The signal produced by every column buffer is serially multiplexed
to a common single-ended-to-differential off-chip buffer (not shown in the figure).
All the results shown in this paper are obtained using a single sub-block of 40×160 pixels
(1×4 mm2 ) of MÖNCH 0.2 optimized for single photon sensitivity by using the high preamplifier
gain and a CDS gain of 4. The same pixel architecture was also selected for the design of MÖNCH
0.3, a 10×10 mm2 (400×400 pixels) chip, which is at present undergoing test and characterization.
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Figure 6.2: Spectrum of a single pixel (fitted with eq. 6.1) , 2×2 pixel and 3×3 pixel clusters
(fitted with a Gaussian) acquired at 16 keV.

Cluster finding
Due to charge sharing, a single pixel only partially collects the charge generated by a photon.
Therefore, the summation of the charge from the cluster of channels among which it is shared
(clustering) is required to retrieve the correct radiation spectrum. To analyse single photon absorption events which are shared between neighbouring pixels, a Cluster Finding Algorithm (CFA) has
been developed, as described in [109]. The CFA is effective only on datasets with low occupancy,
i.e. with on average less than one photon per 3 pixel cluster (single photon regime). It considers
as photons only the events where either the total signal collected by a cluster or the signal of a
single pixel exceed the electronic noise by five times its Electron Noise Charge (ENC), defined as
the signal at the input of the electronic chain which would result in the measured noise [113]. The
pixel pedestal and the electronic noise threshold are continuously tracked during the acquisition to
compensate for drifts induced in the dark image signal and noise properties of each pixel by temperature and other environmental changes. Additional constraints for adjacent pixels are applied
to ensure that only one cluster is extracted per photon hit and overlaps of clusters from more than
one photon are discarded. A good Signal-to-Noise-Ratio (SNR) is crucial in order to detect also
the photons for which the charge is shared and collected by several pixels in the cluster.
Figure 6.2 shows the spectrum of 16 keV monochromatic radiation for a single pixel and for
2×2 and 3×3 pixels. While a single pixel carries only limited information concerning the X-ray
energy, the full charge is already retrieved by a 2×2 pixel cluster, despite the increase in noise by
a factor of 2 due to summation.
Section 6.1.4 explains in detail how it is possible to improve the image resolution beyond the
pixel size by analyzing the charge ratio between the individual pixels of each cluster. The final
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resolution depends not only on the amount of charge sharing but also on the SNR, hence the effort
on limiting the electronic noise in the MÖNCH ASIC.

6.1.3

MÖNCH characterization

The MÖNCH 0.2 ASIC bump-bonded in-house to 160×160 25 µ m pitch pixels, 320 µ m thick
silicon sensor produced by HAMAMATSU has been thoroughly characterized. Here we report
the major achievements regarding the first supercolumn of the ASIC operated in the single photon
regime which has been used for the imaging experiments shown in sections 6.1.4 and 6.1.5 .
Bump-bond yield
Given the small pixel pitch, the feasibility of the bump-bonding technique developed and applied
in-house at PSI had to be demonstrated. The process required only minor modifications compared
to the one used for large pixels (e.g. PILATUS 172 µ m, EIGER 75 µ m). The size of the underbump-metallization and indium bumps have been adapted to the 25 µ m pitch for the processing
of the ASIC and of the sensor wafers. The pressure applied during the bump-bonding procedure
also had to be rescaled to compensate for the much higher pixel density.
Figure 6.3.a shows the image of a flat field and 6.3.b represents the count distribution acquired
in the single photon regime at 16.7 keV at the TOMCAT beamline of the SLS after applying the
CFA for the first supercolumn of the detector assembly used for the measurements in this paper.
The border pixels have been excluded from the analysis because clusters are lost along the edges.
The photon distribution is uniform over the whole detector taking into account the variations of
the illuminating beam and the gain differences between pixels. Only the 2 pixels with too few
counts can be attributed to faulty bump-bonding, resulting in a bump-bond yield of better than
99.95%. Comparable results have been obtained also on the other detectors assembled. During
the development phase, the main issues came from the processing of the single ASIC dice since
full wafers cannot be purchased in the prototyping phase. The bump-bond yield is close to this
level also for the larger 1×1 cm2 (400×400 pixels) MÖNCH 0.3 detector.
The outstanding bump-bonding yield is a very important achievement in the development of
small pitch pixel detectors and it is particularly crucial in case of high resolution imaging applications using interpolation. In fact a non bump-bonded pixel affects also the charge collection in its
neighbors and therefore prevents the use of the full 3×3 pixel cluster for interpolation. Moreover
these 9 pixels correspond to a much larger number of virtual pixels in the high resolution rebinned
image obtained after interpolation.
Gain calibration
In order to extract the gain G necessary to convert the signal pulse height (in mV or ADC units)
into energy or charge (Q = E/3.6 eV), flat field spectra at different energies need to be acquired.
This calibration is necessary to correctly compare the signal collected by neighboring pixels when
applying the CFA or performing interpolation (see section 6.1.4).
Hereafter, the simplified linear model of charge sharing in small pitch pixel sensors described
in [114] has been used to describe the charge collection of single pixels. The spectra S acquired
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a)

b)

Figure 6.3: a) Flat field image and b) count distribution of the first supercolumn of MÖNCH 0.2.
Only 2 of the 4470 pixels plotted count too few photons and can be attributed to faulty bumpbonding. The estimated bump-bond yield is better than 99.95%.
for each pixel have been fitted with the function:
S (E) = N0
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where E is the signal amplitude and the fit parameters are E0 representing the X-ray energy, σ
the electronic noise, N0 the number of photons. A, B, C are proportional to the area where no
charge sharing is observed, charge sharing happens between 2 pixels (edges) and between 4 pixels
(corners) respectively. They can be written as a function of the average size α of the charge cloud
after drift and diffusion:
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For each pixel, G can be extracted as the angular coefficient of the straight line correlating the
X-ray energies with the parameters E0 in mV or ADC units.
An average value of G = 102.6 ± 2.9 ADCu/keV has been calculated for the first supercolumn of
MÖNCH 0.2. The 3% spread among the channels is due to manufacturing mismatches, but also
to a reduction of the signal amplitude further away from the readout pads, due to the discharge of
the storage capacitors during the readout time (droop).
The cumulative spectra over all pixels of the first supercolumn at different energies fitted with
equation 6.1 (solid line) are shown in figure 6.4. The data were acquired at the SYRMEP beamline
of the Elettra synchrotron facility in Trieste, Italy [115]. The goodness of the energy calibration is
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Figure 6.4: Spectrum of a single pixel at different energies. The solid line shows the fit with
equation 6.1, while the dashed line shows the Gaussian fit of the pedestals, which can be used to
estimate the electronic noise.
shown by the definition of the peaks. In the 20 keV spectrum, the Compton edge at 1.45 keV is also
clearly visible close to the noise pedestal. Still, the spectra carry only limited energy information
due to the large amount of charge sharing.
Noise
An estimate of the electronic noise is given by the standard deviation of the dark signal peak
(pedestal) of the single pixel spectra, as shown in figure 6.4 (dashed line). The channel-by-channel
noise distribution obtained after gain calibration shows an average ENCrms = 30 ± 3 e− = 109 ±
11 eV. This spread higher than 10% is due to the discharge of the storage capacitors, causing a
reduction in gain along the readout direction and therefore increasing the input noise for the pixels
which are readout later in time.
The cumulative noise spectrum shows a standard deviation σ = 111 ± 1 eV after gain calibration, slightly higher than the average ENCrms due to calibration uncertainty. This value can be
considered as the ultimate energy resolution of the detector. It allows the detection of X-rays of
energy as low as 1 keV with a SNR close to 10. When summing up a cluster of 2×2 pixels to
retrieve the full signal generated by a single X-ray, the noise increases by a factor of 2, but still
photons can be detected with an SNR of almost 10 already from 2 keV.

6.1.4

High resolution imaging

Position interpolation algorithm
By analyzing the distribution of the charge produced by a single photon collected by a 2×2 pixel
cluster, it is possible to extract the hit position with a resolution finer than the pixel pitch p. In the
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Figure 6.5: Sketch of the cluster coordinate system compared to the physical pixels. The cluster
hn, mi is highlighted in red. It is centered at the corner between the four physical pixels (n, m)..(n+
1, m + 1) (in black) and spans between their centers. The sub-cluster coordinates (πx , πy ) are also
shown in relation to the main spatial coordinates (x, y).
following, the physical pixels are remapped into clusters hn, mi of the same pitch p, centered at
the corner of the four pixels of the 2×2 pixel cluster and spanning between their centers, as shown
in figure 6.5.
The distribution of the total signal E0 collected by the cluster hn, mi in the two Cartesian
coordinates is evaluated by the parameters:
ηx = (En+1,m + En+1,m+1 )/E0 ,

ηy = (En,m+1 + En+1,m+1 )/E0 ,

(6.2)

where Ei, j is the signal measured by the pixel at position (i, j) converted from the pulse height
using the gain calibration as explained in section 6.1.3.
The photons can be redistributed from the η to the position space, by mapping each pair of
parameters (ηx , ηy ) into the sub-cluster position (πx , πy ) where − 2p ≤ πx,y < 2p . The main spatial
position (x, y) in the final image is then given by combining the cluster and the sub-cluster position:
x = np + πx ,

y = mp + πy .

(6.3)

Figure 6.6 shows the cumulative distribution (ηx , ηy ) for a flat field measurement acquired at
16.7 keV, using a 320 µ m thick sensor biased at 90 V. The maxima close to the corners of the
distribution are due to the photons absorbed close to the center of the pixels (edge of the cluster),
where most of the charge is collected by a single pixel due to the limited charge sharing in those
areas. Since the η-distribution is not flat, a linearization algorithm has to be used in order to obtain a flat photon distribution in the sub-pixels within a cluster. In one dimension, the non-uniform
charge sharing is corrected analytically by using the so called η-algorithm described in [116], as
shown in [107]. A similar approach has been used in [109] using MÖNCH by analyzing separately
the two Cartesian coordinates (ηx , ηy ). However, due to the strong correlations between the parameters (ηx , ηy ) the analytical method is not sufficient to obtain a flat distribution of the photons
between sub-pixels, therefore an iterative algorithm has been developed in order to successfully
solve the problem.
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Figure 6.6: Cumulative distribution (ηx , ηy ) for a flat field measurement acquired at 16.7 keV,
using a 320 µ m thick sensor biased at 90 V. The rendered grid shows the partitions of the bins
H(x,y) resulting from the iterative algorithm described in section 6.1.4.
The goal of this method is to extract a correction map cmap that assigns to each bin H(x,y) centered at (ηx , ηy ) of the η-distribution histogram a sub-pixel Π(x,y) centered in (πx , πy ) in the position space. Initially, a flat field image needs to be acquired in order to populate the η-distribution
histogram. Since the histogram is not flat (see figure 6.6), subdividing the η space into bins of
equal size results in a non-flat distribution of the photon hits between the sub-pixels. Therefore,
the size and shape of the bins in the η histogram are adapted in order to obtain a uniform distribution (same number of entries for each H(x,y) bin), which translates into a homogeneous photon
density in the sub-pixels Π(x,y) , reflecting the flat illumination used. This is obtained by iteratively
adapting the position of the corners between adjacent bins in order to equalise the number of entries for each of the bins. The algorithm used relies on several boundary conditions in order to
ensure full coverage of the η-space. For each iteration step, the length of the side shared between
two neighboring bins is adapted linearly based on the number of entries of the bins, i.e. the sides
of the bins with many entries are shortened while the sides of the bins with few entries are lengthened. The squared sum of the residuals of the bin entries compared to a flat illumination is used
to evaluate the convergence of the algorithm at each step. The convergence of the algorithm is assessed once the minimum and maximum deviation from the average number of counts divided by
the Poisson noise are both below defined limits. This results in a flat photon distribution between
the sub-pixels. An example of the partition of the bins of the η distribution histogram is shown by
the rendered grid in figure 6.6.
The resulting correction map needs to be calculated only once previous to the experiment and
requires a flat field image acquired with high statistics. Under the same experimental conditions
(X-ray energy, sensor bias) cmap can be used to populate the virtual pixels of the high-resolution
50

6.1. MICROMETER-RESOLUTION IMAGING USING MÖNCH: TOWARDS G2-LESS GRATING
INTERFEROMETRY

a)

b)
Figure 6.7: Image of a kidney stone (a) 25 µ m resolution image and (b) using 0.5 µ m binning
after applying the interpolation algorithm.

