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Kurzfassung

Die multimodale Röntgenbildgebung mit Hartmann-Masken ist ein nicht - interferometrisches Single-Shot-
Verfahren. Dabei werden kundenspezifische optische Komponenten, Hartmann-Masken, verwendet, um
Absorptions-, Differenzphasen- und Streukontrastmodalitäten in einem einzigen Projektionsbild zu erzie-
len. Diese Bildgebungsmethode kann in einem robusten Röntgenaufbau implementiert werden; sie kann mit
breitbandiger Strahlung betrieben werden, ermöglicht einen entspannten Aufbau und eine beträchtliche Viel-
seitigkeit, was für dieCharakterisierung dynamischer Prozesse entscheidend ist. Trotz ihrer Einschränkungen
in Bezug auf die räumliche Auflösung ist dieseMethode vielversprechend für Anwendungen, die dynamische
Messungen auf verschiedenen Zeitskalen erfordern.

Eine herkömmliche Hartmann-Maske ist eine Anordnung von Löchern in einem undurchsichtigen Material.
Bei der Anwendung in einer Röntgenanlage wirft die Maske einen Schatten auf den Detektor. Die Masken-
projektion wird als Referenz verwendet, um sie mit der durch die Probe gestörten Wellenfront zu vergle-
ichen. Diese Verzerrungen werden quantifiziert und der Abschwächung, der Brechung der Röntgenstrahlen
(Phasenverschiebung) oder der Kleinwinkelstreuung in der Probe zugeschrieben. Drei Kontrastmodalitäten
(Absorptions-, Phasen- und Streukontrast) können komplementär genutzt werden, um auf zerstörungsfreie
Weise auf die Struktur der Probe zu schließen. Die Wellenfrontabtastung mit Hartmann-Masken ist ein
echter Single-Shot-Ansatz, da sie kein Scannen von Probe und Maske oder Dithering erfordert.

Neben der herkömmlichen Hartmann-Maske ist auch ein umgekehrtes Design möglich - eine Anordnung
von absorbierenden Säulen auf einem transparenten Substrat. Ein solches Design bietet eine höhere Flux-
Effizienz aufgrund einer geringeren Absorption im optischen Element und eine größere Fläche der Probe, die
mit den Röntgenstrahlen wechselwirkt. BeideMaskendesigns können mit hochverfügbarer UV-Lithographie
in Kombination mit Metallgalvanik hergestellt werden. Im Rahmen dieser Arbeit wurde ein Herstellungsver-
fahren für beide Maskendesigns auf Silizium- und Graphitsubstraten entwickelt. Die Masken können auf die
endgültige Anwendung der zerstörungsfreien Charakterisierung inWissenschaft und Industrie zugeschnitten
werden.

Ein wesentlicher Aspekt bei der Herstellung von Optiken ist die Rückkopplung von Charakterisierungs-
und Qualitätsbewertungsmethoden für eine rationelle Optikentwicklung und -optimierung. In dieser Arbeit
wird ein Charakterisierungsansatz vorgeschlagen, der auf den relativen Absorptionshistogrammen basiert,
um die Wellenfrontmodulation von konventionellen und invertierten Hartmann-Masken zu vergleichen.
Die Leistung der Masken wird unter Verwendung von Synchrotronstrahlung und einer Labor-Röntgenröhre
untersucht, was die Vorteile des invertierten Hartmann-Maskendesigns für eine höhere Bildqualität und eine
geringere Kreuzkorrelation zwischen den verschiedenen Kontrastmodalitäten zeigt.

Die multimodale Röntgenbildgebung mit konventioneller und invertierter Hartmann-Maske ist eine vielseit-
ige und vielversprechende Technik, die auf eine bestimmte Anwendung zugeschnitten werden kann. Die
In-situ-Visualisierung chemischer Reaktionen und die Darstellung des schnellen Laserabtragungsprozesses
bestätigen die breite Anwendbarkeit dieser Bildgebungstechnik auf verschiedenen Zeitskalen - von Sekunden
bis Mikrosekunden. Die angestrebte Zeitauflösung für die multimodale Röntgenbildgebung mit Hartmann-
Masken wird in erster Linie durch die Eigenschaften des Detektors (z. B. die Bildaufnahmerate) und die
Brillanz der Quelle bestimmt, ist aber nicht durch das Verfahren selbst begrenzt. Bei Verwendung einer
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geeigneten Quelle und eines geeigneten Detektors können sogar schnellere Prozesse mit drei Kontrastmodi
sichtbar gemacht werden.

In dieser Arbeit wird die Nutzung der Streuungsinformationen, die im Rahmen der multimodalen Bildge-
bung mit Hartmann-Masken gewonnen werden, näher erläutert. Aufgrund der Vielseitigkeit des Aufbaus ist
es möglich, eine Feinabtastung der Autokorrelationsfunktion der Elektronendichte durchzuführen. Dies er-
möglicht die Schätzung quantitativer Strukturparameter wie Größe und räumliche Organisation von Proben-
merkmalen im sub-µm-Bereich, der weit unter der Auflösung des Bildgebungssystems liegt. Für einen
Graphit mit feinen Poren konnten die durchschnittliche Porengröße, der relative Porenbruch und der Wert
des Hurst-Exponenten bestimmt werden, der das Raumfüllungsvermögen der Struktur charakterisiert. Eine
derart vielseitige und einfache Technik kann sich auf die Forschung auswirken, die sich mit der Untersuchung
komplexer Strukturen wie poröser Materialien, Kolloide oder Pulver befasst. Abgesehen vom unmittelbaren
Nutzen für die Entwicklung und Charakterisierung poröser katalytischer Materialien können zahlreiche
medizinische Anwendungen im Zusammenhang mit der Krebsfrühdiagnostik und Lungenkrankheiten von
den Informationen über Morphologie und fraktale Dimensionen komplexer, miteinander verbundener Struk-
turen profitieren.
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Abstract

Multimodal X-ray imaging with Hartmann masks is a non-interferometric single-shot technique. It utilizes
customized optical components, Hartmann masks, to achieve absorption, differential phase, and scattering
contrast modalities from a single projection image. This imaging method can be implemented within a
robust radiographic setup; it can operate with broadband radiation, allows for relaxed setup requirements,
and considerable versatility, which is crucial for characterizing dynamic processes. Despite its limitations
in terms of spatial resolution, this method is promising for applications requiring dynamic measurements at
different time scales.

A conventional Hartmann mask is an array of holes in an opaque material. When applied in a radiographic
setup, the mask casts a shadow on the detector. Mask projection is used as a reference to compare with
the wavefront disturbed by the sample. These distortions are quantified and attributed to the attenuation,
refraction of X-rays (phase shift), or small-angle scattering in the specimen. Three contrast modalities
(absorption, phase, and scattering contrasts) can be used complementary to infer the sample’s bulk structure
in a non-destructive way. The wavefront sensing with Hartmann masks is a truly single-shot approach, as it
requires no sample/mask scanning or dithering.

Apart from the conventional Hartmann mask, an inverted design is possible - an array of absorbing pillars
on a transparent substrate. Such design provides higher flux efficiency due to lower absorption in the optical
element and offers a larger area of the sample to interact with the X-rays. Both mask designs can be
fabricated with highly available UV lithography combined with metal electroplating. This work established
a fabrication process for both mask designs on silicon and graphite substrates. The masks can be tailored to
the final application of non-destructive characterization in science and industry.

An essential aspect of opticsmanufacturing is feedback fromcharacterization and quality assessmentmethods
for a rational optics design and optimization. This thesis proposes a characterization approach based on
the relative absorption histograms to compare the wavefront modulation offered by the conventional and the
inverted Hartmann mask designs. The performance of the masks is accessed using synchrotron radiation
and laboratory X-ray tube, which shows the advantages of the inverted Hartmann mask design for higher
quality images and reduced cross-correlation between different contrast modalities.

Multimodal X-ray imaging with conventional and inverted Hartmann masks is a versatile and promising
technique, which can be tailored towards a specific application. In situ chemical reaction visualization and
imaging of the fast laser ablation process confirm the vast applicability of this imaging technique at different
time scales- from seconds to microseconds. The targeted time resolution for multimodal X-ray imaging with
Hartmann masks is primarily defined by the characteristics of the detector (e.g., frame acquisition rate) and
the brilliance of the source, but is not limited by the approach itself. Even faster processes can be visualized
with three contrast modes given an appropriate source and a detector are used.

This work elaborates in greater detail on the use of the scattering information obtained within the multimodal
imaging with Hartmann masks. Previous landmark work investigated the relations between the autocorre-
lation function of electron density and the scattering signal available in other imaging techniques; however,
most of them lacked setup simplicity or offered a poor sampling rate. Due to the versatility of the setup,
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it is possible to perform a fine scanning of the autocorrelation function of electron density. It enables the
estimation of quantitative structure parameters such as sizes and spatial organization of sample features at
sub-µm scale, which is well below the resolution of the imaging system. For graphite with a wide range of
pore sizes (from tens of nm to several µm) several bulk microstructure characteristics have been estimated. It
was possible to determine the average pore size, relative pore fracture, and the Hurst exponent value, which
characterizes the space-filling capacity of the structure. Many research areas devoted to studying complex
microstructures, including in situ and operandomeasurements, can directly profit from the setup’s simplicity
and relaxed requirements on the optical element and beam coherence.
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1 Introduction

Multimodal X-ray imaging is a non-destructive technique, which offers complementary information on
the inner structure of objects and augments the conventional radiography based on absorption contrast
[1, 2]. Multimodal (or multi-contrast) X-ray imaging methods enable the detection of X-rays refraction
and scattering, which occurs when X-rays are passing through the object under investigation. The methods
benefit from the wave properties of X-rays. When the propagating wave encounters an interface, it changes
its direction of propagation (gets refracted), which results in the phase shift relative to the incident wave.
When these changes are detected, they form a phase-contrast image. If the X-rays encounter an isolated
small obstacle, they get scattered, which leads to the decrease in final image contrast and forms dark-field,
or scattering, contrast.

The first contrast modality to be introduced in addition to the conventional absorption was phase contrast
[3]. The refraction angles of X-rays for the high radiation energy (typically 10-30 keV for X-ray imaging) are
extremely small, making their detection a challenging task. Despite significant progress in X-ray detection
technology, the available pixel size is limited, making it challenging to achieve phase contrast within a
compact imaging setup. One needs to combine state-of-the-art X-ray optics with novel data handling and
contrast retrieval algorithms to overcome this limitation. Advances in optics manufacturing and data analysis
led to many successful applications of multimodal X-ray imaging in medicine [4, 5], materials science [6, 7],
and industrial quality control [8, 9].

Another essential feature of multimodal X-ray imaging is the availability of scattering information. It arises
from the scattering of the X-rays on micro and nanostructures smaller than the resolution available within the
setup. It produces fringes which the X-ray camera cannot directly resolve. Even though the accuracy of such
measurements cannot be compared to the actual small-angle X-ray scattering measurement (SAXS), certain
scattering signals can be extracted even within a simple setup along with absorption and phase-contrast
images. Due to the size-sensitivity of the scattering signal, it potentially allows for selective imaging and
discrimination between nano-sized scattering centers in a qualitative manner [10, 11, 12]. It is important to
note that the signal-to-noise ratio for the scattering channel in this modality is low due to the high noise levels
as the detector records attenuated beam, which has contributions from absorption and scattering together.

The first implementations of phase-sensitive imaging have been attributed to the various ways of utilizing
interferometric effects to quantify phase shifts. There are several interferometric approaches, e.g., single
crystal interferometry, analyzer-based interferometry, grating-based interferometry [5, 13], etc. Interfero-
metric methods initially have strong requirements on the wavefront coherence, and bandpass: only strongly
collimated monochromatic beams can be applied, provided by the synchrotron facilities. For grating-based
interferometry, additional transmission gratings enable imaging with polychromatic cone beams provided
by X-ray tubes. Such imaging geometry is called Talbot-Lau interferometry [14].

Grating-based interferometry is one of themost common approaches to achieve phase and scattering contrasts
and to extend the applications of multimodal X-ray imaging to laboratory sources [4]. Albeit, it comes at
the cost of the simplicity of the imaging setup. A complicated image acquisition system with challenging to
manufacture high aspect-ratio optics allows for relaxing wavefront requirements but makes the setup highly
prone to mechanical instabilities due to the required precision movements at the scale of microns. This
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limits the versatility of the setup and complicates the introduction of any rearrangements. High absorption in
the optical elements also limits the photon statistics, which can be crucial for time-resolved measurements.
Non-interferometric approaches, such as edge-illumination methods [15, 16], use less challenging optical
elements and can be used for single-shot imaging (beam-tracking approach [17]). However, this technique
was so far implemented only with sample scanning or dithering [17, 18] due to the limited grating area
available.

Despite the remarkable results in imaging achieved by these techniques, there is still an open question of
whether it is possible further to optimize the stability of the setup, acquisition time and flux efficiency
[19]. From this perspective, one of the most promising approaches is utilizing a single optical element in
a single-shot configuration [20, 21]. Implementing only one optical component in the beam path relaxes
alignment requirements, increases the mechanical stability and versatility of the setup, and significantly
reduces the attenuation introduced by the optical element. Single-shot acquisition of imaging information
in its turn substantially shortens the total exposure time, simplifies the experimental procedure, and reduces
the total amount of data to be processed.