images with minimal fixed pattern noise. The ultimate spatial resolution and the possible distortions introduced in the final image using this algorithm have yet to be determined.
The spatial resolution is not uniform within the pixel due to non-linear position dependent
charge sharing. Preliminary measurements obtained by imaging an absorbing edge, show a resolution better than 1 µ m close to pixel corners, and up to several microns at the center of the
pixel, where the charge is collected by a single pixel. The homogeneity of the spatial resolution
can be improved by enhancing the charge sharing by increasing the drift time of the charge cloud.
This can be obtained by increasing the sensor thickness, applying lower bias voltages to the sensor or detecting softer X-rays, which are absorbed closer to the sensor backplane. Different pixel
geometries to enhance the charge sharing in one direction are also being considered.
Imaging results
The improved spatial resolution obtained after interpolation has been demonstrated by acquiring
radiographic images of samples containing small details. Figure 6.7 shows the image of a kidney
stone of a few mm diameter acquired at the TOMCAT beamline of the Swiss Light Source [117]
at an energy of 16.7 keV obtained using the Si[111] monochromator and applying additional
filtering to limit the photon flux and operate in the single photon regime. Initially a flat field
image of 10.5 Million frames with an exposure time of 12 µ s each was acquired. Approximately
10 Million photons were found by the CFA and used to populate the η-distribution and calculate
the correction map for the interpolation. The image of the kidney stone sample was obtained using
10.5 Million frames with the same exposure time and approximately 6.58 Million photons found
by the CFA.
Figure 6.7.a shows the image acquired by the CFA with the photon hit assigned to the 25 µ m
pitch pixel collecting the maximum of the charge. The performance in terms of spatial resolution
and signal to noise ratio are the same as a single photon counter detector with charge sharing
suppression [94]. The image resolution is already good, but the improvements in the details of image 6.7.b after applying the interpolation algorithm are clearly visible. Unfortunately, the statistics
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per bin are quite poor, in fact photon counts are redistributed from 40×160 25 µ m pitch pixels
into 500×2000 2 µ m bins, i.e. each virtual pixel accumulates a factor of 156 less photons than in
the original image.
Although in this experiment the flux has not been properly optimized to acquire sufficient
statistics in the shortest possible time, the acquisition time remains one of the weak points of the
method, since the detector must work in the single photon regime in order to interpolate.
In fact even working at the maximum possible flux, one would need approximately 10 frames
to acquire a photon per 25 µ m pitch pixel and 6250 frames after interpolation rebinned at 1 µ m.
Since the maximum frame rate of the detector is currently limited at 1 kHz, it is necessary to measure 6.25 s to acquire an image with on average 1 photon/virtual pixel. One hour of √
measurement
would allow to collect about N = 576 photons per virtual pixel, for an SNR = N/ N = 24. In
order to detect a contrast of ∼ 1% it would be necessary to acquire 10000 photons per virtual pixel
with a total duration of the measurement of more than 17 hours at the current 1 kHz frame rate,
1.7 hours at ∼ 10 kHz and less than 20 minutes at 100 kHz frame rate. Faster frame rates could be
achieved by using a 10 Gb/s instead of a 1 Gb/s transfer link, speeding up the readout by means of
faster ADCs or increasing the number of analog output lines and performing real time data compression on the readout board. This is necessary in particular for the foreseen larger area detectors
in order to prevent excessive data throughput (32 GB/s·cm2 at 100 kHz frame rate). Event-driven
readout is also a possibility which could be considered, although it introduces several issues in
the data processing (e.g. leakage current subtraction) and is not effective in compressing the data
when the occupancy is high.
The limitation in the maximum detectable flux is particularly restricting at synchrotrons, where
it is impossible to make use of the huge fluxes provided by imaging beamlines, while it much better
fits the low intensity generated by microfocus X-ray tubes.

6.1.5

G2-less grating interferometry

The high position resolution obtained by interpolation is the key component to perform G2 -less
grating interferometry, since it allows the recording of changes in the position of the interference
fringes from G1 even though the physical pixel size of the detector is much larger than the period
of the fringes.
The average absorption and differential phase values are retrieved for each pixel cluster (see
figure 6.5). The resulting 25 µ m pitch granularity reflects the physical size of the pixel of the
MÖNCH detector and is able to satisfy the requirements of medical imaging applications like
mammography, where pixel sizes of 20-50 µ m are common in clinical practice [22].
Experimental method
The sketch of a G2 -less grating interferometer is illustrated in figure 6.8. It consists of an X-ray
source, either an X-ray tube or a synchrotron beamline, an optional source grating G0 , a phase
grating G1 and a MÖNCH hybrid pixel detector. The sample can be placed either between the
source and G1 , or between G1 and the detector.
For benchmarking reasons and simplified post-processing due to monochromatic light, the
first experiments were performed at the TOMCAT beamline of the Swiss Light Source. However,
the method is developed and intended for an X-ray tube based setup, where the lower flux better
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Figure 6.8: Sketch of the G2 -less grating interferometer with the MÖNCH hybrid detector. The
setup includes an X-ray source (synchrotron or X-ray tube), an optional source grating G0 to
increase the coherence, the sample, the phase grating G1 and the MÖNCH detector which is placed
at a Talbot distance zt from G1 .
matches the requirements for using MÖNCH in the single photon regime. Additionally, the energy
resolving power of the detector can be exploited for colour imaging. The images are acquired at
16.7 keV, using the Si[111] monochromator and additional filters to operate MÖNCH in the single
photon regime. A 4.7 µm pitch G1 silicon phase grating with a duty cycle of 50% and a depth of
33 µm, introducing a phase shift of π/2 was used for the experiment. The grating was produced
at the Laboratory of Micro and Nano technology of the PSI.
Compared to the standard Talbot or Talbot-Lau grating interferometer, the analyser grating G2
is not used. The X-ray source illuminates the phase grating G1 producing interference fringes at
defined distances zt (Talbot distances), where they are detected by MÖNCH.
The experiment consists of three successive measurements with the same exposure time:
Blank, using an empty silicon wafer (without grating structures) placed in the beam. It is used
to calibrate the interpolation algorithm by calculating the correction map as explained in
section 6.1.4. The empty silicon wafer is used to compensate the photon statistics of the
following measurements, preventing extra double counting due to higher flux if no silicon
wafer is present.
Grating, taken with only the phase grating G1 in the beam and used as a reference for the intensity
modulation fringes.
Sample, acquired with both the sample and the grating G1 in the beam.
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The blank and grating images are required as preparation. They do not contribute to the deposited
dose on the sample and they do not need to be repeated for new samples in case the setup is
unchanged.
Phase retrieval
Since the G1 grating introduces a one-dimension horizontal modulation, after interpolation the
intensity is integrated in the vertical direction, parallel to the grating lines within the 25 µ m pitch
clusters hn, mi in order to increase the statistics and the visibility of the fringes. Also the differential phase and the absorption signals are retrieved for each pixel cluster hn, mi. The interpolation
technique is used to make the fringes visible, but the granularity of the final image reflects the
25 µ m segmentation of the detector.
In general, the recorded interference fringe can be approximated by a sinusoidal signal:
I(πx ) = a(πx ) + b(πx ) cos (

2π
πx − φ (πx )),
g1

(6.4)

where g1 is the period of the recorded interference pattern, a(πx ) contains the absorption information, b(πx ) the scattering or visibility reduction but also the response of the pixel cluster due to
non uniform resolution and φ (πx ) the phase information.
Ig (πx ) and Is (πx ) represent the intensity modulation of the grating and of the sample image respectively for one of the clusters, where πx is the horizontal coordinate within the pixel
(−p/2 ≤ πx < p/2). The goal is to retrieve the Differential Phase Contrast (DPC) for each pixel
hn,mi
hn,mi
cluster hn, mi, i.e. the phase difference between the sample φs
and the grating φg
measurehn,mi
hn,mi
hn,mi
ments ∆φ
= φs
− φg . Figure 6.10 shows the profile of the grating and sample images
of figure 6.9 for two of the pixel clusters after flat field normalisation. Although the intensity is
integrated in the direction parallel to the gratings, the signal remains very noisy due to the low
statistics. The fringes are visible only at the centre of the pixel clusters, i.e. at the boundary
between two physical pixels, while their amplitude is dumped close to the centre of the physical
pixels due to the lower position resolution.
The phase of the sample and grating fringes match for the left pixel cluster, which corresponds
to a flat area of the sample, while a shift of approximately one sub-pixel (1 µ m) is visible for
the right pixel cluster which is located at one of the slopes of the etched pyramid. However, a
dedicated technique is necessary in order to correctly retrieve the DPC accounting for the nonuniform resolution of the interpolated signal.
A method based on the Hilbert transform was developed in order to correctly retrieve the DPC,
as explained in detail in [118]. The average absorption A and differential phase P for each pixel
cluster can be extracted from the following equations:
R

I (π )dπx
− 2p s x

Ahn,mi =

,
Ig (πx )dπx


Z
I˘s (πx )
=
w(π
)
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a)

b)

c)
Figure 6.9: a) Scanning electron microscopy (SEM) image of the pyramid sample. Retrieved b)
absorption and c) differential phase contrast images with a pixel size of 25 µm for the pyramids
etched in Si.
I˘s (x) and I˘g (x) are the analytical signals of the recorded fringes, w(x) is an appropriate normalised
weighting function that accounts for the non-uniform resolution of the interpolation method, and
p is the pixel pitch. The weighting function is required to enhance the detection of the spatial
frequency of the fringes close to the pixel boundaries, while discarding the background given by
the photons absorbed in regions where the fringes are not visible, but reduces the dose efficiency
of the technique.
In order for the above equations to be applicable, the absorption of the sample should vary slowly
within one physical pixel compared to the period of the interference fringe. This is a general
requirement for interferometric imaging methods that are based on the direct recording of the
interference fringe [39, 41]. However, with our method we are able to record fringes with few
microns pitch which means that the maximum spatial variations of the sample can be much higher
compared to methods utilising large pitch gratings.
Imaging results and quantitative validation
Various samples have been used to demonstrate the validity of the method and also to examine the
performance of the imaging technique.
Due to the limited frame rate of the current detector prototype, each of the three images required for the experiment took about three hours, using a sub-frame exposure time of 12 µs and
frame rate of 1 kHz, i.e. the sensor is insensitive 99% of the time due to the speed of the current
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Figure 6.10: Profile of the grating and sample images of figure 6.9 for pixel clusters (17,127)
and (17,128) after flat field normalisation. The intensity is integrated in the direction parallel to
the gratings. The fringes are visible only in the centre of the pixel clusters, i.e. at the boundary
between two physical pixels, where the spatial resolution is higher. The left pixel is located in a
flat region of the sample and therefore shows no phase shift between grating and sample profiles,
while the right pixel is located at the pyramid slope a shows a phase shift of about one sub-pixel
(1 µ m).

read-out electronics. The photon counts per physical pixel in the final image were in the order of
25000.
Figure 6.11 shows the absorption and DPC images of a polyethylene sphere with a diameter of
700 µm and a nylon fibre taken from a toothbrush with 150 µm diameter. These samples produce
straightforward DPC signals and are therefore easy to interpret.
For a quantitative validation of the technique, pyramids of different sizes etched into a Si
substrate were used as a sample. Figure 6.9.a shows the Scanning Electron Microscopy (SEM)
image of the sample. The size of the etched pyramids ranges from 50 to 350 µ m and the spacing
from 200 to 25 µ m. It can be observed that the largest pyramids were not etched completely, due
to porosity developing in the SiO2 mask during the etching which limited the maximum possible
etching time.
The retrieved absorption and differential phase images are presented in figure 6.9.b and 6.9.c
respectively. All pyramids are clearly visible in both images, even the smallest one with a size of
50 µm.
The measured differential phase values were used in order to calculate the refraction angles of
the detected photons and compared to the theoretical values. The etched pyramids in Si[100] have
a slope of ±54.73 ◦ which means that 16.7 keV photons impinging at the edges of the pyramids
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a)

b)
Figure 6.11: Retrieved a) absorption and b) differential phase contrast images with a pixel size
of 25 µm for a polyethylene sphere with 700 µm diameter (left) and a nylon rod with 150 µm
diameter (right).

√
will be refracted by an angle of α = ±kδ 2 = ±4.9210 µrad, where k is the wave number and δ
the refractive index decrement for Si which at 16.7 keV is 1.7639· 10−6 . The measured differential
phase value of the slopes is calculated to be P = ±(0.4938±0.0869) rad. The refractive angles can
be retrieved from the phase difference by α = Pg1 /2πzt , where zt = 15 cm, from the experimental
data this results in αexp = ±(4.9249±0.8664) µrad demonstrating that the quantitative differential
phase information is well retrieved.

6.1.6

Conclusions

With a pixel size of 25 µ m and an extremely low noise of 111 eV r.m.s., the MÖNCH hybrid pixel
detector targets low energy applications where so far only CCDs and CMOS imagers could be
used. Moreover, the large amount of charge sharing observable at this small pitch can be exploited
to interpolate the hit position of isolated photons, achieving a spatial resolution of the order of
1 µ m, as explained in detail in section 6.1.4. In section 6.1.5, the high spatial resolution obtained
by interpolation is exploited for the direct measurement of the DPC in grating-based phase contrast
imaging without the use of the analyser grating G2 . This overcomes some of the challenges of
grating interferometry which prevent it from moving into clinical practice: low dose efficiency
due to the absorption of G2 , manufacturing limitation for G2 in terms of area and aspect ratio (i.e.
absorption for hard X-rays), long acquisition times due to multiple exposures and complex high
resolution mechanics to perform phase stepping.
However, MÖNCH targets application in many other X-ray experiments both at synchrotrons
and using X-ray tubes. The use of dynamic gain switching [102], which is already implemented
in some of the sub-blocks of MÖNCH 0.2, will also allow applications at XFELs for soft X-ray
beamlines.
In particular we foresee promising perspectives in soft X-ray applications, for inelastic X-ray
scattering or Laue diffraction, where the detector is often the limiting element of the experiment.
Compared to the JUNGFRAU 0.4 75 µ m pitch hybrid pixel detector, which already demonstrated
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a similar noise performance [101], the small pixel pitch of MÖNCH makes it ideal for imaging
applications. Despite the larger amount of charge sharing, the interpolation performance decreases
at lower energies due to lower SNR. However, we expect to be able to interpolate down to approximately 2 keV with micron resolution, which makes it interesting for hard X-ray inelastic X-ray
scattering (IXS).
For Laue diffraction we expect to be able to determine the √
energy of single photons with a
resolution better than 220 eV r.m.s., improved down to 220 eV/ N r.m.s. by averaging over the
N counts in the peak.
Concerning X-ray emission spectroscopy, larger pixels like JUNGFRAU 0.4 are probably
more promising because of the reduced charge sharing. However the small pixels provided by
MÖNCH can increase the maximum detectable flux. Charge sharing can also be suppressed
by means of a collimation mask or by excluding the events where charge sharing is observed
(software-collimation).
Discussion and perspectives
Despite the promising results, some flaws of the current MÖNCH prototype need to be fixed for
improved usage in scientific experiments, in particular for imaging:
Spatial resolution The spatial resolution depends on the photon absorption position within the
pixel (higher close to the pixel borders where charge sharing is prominent, lower in the
pixel center). An improvement in the resolution could be achieved by utilizing smaller
pixels (e.g. 20 µ m) or by enhancing the charge sharing by increasing the charge collection
time. This is obtained by increasing the sensor thickness, reducing the bias voltage or using
lower X-ray energies which are absorbed closer to the backplane of the sensor. The spatial
resolution is also affected by the alignment of the sensor relative to the X-ray beam due to
the parallax given by the different depth of absorption of the hard X-rays photons through
the 320 µm silicon sensor (∼320 nm per 1 mdeg misalignment).
Field of view The field of view of the the MÖNCH 0.2 prototype is limited to 1×4 mm2 . Challenges in increasing the detector area include the bump-bonding yield, the maximum frame
rate and the data throughput. The larger 1×1 cm2 MÖNCH 0.3 prototype (160 kpixel) is
currently undergoing characterization. The data transfer interface has been upgraded from
1 Gb/s to 10 Gb/s. It is read out in parallel over 32 analog outputs and can achieve a
maximum frame rate of 6 kHz. The huge data throughput of almost 2 GB/s requires the
development of on-the-fly CFA and simultaneous position interpolation. In the future, we
plan to design a 3×2 cm2 readout ASIC which fully exploits the recticle size offered by the
manufacturing process. In the next few years, we plan to build a MÖNCH detector system
of 3×4 cm2 by tiling together two ASICs sharing the same sensor. The development of
the proposed 3×4 cm2 detector will deliver a system competitive with CCDs and CMOS
images for soft X-ray imaging.
Measurement time With the current frame rate of 1 kHz, single photon discrimination is possible up to a photon flux of ∼ 105 photons mm−1 s−1 . At this count-rate the acquisition
of a high-resolution image with 1 µ m2 virtual pixel size and a dynamic range of 8 bits
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(256 counts/subpixel) takes ∼ 1440 s. However, higher frequency readout, parallelization
and faster data transfer could increase the flux by 1-2 orders of magnitude and reduce the
measurement time to less than one minute. It has to be noticed that the proposed increase
of the detector size will require more sophisticated data acquisition and backend systems to
transfer the data and efficiently store them. Without interpolation, MÖNCH can also operate
at higher fluxes, with a frame rate which overtakes the frame rate offered by CCDs and even
CMOS imagers by orders of magnitude.
Quantum efficiency The silicon sensors should be optimised for the detection of soft X-rays
below 3 keV which are absorbed in the detector backplane in the absence of an electric
field and therefore cannot be detected. Normally, the aluminium layer can be removed
and the thickness of the n+ doping modulation can be reduced from microns to tens of
nanometers by specific doping techniques. The resulting quantum efficiency can improve
by almost a factor of two at the silicon K-edge (85% absorption efficiency for 200 nm thick
backplane compared to 45% for 1 µ m). Moreover, the 320 µ m silicon sensor is relatively
transparent for hard X-rays (59% quantum efficiency at 16.7 keV). High-Z materials like
CdTe or GaAs provide a higher quantum efficiency (both ∼100% quantum efficiency at 16.7
keV and sensor thickness of 500 µ m) and can be used for applications up to 100 keV [96,
119]. However, the quality of the high-Z sensor materials still needs to be demonstrated and
the charge collection performance needs to be characterised in order to properly perform
interpolation.
With all the proposed improvements, MÖNCH promises to equal the performance of monolithic
detectors or indirect detection systems (scintillators coupled to photodetectors) in many X-ray applications by combining the advantages given by direct conversion, low noise and high resolution
with the flexibility given by the well consolidated hybrid technology. Moreover, it will outdo their
performance in terms of frame rate.
Single shot grating interferometry
The previous discussion concerning the flaws and the possible improvements applies also to the
proposed G2 -less grating interferometry application.
Since the finest fringe period and minimal resolvable phase shift are limited by the ultimate
spatial resolution of the detector, currently the fringes are visible only close to the pixel borders
and therefore only a fraction of the absorbed photons can be used to retrieve the differential phase
information. This is particularly restrictive in medical imaging applications, where the dose delivered to the patient should be limited. Additionally to improve the operating parameters of the
detector by enhancing the charge sharing, the use of a phase grating with a pitch larger than the
4.7 µ m currently used, would also allow a better exploitation of the position information carried
by photons absorbed in the pixel centre.
A field of view of a few square centimetres is still insufficient for clinical applications. However many imaging techniques could already benefit from such a system. In the long term, the
use of through silicon vias (TSVs) could allow the tiling of the ASICs on four sides, aiming at
full 6 inch wafer sensor assembly with reduced gaps between the ASICs. Similar improvements
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should follow also concerning the maximum grating area, which is currently limited to 4 inch
wafers.
Although avoiding phase stepping, the measurement time required in grating interferometry
to operate MÖNCH in single photon regime is still very long. However, the limitation on the
maximum detectable flux is striking for direct imaging synchrotron applications but matches well
the fluxes of microfocus X-ray tubes. Additionally, the low noise of 31 e− =110 eV r.m.s. per pixel
allows to perform micron-resolution color imaging with an energy resolution of 220 eV r.m.s. on
the 2×2 pixel cluster.
An improvement of the quantum efficiency for hard X-rays is extremely important for grating
interferometry and medical examinations in general, since it brings a proportional reduction of the
dose.
Future work will also involve the replacement of the 1D phase grating with a 2D periodic
structure. This can allow the retrieval of quantitative differential phase in two directions and can
be used to obtain quantitative phase values without integration artifacts [120, 121].
All these improvements will result in significant steps towards a broad implementation of
phase contrast imaging in the medical field and beyond.
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Single shot x-ray phase contrast imaging using a direct conversion microstrip detector with single photon sensitivity
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Abstract
X-ray phase contrast imaging enables measuring the electron density of a sample with high
sensitivity compared to the conventional absorption contrast. This is advantageous for the
study of dose-sensitive samples, in particular for biological and medical investigations. Recent developments relaxed the requirement for the beam coherence, such that conventional
X-ray sources can be used for phase contrast imaging and thus clinical applications become
possible. One of the prominent phase contrast imaging methods, Talbot-Lau grating interferometry, is limited by the manufacturing, alignment and photon absorption of the analyzer
grating, which is placed in the beam path in front of the detector. We propose an alternative
improved method based on direct conversion charge integrating detectors, which enables a
grating interferometer to be operated without an analyzer grating. Algorithms are introduced,
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which resolve interference fringes with a periodicity of 4.7 µ m recorded with a 25 µ m pitch
Si microstrip detector (GOTTHARD). The feasibility of the proposed approach is demonstrated by an experiment at the TOMCAT beamline of the Swiss Light Source on a polyethylene sample.

6.2.1

Introduction

X-ray grating interferometry (GI) is capable of providing simultaneously three complementary
contrasts: absorption, differential phase and small-angle scattering [3, 4, 11]. The differential
phase signal can reveal differences between materials with similar absorption properties since it
is highly sensitive to the electron density variations of the sample. The small-angle scattering
signal, also known as dark-field, is able to access unresolved structural variations of the sample
in the (sub) micrometer scale which are beyond the resolution capability of the imaging modality.
Both differential phase and dark-field signals have been demonstrated to be capable of providing
valuable information additional to the traditional absorption contrast in medical imaging [16, 86,
122], material science and non-destructive testing [36].
Early phase contrast imaging (PCI) techniques were developed for synchrotron facilities due
to the required high beam coherence [4, 123, 124]. It was not until the development of the TalbotLau grating interferometer (GI) [5] and later the coded aperture [125], that measuring phase signals
with conventional X-ray tubes became feasible. The Talbot-Lau grating interferometer consists of
three gratings: an absorption grating G0 placed close to the source and intends to increase the spatial coherence of the source, a phase grating G1 that produces an interference pattern at a certain
distance downstream (Talbot effect), and finally a second absorption grating G2 which is placed
at a selected Talbot distance right in front of the detector to sample the periodic signal with a
sub-pixel spatial frequency. When a sample is introduced into the beam it will cause distortions
to the interference pattern due to X-ray absorption, refraction, and small-angle scattering. These
distortions can be sensed by the so-called phase stepping procedure [11] in which G2 is scanned
step by step for one or more periods. At each step an image is recorded which results in an intensity curve at each pixel. The absorption, differential phase and small-angle scattering signals
can be extracted from two phase stepping curves obtained with and without the sample. Although
the utilisation of G2 decouples the sensitivity of the interferometer from the detector resolution,
it comes at the price of a lower system dose efficiency due to the photon absorption it introduces.
Additionally phase stepping introduces extra mechanical complexity to the system and increased
scanning time. Finally, a strict set of requirements concerning G2 renders the successful manufacturing challenging [70, 71]. Specifically, the two limiting factors at the moment are the area and
the aspect ratio of the gratings. Medical applications require large imaging field of views (hundreds of square centimetres) which means that dense microstructures have to be produced over a
large area with a high uniformity in terms of depth, duty cycle, and period. Nonetheless, to meet
the criteria for high phase sensitivity at higher energies, the aspect ratio of the absorbing structures increases dramatically. All of these indicate that a G2 -less interferometer has the potential to
increase the applicability of PCI.
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6.2.2