This approach can operate with broadband radiation and generally allow for relaxed setup requirements, and
considerable versatility [20, 21, 22]. It does not necessitate scanning the optical elements unless a high-
resolution image is required. Moreover, single-exposure multimodal X-ray imaging methods are compatible
with two-dimensional optical elements. One-dimensional gratings conventionally used in grating-based
phase-contrast imaging allow only for the orientation-dependent analysis of structures because they offer
sensitivity only in the direction perpendicular to the grating lamellas [23]. On the contrary, two-dimensional
gratings provide enhanced information on the material structure in several directions [20, 23, 24, 25, 25].

When combined with two-dimensional absorption grating, the single-exposure imaging method provides a
tool that allows for measuring phase shifts in two directions within a simple, robust setup. In this case,
two-dimensional grating serves as a Hartmann mask [26], which is a wavefront sensor consisting of an array
of apertures introducing spatial beam modulation. Each beamlet produced by the apertures gets displaced
proportionally to the gradient of the phase shift. This concept is widely used in optical metrology and
astronomy but can be extended towards X-ray imaging provided suitable materials are used to cast a shadow
on the detector.

Hartmann masks are represented by a matrix with periodically alternating opaque and transparent structures.
When X-ray radiation is incident on the mask, it is partially transmitted by the substrate (ideally transparent
for X-rays). In contrast, radiation incident on the opaque structures is predominantly absorbed. Diffraction
on the multiple apertures occurs, but its effect is feeble due to the low absolute cross-section for short
wavelength of X-rays. The mask converts X-ray tube radiation into multiple coherent sources; the wavefront
is sampled to create a pattern inverse to the mask design. Alternatively, the inverted design - an array of
free-standing absorbing pillars - can be used.

Another optical element with a similar working principle is a Shack-Hartmann sensor [27, 28, 29], which
is a two-dimensional array of compound refractive X-ray lenses. An array of microlenses improves flux
efficiency through the focusing of the beam instead of using an array of obstructions to block parts of
it. However, such sensors are difficult to manufacture and are intrinsically chromatic due to the focusing
nature of beamlet formation. The application of such sensors for the white beam radiation is limited, while
Hartmann masks do not impose any coherence requirements on the beam. Another practical advantage of
the Hartmann masks is that they are much easier to manufacture and scale to cover a large field of view
(FoV). Shack-Hartmann sensors for hard X-rays have beenmanufactured using three-dimensional direct laser
writing system [27, 28] (achieved FoV = 2 mm x 2 mm), an embossing process of polyimide foils [29] (FoV
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= 6.5 mm x 6.5 mm), and deep X-ray lithography (FoV = 1.87 mm × 1.87 mm). In this work, Hartmann
masks with areas up to 25 cm(2) are routinely achieved within an accessible manufacturing procedure.

The robustness and rapidity of imagingwithHartmannmasks come at the cost of reduced spatial resolution of
the final images. This can be compensated by a sub-pixel resolution approach when the optical component
is scanned in the lateral direction [28]. It makes high-resolution measurements more time-consuming
than single-shot imaging, but such an option can be introduced within this method when required by the
application. Although all three contrast modalities can be obtained for each shot, the retrieved image
quality for the contrast of particular interest can be improved by adjusting the setup and optical component
towards the chosen application. For instance, high-resolution absorption and phase contrast images require
a small mask period, while imaging of scattering structures might require larger periods to access a certain
correlation length [30, 31].

The aim of this thesis is to investigate the capabilities of the multimodal X-ray imaging with conventional
and inverted Hartmann masks. For this, the customized Hartmann masks were developed using highly
available UV lithography and metal electroplating. The advantages of this fabrication approach is that many
important structural and performance features of the optical components can be tuned: mask size (available
field of view), period (structural size of features), visibility (low absorbing substrates in combination with
high absorbing structures), uniformity of the pattern (periodicity, defect-free pattern), etc.

Hartmann mask characterization method aimed to guide and enhance the fabrication process is proposed
in this work. It allows to evaluate the wavefront modulation offered by the mask in terms of the relative
absorption histograms. After a comparison of the conventional and inverted Hartmann mask designs using
synchrotron and laboratory sources, it is established that the inverted design is advantageous in terms of
achieved image quality and the diminished cross-talk between contrast channels. The inverted Hartmann
masks are further applied for visualization of dynamic processes at different time scales: from real-time
monitoring to fast imaging.

Scattering contrast modality available within the multimodal X-ray imaging exhibits dependence on setup
parameters. Versatility of the imaging setup with Hartmann masks allows for a fine scanning of the
correlation length by moving the mask along the optical axes. Scattering intensity measured through the
dampening of mask contrasts provides an insight to the sub-µm bulk structure of the object. Evaluating
scattering intensity at different probed correlation lengths provides a tool for quantitative characterization of
structures well below the resolution of the imaging setup.

Following the Introduction, Chapter 2 addresses the basics of the interaction of X-rays with matter relevant
to X-ray imaging. It elaborates on phase and scattering contrast modalities and which physical phenomena
they represent.

Chapter 3 covers the development and characterization of conventional and inverted Hartmann masks with
UV lithography and electroplating on silicon and graphite substrates. This chapter is based on the following
publications:

M. Zakharova, V. Vlnieska, H. Fornasier, M. Börner, TdS Rolo, J. Mohr, D. Kunka. Development and
Characterization of Two-Dimensional Gratings for Single-Shot X-ray Phase-Contrast Imaging. Applied
Sciences. 2018; 8(3):468;

M. Zakharova, S. Reich, A. Mikhaylov, V. Vlnieska, M. Zuber, S. Engelhardt, T. Baumbach, D. Kunka,
"A comparison of customized Hartmann and newly introduced inverted Hartmann masks for single-shot
phase-contrast X-ray imaging," Proc. SPIE 11032, EUV and X-ray Optics: Synergy between Laboratory
and Space VI, 110320U (26 April 2019).
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Chapter 4 includes a performance comparison for the conventional and inverted Hartmann masks in a
laboratory setup. It demonstrates the application of the inverted Hartmann masks for time-resolved imaging
at different time scales: from real-timemonitoring to visualization of fast dynamic processes in three contrast
channels. This chapter builds on the following publications:

M. Zakharova, S. Reich, A.Mikhaylov, V.Vlnieska, TdS. Rolo, A. Plech, D.Kunka. InvertedHartmannmask
for single-shot phase-contrast x-ray imaging of dynamic processes. Optics Letters. 2019; 44 (9):2306-2309;

M. Zakharova, A. Mikhaylov, V. Vlnieska, D. Kunka. Single-Shot Multicontrast X-ray Imaging for In Situ
Visualization of Chemical Reaction Products. Journal of Imaging. 2021; 7 (11):221.

Chapter 5 dives deeper into the quantitative interpretation of scattering (dark-field) contrast, its relation
to structure size and organization. It demonstrates how this type of contrast is related to the small-angle
scattering and can be used to characterize structures at the sub-micron scale. Parts of this chapter related to
analyzing scattering intensity via the standard visibility will be published in:

M. Zakharova, A. Mikhaylov, S. Reich, A. Plech, D. Kunka. Bulk morphology of porous materials at
sub-micrometer scale studied by dark-field X-ray imaging with Hartmann masks.
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2 Theoretical background

2.1 Basics of the interaction of X-rays with matter

When an X-ray photon interacts with an atom, it can be either absorbed or scattered, i.e., change its direction
of propagation. In the photoelectric absorption process, an X-ray photon is absorbed by the atom. The
excess of energy is transferred to an electron, which leaves the shell. Thus, the ionization process occurs.
Suppose we treat the matter as a continuous medium and X-rays as an electromagnetic wave. In that case,
the change of direction of propagation at the interface between the different media is equivalent to refraction.
For the X-rays, the refractive index of materials is slightly less than 1 (refractive index for vacuum) and can
be expressed as:

n = 1− δ + iβ, (2.1)

where δ is of order 10−5 for solids, and β is about 10−8 - much smaller than δ. Small angular deviations due
to refraction are directly proportional to the gradient of phase for the refracted beam. The group of methods
that exploit refractive properties of materials are called phase-contrast imaging.

For the range of energies typically employed in X-ray imaging (10-60 keV), the interaction of X-rays with
matter can be described by the phenomena of photoelectric absorption, the elastic collisions described by
the classical Thomson model, and the inelastic collisions described by the Compton model. The elastic
scattering is related purely to the change of direction of propagation, and no change in the kinetic energy
occurs. The classical approximation is valid when the photon momentum is taken up by the by atom and the
lattice, which predominantly occurs at the lower energies (e.g., below 20 keV for carbon, see Figure 2.1),
then decreasing dramatically for higher energies. In the inelastic scattering, the portion of the photon energy
is transferred to the electron, and thus the energy of the scattered wave is reduced. Inelastic scattering is
predominant for higher energies and larger scattering angles; it is incoherent and varies slowly with scattering
angle [32].

2.2 Multimodal X-ray imaging

When the radiation passes through the sample, the wave field gets affected by the sample’s structure. By
analyzing the wave-field alterations induced by the object through the intensity measurements, one can
infer the object’s internal structure. The wave field, being a complex entity, has the magnitude and phase
component related to the intensity of the X-rays and the direction of their propagation, respectively. The
intensity of the X-rays can be recorded by the X-ray detector, which is commonly represented by a CCD
camera coupled with a scintillator. The direction of the wave field, or its phase, cannot be directly measured
unless sufficient propagation distance is introduced to resolve the changes in intensity distribution induced
by refraction in the sample. To implement phase-contrast imaging within a compact setup, one could prefer
other near-field approaches.

Generally, multimodal X-ray imaging methods can be represented by an imaging setup with optical elements
before and/or after the sample under investigation, as can be seen in Figure 2.2. The projections of the
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2 Theoretical background

Figure 2.1: Atomic cross sections of neutral carbon for photoabsorption, elastic and inelastic scattering (based on [33]). Shaded area
indicated the energy range typically applied in X-ray imaging.

object and the wavefront modulation offered by the optical elements are recorded by the detector and then
compared to the reference projection with only the optics in the beam path. By analyzing the differences in
the wavefront caused by the presence of the object, one can retrieve three contrast modalities. Absorption
contrast is evaluated as a general decrease in transmitted intensity, phase contrast as a shift in the wavefront
modulation (distortions of the wavefront), and scattering (also called dark-field) contrast through the decrease
in image sharpness (e.g., visibility reduction for gratings).

Several methods are used to achieve phase contrast in a compact imaging setup, each having relative strengths
and limitations. For example, there have been significant advances in Talbot-Lau interferometry (TLI), which
usually employs three one-dimensional gratings: source grating, phase grating, and absorption grating. The
gratings are precisely aligned, and by moving the phase and absorption grating relative to each other, one
obtains a stepping curve for each pixel of the system from several projections (at least three). This curve
can then be used to evaluate three contrast modalities: absorption contrast, phase contrast, and dark-field (or
scattering) contrast. The multimodality of the obtained contrast attracted a lot of attention and interest to the
method, especially considering its relaxed requirements on the beam coherence, bandwidth, and large sample
sizes compared to other phase and scattering sensitive techniques. These advantages enable the extension of
the phase imaging towards laboratory sources and pave the way for more comprehensive medical imaging
and industrial material characterization.

While being a promising approach, TLI has several limitations related to the complexity and mechanical
instability of the setup. The need for high-quality, high aspect ration gratings and their precise alignment
complicates the applicability of the method, and the presence of multiple highly absorbing optical elements
limits the flux efficiency and photon statistics at the detector. This creates a bottleneck for studying
dynamic processes or reducing exposure dose for medical applications. There have been several successful
optimizations of the method aimed to extend it to a single-shot approach. However, they either require
a certain movement [19, 34, 35] or a complicated and very precise absorption grating with shifted linear
structures [36]. The same applies to the edge-illumination methods, which require dithering [18] or a
complicated asymmetrical mask [37].
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2.2 Multimodal X-ray imaging

Figure 2.2: Schematic of the generalized multimodal X-ray imaging setup: The X-rays transverse the optical element (or a set thereof),
then pass through the sample, and the second set of optical elements (if present). The position-sensitive detector captures
the intensity of the exit field of the system, which is a raw image or a set of raw images. These data are used to retrieve
three contrast modalities: absorption, phase, and scattering contrast.

In response to the growing interest in multimodal imaging methods, another phase-sensitive method has
been extended towards imaging. Based on Hartmann and Shack-Hartmann sensors, wavefront sensing was
actively applied in wavefront metrology as it provides a straightforward way to evaluate the phase shifts.
The main idea of wavefront sensing with the Hartmann mask is that the known (usually periodic) pattern is
projected onto the detector. The absorbing array casts a shadow on the sensor, which is recorded prior to the
measurements with the sample of interest and is further used as a reference. When the specimen is placed
in the setup, it distorts the wavefront: the beam intensity decreases due to absorption, and the direction of
the rays changes as they refract and diffract on the inhomogeneities of the sample (its electron density). By
analyzing these distortions in terms of intensity decrease, displacement, and broadening of the beamlets,
one can evaluate the absorption, phase, and scattering contrast, respectively.

Conventional Hartmann mask is represented by an array of holes in the absorbing material, which creates
a structured illumination: an array of beamlets. However, the inverted Hartmann mask design can also
be applied within the same approach. Such design can be beneficial for increasing photon statistics at the
detector as it provides higher flux-efficiency: more photons interact with the object, which leads to a higher
signal-to-noise ratio in the final images. The advantage of X-ray imaging with Hartmann masks is that all
three contrast modalities can be retrieved from a single overlapped mask-object image, which makes the
measurements faster and the delivered dose lower. Besides, since the Hartmann mask is two-dimensional,
the phase shift in two orthogonal directions is detected. These directional images can help to retrieve the
phase map from a single projection.