Materials and methods

In this letter we show, that G2 can be omitted (G2 -less) when using a charge integrating direct conversion detector where inter-pixel interpolation can be performed (works only for small pitches)
and therefore the PCI setup can be significantly simplified. Our approach renders the phase stepping procedure unnecessary and results in a single shot PCI method. Compared to other single shot
PCI methods [40–42, 126–132], ours does not compromise the system sensitivity as it exploits
much smaller fringe pitch (smaller than the physical detector pixel size). The chosen detector,
GOTTHARD, is a microstrip detector with a strip pitch of 25 µ m and single photon sensitivity
down to ∼ 2.7 keV photon energy [97]. It is possible to resolve the fringes produced by G1 down
to a 4.7 µ m pitch directly. This is accomplished by single photon detection and appropriate analysis of the generated charge values which allows the estimation of the photon position beyond
the detector channel size [109]. However, the achievable resolution is spatially modulated within
each channel pair, for this reason we developed a phase retrieval algorithm exploiting the Hilbert
transform (HT) which allows the analysis of such signals. The proposed method was demonstrated
experimentally at the synchrotron.
A G2 -less grating interferometer consists of a phase grating (G1 ) placed directly after the
sample and a strip detector placed downstream at a Talbot distance (see Fig. 8.5). By scanning the
sample vertically through the X-ray beam it is possible to acquire a two-dimensional image. To
enhance the image resolution in the scanning direction the beam is collimated by a 2 µ m tungsten
slit in front of the detector.
GOTTHARD
2 μm Slit
G1

X-Rays
y

Fringe

zt
z

Sample
x

Figure 6.12: Setup of the G2 -less grating interferometer. The microstrip detector is placed at
a distance of zt = 15 cm downstream of G1 . The mircostrips have a length of several mm and
therefore the beam is additionally collimated by a 2 µ m tungsten slit directly in front of the sensor.
The GOTTHARD detector uses direct conversion sensors, in which X-ray photons are absorbed in the sensor (typically silicon) and produce electron-hole pairs in the semiconductor with
a conversion coefficient of 1 e− /3.62 eV [133]. The sensor is biased, such that the electrons drift
towards the read-out electrodes, where the signal is collected, amplified and then integrated in the
read-out chip of the detector. The initial point-like electron cloud produced at the point of interaction broadens during the transport through the sensor and has an average diameter of 17 ± 3 µ m
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[111] at the collection surface of a 320 µ m thick silicon sensor. The charge generated from one
absorption event is collected by more than one channel for small channel sizes (i.e., in the order
of the electron cloud diameter), which is known as charge sharing [114]. If the photon flux is low
compared to the frame rate, meaning that the detected photons during the acquisition of a frame are
very few, single photon absorption events are separable and can be analysed individually by evaluating the signal height of adjacent channels. In this single photon regime, the charge integrating
circuit allows to determine the energy of the absorbed photon and the interaction position can be
retrieved down to a few microns. Repeating this process for many photons allows the acquisition
of a high resolution image [109].
The G2 -less PCI experiment consists of three measurements: the blank measurement (no G1 ,
no sample) for position reconstruction calibration, the grating measurement (with G1 only) as a
reference for the phase retrieval algorithm and the sample measurement, where both G1 and the
sample are present in the beam. The blank measurement and the grating measurement just need to
be done once if the setup and measurement parameters do not change.
After acquisition the frames containing single photon events are post processed to extract
photon hits and to determine their positions. Each channel is divided into several virtual channels
and the extracted photon hits are assigned to the virtual channels according to their position.
The first step of post-processing is the dark image correction, where a base signal is subtracted
from the captured frames accounting for leakage current flowing through the sensor during acquisition. After that, the absorption events are identified if the signal value of a pair of channels
exceeds a threshold. For each event n, the adjacent channels’ pulse height denoted Ln (left neighbour) and Rn (right neighbour) and the channel index of the left channel c (identifying the channel
couple) are extracted. The sum of Ln and Rn is proportional to the photon energy and the ratio
between the values is a non-linear representation of the photon absorption position. To linearise
the absorption position, we use the η algorithm, a method first used in particle physics [134] and
later demonstrated with X-rays in direct conversion detectors [107, 109]. The ηn value for each
event n is defined as Rn /(Ln + Rn ). The distribution dN/dη of the η values is calculated from the
blank measurement, where N is the total number of detected events. For each event of the sample
measurement or the grating measurement, the interpolated position of the absorption location is
calculated by:
R ηn dN
−∞ dη dη
c
x (ηn ) = p R ∞ dN ,
(6.6)
−∞ dη dη
where p is the size of a detector channel. The reconstructed high resolution intensity signals of
the grating measurement and sample measurement (denoted by Igc (x) and Isc (x)) correspond to the
distribution dN/dxc of events in the x-dimension of the channel pair c. The intensity signals Igc (x)
and Isc (x) are sampled with the number of virtual channels Nx and a uniform spatial sampling rate
of Nx /p as illustrated in Fig. 6.13.
The aim of the proposed phase retrieval method is to extract the differential phase value for
each channel pair. This task exhibits two major challenges when compared to standard single-shot
Fourier based phase retrieval methods [40, 41]. First, under general imaging condition the physical
size of a detector channel p (25 µ m in our case) will not be a multiple of the projected fringe
period, which is a limitation for Fourier based methods. Second, the resolution enhancement is
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not uniform between two detector channels due to non linear charge sharing, this results in a spatial
modulation of the visibility of the recorded fringe as seen in Fig. 6.13. Therefore, more elaborate
phase retrieval methods are required. We propose an algorithm that is able to determine the average
phase shift of the most prominent frequency in a channel couple. The recorded interference fringe
of the channel pair c can be approximated by:
I c (xi ) = ac (xi ) + bc (xi )rc (xi )cos(2π f1 xi − φ c (xi )),

(6.7)

where xi is the position of the virtual channel i, i ∈ N with 1 ≤ i ≤ Nx , f1 is the main frequency of
the fringe, ac (xi ) is the sample absorption and bc (xi ) and φ c (xi ) represents the scattering factor and
phase shift. The sample-independent term rc (xi ) is used to model the non-uniform resolution of a
channel pair c. Specifically, it takes into account the localised visibility reduction (contrast loss)
of the interference fringe as seen in Fig. 6.13. Assuming the absorption term is constant within a
x
channel pair (i.e. Ac = N1x ∑Ni=1
Ic (xi )) we can determine the dc-offset corrected signal:
I˜c (xi ) = I c (xi ) − Ac = bc (xi )rc (xi )cos(2π f1 xi − φ c (xi )).

(6.8)

We obtain the complex analytical signal by adding the Hilbert transformed signal as the imaginary
part:
Iˆc (xi ) = I˜c (xi ) + iH (I˜c (xi )).
(6.9)
Iˆc (xi ) encodes the instantaneous phase of the fringe φ c (xi ) as the angle and the modulated instantaneous scattering factor bc (xi )rc (xi ) as the magnitude. For each channel couple c, the differential
phase can be extracted from Iˆcf (xi ) and Iˆsc (xi ):
(

Nx

Pc = ∑ w(xi ) arg
i=1

Iˆsc (xi )
Iˆgc (xi )

)
,

(6.10)

where w(xi ) is a weighting function accounting for the non-uniform resolution of the reconNx
struction
√ method with ∑i=1 w(xi ) = 1. In our case w(xi ) was chosen as a Gaussian curve with
σ = 1/ 2 µm.
The presented experiments were performed at the TOMCAT beam-line at the Swiss Light
Source, Villigen, Switzerland [117]. The Si(111) monochromator was set to 16.7keV. The beam
was attenuated by a 50% filter and a 350 µ m aluminium sheet to enter the single photon regime.
A silicon π/2 phase grating (produced at the Laboratory for Micro and Nanotechnology (LMN)
of the Paul Scherrer Institute, Villigen, Switzerland) with a pitch of 4.7 µ m was placed behind the
sample under investigation. The GOTTHARD detector was mounted at the first Talbot distance
(15 cm) behind the phase grating. The 1280 microstrips of the read-out chip of the detector were
coupled to an equally segmented 320 µ m thick silicon sensor, which gives a detection efficiency
of 59% at the experiment energy of 16.7 keV. GOTTHARD can readout a selected region of
256 strips at 140 kHz frame rate. In the experiment, a region of 31 strips with a pitch of 25 µ m
was used. This corresponds to a field-of-view of 775 µ m. Each channel was subdivided into
64 virtual channels. The investigated sample was a polyethylene (PE) sphere (Cospheric LLC,
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Figure 6.13: Reconstructed intensity signals for a channel couple c. The exact channel is marked
in yellow in Fig. 6.14 (a). The detector resolution depends on the inter-channel position x and is
in theory highest at the boundary between two channels. The high resolution region (and also the
region with the highest fringes amplitude) is shifted to the left due to the potential misalignment
of the detector with respect to the beam direction.
Santa Barbara, CA 93160, USA) with a diameter of 625 µ m mounted on the tip of a steel needle.
Two-dimensional image data were acquired by scanning the object vertically through the beam
in 30 steps of q = 25 µ m. Fifty millions frames of an exposure time of 1 µ s were acquired per
measurement, resulted in a total scan time of about three hours per image. This very long exposure
time is mainly given by the long dead time determined by the low flux required by the detector to
perform interpolation on single photons.

6.2.3

Results

After the position interpolation, the sample intensity curve (i.e. Isc (x)) and the grating intensity
curve (i.e. Igc (x)) were obtained for each channel pair c. The absorption and differential phase
values were then calculated by using the proposed algorithm for each channel couple individually.
The final images have a size of 30 × 30 pixel 2 (Fig.6.14 (a) and Fig. 6.14 (b)). The theoretical
differential phase value for slice w and channel c (depicted in Fig.6.14 (c)) can be calculated by
Pt (c, w) = 4π

δ zt
(cp − 30p/2)
p
,
g1 r2 − (cp − 30p/2)2 − (wq − 30q/2)2

(6.11)

where δ = 8.1631 × 10−7 for polyethylene at 16.7 keV, zt is the distance between the phase grating
and the detector, g1 is the pitch of the phase grating and r is the radius of the sphere. Fig. 6.14
(d) compares the measured and theoretical differential phase profile calculated using equation
(6.11) for one image line, indicating that the proposed method can retrieve the differential phase
information quantitatively.
Unfortunately, the photons absorbed in the center of a strip cause no or little charge sharing
and therefore the resolution on their positions is worse than the grating spatial frequency. This
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Figure 6.14: Polyethylene sphere of 625 µ m diameter acquired with the proposed method. (a)
Absorption signal Ac , (b) differential phase signal Pc and (c) calculated differential phase signal.
(c) comparison of experimental and theoretical signal calculated using (6.11) of the line profile
indicated in (b) and (c).

reduces detection efficiency for phase shift, but not for absorption. A more effective exploitation of all photons for detecting phase shift and increase in maximum spatial resolution can be
achieved by enhancing the charge sharing, which is larger at lower energies (with the disadvantage of an increase of the dose) or can be obtained by an optimisation of the detector by using
smaller strip pitches, thicker sensors (which also increases the absorption efficiency) or the use of
lower bias voltages to the sensors [110]. These last expedients will increase the diffusion time for
the charge generated by the photons absorbed closer to the backplane, but will not affect the ones
absorbed deeper in the sensor bulk, which are still a considerable amount at the energy used in
our experiment. Spatial resolution is also affected by the alignment of the sensor compared to the
X-ray beam due to the parallax given by the different depth of absorption of the 16.7 keV photons
through the 320 µm silicon sensor (∼300 nm per 1 mdeg misalignment).
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6.2.4

Conclusions

In summary, we experimentally show that a single shot phase contrast imaging without the utilization of the analyzer grating (G2 ) can be achieved by using a charge integrating direct conversion
detector. We show that it is possible to retrieve quantitative differential phase information albeit the
interference fringe is sampled in a less optimal way compared to the phase stepping method. As
next steps, we plan to quantitatively measure the dose reduction in comparison with conventional
Talbot-Lau grating interferometer, test the performance of our method on conventional X-ray tubes
and extend to two-dimensional detector and two-dimensional gratings.

6.2.5

Acknowledgments

We thank G. Mikuljan, A. Astolfo, F. Marone from Paul Scherrer Institute for their supports in the
experiments and also the SLS detector group. Part of this work has been supported by the ERC
grant ERC-2012-StG 310005-PhaseX.

67

CHAPTER 6. G2-LESS IMAGING WITH HYBRID DETECTORS

68

Chapter 7

Dual Phase Grating Interferometer for
Tunable Dark-Field Sensitivity
This section is a reprint of the publication: M. Kagias, Z. Wang, K. Jefimovs, and M. Stampanoni.
Applied Physics Letters 110, 014105 (2017)
Abstract
Hard X-ray dark-field and phase contrast imaging using grating interferometry have shown
great potential for medical and industrial applications. However, the wide spread applicability of the method is challenged by a number of technical related issues such as: relatively low
dose and flux efficiency due to the absorption grating, fabrication of high quality absorption
gratings, slow data acquisition protocol and high mechanical stability requirements. In this
letter the authors propose an interferometric method for dark-field and differential phase contrast imaging based on phase shifting elements only with the purpose to improve the dose and
flux efficiency and simplify the setup. The proposed interferometer consists of two identical
phase gratings of small pitch (1.3 µm) which generate an interference fringe at the detector
plane with a large enough pitch that can be resolved directly. In particular, the system exhibits flexible and tunable dark-field sensitivity which is advantageous to probe unresolvable
micro-structure in the sample. Experiments on a micro focal tube validated the method and
demonstrated the versatility and tunability of the system compared to conventional Talbot
grating interferometer.

7.1

Introduction

Talbot(-Lau) grating interferometry (GI) [3, 4, 11] is a phase sensitive imaging method that has
great potential for a number of medical and industrial applications [16, 19, 23, 36, 86, 88, 89,
122, 135]. GI provides access to three complementary signals simultaneously: the conventional
absorption, the differential phase contrast (DPC) related to refraction of the incoming beam and
the visibility reduction which relates to the small angle scattering (SAXS) taking place in the
sample and is well known under the term dark-field [136]. Both differential phase and darkfield can provide additional information about the sample to the conventional absorption contrast.

69

CHAPTER 7. DUAL PHASE GRATING INTERFEROMETER FOR TUNABLE DARK-FIELD SENSITIVITY

Specifically, the DPC signal is highly sensitive to fine electron density variations in the sample,
which results in a higher contrast for soft tissues or low-Z materials. The dark-field signal can
reveal structural information about the unresolved microstructure of the sample in a size scale
beyond the resolution capabilities of the detecting system [7, 8]. The usual realisation of a GI is
the Talbot-Lau interferometer consisting of three gratings G0 , G1 and G2 [5]. The first grating G0
(absorption grating) is optionally used to generate enough spatial coherence when X-ray sources
with a large focal size are used. G1 is a phase grating which splits the beam and generates an
interference pattern at the Talbot distances, and G2 (absorption grating) is used to sample the
generated interference fringe. This is done by a procedure called phase stepping where G2 is
usually scanned for one or more periods of the interference fringe and images are acquired at each
step. This configuration allows to decouple the detector resolution from the grating pitch but relies
on the fabrication of high aspect ratio metal structures (G2 ) [70, 71] and further reduces the flux
and dose efficiency which is crucial for medical applications due to the additional photon loss after
the sample. Therefore, a technique based only on phase shifting elements is favourable [137, 138].
Moreover, for the investigation of unresolved microstructures by means of the dark field signal
multiple measurements at different correlation lengths need to be performed [7–9]. The correlation
length ξ basically depends on three factors: wavelength λ , sample to detector distance Ls , and the
period of the interference fringe p. The proposed methods so far focus on moving the sample
between the detector and the phase grating G1 in order to scan at different correlation lengths
[9, 75]. Nonetheless, such an approach has a number of limitations. Primarily, when a cone beam
geometry is considered the sample magnification changes, meaning that additional computation
steps, such as image registration, are required for analysing the data. Additionally, this might
not be feasible depending on the length of the interferometer compared to the analysed sample.
A different approach makes use of the change of the wavelength λ [76], however implementing
such an approach on an X-ray tube setup would require spectral detectors which still are not widely
available. In order to tackle all these limitations an interferometer which can change its correlation
length in a robust way without major geometrical changes would be beneficial.

7.2

Methods

In this work we examine the possibility of combining two phase gratings to perform absorption,
differential phase contrast, and tunable dark-field imaging. Such configurations, operated in parallel beam geometry, have been shown to produce fringes for a wide range of distances in the visible
light regime [139]. Our implementation is based on two identical silicon phase gratings of a period of 1.3 µm covering an area of 5.5 × 7.5 cm2 . Specifically, by varying the distance between
the two phase gratings the fringe period can be modulated which allows to tune the length scale
sensitivity [9] of the system and perform scans which can provide additional insight to the sample
microstructure.
A schematic of a generic implementation of the proposed interferometer is shown in figure
8.5. The principle and design of the setup can be imagined as a conjunction of two conventional
Talbot-Lau grating interferometers. The first phase grating G1 introduces a modulation to the
phase of the incoming X-rays. Due to the Talbot effect, an intensity distribution will be generated
at specific distances. This distribution will act as a virtual structured illuminations onto the second
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Figure 7.1: Sketch of the of proposed dual phase grating interferometer. A absorption grating G0 is
optionally used to increase the coherence of the X-ray source if necessary. The first phase grating
G1 is placed at distance l1 from the X-ray source. The second grating G2 is placed at distance
d1 + d2 from G1 and the X-ray detector is placed at distance l2 from G2 .
phase grating G2 to generate a large pitch fringe at the detector plane. The generated fringe at the
detector plane should be large enough to be sampled without aliasing artefacts by the detector in
use. Moreover, a total length of approximately 1.01 m is designed in order to have a relatively
compact system. In the current implementation we choose a symmetric design (l1 = l2 = l and
d1 = d2 = d) with both gratings of 1.3 µm pitch for the sake of convenience. The gratings were
etched to a depth of 23 µm which introduces a π phase shift at 17 keV. At this energy the distances
were defined to be l = 50 cm and d = 5 mm, we will refer to this distances as nominal. It will
be demonstrated that such an interferometer can still perform when deviating from its nominal
imaging conditions without a considerable loss in performance due to its polychromatic character.
The sample is placed right before the grating G1 which results in an effective magnification of
approximately two.
A microfocal X-ray tube was used as an X-ray source with a source size of 9.5 µm (70 kVp
and 100 µA). The detection was performed with a Princeton Instruments PI-SCX:4300 X-ray
detector. The pixel size of the detector was 24 µm allowing to record fringes with a period down to
100 µm. Taking into account the two-fold magnification the effective imaging field of view (FOV)
was 2.5 × 2.5 cm2 . The PI-SCX:4300 X-ray detector is equipped with a Gd2 O2 S:Tb (Gadox)
scintillator which is very efficient at energies up to 20 keV (50% efficiency).
The system can be operated in two imaging protocols: single shot and phase stepping. In the
single shot protocol, fast and straightforward imaging can be performed with trade off in image
resolution. The retrieved image resolution is defined by the period of the generated fringe which
has to be larger than the detector resolution. In the case of phase stepping one of the two gratings
is shifted by one or more periods, which results in a shift of the observed interference fringe at the
detector plane. An image is recorded for each phase step, allowing us to record a period of the
interference fringe at each pixel. The resolution of the detector is maintained, however multiple
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Figure 7.2: Measured (a) visibility, (b) differential phase sensitivity, (c) and interference fringe
period of dual phase grating interferometer for a total of 5 phase steps with 60 sec exposure time
and X-ray tube running at 70 kVp and 100 µA. The distance between the gratings was varied
from 4 mm to 23 mm with steps of 1 mm. The visibility shows a clear maximum at around 10 mm
while the sensitivity seems to be constant for a large range of values demonstrating the versatility
of the system.
exposures are necessary as well as appropriate motors to move one of the two gratings with submicrometer steps. The retrieval of the three complimentary signals is identical to the methods
used in standard grating interferometry when phase stepping is used [136] or based on the spatial
Fourier transform in the case of single shot imaging [39].

7.3

Results

Before presenting a few imaging examples we evaluated the systems performance for different
intergrating distances d1 + d2 in order to demonstrate the robustness of such a configuration. The
evaluation was based on two metrics: fringe visibility and phase sensitivity. Both of them were
calculated with the phase stepping approach. Under the assumption that one of the two gratings is
scanned for one period the visibility is given by
V i, j = 2

ai,1 j
ai,0 j

,

(7.1)

where a1 and a0 are the first and zeroth harmonic of the phase stepping curve at pixel i,j. We
calculated the mean visibility for different intergrating distances. The tube voltage was set to
70 kVp and the current to 100 µA (the high tube voltage was chosen in order to increase the flux
of the X-ray tube at the design energy, the higher energies generated are not detected by the X72
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Figure 7.3: (a) Absorption image of the two SiO2 powders. Retrieved dark-field signal at (b) 5 mm
and (c) 23 mm intergrating distance. (d) By tuning the intergrating distance the R value changes
for both powders showing the tunability of our system.
ray detector since the efficiency is very low for high energies). A total of 5 phase steps over one
period were acquired at each distance with an exposure time of 60 sec each. In figure 7.2 (a) we
can see how the mean visibility varies for the different distances. The maximum is obtained at an
intergrating distance of approximately 10 mm (nominal distance). Although the fringe visibility
is widely used for the characterisation of interferometric systems the phase sensitivity can provide
additional insight on the performance when acquiring DPC images. The phase sensitivity can be
retrieved from the standard deviation σDPC of the background of a DPC image [43]. The σDPC is
related to the minimum detectable refractive angle by
αmin = p

σDPC
,
2πl2

(7.2)

where p is the fringe pitch. We imaged a water phantom (Eppendorf tube) at different distances in
order to retrieve the DPC signal and calculated the phase sensitivity which is plotted in figure 7.2
(b). The curve shows that the phase sensitivity is more or less constant for a large range of values
in comparison to the visibility measurement. This indicates that DPC imaging can be performed
for a large range of intergrating distances.
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The system can be used for conventional DPC imaging, however in this letter we focus on the
length scale tunability of the system for dark-field imaging. The length scale sensitivity of an
interferometer is characterised by the correlation length [7, 9]
ξ=

λe f f Ls
,
p

(7.3)

where λe f f is the effective energy of the system which was found to be 22.8 keV, Ls is the sample
to detector distance and p the interference fringe pitch. For a fixed design of a Talbot-Lau interferometer the only way of tuning the correlation length is by changing Ls . However, changing Ls
will result in different magnifications for the sample in cone beam geometry, which complicates
further data analysis and sometimes might not even be possible. With the proposed system, ξ can
be changed by tuning the intergrating distance by a few millimetres, which changes the fringe period p as seen in figure 7.2 (c), this does not effect the magnification of the system and in principle
does not change its geometry neither. The change in length scale sensitivity was demonstrated by
imaging a powder sample consisting of two SiO2 powders produced by Cospheric LLC, USA, of
different mean grain sizes of 1.7 µm and 0.26 µm. The powders were placed in the same cylindrical container one on top of the other and imaged for intergrating distances ranging from 5 to 23
mm with a step of 1 mm. This resulted in a change in the correlation length from 103 nm to 458
nm approximately. The signals from the powders changed significantly, especially for the coarser
powder the signal almost doubled. Another interesting observation was the contrast inversion between the two powders. To quantify the difference between the two powders we calculated the
thickness independent R value [19]

Figure 7.4: (a) Absorption, (b) differential phase, and (c) dark-field images of a big belied seahorse.

R=

ln B
,
ln T
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where B is the visibility reduction and T is the transmission [136]. In figure 7.3 (d) the R values
for the two different powders are plotted for each intergrating distance. The change in the strength
of the dark-field signal for the two powders can clearly be seen from the two dark-field images
at intergrating distances of 5 and 23 mm in figure 7.3 (b) and (c) respectively. For the sake of
completeness we also show the absorption image (− ln T ) in figure 7.3 (a) which stays constant
for the different distances.
A big bellied seahorse was imaged in the single shot mode to demonstrate the imaging capability of the system for biomedical applications. The sample was imaged with the same conditions
as the characterisation tests. In order to image the complete sample stitching was performed using
2H × 3V FOVs with appropriate overlap to allow loss-less stitching. The resulting images after
stitching are shown in figure 7.4.