Along with the advantages mentioned above, imaging with Hartmann masks has inherent limitations. Quick
and straightforward measurements come at the cost of the decreased resolution: the final image pixel is
defined by the mask period, as the values of intensity, shift, and broadening are obtained within the unit cell
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2 Theoretical background

of the mask. This limitation can be addressed by a sub-pixel resolution approach [28] where the single-shot
nature of measurements is not crucial. Moreover, having a larger mask period also provides a larger angular
width for the detection of the scattering contrast. As this Chapter and Chapter 5 will further discuss, it might
be advantageous to sacrifice the resolution of the final image to access small correlation lengths which are
related to larger scattering angles.

2.3 Absorption contrast

A famous image of Röntgen’s wife’s hand has started an era of X-ray imaging in 1895 [38]. In this famous
picture, the bones and the wedding ring are clearly distinguishable: it is caused by the significant difference
between the absorption coefficient of the bone, metal, and the surrounding tissue of the hand. Due to the
low value of the absorption coefficient for soft tissues, the skin and muscles of the hand are barely visible.
On the contrary, the absorption coefficient is high for the metal and bone: heavier elements absorb many
photons. Thus, the contrast between the areas with many and few photons is acquired. The X-rays passing
through the soft tissues, mainly consisting of light elements such as carbon, do not get sufficiently absorbed
to be distinguishable from the air on the film (detector plane). If the X-rays with initial intensity I0 are
passing through the object along the z axis, the intensity at the detection plane I(x, y) in case of contact
region can be described according to the Beer-Lambert law [32]

I(x, y) = I0 exp

(∫
µ(x, y, z)dz

)
, (2.2)

where the absorption coefficient µ is assumed to be non-uniform for the real object. Thus, by comparing
the initial intensity I0 with the intensity I , recorded after X-rays passed the object, the projection of the
absorption coefficient can be retrieved:

log

(
I

I0
=

∫
µ(x, y, z)dz

)
(2.3)

Such a direct projection approach is valid only for the contact region free of Fresnel or Fraunhofer diffraction
effects. This distance is limited by the condition L ≪ D2/λ, where D is the structure size, and λ is the
X-ray wavelength. The absorption coefficient can be expressed as [32]:

µ =
4π

λ
β, (2.4)

where β is the imaginary part of the refractive index, which denotes absorption. Then the optical density
for the material thickness t, which is the input data for the X-ray absorption tomography, is represented by

D = − log

(
I

I0

)
=

4π

λ
βt. (2.5)

Later in this chapter, some specific algorithms for absorption contrast retrieval will be addressed. Usually,
the setup conventional for X-ray imaging based on absorption is quite simple and consists of the X-ray source
and the detector, between which the object is placed. Thus the resolution of the final image is defined by the
resolution of the detecting system.
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2.4 Phase contrast

2.4 Phase contrast

Phase contrast arises from the refraction of the rays passing through the object. As a phenomenon, it can be
observed for various wave fields, e.g., visible light, electrons, neutrons, and X-rays. Phase-contrast imaging
is applied for visualization of the otherwise transparent structures - usually composed of low-absorbing
material. There are many ways to achieve phase contrast: free-space propagation, interference, holography,
Zernike phase contrast, etc. This work will discuss the phase-contrast X-ray imaging obtained within
non-interferometric methods based on wavefront sensing with a reference pattern.

Phase-contrast image shows the angular distribution of X-rays introduced to the wave after passing the object
with refractive index variations. The angular distribution is directly proportional to the gradient of the phase
ϕ(r⃗) = k⃗′ · r⃗ of the refracted beam. The direction of the refracted beam is k⃗′/k′ = (λ/2π)▽ϕ(r⃗), then
the angular distribution as a function of the coordinates (x, y) in plane perpendicular to the direction of
propagation of the beam is

αx =
λ

2π

∂ϕ(x, y)

∂x
and αy =

λ

2π

∂ϕ(x, y)

∂y
. (2.6)

As have been discussed above, the refractive index of X-rays depends on the electron density distribution
in the object, which defines the refractive index n = 1− δ + iβ. The refractive index decrement δ and the
imaginary part β can be expressed as

δ =
2πr0
k2

ρe and β =
µ

2k
, (2.7)

where ρe is the electron density, r0 classical electron radius, µ is the absorption coefficient, and k = 2π/λ

is the wave vector.

The macroscopic variations of electron density (and thus, δ) that the imaging detector resolves contribute
to the formation of phase contrast. However, as will be discussed below, the fine structures that are well
below the resolution of the imaging setup contribute to the final image by decreasing the contrast of the
resolved structures. This dampening of the contrast can be quantified and attributed to the scattering contrast,
which has been reported under many names (coherent scattering in the sample, visibility reduction contrast,
diffraction, dark-field contrast, etc.). It will be further referred to as scattering contrast.

2.5 Scattering contrast

In multimodal imaging techniques, scattering contrast have been predominantly attributed to the ultra-
small angle scattering (USAXS) in the sample [12, 39], which arises from the structures (electron density
variations) which are below the resolution limit of the imaging setup [12, 40]. It depends on the shape, size,
and spatial distribution of the scatterers.

Although this type of contrast has attracted a lot of attention in recent years, it remains a point of discussion
on how to interpret obtained scattering intensity quantitatively for different scattering structures, define
possible contributions to it, and separate it from the noise. Depending on specific sample characteristics
(e.g., thickness, absorption cross-section, packaging density, etc.) or the setup implementation (e.g., X-ray
energy range, X-ray source, chosen technique), it can contain various contributions in addition to classical
SAXS. Scattering contrast depends on the position of the borders of microstructures, and thus the statistical
deviations for this type of contrast are significantly larger than for absorption signal [41].
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2 Theoretical background

It becomes essential to consider various contributions to the scattering contrast formation when the extension
to the laboratory sources is in question, as strong spurious and system-specific inputs have been reported.
It has been experimentally demonstrated that for large geometric magnifications (thus, increased spatial
resolution), scattering contrast transforms into a differential phase contrast [42].

Thus, the contributions to the scattering signal in multimodal X-ray imaging include but are not limited to:

• contributions of unresolved electron density (refractive index) changes due to randomly distributed
microstructures [11, 12, 31];

• unresolvable sharp edges (phase fluctuations) [42, 43];

• structure factor for densely packed particles [39, 44];

• contributions of the polychromatic source, especially in the methods based on the change of visibility
due to beam hardening [45, 46];

• contribution of inelastic scattering [44];

• second order derivative of the phase [47];

• local curvatures of the wavefront [48].

To eliminate the inputs to scattering contrast caused by the prevalence of experimental conditions, I will
address a low-absorbing single material porous specimen that will be studied using quasi-monochromatic
synchrotron radiation in paraxial approximation (parallel-beam geometry). For such densely packed materi-
als, it has been demonstrated that the influence of structure factor leads to a decrease in the scattering signal
[39, 44].

The analytical frameworks for quantification of scattering contrast have been derived through wave optics
propagation [12, 31] and analysis used in spin-echo small-angle neutron scattering [11, 49, 50]. Both
interpretations can be linked and used complementary, as will be discussed in detail in Chapter 5.

2.6 X-ray imaging with Hartmann masks

Hartmann introduced the concept of the Hartmannmask in 1900 in the field of optical metrology of telescope
lenses [26]. The idea was used to focus the telescope: the opaque plate with multiple holes was covering
the telescope’s aperture. When the telescope is pointed towards a light source and is out of focus, multiple
secondary light sources can be seen through the apertures. However, only a single image can be seen when
the apparatus is focused due to the overlap.

The concept of the Hartmann mask has been later adapted to optical wavefront sensing in different fields
ranging from ophthalmology to astronomy. Hartmann wavefront sensor consists of an array of apertures
paired with a camera. Usually, a charge-coupled device (CCD), mounted at a distance from the mask
(Figure 2.3). The incident wave coming from the source travels along the z-axis. The wavefront is
modulated by its aperture pattern when passing through the mask: the incoming beam is divided into an
array of small sub-beams. The principle is based on the geometric optical determination of the local slopes
of the wavefront (i.e., it’s derivative). The camera records the spot distribution yielding the precise position
of the beamlets. The wavefront reconstruction is performed by comparing the yielded distribution with the
positions of the spots for a reference input beam.
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2.6 X-ray imaging with Hartmann masks

Figure 2.3: The illustration of the Hartmann wavefront sensor operating principle. An imperfect incident wavefront of interest is
traveling along the z-axis illuminates a Hartmann mask (aperture array). The mask modulates the beam profile, creating
the array of beamlets projected onto the CCD camera. These beamlets’ positions are different compared to the reference
beam pattern. These displacements can be qualified to provide wavefront reconstruction.

The application of Hartmann sensors for metrological purposes can be extended to X-rays, provided the
suitable Hartmann mask with small apertures are fabricated. While Hartmann masks do not provide
sensitivity to high spatial frequencies as interferometry does, these sensors have better flexibility and can be
integrated into closed-loop adaptive optical systems [51]. The principle has been adapted for X-ray imaging,
where the image of the object obtained by the sensor is compared to the flat image of the Hartmann mask.
Such comparison yields the distortions of the wavefront introduced by the object, thus providing insight into
its internal structure due to the high penetration capabilities of the X-rays. The changes of the projected
mask pattern can be classified as changes in the beamlets’ positions, a decrease in beamlet intensity, and an
increase in its width.

The displacement of the beamlet’s position about the ideal mask projection is caused by the refraction
phenomena arising at the borders of interfaces inside the object and its borders. The values of this
displacement along two axes (δx and δy) divided by the distance from the object to the detector yield the
tangent of the refraction angle θ. Since the refraction angles for X-rays are incredibly small (milliradians),
we can assume small-angle approximation tan(θ) ≈ θ. The absorption of X-rays by the imaging object
predominantly causes the decrease of intensity. The width of the beamlets is increased due to the small-angle
scattering. There are several approaches to analyze the distortion and dispositions of the beamlets, including
but not limited to the calculation of respective centroids (first moment of distribution), Fourier analysis, and
Gaussian fitting.

Analogous to the time domain heterodyning in radio electronics [52], the presence of the mask adjacent to
the object can be understood as spatial heterodyning of phase, and absorption spatial harmonics induced by
the object [21]. Under a paraxial beam approximation, the complex amplitude of the wave at the detector
plane can be described by the Kirchhoff-Fresnel integral [53]:

E(x) =

(
i

λz

) 1
2

exp(−ikz)
∫
qHM (x′)qobj(x

′) exp

[
− iπ(x− x′)2

λz

]
dx′, (2.8)

where λ is the wavelength, k = 2π/λ is the wave vector, qHM and qobj = exp[−µ(x) + iϕ(x)] are the
transmission functions of the mask and the object, respectively.
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Figure 2.4: The transmission function of the Hartmann and inverted Hartmann masks with different values of N (Eq. 2.9).

Transmission of the ideal Hartmannmasks qHM (x) of periodP can be represented as a square-wave function
that varies from zero to infinity [24]. Then the Fourier expansion of this function gives

qHM (x) =
1

2
+

2

π

N∑
j=1

(−1)j−1

(2j − 1)
cos

[
(2j − 1)

2πx

P

]
, (2.9)

where N → ∞. Although, for practical simulations a simplified expression at N = 1 can be used:

qHM (x) ≈ 1

2
+

2

π
cos

2πx

P
. (2.10)

The illustration of the transmission function for different N is presented in Figure 2.4.

The complex amplitude of the wave after passing through the sample and the mask with the transmission
function qHM (x) (Eq. 2.10) can be expressed as

Ẽ(x) =
1

2
E(x) +

1

π
exp

(
iλz

P 2

)
·
[
E(x− λz

P
) exp

(
−i2πx

P

)
+ E(x+

λz

P
) exp

(
i
2πx

P

)]
, (2.11)

whereE(x) is the complex amplitude of the wave for the object without the presence of the mask (Kirchhoff-
Fresnel integral for qobj = exp[−µ(x) + iϕ(x)]). The distribution of intensity in the final overlapped
mask-object projection will be |Ẽ(x)|2 can be evaluated numerically using Eq. 2.11.

2.6.1 Conventional and inverted Hartmann mask designs

Besides a conventional Hartmann mask design – an array of regularly spaced apertures – an alternative
inverted design is possible: an array of free-standing absorbing pillars, forming a periodic pattern. Such a
design could be advantageous because it makes measurement more flux-efficient due to less absorption in the
optical component. Increased photon statistics can be crucial for imaging of fast processes or implementation
of sophisticated detecting approaches such as sub-pixel resolution with hybrid pixel detectors [18].

Figure 2.5 illustrates the two designs and the intensity profiles they create. As one can see, the conventional
Hartmann mask creates an array of beamlets, each creating multiple Gaussian-like distributions of intensity
at the detector. The inverted Hartmann mask creates a mesh-like intensity profile, which is the inversed
intensity distribution compared to the conventional mask. Babinet’s complementarity principle states that
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2.6 X-ray imaging with Hartmann masks

Figure 2.5: An illustration of the two Hartmann masks designs: conventional and inverted. The conventional design is an array of
holes in high-absorbing material, and the inverted design is an array of high-absorbing pillars. Both masks cast a periodic
shadow onto the detector, either an array of beamlets or a mesh-like intensity profile. The intensity profiles are inversed to
each other, making the data analysis approaches directly transferable to X-ray imaging with the inverted Hartmann mask.

the optical response from an aperture is identical to that of a body of the same size and shape except for the
overall forward beam intensity. This means that the data analysis approaches developed for analyzing the
disturbances in the array of beamlets are directly transferable to X-ray imaging with the inverted Hartmann
mask design. The critical difference between the two will be the forward beam intensity and the amount of
radiation that has interacted with the object under investigation and has reached the detector. Both masks
offer an identical spatial and angular resolution. However, the sensitivity and the signal-to-noise ratio can
differ.