7.4

Conclusions

To close, we presented a flexible grating interferometer based only on two phase modulating gratings which eliminates the absorbing structures in the beam path. This allows high flux and ultimately dose efficiency which is critical for fast and dose sensitive experiments. The main strength
of the system is its length scale tunability for dark-field imaging. This can be achieved easily by
changing the distance between the two gratings which has no effect on the total system length and
sample magnification. Such an option can be valuable for investigating porous samples or particle
systems in a quantitative manner.
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Chapter 8

Imaging with Circular Unit Cell Phase
Shifting Gratings
8.1

2D-omnidirectional hard-X-Ray scattering sensitivity in a single
shot

This section is a reprint of the publication: M. Kagias, Z. Wang, P. Villaueva-Perez, K. Jefimovs,
and M. Stampanoni. Physical Review Letters 116, 093902 (2016)

Abstract
X-ray scattering imaging can provide complementary information to conventional absorption
based radiographic imaging about the unresolved microstructures of the sample. The scattering signal can be accessed with various methods based on coherent illumination, which span
from self imaging to speckle scanning. The directional sensitivity of the existing real space
imaging methods is limited to a few directions on the imaging plane and requires scanning
of the optical components, or the rotation of either the sample or the imaging setup, in order
to cover the full range of possible scattering directions. In this letter the authors propose a
new method that allows the simultaneous acquisition of scattering images in all possible directions in a single shot. This is achieved by a specialised phase grating and a detector with
sufficient spatial resolution to record the generated interference fringe. The structural length
scale sensitivity of the system can be tuned by varying its geometry for a fixed grating design. Taking into account ongoing developments in the field of compact X-ray sources which
allow high brightness and sufficient spatial coherence, the applicability of omnidirectional
scattering imaging in industrial and medical settings is boosted significantly.

8.1.1

Introduction

X-ray grating interferometry (GI) can provide simultaneously three complementary contrasts: absorption, differential phase and small-angle scattering [11] [3] [4] also known as dark-field. The
phase signal is highly sensitive to the electron density variations in the sample and can reveal
differences between materials with similar absorption properties. The dark-field signal is able to
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access unresolved structural variations of the sample in the (sub) micrometer scale which is beyond
the resolution capability of the imaging modality. It has been demonstrated that both differential
phase and dark-field signals can provide valuable information additional to the conventional absorption contrast in medical imaging [16][86][122], material science and non-destructive testing
[36]. Especially, the dark-field signal has drawn great attention due to its success in providing
quantitative or inaccessible structural information in radiographic applications [87] [19] [88] [89]
[23].
In general, the dark-field signal exhibits highly directional behaviour if the underlying microstructure of the sample is anisotropic. However, up to now GI is mainly composed of linear
gratings and the dark-field sensitivity is therefore only perpendicular to the grating lines. To obtain multiple-direction dark-field sensitivity, either the sample or the interferometer needs to be
rotated [44] [140], which is a time-consuming procedure. The usage of 2D gratings can mitigate the issue but can only provide dark-field sensitivity in up to four directions. Moreover, the
noise performance is not the same in all directions due to different modulation orders of the phase
stepping curves [141]. An alternative speckle scanning technique [142][135] is proposed to sense
dark-field signal by scanning a membrane in the direction of interest, however only two directions
can be obtained. To cope with samples containing structures with unknown orientation, it would
be favourable to achieve an omnidirectional dark-field sensitivity with a straightforward imaging
setup, without requiring motion of the sample or the optical elements. This would assure that all
microstructures, highly oriented or not, can be detected. In this work, we propose a single-shot
imaging method with 2D-ominidirectional dark-field sensitivity using a grating design consisting
of a 2D repetition of a small pitch circular grating. To achieve single shot imaging, the self image
of the grating is recorded with sufficient spatial resolution. Local fringe analysis is then performed
to obtain the dark-field signal of the sample in all directions of the imaging plane. In addition, the
differential phase contrast (DPC) in vertical and horizontal directions can also be retrieved.

8.1.2

Materials and methods

The proposed grating can be understood as a 2D periodic repetition of a unit cell, a schematic
representation is given in Fig 8.5 (a). In order to obtain an equal sensitivity in all directions of the
imaging plane a periodic shape with a circular symmetry is necessary. The only geometrical shape
confining to this requirement is a circular grating. The design is characterised by two periodicities:
a global one P which is the repetition rate of a unit cell and a local one g1 , which is the period
within the unit cell. Optimum coverage of the full field of view (FOV) can be achieved when
the aforementioned periodicities follow the relation P = Ng1 , N ∈ N. The main assumption for
extracting meaningful information from such an imaging setup are that the sample properties i.e.,
absorption, phase and scattering distribution are single valued within one repetition of the unit cell.
The unit cell periodicity P will define the pixel size of the final image with which the directional
dark-field, DPC in x and y directions and absorption signals will be reconstructed. Hence, P has
to be chosen appropriately according to the desired spatial resolution and sample properties. The
period of the circular grating g1 will define the dark-field sensitivity but should be large enough in
order to be recorded directly by the detector in use. The detector is placed at the Talbot distance
[11] which for a parallel beam geometry and a π/2 shift grating is given by
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Phase grating

a)

Sample:
Carbon fiber loop

b)

X-Ray detector

c)
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X-Ray synchrotron
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y
ρ
θ

x
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Figure 8.1: Schematic of experimental setup. From left to right: Source of coherent X-rays, carbon
fibre loop used as sample, phase grating accompanied with SEM image (b) of the fabricated grating
(scale bar 10 µm), X-Ray detector with projected experimental interference fringe at 17.14 cm
with an effective pixel size of 0.65 µm, a schematic (c) of the recorded fringe is also presented to
explain the local coordinates regarding the final images.

Dm = m

g21
,
2λ

(8.1)

where m = 1, 3, 5, ..., g1 is the period of the circular unit cell and λ is the X-ray wavelength. The
generated image at this distance will not be a perfect self image due to the finite number of periods
contained in one unit cell. This will result in border effects between consecutive unit cells. This
effect is mostly noticeable in the diagonal direction. However, due to the finite coherence length
of the incoming beam these effects are mitigated and a reasonable approximation of the self image
can be observed as seen in Fig. 8.5 (a). In conventional grating interferometry the dark-field signal
is extracted from the observed visibility reduction of the generated interference fringe due to the
sample. A broadening of the angular distribution of the incoming beam will be introduced due to
small angle scattering. This broadening will smear out the interference fringe and cause visibility
reduction. In the case of a circular grating and constant sample properties within the area of the
grating, the detection of the visibility reduction along different radii is equivalent to the retrieval
of directional dark-field images of the sample under all possible angles defined on the imaging
plane.
In general the sample under examination can be described by the spatial variations of the
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refractive index, the fine spatial variations cause small angle scattering. On the other hand the
resolvable variations cause refraction of the incoming beam which will introduce a shift of the
location of the interfere fringe [7]. For the proposed grating design this means a shift on the
imaging plane of the local circular gratings. By measuring this shift DPC images in x and y
direction can be extracted.
A standard experiment requires the acquisition of two images: a flat image with only grating,
and a sample image with both grating and sample in the beam. It is assumed that the spatial
resolution capability of the detector is sufficient to record the generated interference fringe. Once
the flat image has been recorded a unit cell finding algorithm is used to detect each unit cell
since they are analysed individually. Due to the circular nature of the unit cells they exhibit a clear
maximum of intensity at the centre point [143], this maximum is used as a detection criterion of the
unit cells. Once the centres have been detected, the square area around each centre corresponding
to the projected size of the grating unit cell is cropped. The recorded flat self image of the unit cell
(n, m) can be approximated with the following equation
(n,m)
I f (x, y)

≈

!
p
x2 + y2
2π
,
g1

(n,m)
(n,m)
Af
+ B f (θ ) cos

(8.2)

where x, y are the local Cartesian coordinates at each unit cell (n, m) with the origin being defined
as the centre of the unit cell, θ is the angle arctan (y/x), A f (n, m) denotes the average intensity
in the defined area, and B f (n, m, θ ) the angular dependent scattering coefficient. The annotations
concerning the local coordinate systems of each unit cell are summarised in Fig. 8.5 (c). When
the sample is introduced in the beam the fringe at each unit cell will be
!
p
2 + (y − y )2
(x
−
x
)
0
0
(n,m)
(n,m)
(n,m)
Is (x, y) ≈ As
+ Bs (θ 0 ) cos 2π
,
g1

(8.3)

where


y − y0
θ = arctan
x − x0
0


(8.4)

and (x0 , y0 ) corresponds to the shift of each unit cell due to refraction of the sample. The transmission contrast can be obtained in a straightforward manner by calculating the ratio of the average
sample and flat measurements at each unit cell
(n,m)

∑ ∑ Is
T (n, m) =

(x, y)

x y

(n,m)

∑ ∑ If
x y

(x, y)

(n,m)

=

As

(n,m)

.

(8.5)

Af

Before calculating the dark-field signal both flat and sample measurements are transformed from
Cartesian to polar coordinates. The dark-field signal at angle φ is calculated by using Fourier
analysis in a similar manner to standard grating interferometry. Specifically the discrete Fourier
transform Rk of the line passing through the centre of the unit cell at each angle φ is calculated,
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the dark-field signal at that angle is then given from the ratio of the Nth harmonic. In more detail
each directional image is obtained from the following equation:
C(n, m, φ ) =

RsN R0f
RNf Rs0

(n,m)

=

Bs

(n,m)

Bf

(n,m)

(θ 0 = φ )A f

(n,m)

(θ = φ )As

.

(8.6)

The angular resolution of the dark-field images is mainly dictated by the number of pixels contained in one unit cell and the spatial resolution of the detector. Another factor that comes into
play is the interpolation method used for converting the Cartesian sampled fringe into discrete
polar coordinates. In the worst case of a nearest neighbour interpolation the number of scattering
images one can obtain is Mπ/2, where M is the number of sampling points along x and y directions. Therefore the supremum of the angular resolution is 2/M rad. The phase shift introduced by
the refraction caused by the sample can be extracted from the displacement (x0 , y0 ). The analytical
signal along x or y with means of the Hilbert transform is calculated for both flat and sample measurements. The analytical signals can be used to extract the local phase difference of the fringes as
described in [118]. Theoretically this local phase difference, when expressed in polar coordinates,
is given by
q
2π
Φ(ρ, θ , θ0 , ρ0 ) =
[ ρ 2 + ρ02 − 2ρρ0 cos (θ − θ0 ) − ρ].
g1

(8.7)

The detailed calculation of this local phase shift is given in the supplemental material. Least mean
square fitting can be utilised to estimate the shift (ρ0 , θ0 ) and in turn (x0 , y0 ). The phase shift can
also be extracted by other methods based on the cross correlation of the two fringes like spatial
mapping [42] [144].

8.1.3

Results

The validity of the proposed technique was demonstrated with experimental measurements performed at the TOMCAT beamline [117], Swiss Light Source, Switzerland. The experimental setup
is summarised in Fig. 8.5 (a). A phase shifting grating with a radial period of 5 µm and unit cell
period of 25 µm was fabricated in house by e-beam lithography and deep reactive ion etching
(DRIE) of Si. The grating was etched to a depth of 10.92 µm which at 17 keV illumination produces a phase shift of π/2. A scanning electron microscopy (SEM) image of the fabricated grating
can be seen in Fig. 8.5 (b). The grating was placed 25 m from the source, the distance between
the grating and the detector was set to be equal to the first fractional Talbot distance for the given
energy and grating pitch which was equal to 17.14 cm. The sample was always placed prior to
the phase grating and as close as possible to it. The photon energy was selected by a Si [111]
monochromator. The X-rays were converted to visible light with a 20 µm thick LuAG:Ce scintillator and then recorded by the pco.edge 4.2 CMOS camera with a 10 fold magnification. The
10 fold magnification resulted in an effective pixel size of 0.65 µm which allowed the successful
recording of the interference fringe. Part of the experimental fringe on the detector can be seen in
Fig. 8.5 (a). However, at this magnification the FOV is limited to 1.2 mm, therefore multiple scans
were performed in order to image samples of larger dimensions, and the final images were composed by stitching together the individual images from each scan. For the proof of principle a loop
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of carbon fibres was selected as a validation sample. The dark-field signal from the fibres depends
on their orientation, therefore the loop will produce scattering covering all the angular directions
on the imaging plane. The exposure time for each full FOV acquisition was 10 seconds, flat field
measurements were performed in between each scan in order to minimise background variations
due to potential instabilities of the beam and optical components. The total acquisition time was
mainly dictated by the slow motion of the linear stage that moves the sample in and out from the
beam to acquire the flat field measurements and the low flux of the Si [111] monochromator.
90

o

o

0

Figure 8.2: Multidirectional scattering image of carbon fibre loop, the orientation of the fibres is
modulated with the color encoding the strongest scattering direction at each pixel.
A total number of 25 directional dark-field images covering the range [0, π] where calculated.
The conversion from Cartesian to polar coordinates was done by bi-cubic interpolation. The individual scattering images are shown in a video in the supplemental material. To avoid displaying all
the individual scattering images, an image representing the most prominent scattering direction is
composed as proposed in previous publications [44]. At each pixel the angular scattering distribution can be fitted by a cosine as described in [44]. The validity of this model is limited to scattering
systems exhibiting a single preferred scattering direction. The average value, describes the mean
scattering strength of the corresponding location of the sample, the amplitude is characteristic of
the directionality of the scattering and the phase of the fitted cosine defines the strongest scattering
angle. The directional scattering information, including the scattering strength and the angle, is
encoded into a single image using the HSV (hue saturation value) color space. More specifically,
the hue corresponds to the scattering angle, the saturation is set to 1 and the value is defined as
the normalised amplitude of the scattering directionality in order to fill the span [0, 1]. Meaning
that dark areas in the image correspond to areas with no directional scattering. In Fig. 8.2 the
directional scattering image of a carbon fibre loop is shown. The color of the loop is changing
according to the direction caused by the orientation of the fibres. The absorption and DPC images
are included in the supplementary material. A second, biological sample was also scanned with
the same imaging parameters as the carbon fibre loop. The selected sample was a butterfly fixed
on the tip of a steel needle. The corresponding images are presented in Fig. 8.4 with (a) being
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Figure 8.3: (a) Absorption, (b) differential phase along x, (c) differential phase along y and (d)
directional scattering image of a butterfly fixed on a steel needle. The extracted scattering orientations are related to structures in the size range of the autocorrelation length of the system which
in our case is 2.5 µm.

the transmission image, (b) DPC in x direction, (c) DPC in y direction and (d) the directional scattering image. The butterfly exhibits a number of interesting features. The body of the butterfly
has strong scattering characteristics but not a strong directionality, the wings on the other hand
exhibit highly directional scattering of various intensities. These strongly scattering structures of
the wings are mainly the veins, while weaker scattering can be observed from the scales of the
wings, the signal strength was limited due to the low thickness of the wing. The second wing of
the butterfly was roughly aligned with the beam, this resulted in a higher projected thickness and in
turn to a high scattering signal. Other anatomical features that are clearly visible in the directional
scattering image are the antennas and legs of the butterfly. The size range of structures that the
current system is sensitive to can be related to the so called autocorrelation length [7] [9] which is
given by d = λ z/g1 , where λ is the X-ray wavelength and z the distance between the sample and
the detector. For the given configuration the autocorrelation length is 2.5 µm. However, by tuning
the imaging distance different length scales can be sensed.
The main principle of detecting the visibility reduction in all directions is based on the capability of recording the generated interference fringe directly. This allows a single shot acquisition
scheme and simultaneously removes the need for absorption gratings that with the current technologies exhibit major fabrication challenges [70] [71]. At the moment appropriate optics are used
in order to achieve the necessary resolution to resolve the fringe, however recent developments in
detector research have made possible resolution enhancement beyond the pixel size of charge integrating hybrid detectors with single photon sensitivity [109]. Combining such detectors with
omnidirectional sensitive interferometry might result in a highly promising approach to low-dose,
high-sensitive imaging.
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8.1.4

Summary

To summarise, the authors have presented an interferometer functioning in a single shot mode
with the following characteristics: Omnidirectional dark-field sensitivity covering all possible directions on the imaging plane, the differential phase contrast images in both x and y directions,
and the absorption contrast. This is achieved with a dedicated grating design composed of local
circular gratings that are repeated in a mosaic manner. No rotation or scanning of the sample or
the gratings is necessary during acquisition compared to existing methods. The angular sensitivity
is dictated by the repetition rate of the unit cell and the spatial resolution of the detector in use.
The feasibility of the method was demonstrated by imaging a sample with a predictable behaviour
in a beamline setting. A biological sample was also examined in order to demonstrate the performance of the method on realistic structures. The proposed method grossly simplifies the access
to multi-directional dark-field information, this is accomplished by transforming what used to be
a complicated experimental setup into a single shot/single grating experiment. This simplification in combination with highly bright and coherent compact X-ray sources can make GI with
omnidirectional scattering sensitivity applicable in medical and industrial settings.
Part of this work has been supported by the ERC grant ERC-2012-StG 310005-PhaseX.

8.1.5

Supplemental material

Bi-directional phase retrieval from circular gratings
It is assumed that the flat I f and sample Is measurements of the generated interference fringe of
one unit cell (n, m) in Cartesian coordinates x and y are approximated by
!
p

y
x2 + y2
(n,m)
(n,m)
(n,m)
I f (x, y) ≈ A f
+Bf
arctan cos 2π
(8.8)
x
g1
!
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(x − x0 )2 + (y − y0 )2
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(n,m)
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(8.9)
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(x, y) ≈ As
+Bf
arctan cos 2π
x
g1
The phase shift information is encoded in the spatial shifts x0 and y0 . By a polar transformation
our signals can be expressed as following
(n,m)

If

(n,m)

(ρ, θ ) ≈ A f
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+Bf

(θ ) cos (2π

ρ
)
g1
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ρ
0
0
0
0
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Is (ρ, θ ) ≈ As
+ B f (θ ) cos 2π
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(8.10)



(8.11)

The argument of the cosine of the sample measurement can be rewritten as

2π

q
ρ 2 + x02 + y20 − 2ρ(x0 cos θ + y0 sin θ )
g1

= 2π

q
ρ 2π
+ [ ρ 2 + x02 + y20 − 2ρ(x0 cos θ + y0 sin θ )−ρ],
g1 g1
(8.12)
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From the above expression it is evident that the local phase shift of the two patterns is
q
2π
[ ρ 2 + x02 + y20 − 2ρ(x0 cos θ + y0 sin θ ) − ρ]
Φ(ρ, θ , x0 , y0 ) =
g1

(8.13)

The analytical signal which is calculated with the help of the Hilbert transform is given by
(n,m)

Sf

(n,m)

(ρ, θ ) = B f

(θ ) exp i(2π

ρ
)
g1

(8.14)




q
ρ 2π
2
2
2
=
i{2π + [ ρ + x0 + y0 − 2ρ(x0 cos θ + y0 sin θ ) − ρ]}
g1 g1
(8.15)
By calculating the argument of the ratio of the above complex numbers the aforementioned phase
difference can be extracted. Finally, by least square fitting the parameters x0 and y0 are estimated.
(n,m)
Ss (ρ, θ )

(n,m)
Bs (θ ) exp

Absorption and differential phase contrast images of Carbon fibre loop
The absorption, differential phase in horizontal and vertical direction of the carbon fibre loop that
was imaged are presented here for completeness’ sake.
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Figure 8.4: (a) Absorption, (b) differential phase along x, (c) differential phase along y of carbon
fiber loop.
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8.2

Circular unit cell gratings for X-ray dark-field imaging

This section is a reprint of the conference proceeding: M. Kagias, A. Pandeswar, Z. Wang, P.
Villaueva-Perez, K. Jefimovs, and M. Stampanoni. Journal of Physics: Conference Series (in
print)

Abstract
Dark-field imaging has been demonstrated to provide complementary information about the
unresolved microstructure of the investigated sample. The usual implementation of a grating interferometer, which can provide access to the dark-field signal, consists of linear gratings limiting the sensitivity to only one direction (perpendicular to the grating lines). Recently, a novel grating design, composed of circular unit cells, was proposed allowing 2Domnidirectional dark-field sensitivity in a single shot. In this work we present a further
optimisation of the proposed grating by changing the arrangement of the unit cells from a
Cartesian to a hexagonal grid. We experimentally compare the two designs and demonstrate
that the latter has an improved performance.

8.2.1

Introduction

Grating interferometry (GI) is a phase and scattering sensitive method capable of providing complementary information to standard absorption imaging of a sample [3, 4, 11]. A number of different possible applications have been unlocked by these capabilities, covering both the industrial
[36] and medical fields [16, 86]. The main strength of scattering or so called dark-field imaging
is that it can reveal information about the unresolved microstructure of the investigated sample
[19, 23, 87–89]. The usual realisation of a grating interferometer is based on linear gratings. Such
a design allows differential phase and dark-field sensitivity in only the direction perpendicular to
the grating lines. In the case of samples with highly anisotropic scattering properties, a strong
correlation of the retrieved dark-field signal and the relative orientation of the grating lines and
the sample can be observed [145]. In order to achieve a more complete understanding of the unresolved microstructure multiple measurements by rotating the sample or the interferometer are
necessary [145]. Recently, a method based on a single phase grating, capable of being sensitive to
scattering in all the directions of the imaging plane has been proposed [118]. This was achieved by
utilising a phase grating that is composed by a mosaic repetition of circular gratings. We will call
this kind of design as square packing of circular unit cells. The circular design of the unit cells allows 2D-omnidirectional sensitivity, by repeating the unit cells the omnidirectional sensitivity can
be obtained over the full field of view (FOV). The omnidirectional images that are obtained have
a pixel matrix defined by the mosaic repetition of the unit cells. A square packing of the unit cells
is undoubtedly the most straightforward implementation of such a grating design since the layout
of the unit cells defines the pixel matrix. However, such an implementation comes with a number
of limitations. A square packing of circles on a plane does not have an optimum fill factor since
dead space is created in the corners of the cells. Moreover, each unit cell will interfere with its
neighbouring, therefore it is favourable that the layout has as many axes of symmetry as possible
in order to increase the uniformity of the resulting interference pattern. A hexagonal packing of
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the unit cells has a higher fill factor and more axes of symmetry than square packing. In this work,
we fabricate such a grating and perform experimental comparison to demonstrate the improved
performance of the design.

(b)

(c)
Figure 8.5: (a) Schematic of the used setup. (b) SEM image of the square packed grating (SPG).
(c) SEM image of the hexagonally packed grating. The scale bar both in (b) and (c) is 10 µm

8.2.2

Materials and methods

The method in use has been fully documented and developed in [118]. The key points of [118] are
repeated here for clarity. A general schematic representation of the setup is shown in figure 8.5 (a).
The proposed grating design exploits its local circular symmetry in order to achieve a sensitivity
in all the directions of the imaging plane. In more detail, the interference fringe is recorded with
sufficient resolution and then analysed. The phase grating is designed to introduce a phase shift of
π/2 for the X-ray wavelength λ . For a grating period g1 the intensity interference pattern can be
observed at the following distances from the grating
g21
, n = 1, 3, ...
(8.16)
2λ
In order to observe the interference pattern at these distances sufficient coherence is required.
There is a direct connection between beam coherence and fringe visibility of the interference
pattern. When a scattering sample is introduced the angular distribution of the beam will be
broadened which in turn will cause a reduction in the visibility of the pattern. By checking the
visibility reduction at every angle of each circular pattern directional dark-field images can be
produced.
The experimental procedure consists of recording two images, one with only the grating in
the beam (flat), and one with the grating and the sample (sample). The analysis of the recorded
images can be broken down into the following steps. Initially, the generated interference fringe is
Dn = n
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recorded. A unit cell finding algorithm is then used to detect and crop out each cell. The detection
criterion is based on the maximum intensity that is observed in the centre of the cell due to the
circular symmetry [143]. The next step consists of transforming each unit cell from cartesian to
polar coordinates, symmetry criteria can be used to yield a more accurate interpolation than a
direct conversion of coordinates. Finally, the visibility reduction is calculated for each angle.
The square packing (SPG) of the circular unit cells has a fill factor of π4 ≈ 0.785. If the unit
cells are arranged in a honeycomb manner (hexagonal packing) (HPG) the packing ratio increases
π
to 2√
≈ 0.906 leading to a higher unit cell density in the final image. This will result in a higher
3
photon utilisation for dark field imaging.
To evaluate the performance of the proposed hexagonal packing in comparison to the previously used square packing we fabricated gratings with the two different designs. The two designs
have an identical period g1 and each unit cell contains the same number of periods. Both gratings
are fabricated on the same Si chip, allowing easy processing but also a straightforward change
of grating during the experiment. Scanning electron microscopy images (SEM) of the fabricated
gratings can be seen in figures 8.5 (b) and (c).