The differences in signal-to-noise ratio and the performance of both mask designs will be discussed in the
following chapters. It is worth mentioning that the choice of the mask can be motivated by the application.
For example, suppose there is a need to decrease the heat load or radiation-induced damage imposed on
the specimen during the measurement. In that case, it might be advantageous to use the conventional mask
design with a mask placed before the sample.

2.6.2 Relation between scattering contrast and SAXS

The scattering contrast obtained in multimodal X-ray imaging with Hartmann masks has some similarities
with the small-angle X-ray scattering (SAXS) method, where the actual scattering curves are obtained. The
sampling in single-shot methods is not sufficient to offer a detailed distribution of the scattering intensity.
In such a setting, the scattering induced by the object’s micro and nanostructure results in broadening of
the beamlets or dampening of the projected mask pattern (Figure 2.6). This effect is evaluated for each
mask’s unit cell (period), and thus the sampling of the scattering curve is limited by the number of pixels per
mask period (Figure 2.6). Therefore, such measurements can only be interpreted as a multiplexing of many
SAXS measurements performed at once with poor sampling and consequently losing the precision of the
results. Despite this drawback, scattering contrast has the advantage of simultaneous macroscopic imaging,
which can provide an overview of the scattering distribution in the whole sample in real space [12, 54]. It
has relaxed requirements for the setup, which can be advantageous for many applications. Moreover, the
poor sampling offered by a single-shot implementation of the method can be compensated by scanning the
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Figure 2.6: An illustration of the scattering phenomena occurring in the sample. a) Coherent scattering causes angular divergence of
the beam, making the projected intensity distribution wider and decreasing the contrast in the final image. b) The ray is
scattered to the scattering angle θ which reaches detector placed at distance L. The scattering vector q is the difference of
wave vectors k before and after scattering. The sampling of the scattering signal is low and represented by the number of
pixels per mask period.

correlation length related to the scattering vector q⃗ measured in SAXS. Such measurements can emulate the
SAXS process and provide valuable structural information for large sample volumes.

Scattering intensity I(q), or the differential scattering cross-section dσ(q)/dΩ, is physically described as
the number of scattered photons per unit time, unit solid angle dΩ and the unit volume dV of the sample
normalized by the incident photon flux.

I(q) ∼
∣∣∣∣∫

V

fρavge
iqrdV

∣∣∣∣2 , (2.12)

where f is the atomic scattering length, ρavg average electron density. The magnitude of the scattering
vector q is given by

q =
4π

λ
sin(θ/2) ≈ 2π

λ
θ, (2.13)

where θ is a half of the scattering angle 2θ. Here we consider the small-angle scattering approximation such
that sin(θ) ≈ θ.

In Figure 2.6 one can see a graphic representation of the X-ray scattering in the multimodal X-ray imaging
setup with Hartmann mask, where the mask is placed before the object. Monochromatic X-rays with wave
vector k⃗, where |⃗k| = 2π/λ, is incident on the scatterer. If we consider the scattering of X-rays to be elastic,
then the wave vector after the scattering event is k⃗s, such that |k⃗s| = |⃗k|. The scattering vector q⃗, indicated
in Figure 2.7 is the resulting scattering vector that defines the probed correlation length scale.

As mentioned above, the obtained contrast can be considered as multiple small-angle X-ray scattering
measurements performed for each beamlet at once, but with poor sampling rate defined by the number of
pixels per period of the modulation Npix. As one can see in Figure 2.7, in such geometry the range of the
scattering angles detected in the setup depends on the object-detector distance L, pixel size PS and the
period P , such that

θmax ≈ P

L
and θmin ≈ PS

L
. (2.14)

Then, the range of scattering vectors is

qmax ≈ 2π
P

λL
and qmin ≈ 2π

PS

λL
. (2.15)

The correlation length for scattering imaging setup has been reported to be [31, 55]

ξ =
λL

P
, (2.16)
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2.7 Spatial Harmonic analysis

Figure 2.7: The estimation of the maximum and minimum scattering angles θ, contributing to formation of scattering contrast. The
range of the angles is defined by the pixel size (PS), mask period P and propagation distance L. Note that here for
generality a certain degree of transmission by gold is assumed.

which shows the relation between the maximum scattering vector and the correlation length

q =
2π

ξ
. (2.17)

From this, one can see that ξ is equivalent to the size of the density fluctuations in the sample (the diameter of
the so-called q-window). The range of the probed correlation lengths in a particular setup can be estimated
as λL/P ≤ ξ ≤ λL/PS.

Note that for single-shot multimodal X-ray imaging, the requirement for sufficient spatial resolution of the
projected mask period is P ≥ 3 · PS, as follows from the sampling theorem [56] (PS is the effective pixel
size of the imaging system). Here, the plane wave is considered, but the same requirements can be formulated
for the projected mask period and for cone-beam setup. However, for retrieval of scattering information in
multimodal X-ray imaging a higher sampling can be preferred.

Multimodal X-ray imaging is usually performed in the near field, while typical SAXS measurement are
measuring the far-field intensity distribution. The link between the scattering intensity measured in SAXS
and the autocorrelation observed in the near field has been shown to be

µd = (2πre)
2
[
Î(r = 0)− Î(r = ξ)

]
, (2.18)

where Î is the Fourier transform of I [39].

2.7 Spatial Harmonic analysis

As have been shown in Section 2.6.1, the projection of the conventional and inverted Hartmann mask is
a spatially periodic intensity pattern. The introduction of the object into the beam distorts the projected
pattern. Discrete Fourier transformation can help to quantify the small changes introduced to the mask
projection without the need for a precise alignment of the mask with the detector pixels [20, 30]. Such
approach is also referred as Spatial Harmonic imaging [30, 57] or Spatial Heterodyne imaging [21]. The gist
of the method is utilizing Fourier analysis and algebraic manipulations to retrieve absorption, differential
phase, and scattering signals by comparing the modulated images, including the sample, to the pristine
modulation (Figure 2.8).
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2 Theoretical background

Figure 2.8: Image processing for obtaining transmission, differential phase, and scattering contrasts from a raw image of ablation
bubble (see Section 4.3 of Chapter 4). The recorded projection image is Fourier transformed into the spatial frequency
domain. The harmonics in the Fourier space are analyzed separately: the central (0,0) harmonic is associated with pure
attenuation, and the (0,1) and (1,0) harmonics are affected by phase shift and scattering of X-rays. The regions around the
harmonics are cropped and inversed Fourier transformed to obtain transmission, differential phase and scattering images.
Note that phase shift and scattering is available in two perpendicular directions. F andF−1 indicated forward and inversed
Fourier transform, respectively.

The Hartmann mask acts as a frequency modulator: it periodically samples the wavefront distorted by the
sample, which results in sharp periodic peaks in the frequency domain (Figure 2.8). It is essential to record
the reference projection (also called flat image) to be able to separate absorption and scattering inputs. When
the mask and object overlapped projection is recorded, the periodic modulation of the mask creates a series
of harmonics in the Fourier space in two dimensions. These harmonics Im,n are placed at coordinates[
2πm
P , 2πnP

]
, where the ordersm,n are integers. For illustration, Figure 2.9 shows the one-dimensional case

and indicates the relative positions of the central harmonic I0 and the first-order harmonic I1 and how the
presence of the object induced distortions might change the harmonics.

The central harmonic (m = 0, n = 0) contains pure attenuation signal such that the transmission contrast T
can be defined as

T =
F−1{I0,0}
F−1{Iref0,0 }

, (2.19)

where F−1 denotes the inverse Fast Fourier Transform of the spatial harmonic, I0,0 is the central harmonic
of the mask-object image and Iref0,0 the central harmonic of the mask-only image (reference measurement).

The phase contrast dΦ is retrieved from the phase shifts of the vertical and horizontal harmonics I0,1 and
I1,0. It can be evaluated through change in complex angle of the inverse transformed first order harmonics:

dΦ = ∠F−1{Im,n} − ∠F−1{Irefm,n}, (2.20)

where orders (m,n) are either (0,1) or (1,0).
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2.7 Spatial Harmonic analysis

Figure 2.9: Schematic representation of how the Fourier analysis of mask projection is done and which parameters are derived. As the
first order harmonic is affected by both scattering and absorption, this method always requires the reference measurement
to separate absorption from scattering.

The higher-order harmonics Im,n contain information on both transmission and scattering and thus need
to be corrected by the central harmonic image to separate scattering from the transmission. The scattering
signal Sm,n is linearized to the thickness of the sample as follows:

Sm,n = − ln

[
F−1{Im,n}/F−1(Irefm,n)

T

]
, (2.21)

where F−1 denotes the inverse Fast Fourier Transform of the spatial harmonic Im,n.

Usually, only the zeros and the first harmonics are analyzed to retrieve three contrast modalities in practical
applications. Various sources of noise and the distortions of the wavefront by the sample influence the
intensity of the harmonics in the Fourier domain; higher-order harmonics usually have a quite low signal-
to-noise ratio (SNR). Setup parameters such as detector area and mask density (amount of spots created in
the projection) can significantly decrease the number of harmonics with significant SNR.

Figure 2.10: The simulated projections (HMs and iHMs) with period 25 µm and pixel size 5 µm in real and in Fourier space: a) ideal
projection with detector area A = 250 x 250 pixels and standard deviation for the Gaussian filter with standard deviation
for Gaussian kernel σ = 0 (no blur), b) ideal projection with detector area A = 750 x 750 pixels (no blur), c) blurred
projection with detector area A = 250 x 250 pixels and standard deviation for the Gaussian filter σ = 1.5, d) blurred
projection with detector area A = 750 x 750 pixels and standard deviation for the Gaussian filter σ = 1.5.
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2 Theoretical background

The illustration of this effect is shown in Figure 2.10, where the ideal projections for the inverted Hartmann
mask are simulated (period of 25 µm and pixel size of 5 µm). With pixel size and mask period held
constant, one can see how the changes in the detector area and blurring (introduced by Gaussian filter of
the simulated ideal projection) can change the amplitude of the harmonics in the Fourier domain. One can
see that increasing the detector area (number of spots in the region of interest, or mask density) makes the
harmonics sharper and better separated (Figure 2.10a) and b)). The introduction of blur significantly lowers
the signal intensity and thus, results in lower SNR. In Figure 2.10c) and d), one can see that for blur with
standard deviation for Gaussian kernel σ = 1.5, the third-order harmonics are not distinguishable.
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3 Development of conventional and inverted
Hartmann masks

3.1 Requirements on the Hartmann masks

Although the requirements on the Hartmann mask imposed by the multimodal X-ray imaging approach are
reduced compared to interferometric methods (see Chapter 2 ), using patterns of higher quality may increase
the efficiency of sampling of Fourier spectra and simplify image processing [24]. It can also streamline
other contrast retrieval algorithms and high-resolution image acquisition modes. For example, dithered
acquisition mode requires the acquisition of several frames while moving the sample over the distance of
a single mask period (e.g., [18, 28]). Therefore it is necessary to remove or at least reduce the number of
pattern irregularities, which can influence the final image quality and lead to image artifacts.

The essential parameter which defines the final resolution of the imaging setup is the mask’s period [24, 30].
A general rule of thumb is that it should be as small as possible to ensure sufficient final image resolution
but large enough to meet the setup limitations (source and pixel size). As follows from the Nyquist sampling
theorem [56], there should be at least three pixels per projected mask period to avoid overlapping the
harmonics. However, in practice having only three pixels per mask period sometimes does not provide
sufficient mask visibility for its pattern to be distinguishable in the projection image. Thus, the optimal mask
period is an open question and should be addressed for a predefined setup taking into account the available
X-ray camera and X-ray source, as well as the object of interest.

Different applications can impose requirements on the mask area, such as high mechanical and radiation
stability of the substrate. To evaluate the mask’s applicability before its testing in the imaging setup, one
has to consider mask parameters that impact the wavefront modulation. Amongst those parameters are: the
period of the mask, the height of absorbing structures, the transmittance of the supporting substrate, and the
homogeneity of the mask structures in thickness and periodicity. The main requirements on the Hartmann
mask are summarized in Table 3.1.

3.2 Wavefront modulation and mask visibility map

The sensitivity of the discussed single-shot imaging method scales with the period of the mask [20]. To
sufficiently resolve the mask pattern, the camera pixel size should be equal to or less than one-third of
the projected mask period [57]. The detector’s resolution sets the lower limit for the mask period. To
achieve the highest possible resolution within a specific setup, the use of customized masks is superior to
the off-the-shelf grids. As it was reported previously [24], the masks with greater symmetry may increase
the efficiency of wavefront sampling. A higher degree of periodicity of the mask structures improves the
quality of the final image.

Another point to draw attention to is the profile of the mask structures. Due to the limitations imposed by
the fabrication technique in use, usually, it is not a rectangular function. A possible slope of mask sidewalls
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3 Development of conventional and inverted Hartmann masks

Table 3.1:Main requirements on Hartmann masks imposed by the available imaging setup and intended application.

Parameter Criteria Requirement

Period (P) Final image resolution As small as possible but at least 3 times larger
than the pixel size and larger than the blur in-
troduced by the source.

Probed correlation length ξ
(scattering contrast)

Should provide projected pattern of required
period according to ξ = λL/P , where λ is
the wavelength and L is the distance from the
detector to the mask or the object (depending
on the setup organization).

Height of absorbing
structures

X-ray energy The structures should be tall enough to absorb
at least 50 % of incident radiation and produce
a distinct radiation pattern on the detector. For
cone beam setups, one should keep in mind
shadowing artefacts.

Substrate X-ray energy, required me-
chanical stability of themask

The substrate should transmit sufficient amount
of radiation for projected mask pattern to be
distinct (depends on a beam intensity provided
by the source).

Mask area Required field of view (sam-
ple size or the region of in-
terest)

Should be sufficiently large to cover the object
area (or region of interest).

can introduce different absorption levels resulting in a blurring of the image, in addition to the blurring
by the X-ray tube focal spot size and point spread function of the camera. Thus, improving the mask’s
periodicity and shape can enhance the quality of the final image and possibly diminish the X-ray tube and
camera requirements.

Particular attention should be paid to the parameters impacting the wavefront modulation (WFM) introduced
by the mask. Here, by the efficiency of wavefront modulation (WFM), we mean the intensity variation
between opaque and transparent mask areas. In an ideal case, the absorbing structures should stop 100 % of
incident X-ray radiation. The supporting carrier (substrate) has complete transparency for the wavelengths
of interest (thus, it has an absorption of 0 % at the typical energy range of 10-60 keV). The pattern should
be regular within the whole mask area.

The efficiency of wavefront modulation is a characteristic that directly influences the contrast of the image
acquired by the detector. It can be expressed similarly to the visibility characteristic used in the interferometric
methods [58]:

WFM =
It − Iop
It + Iop

, (3.1)

where It – intensity, transmitted by the transparent structure, Iop – intensity, transmitted by the opaque
structure. The difference ofWFM to the visibility characteristic used in imaging is that WFM is a theoretical
value and represents the ideal (absolute maximum) value of visibility, which can be achieved with the mask.
WFM can be estimated for the mask before its testing in the setup, only knowing the X-ray energy to be
used, the materials of the mask and their thicknesses.

It is important to note that the values of It and Iop vary significantly with X-ray energy; the same mask will
perform differently at the different radiation energy. Moreover, as conventional sources, such as X-ray tubes,
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3.3 Fabrication with UV lithography

Figure 3.1: X-ray transmission of typical substrate materials and SEM images of sufraces of some of the possible substrates.

are not monochromatic and emit energy in a certain spectrum, the ideal case of WFM = 1 is not possible
to attain in reality. Single-shot X-ray imaging has been demonstrated even with WFM < 0.5 [59, 60];
however, increasing efficiency of wavefront sampling can enhance the quality of the final image.

Different periodic structures have already been used before for single-shot imaging applications such as
various commercially available metal meshes: Bucky grid (lead and aluminum) [22], Nickel wire mesh
[19, 20] and stainless steel mesh [17], tungsten plates with holes made by laser ablation [18]. There were
examples where the gold mask pattern of 30 µm height electroplated on 100 µm glass substrate to be utilized
at the energy of 50 keV for subpixel resolution analysis of intensity distribution [25]. Gold absorbs X-rays
much more efficiently than nickel, stainless steel, or even tungsten. Still, the height of 30 µm only stops
about 35 % of incident radiation, leading to the WFM of about 0.2. This results in the decreased contrast of
the final images. Thus it is always advantageous to have higher gold structures for such X-ray energies.

The same can happen if the substrate in use is highly absorbing at the utilized energy range. For example,
widely used conventional silicon substrates with 500 µm thickness have low transmission at the energy
range from 1 to 15 keV (Figure 3.1). For excellent imaging quality at these energies, it is crucial to choose
more X-ray transparent substrates composed of low atomic number materials, for example, polyimide and
graphite. However, the choice of the substrate is not solely based on the high X-ray transmission value but
also its mechanical, thermal, structural, chemical, electrical, and even biological properties such as toxicity.

The relative value of wavefront modulation can serve as a benchmarking measure for a particular mask with
the defined source and detector setup. To explore the possibilities of the single-shot imaging approach, one
should achieve the highest wavefront modulation keeping a high degree of periodicity for the masks in use.
In this regard, this work aims to develop high-quality Hartmann masks of various periods for customized
materials science and medical applications at energies up to 25 keV, both for imaging with synchrotron
radiation and a laboratory X-ray tube.

3.3 Fabrication with UV lithography

UV lithography is one of the most available and widely used microstructure fabrication techniques to pattern
periodic structures over a large area. It can provide Hartmann masks with high quality if the technological
process is optimized for the required structure size regarding the diffraction limit of the resolution [61]. Each
step of the manufacturing process requires optimization to eliminate the distortions of the predetermined
pattern due to various phenomena, but greater attention must be paid to the fine-tuning of the exposure dose,
which is directly related to the number of cross-linking reactions occurring in the photopolymer (photoresist)
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3 Development of conventional and inverted Hartmann masks

layer. Cross-linked areas form an intended pattern shape, which is subsequently used to serve as a mask for
electroforming. Properties of the pattern, such as mechanical stability, homogeneity, and uniformity of the
design (height and periodicity), directly depend on photoresist performance during and after exposure. In
the case of the negative photoresist, the exposure dose should be high enough to generate the cross-linking
along with the photoresist depth sufficient to adhere it to the substrate carrier and to avoid structure deflection
followed by the pattern collapse due to insufficient stiffness. Overexposure, in its turn, can result in significant
distortion of the pattern shape due to diffusion of the photoactive components. Furthermore, overexposure
can lead to cracking of the cross-linked areas due to photoresist shrinkage. Photoresist sensitivity curves can
help with the optimization of exposure dose and characterization of photoresist response to irradiation.

Various substrates can be used for patterning structures with UV lithography (e.g., the substrates materials
shown in Figure 3.1). The standard substrate material used in UV lithography is silicon. For that reason the
first Hartmann masks were fabricated using silicon substrate with TiOx coating, as it ensures high adhesion
of photoresist and provides a conductive layer for electroplating of high-absorbing structures like gold. The
processing steps were further adapted for the fabrication of Hartmann masks on graphite substrate, which is
more challenging due to the porous structure of graphite, as will be addressed later in this chapter.

3.3.1 Sensitivity curve for photoresist

The proper exposure parameters were determined using the sensitivity (contrast) curve procedure, which
assesses the lithographic performance of photoresist [58]. A set of samples was prepared to carry out
a sensitivity curve procedure to determine the proper exposure parameters. A thin (few nm) layer of
hexamethyldisilazane was deposited on silicon wafers with a thickness of 525 µm during substrate pretreat
with heating up to 150 °C for 30 minutes to increase the adhesion of the photoresist to the wafer. Using
different regimes to achieve layer thicknesses of 10 µm, 15 µm, and 20 µm, the epoxy-based negative mr-X
10 photoresist (micro resist technology GmbH, Berlin) was spin-coated on the wafers. Thicknesses higher
than 20 µmwere not used for sensitivity curve procedure, as in this case, the dose is not uniformly distributed
along with the photoresist thickness due to absorption; the ratio of bottom and the top dose is not close to
unity, which violates the basic assumption of the approach [58].

The soft bake was performed using a hot plate at the temperature of 95 °C for 10 minutes. Exposure was
carried out with a mercury UV lamp. The total incident radiation power stability and distribution were
controlled by Karl Suss UV intensity meter model 1000. The intensity value was 15 mW/cm2 with 1
mW/cm2 deviation from the center to the edge, the measurements were performed for i-line of the mercury
spectrum (λ = 365 nm). The exposure was done using double mask geometry: the lower mask was a
Cr-Quartz mask with alternating dark and light tone regions with a pattern of structure sizes from 2 up to
50 µm; the upper mask was a slit that allowed dividing the exposure area into 15 sectors which received
different dose with a constant step. The dose was tuned within a determined range by changing the exposure
time. The exposure was carried out using vacuum contact alignment to eliminate diffraction effects: the
wafer and the mask were placed in the vacuum chamber to ensure the absence of a gap between the mask
and the photoresist layer.

The exposed sampleswere subjected to post-exposure bake (PEB) in the oven for 4 hours with the temperature
changing from 70 up to 90 °C and subsequent cooling down to room temperature. A wet development of the
exposed photoresist layers was carried out in propylene glycol monomethyl ether acetate in order to dissolve
the unexposed area of mr-X 10 photoresist layers, and then the samples were rinsed in isopropanol alcohol.
After development, the samples were air-dried in a convection oven at 30 °C, and then the height of the
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3.3 Fabrication with UV lithography

Figure 3.2: Sensitivity curves obtained for mr-X 10 photoresist layers of thickness: 10 µm (black), 15 µm (red), 20 µm (green) and
respective colored patterns overview for 10 µm (gray), 15 µm (red) and 20 µm (green). The curves were plotted using the
approach reported in [58]. In the figure, contrast values for different curves are defined according to Eq. 3.2. Dose at the
maximum slope serves as a quantitative value for a comparison of curves shift.

formed micropattern was measured with a long scan profiler Tencor P-2 with an instrumental accuracy of
25 Å.

The results of the sensitivity curve measurements, which describe the remaining photoresist fraction as a
logarithm function of applied exposure dose, are shown in Figure 3.2. To approximate the data, we used
a generalized logistic function fit according to the approach reported previously [58]. As one can see, the
sensitivity curves for 15 and 20 µm photoresist layers are shifted towards higher exposure doses. This is due
to the absorption introduced by the photoresist layer, which decreases the delivered bottom dose. All curves
exhibited a similar slope, which can be associated with photoresist contrast. The contrast value is defined
by

γ =

[
log10

(
D2

D1

)]−1

(3.2)

where D1 is the dose for which the remaining photoresist height is 10 % of the original value, and D2

is the dose for which the remaining photoresist height is 90 % of the original value. The value of the
contrast generally represents the response of the photoresist to radiation [58]. From the fabrication point
of view, the most valuable information for a given patterning photoresist material is the optimal dose. By
optimal dose, we mean the value that is sufficient to obtain a full cross-link of the photoresist. Optimal
values were estimated from the sensitivity curve plateau, taking into account the pattern quality evaluated
with an optical microscope Figure 3.2. Defect-free patterns were obtained at optimal dose value, which
also confirmed properly adjusted PEB and development time conditions. As it was noted previously, the
thicknesses higher than 20 µm could not be subjected to sensitivity curve procedure; thus, the optimal values
for such thicknesses were extrapolated from the data for lower thicknesses.

3.3.2 Masks on silicon

UV LIGA for the manufacturing of Hartmann masks was carried out using the process chain similar to the
contrast curve samples preparation but with several application-related changes. The main overview of the
process is shown in Figure 3.3. Thinner silicon wafers were used for mask fabrication in order to achieve
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3 Development of conventional and inverted Hartmann masks

Figure 3.3: Fabrication process steps of UV LIGA: substrate preparation consisting of cleaning of the surface and applying the
photoresist; photoresist pattern formation with exposure and development; gold pattern formation by electroplating and
stripping of the photoresist.

higher wavefront modulation. The substrates were 200 µm silicon wafers with few nanometers of Ti and
TiOx to create a conductive contact layer for the concluding electroplating.

1. Photoresist layer preparation.

Substrate cleaning was performed to guarantee that it was free of impurities and moisture. Oxygen plasma
cleaningwas employedwith subsequent baking at 120 °C and cooling down to room temperature immediately
before coating. Spin-coating of TI PRIME adhesion promoter was performed before photoresist application.
After solvent evaporation, TI PRIME forms a physically bonded sub-monolayer of the active compound. A
subsequent baking step of the primed substrate at 120 °C chemically activated the adhesion promoter, thus
creating the desired hydrophobic surface allowing subsequent photoresist coating with improved wetting and
adhesion between the TiOx and the photoresist. Immediately after the primed substrate baking was finished,
spin-coating of negative mr-X 10 photoresist was performed to achieve layers of 10 µm, 20 µm, 30 µm, and
40 µm thickness. A soft bake to remove the solvent content from the sample was carried out at 95 °C on the
hot plates for time periods from 10 to 20 minutes, depending on the photoresist layer thickness.

2. Photoresist pattern formation.

The exposure of photoresist layers was performed using EVG mask aligner with 2.85 mW/cm2 radiation
intensity (0.15 mW/cm2 deviation) using the filter for wavelengths shorter than 365 nm. The photomask for
exposure was a 5-inch Cr-Quartz mask purchased from Compugraphics (Jena, Germany) with four regions
of different periods and shapes; the area of each region was 1 cm2. The exposure was carried out with soft
contact mode (no vacuum) to prevent the photoresist layer from sticking to the mask. The exposure dose
values are listed in Table 3.2. Theoretically, the optimal dose depends on the photoresist thickness, solvent,
UV sensitivity, absorption in the exposure spectrum, power, and coherence of the UV lamp. For fabrication
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3.3 Fabrication with UV lithography

Table 3.2:Main characteristics of the masks fabricated on silicon substrate.

PR thickness Mask period Shape Dose Gold thickness
(µm) (µm) (mJ/cm2) (µm)
10 50 square 550 5
10 25 square 550 5
10 10 square 550 5
10 50 round 550 5
20 50 square 610 15
20 25 square 610 15
20 10 square 610 9
20 50 round 610 15
30 50 square 630 22
30 25 square 630 22
30 10 square 630 (-)1

30 50 round 630 22
40 50 square 650 28
40 25 square 650 28
40 10 square 650 (-)1

40 50 round 650 28
1 No structures

purposes, the initial exposure dose range was empirically estimated using the data from sensitivity curve
method (see Section 3.3.1). Then, the exposure parameters were adjusted taking into account the difference
in the radiation intensity for the used UV lamps. The final optimal dose was defined by evaluating the quality
of the pattern achieved for different doses.