8.2.3

Results

Two types of experiments were performed to compare the two grating designs. The first one was
a straightforward comparison of the angular visibility of the flat images. The second comparison
focused on the angular sensitivity that each grating can achieve for a known scattering sample.
The sample was composed of 0.6 µm wide Au lines in Si that were repeated with a period of
1.3 µm. The Au lines are expected to scatter in the direction perpendicular to them. The sample
was rotated covering the angles for 0° to 180° with a step size of 1°. By using a model proposed in
[145] the direction of the lines and consecutively the scattering direction was estimated. We call
this the most prominent scattering direction (MPSD). The standard deviation of the distribution of
angles over the FOV was used as an accuracy merit of the estimation.
The experiments were performed at the TOMCAT beamline [117], of the Swiss Light Source,
Switzerland. The selected energy was 25 keV to minimise the absorption of the Au lines. The
gratings were fabricated in-house with the following parameters: period 5 µm, 25 µm unit to unit
distance and 17 µm depth. A 20 µm thick LuAG:Ce scintillator coupled with a 10 fold objective
was placed 25 cm from the phase grating. The magnified visible light image was then recorded by
a pco.edge 4.2 CMOS camera. The effective pixel size was 0.65 µm which allowed the recording
of the 5 µm period fringes.
The calculated visibilities for each grating design are shown in figure 8.6 (a). Both visibilities
depend on the angle, and two reasons contribute to this modulation. First, the photon source is not
symmetric and therefore it is expected to have different visibilities in x and y directions. Secondly
and most importantly the configuration of the unit cells play a vital role in the angular visibility. In
the case of SPG (red line) we expect maxima at 0°, and 90° and minima at 45° and 135° which are
observed in our experimental measurements. Analogously, for the HPG we expect maxima at 0°,
60°, and 120° and minima at 30°, 90°, and 150°. In figure 8.6 (b) we compare the estimated most
prominent scattering direction (MPSD ) again for both designs. It should be noted that the curves
are shifted by 90° in order to make the comparison easier. The width of the bands follows the
visibility curves. On average the HPG delivered 25% higher angular sensitivity compared to the
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Figure 8.6: (a) Visibility curves for HPG and SPG. (b) MPSD distributions for SPG and HPG.
SPG. To close, we show an imaging example of a trabecular bone sample embedded in PMMA. In
figure 8.7 (b) and (c) we can see the estimated scattering angle for the SPG and HPG respectively.
The noise is reduced in the case of the HPG. For completeness the transmission image is shown in
figure 8.7 (a).
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Figure 8.7: (a) Transmission and maximum scattering angles for SPG (b) and HPG (c) of trabecular bone sample.

8.2.4

Conclusion

Two gratings designs for 2D-omnidirectional dark-field imaging were compared. The hexagonally
packed grating (HPG) had an improved visibility compared to the square packed one. Additionally,
the angular sensitivity was improved by 25% by switching to the HPG. This change in the design
of the grating can boost the performance of the method and increase its applicability in more
demanding applications.
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Chapter 9

Conclusions & Outlook
9.1

Conclusions

The aim of this PhD thesis was to improve and further develop different aspects of XGI. The first
point addressed was the fabrication of suitable gratings, both phase and absorption, to cover the
needs for a wide range of applications. The second topic focused on the so called G2 -less XGI, two
different approaches were developed: the use of single photon sensitive detectors and a dual phase
grating interferometer. The dual phase grating interferometer lead to the development of tunable
dark-field sensitivity. Finally, omnidirectional dark-field sensitivity was achieved by introducing a
novel grating design. In the following paragraphs a point by point summary of the achieved aims
is given.
Fabrication of grating structures Methods for the fabrication of gratings for XGI, based on
standard microfabrication technologies of Si were implemented. This allowed in house manufacturing of gratings for the experiments presented in the thesis but also to cover the grating needs for
other projects. Absorption gratings with a period ranging from 1.3 µm to 48 µm were fabricated.
For larger periods the fabrication is relatively robust, however for smaller pitches it becomes much
more sensitive to the previous processing steps, thus limiting the AR that can be achieved. Exemplary projects that gratings were fabricated for include: gratings for XGI mammography prototype
system, gratings for in house XGI system, gratings for high energy XGI, gratings for neutron grating interferometry (NGI) [68], and gratings for interferometric space applications. Additionally,
other methods not presented in the PhD thesis were spun off from this work. Such were: the use
of metal assisted chemical etching for the fabrication of high aspect ratio gratings [146] and hot
embossing for casting high aspect ratio metal gratings [147]. Although these methods are still
preliminary they have shown promising results.
G2 -less imaging Single photon sensitive direct conversion detectors were used to improve the
flux efficiency of XGI in a synchrotron setup. The use of these detectors, specifically GOTTHARD
and MÖNCH, allowed the direct recording of micrometer period fringes by utilising resolution enhancement via charge sharing. By recording the interference fringe, the DPC signal was retrieved
with high sensitivity by a phase retrieval algorithm based on the Hilbert transform. In comparison
to other methods which directly record fringes of large periods, the sensitivity, which scales with
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the fringe pitch, is not compromised. This method, is at the moment limited by the size of the detectors, since in both studies presented here, detector prototypes were used. At the time of writing
this thesis larger modules of the MÖNCH detector have been developed and are being tested. The
next step is to translate the method on a compact X-ray source, however to do so the resolution
enhancement algorithms still need to be adapted for the polychromatic case which can potentially
become a major limitation. Given the increase in flux efficiency and the small pixel size of the
detectors this method would potentially be ideal for medical applications such as mammography
(low energy application).
Dark-field tunability A setup that allows easy tuning of its correlation length was developed.
The system also belongs to the category of G2 -less imaging since it based only on phase shifting
elements, thus maximising the flux efficiency. However, due to the large fringe period it is not
optimal for DPC imaging since the phase sensitivity is reduced. Nonetheless, the large fringe
gives access to micro structural sensitivity in the range of a few hundred nanometers, previously
only possible with the use of absorption grids and not interferometric methods. The phase gratings
used in this project have very small pitches, which are not standard in the usual XGI systems. The
realisation of these gratings was made possible through the in house fabrication capabilities that
were developed. Due to the requirement of only phase shifting gratings high energy applications
are enabled without any major challenges from a fabrication perspective. Possible applications
could be the investigation of size structure distribution of various samples such as: rock samples
containing different minerals etc., metal welded structures, pore distributions in mortars, and the
water transport in fuel cells.
Omnidirectional dark-field sensitivity So far no interferometric method capable of delivering
omnidirectional scattering sensitivity has been reported. In this thesis, a novel grating design was
proposed and fabricated. The design allowed scattering sensitivity in all the directions on the
imaging plane. The method was successfully demonstrated and benchmarked at a synchrotron environment. This system is also based on a direct recording and analysis of the pattern, the reason
for following this approach was to reduce complexity and avoid a complicated sampling protocol
with an absorption grating. Currently, work is being carried out to show the applicability on lab
source setups. The method is ideal for the investigation of fibre distributions. Suitable applications can be the manufacturing optimisation of materials such as carbon fibre reinforced polymers
(CFRP) and injection moulded short fibre reinforced polymer (SFRP) which at the moment rely
on simulations.

9.2

Outlook

Different novel aspects and approaches of grating interferometry were presented and developed in
this thesis. All of them were presented as individual developments, however combing them might
bring even more possibilities to XGI. Ongoing and future developments will be listed here as the
end of this chapter.
Dual axis X-ray tensor tomography with gratings X-ray tensor tomography (XTT) has shown
a great potential in reconstructing unresolved microstructure of samples in a three dimensional
space. The method has been demonstrated both with small angle scattering [148, 149] and dark92
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field measurements [74]. In the case of dark-field data, acquired with linear gratings, the sample
needs to be rotated around at least two axes (usually three) in order to have a reliable reconstruction. With the use of omnidirectional dark-field sensitivity the experimental setup and acquisition
can be simplified grossly. Here we present the first preliminary results on XTT with circular unit
cell phase gratings.
A photograph of the experimental setup can be seen in figure 9.1, the experiments were performed
at the TOMCAT beam line, PSI, Switzerland [117]. "Zoom ins" show the different parts with
higher detail. The sample was trabecular bone from a 77 year old donor embedded in a PMMA
block. The phase grating had a period of 5 µm and was etched to a depth of 16 µm giving a phase
shift of π/2 at 25 keV. The rotation stage was titled by an angle θ in order to sample scattering data
under different views. The interference fringe was recorded with a pco.edge 5.5 CMOS camera
and with an objective with 10 fold magnification. Due to the limited field of view multiple FOVs
were acquired and then stitched together. The tilt θ was varied from 0° to 50° with an increment
of 10°. The number of tomographic rotation angles were calculated as N cos θ where N was set to
300. The sample was rotated from 0° to 360° expect in the case of 0° tilt where it was rotated only
by 180°. Due to the 360° scan in principle data were collected for ±θ .

θ	
  

Figure 9.1: Experimental setup for XTT implemented at the TOMCAT beamline.
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The tensor reconstruction of the scattering data was done by an iterative algorithm presented in
[150]. At the moment of writing only the data under a tilt of 10° had been reconstructed. In
figure 9.2 (a) we can see the tensor reconstruction of the full volume and in (b), (c), and (d)
representative slices are shown. The tensors can be seen to follow the bone structure as expected,
however locations can also be found where the reconstruction fails due to the limited number of
views used in the reconstruction.

25$mm$

200$μm$

(a)$

(b)$

200$μm$

100$μm$

(c)$

(d)$

Figure 9.2: (a) Volume rendering of reconstructed orientations. (b), (c), and (d) sagittal slices of
the reconstructed scattering vectors.
Omnidirectional dark-field sensitivity in combination with the MÖNCH detector The high
resolution of MÖNCH in combination with its large field of view can enable omnidirectional
dark-field imaging over an area without the need of a microscope and subsequently stitching. For
example the current module of MÖNCH has a size of 1 × 1 cm2 and can achieve a resolution close
to 1 µm which is comparable to what we achieve with the combination of 10 fold magnification
and the pco.edge 5.5 CMOS camera. With the difference that the camera only covers an area
of 1.2 × 1.6 mm2 . A preliminary experiment has already been performed to demonstrate that
the fringe from circular unit cell gratings can be recorded. The edge of a grating (right side)
for omnidirectional imaging is shown in figure 9.3. The major technical challenge here is the
alignment of the grating with the pixel matrix of the detector in order to minimise distortions due
to the non uniform resolutions and micro CT measurements.
Omnidirectional scattering sensitivity on conventional X-ray lab sources. To transfer the
method of omnidirectional dark-field sensitivity from synchrotron sources to laboratory sources
various approaches can be pursued. The more straightforward method of implementing such a
setup on an X-ray tube would be to use an absorbing grid of large pitch and utilise its projection
instead of interference. Similar approaches have been developed in the past with 1D and 2D
grids [39, 40]. Due to the large period of the grating, reaching higher energies would not be
too challenging, however still a detector with a few tenths of micrometers resolution would be
required. Here we show some preliminary results of this approach. A grid was fabricated with
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Figure 9.3: High resolution interference pattern recorded with the MÖNCH detector. The transition from the flat to the grating area is clear.
a period of 48 µm and unit cell period of 240 µm. The grid covered an area of 2.5 × 2.5 cm2 .
Visible light, SEM, and X-ray images of the whole grating and a unit cell are shown in figure 9.4
(a), (b), and (c) respectively. As a proof of principal experiment we imaged a carbon fibre loop at
70 kVp with 100 µA for 60 sec. The retrieved directional image can be seen in figure 9.5.

100$μm$
(a)$

(b)$

(c)$

Figure 9.4: (a) Absorption grid for omnidirectional dark-field imaging on tube. (b) SEM image of
unit cell. (c) Recorded flat image of the grating.

A different approach would be the combination of a micro/nano focus tube and a phase grating
placed really close to each other, resulting in high magnification to achieve the large resolvable
fringe. In the case of sources with insufficient coherence a source grid can be used, however considering the technical challenges in fabrication the projection grid would be favourable exhibiting
the same flux utilisation.

The third and more interesting approach would be the combination of the methods of omnidirec95
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Figure 9.5: Directional dark-field image of carbon fibre loop on X-ray tube source.
tional scattering sensitivity with a dual phase grating interferometer. Instead of utilising two linear
gratings, a combination of two circular unit gratings can be used, resulting in a large circular unit
fringe at the detector.
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