Post-exposure bake and development steps were the same as for the contrast curve sample set. Development
times were adjusted according to the thickness of the photoresist layer. Optical microscope images of the
gratings were obtained to perform a preliminary quality assessment of periodicity and homogeneity of the
pattern. A sharp definition of the structures and a high degree of periodicity was observed for all periods
for photoresist thickness up to 20 µm. However, for a photoresist thickness of 30 µm and thicker, structures
with a period of 10 µm undergo undesirable crosslinking caused by the diffraction effect, which made square
structures appear round. This resulted in structure size loss, as the final structures were electroplated using
a structured photoresist layer as a mask for the conductive wafer surface.

Gold pattern formation.

The photoresist mask formed by means of UV lithography was filled with gold in an electroforming step
after development. Electroplating current density and voltage were fixed, and duration time defines the
amount of gold that should be plated on the wafer. This amount of gold was determined by the height of
designed structures, which is usually 75 % - 80 % of photoresist layer thickness, and the area that should
be electroplated. Gold electroforming was performed using a standard gold-sulfite electroplating bath for
microstructures fabrication at the temperature of 55 °C. After electroplating, the photoresist was stripped
using oxygen plasma.

The manufactured masks and their main characteristics are listed in Table 3.2. Each mask has an area of 1
cm x 1 cm. However, larger areas (up to 5 cm x 5 cm) can be obtained within the same process chain if a
larger Cr-Quartz exposure mask layout is used.
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3 Development of conventional and inverted Hartmann masks

3.3.3 Masks on graphite

Another type of a promising substrate material for Hartmann masks is low-absorbing graphite substrates,
which can also be used for UV lithography. Graphite enables an excellent adhesion of the mask features
to the substrate. Due to better adhesion graphite is well suited for fabrication of both arrays of gold pillars
(inverted Hartmann masks) and gold meshes (Hartmann masks). The conventional Hartmann mask design
requires the formation of an array of photoresist pillars, which are then used to create the gold mesh after
electroplating. The photoresist than is stripped away, and the resulting mask is an array of holes in gold
layer.

Table 3.3: Processing steps and parameters for graphite mask patterning with UV lithography and gold electroplating.

Processing step Parameters

Cleaning rinsing with distilled water and drying at 200 ◦C for 5 min
Preprocessing soaking with photoresist
Spin-coating Spinning time - Acceleration - Spin speed

30 sec - 300 rpm/s - 500 rpm*
60 sec - 1500 rpm/s - 0 rpm
60 sec - 300 rpm/s - 1900 rpm

Soft bake 30 min at 90 ◦C
Photoresist thickness control 36 µm
UV exposure 650 mJ/cm2

Post Exposure Bake temperature changing from 70 ◦C to 90 ◦C for 4 hours and
subsequent cooling to room temperature

Development wet development with PGMEA
Gold electroplating gold-sulfite electroplating bath at a temperature of 55 ◦C

The lithography-based fabrication process, like for the masks on silicon, consisted of several sequential
steps: photoresist spin-coating, exposure, post-exposure bake, development, and gold electroplating. The
process starts with the photoresist layer application. In our case, it was a SU-8 based, chemically amplified
negative photoresist mr-L 50 (micro resist technology GmbH, Berlin, Germany). Spin-coating of a liquid
photoresist is challenging due to the penetration of photopolymer into the pores of the graphite. To ensure
a homogeneous photoresist layer on top of the wafer, we preprocessed the wafers by soaking them with
photoresist before the spin-coating. After photoresist spin-coating, the layer was exposed to i-line UV light
using a Cr mask. Due to the photosensitivity of the photoresist, UV exposure initiates a cross-linking process
in the photoresist, resulting in a solid pattern. The processing steps are summarized in Table 3.3.

The final structures were two-dimensional arrays with an area of 1 cm2. The area was scaled up to 5 cm x 5
cm within the same fabrication approach for the inverted Hartmann mask with 50 µm period. The periods
of the 1 cm x 1 cm masks were 30, 40, 60, and 80 µm. The thickness of the gold (pillars or meshes) was 30
µm for all masks.
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3.4 Characterization and quality assessment

(a) P = 25 µm (b) P = 50 µm (c) P = 50 µm

Figure 3.4: SEM overview images of the inverted Hartmann masks with 28 µm gold height: (a) 25 µm period pattern; (b) 50 µm
period square shape pattern; (c) 50 µm period round shape pattern.

3.4 Characterization and quality assessment

3.4.1 Masks on silicon

The mask quality evaluation was first performed with optical and scanning electron microscopes (Figure 3.4
and Figure 3.5). The main quality control points were the uniformity of the mask pattern, the sharpness
of structures edges, sidewalls geometry, and quantitative characterization of mask height, period, and duty
cycle. The duty cycle (DC) in grating fabrication represents the ratio of the structure width to the period of
the pattern. For the gold height from 5 µm to 15 µm, it was possible to obtain reproducible structures with
periods down to 10 µm; however, the shape of the structures was affected by diffraction in the corners of the
square pillars. For gold structures higher than 20 µm, the electroplating of structures with a period of 10
µm was not possible due to excessive cross-linking of the photoresist and significant distortion of the initial
pattern shape.

An example of the inverted Hartmann mask of 25 µm period and 28 µm gold height with stripped photoresist
is shown in Figure 3.4(a). One can see that the mask pattern is clear and uniform; no structures are collapsed
or detached. Each pillar of the mask is wider at the bottom and smaller on the top (Figure 3.5(a)), which is
due to the interplay of a negative photoresist response, absorption, and diffraction effects occurring in the UV
lithography. The duty cycle of the mask at the top and on the bottom is slightly different from the intended
value. Analysis of SEM images has shown that for the top of the mask, the duty cycle is 0.47 and for the
bottom 0.58. Thus, the average duty cycle is 0.52 ± 0.05. It is important to note that the analyzed mask is
with the highest aspect ratio (height 28 µm, structure size 12.5 µm) among fabricated masks with sufficient
quality; the distortions observed for such structures are much less for the other fabricated masks. From the
application side, such a distorted sidewall shape of the structures might slightly decrease the efficiency of
wavefront modulation. Still, on the other hand, it provides structures with additional mechanical stability.
The granular surface of the structures (see Figure 3.5) does not affect significantly the quality of the wavefront
modulation, as associated deviations in the height are very small and the masks are to be used as absorption
masks with minimal gold transmission.

As mentioned before, different shapes of the structures were tested to compare their final quality. The
inverted Hartmann masks of the 50 µm period and 28 µm gold heights are presented in Figure 3.4(b-c). As
one can see, the mask patterns of both shapes are precise and uniform, the structures are well-defined and
exhibit a high degree of periodicity. Single pillars of the square and round shapes are shown in Figure 3.5
(b-c). Both have a broader foundation and narrower top, but the deviation is smaller than the one presented
in Figure 3.4(a). For the square pillars, the top duty cycle is 0.49, and the bottom DC is 0.53, which gives the
average DC = 0.51 ± 0.02. For the round pillar, the top duty cycle is 0.50 and for the bottom is 0.52, which
gives the average DC = 0.51 ± 0.02. The variation of the top and bottom sizes of the pillars is different for
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3 Development of conventional and inverted Hartmann masks

(a) P = 25 µm (b) P = 50 µm (c) P = 50 µm

Figure 3.5: Close-up SEM images of the inverted Hartmann masks of 28 µm gold height: (a) the square shape mask of 25 µm period;
(b) the square shape mask of 50 µm period; (c) round shape pillar of 50 µm period.

Figure 3.6: SEM images of Hartmann masks of period 30 µm (a) and 60 µm (b). Gray areas are gold and black areas are wholes.

square and round shapes, but the average duty cycle remains the same. No period variation was observed
in the SEM images. The values of DC for square and round structures imply that one can profit from the
decreased influence of diffraction in the patterning of round structures for smaller periods.

3.4.2 Masks on graphite

The SEM images of two Hartmann masks of period 30 µm and 60 µm made on graphite are illustrated
in Figure 3.6. The patterns are clear and periodic, none of the array of holes in gold is closed. It means
that the array of the photoresist pillars formed on graphite had good adhesion and every pillar stayed intact.
Note that the shape of the mask with smaller period in Figure 3.6(a) is rounded due to the diffraction effects
occurring during UV exposure; the initial pattern design was intended to be square-shaped. However, this
does not change the approach for data analysis as the key feature of the mask is periodicity. As one can see

Figure 3.7: SEM images of inverted Hartmann masks of period 30 µm (a) and 80 µm (b). Gray areas are gold.

28



3.5 Mask performance in a radiographic setup

(a) overplating (b) diffraction (c) impurity

Figure 3.8: SEM images of the inverted Hartmannmasks chosen to test the robustness of the characterization algorithm by radiographic
projection analysis: (a) the illustration of the gold overplating (mask before photoresist stripping); (b) illustration of pattern
impurity and shape distortion caused by diffraction limit; (c) large particle formation during electroplating.

in the inset in Figure 3.6, the surface of the gold is rough, which could be due to the inherent roughness of
the graphite substrate.

An example of the inverted Hartmann masks of period 30 µm and 80 µm is shown in Figure 3.7. The pillars
of gold are regularly spaced, and the patterns are clear from impurities. In general, all obtained masks exhibit
regularity of the pattern, high periodicity, and the absence of substantial defects. For the inverted Hartmann
patterns of smaller periods, a partial collapse of the structures was observed at the edge of the mask after
mask handling. However, it does not affect the quality of the final images as this area is usually out of the
field of view of the imaging setup. Slight deviations of the gold height have been found in SEM images, but
they did not exceed 2 µm. Such variations will not substantially influence the image quality if the mask is
utilized at the appropriate X-ray energy (such that the absorber height of the mask is sufficient to stop about
80% of the radiation).

3.5 Mask performance in a radiographic setup

3.5.1 Masks on silicon

We tested the developed inverted Hartmann masks using a radiographic setup at TOPO-TOMO beamline of
the Karlsruhe synchrotron radiation facility (Karlsruhe, Germany). The measurements were performed at
the energy of 8.5 keV utilizing an optical system to introduce 9x effective magnification. The detector was
a Camera Andor Neo sCMOS with an effective pixel size of 0.72 µm and a field of view of 2560 x 2140
pixels. The mask was placed at 8 cm from the detector. The tested masks were gold square pillars of 15 µm
height with 10 µm, 25 µm, 50 µm periods in both vertical and horizontal directions, manufactured on the
same 200-µm-thick silicon substrate with an oxidized titanium layer. The average WFM introduced by the
masks according to the Eq. 3.1 was 0.88.

The robustness of the analysis algorithm was tested by the masks with several technologically-driven defects,
which imposed challenges to the data interpretation. We intended to explore the possibility of decoupling
typical fabrication issues using the data obtained from the projection image. The specimen has several
defects in the photoresist pattern due to the local adhesion issues, which were eliminated for other specimens
by careful cleaning. As a consequence, the final pattern suffered from the overplating of gold on top
of the photoresist layer as shown in Figure 3.8(a), diffraction-induced shape distortion as represented in
Figure 3.8(b), the impurity of the inter-structure areas and particle formation during electroplating, which
can be seen in Figure 3.8(c).
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(a) flat-field (b) recorded intensity

Figure 3.9: Radiographic image analysis: (a) flat-field image illustrating the deviation from themean intensity value for the background;
(b) illustration of the detector signal (recorded intensity) splitting in two Gaussians.

Radiographic images were obtained with only the masks in the beam path. The fragments of the images
are shown in Figure 3.10. Flat-field images without the masks were obtained to correct the resulting image
considering the beam shape and estimated detector noise. The exposure time for all acquired images was
the same. As one can see in Figure 3.9, there is a strong deviation of the background from the mean value.

Moreover, it has a highly inhomogeneous distribution over the whole detector area. The detector signal
(recorded intensity) was composed of two Gaussians as shown in Figure 3.9(b), which means that the
illuminated detector area has two main intensity values (around 7500 a.u. and 8500 a.u.). The mean value
for the whole distribution was around 8400 a.u. Such an effect could be either due to a non-uniform beam
or detector response. Special attention was paid to the normalization of the data due to the inhomogeneity
of the background. For each mask projection, the respective flat-field image was subtracted from the data,
and further correction by the absorption of the substrate was applied.

Relative absorption signal histograms (i.e., the number of counts associated with a certain absorption level)
were plotted, applying 3 x 3 median filters for pixel-noise removal to characterize the intensity modulation
introduced by the masks qualitatively. As one can see in Figure 3.10, the intensity distribution peaks for
masks of periods 50 µm and 25 µm are clearly separated. However, the absorption signal peak splits around
400 a.u. for the 25 µm period mask and around 430 a.u. for the 50 µm period mask. For a 10 µm period,
there was no clear separation of peaks observed, but somewhat overlapping of at least three Gaussians
centered at 0 a.u., 110 a.u., and 250 a.u. By comparing quantitative data about the height of gold structures
obtained from the SEM images with absorption signal distributions, one can correlate the height of gold
with the respective peak on the histogram.

A local effect present at the characterized masks is pattern impurity due to partial gold deposition between
the structures, leading to a decrease in transmission, thus reducing the intensity and additional broadening of
the zero-centered peak. Decomposition of real data histogram profiles into several Gaussian-shaped signals
has been performed. Examples for 10 µm and 50 µm period masks are shown in Figure 3.11. It is evident in
Figure 3.11a) that an additional contribution of the signal at approximately 30 a.u. is present corresponding
to the gold height of about 1 µm. This signal is attributed to the impurity of the pattern and contributed to
the broadening of the zero-centered peak. The impurity of the pattern for the tested mask might be due to a
slight undercut of the photoresist layer during reactive ion etching before electroplating. The effect was more
substantial for smaller periods, as observed with SEM (Figure 3.8(b-c)); in this case, the gold nucleation
points were placed closer to each other, and undesirable diffusion of Au+ between the structures in the
undercut area occurred. In its turn, the contrast between absorbing and non-absorbing areas on the projected
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3.5 Mask performance in a radiographic setup

Figure 3.10: Histogram of the relative absorption signal after subtraction of the background with cropped radiographic projection
images for 10 µm (blue), 25 µm (orange), and 50 µm (green) period square structures for visual representation.

(a) P = 10 µm (b) P = 50 µm

Figure 3.11: Real data absorption signal histogram decomposed into several Gaussian shape signals correlated to the different height
of gold structures: (a) for a 10 µm period mask (small Gaussians were treated as a local gold height inhomogeneity as
their content in the entire profile was less than 2 % each); and (b) for a 50 µm period mask. In the legends the percentage
of the contribution to the signal was calculated from the areas of the Gaussians used for the approximation of the real
data profiles.
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3 Development of conventional and inverted Hartmann masks

images was decreased by this effect strongly for smaller periods. For example, for the 10 µm period mask,
the highest pillars were about 9 µm (see the pillar in Figure 3.8(c)); thus, approximately 5 % of radiation was
transmitted through such structures, and the transmission of the wafer carrier was reduced by the impurities
of the pattern, resulting in a decreased intensity modulation.

However, not only impurities contributed to the overlapping of the peaks on the histogram for a 10 µm
period. As it was mentioned above, there is a third Gaussian centered at approximately 110 a.u (yellow
dashed line in Figure 3.11(a)), which can be correlated with the gold height of about 4 µm using information
obtained with SEM. This implies that gold height is not homogeneous, and pillars of different heights were
obtained during the electroplating. However, for a 50 µm period mask, the intensity modulation was highly
efficient, resulting in clearly separated signals from gold structures and the transparent areas with a ratio of
1:3. Nonetheless, a splitting of the signal in two Gaussians is present, attributing to 14 µm and 16 µm height.
Another defect that could cause changes in the distribution of the absorption signal is the diffraction-caused
shape distortion, which is prevailing for the 10 µm period mask. This effect can be diminished by using a
circular-shaped mask for UV lithography, as such a shape is less sensitive to diffraction effects.

3.5.2 Masks on graphite

Conventional and inverted Hartmann masks were tested at the TOPO-TOMO beamline of the IPS imaging
cluster of the KIT synchrotron facility. A quasi-monochromatic beam with the energy of 17 keV with a
bandwidth of 2% was used for the measurements. Detection of the X-rays was performed by the Andor Neo
5.5 X-ray camera coupled with lenses (magnification of 2.73) to achieve an effective pixel size of 2.4 µm.
X-rays were incident on the Hartmann (or inverted Hartmann) mask, which was placed on a stage 9.5 cm
away from the detector.

The relative absorption histogram analysis was performed for the acquired projections of masks. In Fig-
ure 3.12(a), one can see the histograms for the conventional Hartmann masks with periods 60 and 80 (HM60
and HM80). The histograms exhibit three peaks: zero centered peak corresponding to the intensity trans-
mitted by the substrate (holes in the mask) and the highest peak at the relative absorption level of 350 a.u.
Two other peaks are located at the relative absorption levels of 210 and 270 a.u. The peaks locations are the
same for both masks, which indicates the inhomogeneous gold mesh thickness formed during electroplating.
Assuming that the highest peak corresponds to the intended gold height of 30 µm, the additional peaks are
coming from the gold thicknesses of about 18 and 23 µm.

Figure 3.12(b) shows the histograms for the inverted masks (iHM60 and iHM80). The histograms have a
big zero-centered peak which indicates the counts of transmitted intensity by the graphite substrate. The
peak corresponding to the gold height is located at about 390 a.u. for iHM60 and at 430 a.u. for iHM80.
The peaks are not as clearly separated as for the masks on silicon (see Figure 3.10). It can be due to the
scattering introduced by the graphite substrates, which results in a stronger blurring of the mask projection.

3.5.3 Simulations

To understand the data obtained from the measurements and evaluate the quality of the microstructure
patterns over a large area, we correlated mask defects and flaws with respective projection image distortions
for the inverted Hartmann masks made on silicon substrate. The ideal data arrays were simulated in order
to investigate possible generalized imperfections of the mask and its alignment in the setup. The arrays
had dimensions and intensity (counts) corresponding to the actual projections acquired with the inverted
Hartmann masks on silicon with periods 10, 25, and 50 µm. The changes such as rotation and blurring
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3.5 Mask performance in a radiographic setup

Figure 3.12: Real data absorption signal histogram for the conventional (a) and the inverted (b) Hartmann masks made on graphite
substrate. The insets show the projections of the masks.

were introduced to the ideal arrays and associated with the changes in the absorption signal histograms.
It is important to note that the proposed quality evaluation algorithm gives valuable information only for
intrinsically periodic structures such as gratings or Hartmann masks.

The main idea of the mask quality evaluation algorithm was to test the mask in a radiographic setup and
compare the intensity distribution obtained on the detector plane with the simulated intensity map from an
ideal mask. According to a simplified empirical model, a perfect mask was represented by a two-dimensional
array of data with the same dimension as the digital image obtained from the actual data, considering the
magnification. The array was filled with a constant value, and an intensity distribution histogram was
obtained. This gave a discrete spectrum consisting of two peaks at absorption signals for the wafer (if
normalized by the absorption level of the wafer, this peak is centered at zero) and the gold structures
(Figure 3.13a). The ratio of peaks is 1:3 as the gold structures cover one-third of the illuminated mask
area in the simulated experiment. By modifying the simulated ideal arrays, one can estimate the intensity
modulation quantitatively and characterize structural changes in the real mask. The code to simulate an ideal
projection for the conventional and inverted mask designs can be found in Appendix A.

When the arrays and associated intensity distribution histograms were obtained, the real mask projection was
approximated by adding a background function representing noises introduced by the experimental setup.
This was done by introducing random fluctuations around the central value as detector noise (Gaussian
distribution). The intensity distribution in the beam was accounted for using the actual signal recorded
by the detector in the experiment as a background. The intensity distribution histogram with added noise
and real background is shown in Figure 3.13b). As the silicon substrate supported the mask structures, it
introduced a certain absorption, which decreased the signal-to-noise ratio and could also be treated as a
contribution to the background. The detector noise was further estimated together with the contribution
of 200-µm-thick silicon absorption. Thus, the histogram peaks were shifted so that the zero position
corresponds to the radiation passing between the mask structures. The second peak was placed at the
absorption level of gold structures, which was determined by the gold height.

However, in reality, the detector noise decreases the efficiency of intensity modulation and blurring caused
by the not perfectly steep profile of structure sidewalls. Note that this manufacturing-driven blurring is
independent of the blurring of the projected mask edges by the source focal spot size (focal spot size in case
of an X-ray tube or lens focusing spot for a lens system). Despite the different origin both result in blurring
of the projected image, which is stronger for smaller periods: one can see that for the simulated mask with
10 µm period, the intensity distribution is not discrete anymore, and peaks associated with absorption of
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Figure 3.13: Relative absorption histograms for the simulated inverted Hartmann mask projections with periods of 50 µm (green), 25
µm (orange), and 10 µm (blue): a) without noise or blur and with uniform background (mean value 8400 counts); b)
with added detector noise (standard deviation 25) and real background; c) with added detector noise (standard deviation
25), real background, tilted to -0.6 and blurred (sigma = 1.5); d) with added detector noise (standard deviation 45), real
background, tilted to -0.6 and blurred (sigma = 2.5). The insets indicate the cropped simulated data arrays. The simulation
represented the influence of generalized pattern defects and decoupled them from the impact of local imperfections.

the wafer and the structures are merged and not clearly distinguished as can be seen in Figure 3.13(d).
The histogram shown in Figure 3.13(c) has been obtained by varying the input parameters such as in-plane
rotation of the mask and blurring of the image to match the experimental conditions and decouple the
influence of generalized pattern defects from local imperfections. As one can see from the projection images
shown in Figure 3.10, there was a slight in-plane rotation of the mask present when the mask was placed
in the holder. The simplified empirical model included the rotation angle of 0.6 degrees to represent the
acquired images better and account for smoothening out of the ripples in the histogram.

It is important to emphasize that simulated data only included general distortions uniformly applied to the
entire pattern, and no local defect impact was considered. By comparison of the histogram obtained from
experimental data (Figure 3.10) and simulated one (Figure 3.13), it is clear that only pattern blurring cannot
explain the distribution obtained for the masks. In particular, the splitting of the peaks corresponding to gold
absorption, especially evident for the 10 µm period mask (Figure 3.11a), cannot be attributed to uniform
effects present in the pattern, but rather local defects of mainly random and rare appearance. One kind
of such effect is gold overplating, which causes the appearance of higher absorption levels. However, at
the designed X-ray energy, the gold structures with an average height of 15 µm transmit only 0.5 % of the
incoming radiation [62]. This means that the gold structures higher than 14 µm will not have a considerable
effect on the intensity modulation. Overplated structures which contribute to the gold pillars higher than 20
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Figure 3.14: Inverted Hartmann mask manufactured on the substrate based on polyimide (Vespel) with carbon coating. The coated
carbon has large grain size (around 10 µm), which results in the poor abhesion of the golden pillars.

µm will not make any impact on the absorption signal histograms obtained from the measurements at the
energy of 8.5 keV.

3.6 Other possible substrates

Other combinations of substrates and conductive coatings are compatible with UV lithography. A popular
choice of the low-absorbing substrate in X-ray lithography is a polyimide substrate (e.g., DuPont VespelTM),
coated with a CrAu (10/70 nm) conductive layer. Unfortunately, due to the high reflectivity of gold surface
in the UV region, such substrates cannot be routinely used with UV lithography. Even the use of standard
anti-reflective coating does not form a stable photoresist pattern and results in photoresist lift-off. However, a
different conductive coating can profit from polyimide thermal and mechanical stability and low absorption
in the X-ray region. For example, a thin carbon layer can be deposited on the polyimide (usually on both
sides to prevent substrate bending). The substrate can be further processed with the same parameters as a
graphite substrate. An example of a Hartmann mask fabricated on such substrate (after photoresist stripping)
is shown in Figure 3.14.

Another alternative is to deposit a smoother coating that will not form flake-like structures such as graphite
and would withstand stripping with plasma. An attempt to create Hartmann masks on a polyimide substrate
with titanium coating demonstrated low adhesion both between the titanium and polyimide and between
titanium and the photoresist (Figure 3.15).

Multiple issues with titanium coating delamination during oxidation and the photoresist lift-off could not
provide sufficient quality of the photoresist pattern to be used for gold electroplating. However, such
substrates perform well in terms of the smoothness of photoresist sidewalls and the height of the photoresist
pattern achieved. Perhaps the optimization of titanium deposition and careful tuning of oxidation and
exposure parameters can result in successful fabrication of Hartmann mask, albeit of the limited area due to
adhesion problems and reduced reproducibility of the manufactured pattern.
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Figure 3.15: Photoresist pillars manufactured on the Vespel substrate with oxidized titanium coating. The smooth surface of the
titanium does not provide sufficient adhesion.

3.7 Conclusions

In this chapter, the technological process for the fabrication of conventional and inverted Hartmann masks
was described. The fabrication process is based on UV lithography and gold electroplating and is compatible
with silicon and graphite substrates. The inverted Hartmann masks represented by periodic free-standing
gold pillars with lateral structure sizes from 5 µm to 25 µm and heights from 5 µm to 28 µm have been
manufactured on silicon substrate. The masks have shown a high degree of periodicity and defect-free
patterns, which enables their application for single-shot X-ray phase-contrast imaging. Both conventional
and inverted Hartmann masks were fabricated on the graphite substrate, following the processing steps
established for silicon with slight adjustments of substrate pretreat. Gold meshes and arrays of pillars with
periods from 30 to 80 µm with gold height of 30 µm were manufactured. The gold height achieved in
the manufacturing process (28 and 30 µm) absorbs more than 90 % of X-ray radiation at the energy of 25
keV. Taking into account the transmission of the 200-µm-thick silicon substrate at this energy, the WFM
of the mask is about 0.8. For 500-µm-thick graphite substrate the WFM is 0.84, which implies that the
manufactured masks can be used for single-shot imaging at the energies up to 25 keV.

An algorithm allowing the qualitative and quantitative characterization of homogeneity and uniformity of
the micropattern over a large active area involved in the imaging measurement was developed. The simu-
lated images include general effects like blurring, detector resolution limitations, noise, and misalignments.
However, they do not include any information on local defects such as diffraction-induced shape distortion,
overplating, pattern impurity, mask defects transferred to the final grating, etc. Such defects are becoming
critical for small periods like 10 µm, as can be seen comparing the real data histograms with the simulated
data, while larger periods are less affected by the abovementioned defects and exhibit clear intensity modula-
tion. The evaluation of the Hartmann masks in the radiographic setup shows that the masks with periods 50
µm and 25 µm exhibit clear patterns and can be used for single-shot X-ray phase-contrast imaging at energies
up to 25 keV. The masks with a 10 µm period have multiple manufacturing-driven defects and require further
quality improvement, for example, by using deep X-ray lithography or improved photoresist formulations.
The evaluation of the mask quality can also be further enhanced, most probably by introducing an image
pattern recognition algorithm to be sensitive to minor localized defects.

The findings reported in this chapter can be used to improve image quality and broaden applications for X-ray
phase-contrast single-shot imaging towards materials characterization and medical imaging. The developed
algorithm could also provide additional information on the mask quality by utilizing a single projection for
more straightforward data interpretation during measurements of various objects.
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Table 3.4: Overview on several substrate options for Hartmann masks.

Substrate Advantages Limitations Applicability

Silicon with tita-
nium oxide (200
and 500 µm)

Highly compatible with
lithography, fine rough
surface ensures good ab-
sorption of both photore-
sist and gold.

High (more than 40%) ab-
sorption for X-rays below 20
keV for thickness of 500 µm.
Thinner substrates (200 µm)
are brittle but have lower ab-
sorption, although it is still
substantial for energies be-
low 15 keV.

X-ray imaging with energies
higher than 15 keV for setups
with high SNR (e.g. white
synchrotron radiation).

Graphite (500
µm)

Low absorption, high
adhesion for photoresist
and gold, mechanical sta-
bility and electrical con-
ductivity without addi-
tional coatings.

Soaking of photoresist
results in inhomogeneous
thickness and non-flat sur-
face which reduces precision
for contact exposure mode,
underplating of gold, high
scattering of structures over
wide range of sizes.

Phase-contrast imaging with
lower energies, when scat-
tering contrast is not a pri-
ority or scattering structures
are larger than 1 µm. To
increase the visibility and
lower the graphite scatter-
ing impact the mask can be
placed close to the detector.

Polyimide
(Vespel) with
carbon coating

Low abosoprion, high
mechanical stability, less
scattering compared to
the graphite substrate.

Flaky surface still scatters,
so the disadvantages of the
graphite substrate are shred
to some extend. Stripping
of the resist has to be done
carefully, as the gold pillars
are not connected to themain
carrier surface.

Can be used in a similar
manner as the graphite sub-
strate but with reduced im-
pact from scattering.

Polyimide
(Vespel) with
titanium coating

Low absorption, me-
chanical stability, no
substrate-induced scat-
tering.

Complicated and unreliable
manufacturing due to the
poor adhesion between poly-
imide, titanium and photore-
sist. This can restrict the re-
producibility or limit the area
of the mask. Oxidation can
result in delamination of the
titanium layer.

No limitations on applicabil-
ity imposed by the substrate.

Polyimide
(Vespel) with
Cr/Au coating

Low absorption, me-
chanical stability, no
substrate-induced scat-
tering.

Not compatible with UV
lithography due to the high
reflectivity of the gold layer.
Deep X-ray lithography has
to be applied which is not
covered in this work.

No limitations on applicabil-
ity imposed by the substrate.
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4 X-ray phase-contrast imaging with Hartmann
masks

X-ray phase-sensitive imaging is a powerful tool for non-destructive characterization of materials with low
absorption contrast. Phase contrast imaging is associated with the refraction of X-rays in the object under
investigation. The possibility to detect phase shift of X-rays in the materials is available via a number of
techniques [1]. One of them, the Hartmann mask, is a wavefront sensing approach, extended from visible
light to theX-ray radiation. This approach hasmany advantages such as high robustness, relaxed requirements
to the beam coherence and monochromaticity, simplicity and flexibility of the setup. Unfortunately, these
advantages come at the cost of a high spatial resolution of the final image.

In this method, regularly spaced apertures are used to introduce a periodic modulation to the incident beam
in the form of periodic spots. In the presence of the investigated sample, this modulation is distorted due to
X-ray refraction and scattering. There are several approaches on analyzing these distortions, including direct
tracking of the spot displacement [63], Gaussian fitting of the individual spots [64] and Fourier analysis
of the periodically modulated image [30]. Due to the fact that the sampling of the wavefront is periodic,
Fourier analysis can be effectively applied to quantify the distortions and retrieve differential phase shifts in
horizontal and vertical directions [20].

Besides a conventional Hartmann mask design – an array of regularly spaced apertures – an alternative
inverted design is possible: an array of absorbing pillars, which forms a periodic pattern, as have been
discussed in Chapter 3. Such a design could be potentially advantageous because it makes measurement
more flux-efficient due to less absorption in the optical component.

In this section, I will compare the performance of Hartmannmasks and inverted Hartmannmasks of different
periods for phase-sensitive X-ray imaging. I will compare the customized Hartmann and inverted Hartmann
mask designs for phase contrast X-ray imaging, and demonstrate the applications of the inverted Hartmann
mask to the time-resolved imaging of dynamic processes at different time scales.

4.1 Testing the inverted and conventional Hartmann masks
with synchrotron radiation

Conventional and inverted Hartmann masks have been tested in a radiographic setup using synchrotron
radiation. The mask’s performance was compared at the beamlines of the IPS imaging cluster of the KIT
synchrotron facility. For the measurements, a quasi-monochromatic beam with the energy of 17 keV was
used (bandwidth 2%). Detection of the X-rays was performed by the Andor Neo 5.5 X-ray camera coupled
with lenses (magnification of 2.73) to achieve an effective pixel size of 2.4 µm. The conventional and
inverted masks with period of 40 µm made on graphite substrate were used. The masks were placed at 43.5
cm from the detector (Figure 4.1). The experiment aimed to compare the phase-contrast imaging capabilities
of two masks in an identical setup. For the comparison, a prism made of PMMA was used as a pure phase
object. The prism was longer in y-direction, it was placed directly behind the mask.
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Figure 4.1: a) A schematic of the experimental setup for X-ray phase-contrast imaging of a PMMA prism using synchrotron radiation.
The X-rays are incident on the mask (Hartmann or inverted Hartmann design), and the prism is placed on a stage directly
behind it. The distance between the stage and the detector is 43.5 cm. b) The prism is elongated in y-direction. The raw
image recorded by the detector for the inverted mask design is shown below the prism.

The refraction at the edge of the prism shifts the projected spot array proportionally to the phase gradient.
As analyzed by the Spatial Harmonic analysis (see Section 2.7), this shift will be manifested in the phase-
contrast image as an increased signal at the border of the prism. While the phase in this case is a step
function, the phase gradient that is measured is a peak function. The height of the peak and the background
noise (standard deviation of the signal) are important for the estimation of the sensitivity.

In Figure 4.2 one can see the absorption, scattering, and phase-contrast images for the PMMA prism,
acquired with the conventional and inverted Hartmann mask designs. One can see that the absorption image
for the inverted Hartmann mask exhibits a slightly higher contrast between the prism and the air. The
scattering image contains some signal from the border of the prism, indicating the refraction at angles below
the phase-detection limit. The phase detection limit can be defined as the angular resolution for a shift of
one pixel. It is affected by the noise level in the image and the geometric properties of the setup [27]:

αmin =
PS

L
· Inoise, (4.1)

where αmin is the minimum detectable refraction angle, PS is the detector pixel size, L is the distance
between the object and the detector, and Inoise is the standard deviation of the signal in the background
(area outside the sample) for differential phase contrast images. The phase detection limit was 2.7 µrad in
this setup for both masks.

In both differential phase-contrast images, one can see the edge of the prism. The image acquired with the
inverted Hartmann mask has lower noise and a higher relative signal from the refracting border (Figure 4.2).
The strength of the signal changes along the edge of the prism. Quantitative comparison was done using the
peak signal-to-noise ratio, which was calculated as the ratio of the peak height (phase signal at the prism
edge) over the standard deviation value of the noise floor (area outside the prism):

SNR =
peak

SD
, (4.2)

where peak is the maximum signal, corresponding to the height of the peak, andSD is the standard deviation
of the signal outside of the prism. The SNR for the image from the inverted Hartmann mask is 68, while
the image from the conventional Hartmann mask has a SNR of 47. The difference in the SNR is due to a
higher signal at the edge of the prism for the inverted Hartmann mask (peak = 4.52) compared to the image
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Figure 4.2: A comparison of conventional (left column) and inverted (right column) Hartmann mask performances in a radiographic
setup with synchrotron radiation at 17 keV. Absorption, scattering, and phase contrast images (in vertical direction) for the
PMMA prism. The SNRs are calculated according to Eq. 4.2.

obtained with conventional one (peak = 2.37). The standard deviation SD for images with conventional
and inverted masks was 0.05 and 0.07, respectively. Both masks provide sufficient contrast to see the edge
of the prism, but the inverted mask design ensures superior image quality.

4.2 Testing the the inverted and conventional Hartmann
masks with laboratory source

To further confirm the results of comparing the conventional and inverted Hartmann mask designs with
monochromatic synchrotron radiation, the imaging of test samples in a laboratory setting was performed.

Phase-contrast imaging measurements were carried out at the Computed Lamiography/Computed Tomog-
raphy Lab of the Institute for Photon Science and Synchrotron Radiation (IPS) at the Karlsruhe Institute of
Technology (KIT). The X-ray tube (X-RAYWorX) was operated at 40 kVp providing peak energy of about
24 keV. The focal spot size of the X-ray tube was 15 µm. The X-rays were detected with a Medipix3RX
detector system featuring a 500 µm thick silicon sensor with a pixel size of 55 µm. The detector consisted
of 12 chips stitched together to form 8.4 cm x 2.7 cm detector area. The exposure time was 10 seconds for
one frame with averaging over 20 frames.

The object for study was a plastic vial, which was placed 5 cm (D1) away from the source (see Figure 4.3).
The mask (either conventional or inverted) with period 30 µm was located downstream the object at the
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Figure 4.3: A schematic of the experimental setup for phase-contrast imaging of a plastic vial with a laboratory source. The object is
placed close to the X-ray source (distance D1) and the Hartmann mask (inverted or conventional) is located downstream
of the object (at the distance D2). The detector is an array of 12 chips stitched together, it is placed at the distance D3

from the mask.

distance 10 cm (D2). The mask-to-detector distance (D3) was 130 cm. The distances were chosen to satisfy
the following criteria to minimize artifacts [57]:

E1 =
s

P
· D3

D1 +D2 +D3
<< 1 (4.3a)

E2 =
s

P
· (D1 +D2)(D2 +D3)

D1(D1 +D2 +D3)
> 1 (4.3b)

where s – focal spot size of the X-ray tube, P – period of the mask (physical, not projected), D1 – distance
from the source to the object,D2 – distance from the object to the mask,D3 – distance from the mask to the
detector (see Figure 4.3). The image reconstruction was done according to Reich et al. [29, 65].

The spatial resolution of the setup is defined as the period of the mask projected onto the object under
investigation. The phase detection limit in such setup can be estimated from the setup parameters and noise
level in differential phase contrast images as follows:

αmin =
PS ·D1

(D2 +D3)(D1 +D2 +D3)
· Inoise, (4.4)

where αmin is the minimum detectable refraction angle, PS is the pixel size (physical), D1, D2 and D3

are the distances in the setup (see Figure 4.3), and Inoise is defined as the standard deviation of the signal
in the background (area outside the sample) for differential phase contrast images. Following the sampling
theorem, the angular resolution can be defined as 3× αmin.

In Figure 4.4 one can see the edge of the vial, which refracts X-rays in horizontal direction, and thus can be
observed in phase contrast images. Due to the fact that the chips of the detector were stitched together, the
borders of the chips are visible in phase-contrast images, albeit less for the images obtained with the inverted
Hartmann mask. This indicates that such mask design can be more robust against detector imperfections.

In order to analyze the whole area of the detector, the retrieval of contrast have also been performed for the
area of each individual chip and then stitched together to form the full field of view of the detector such that
one can compare the phase contrast images in terms of the signal-to-noise ratio. In Figure 4.5 one can see
absorption and the normalized horizontal differential phase contrast signal for the measurements with the
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4.2 Testing the the inverted and conventional Hartmann masks with laboratory source

Figure 4.4: The raw projections (upper graphs), differential phase in the horizontal (0,1) and vertical (1,0) directions for the measure-
ments with conventional and inverted Hartmann masks. The stripes in the images are corresponding to the borders of the
detector’s chips. The images shows one third of the total detector area (6 x 2 chips).

conventional an the inverted Hartmann masks. For the line profile obtained from the phase contrast images
signal strength was accessed using SNR calculated according to Eq. 4.2. As one can see in the lower graphs
in Figure 4.5, the differential phase contrast image obtained with inverted Hartmann mask has a slightly
higher SNR, although the values for both masks are very close and the images look very similar. Angular
resolution of 1.4 µrad have been achieved for both masks in this setting.

Another important contrast modality, which was obtained in the measurements, is scattering contrast. It has
demonstrated very different values for the measurements, although the sample and the setup was not change.
Both masks were fabricated on the same wafer so no changes in the scattering and transmission of the wafer
carrier is expected. In Figure 4.6 one can see that the absorption contrast for conventional Hartmann mask
is lower than for the inverted, while the scattering contrast for the conventional mask is much higher than
for the inverted. As there were no strong scatters present in the sample, the scattering contrast was expected
to be very low, with weak indications of the inner and outer borders of the vial, as observed for the inverted
Hartmann mask. The scattering signal for conventional HM is thus comes from the cross-talk between the
absorption and scattering signal, which was reported elsewhere [17, 66]. The lower graphs in Figure 4.6 are
the scatter plots of scattering versus absorption which reveal the clear linear cross-correlation between the
absorption and scattering for the conventional Hartmann mask with the slope coefficient k = 2.72. For the
inverted Hartmann mask no such strong cross-correlation is observed: there is a very slight positive slope
for the linear fitting curve with k = 0.6.
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4 X-ray phase-contrast imaging with Hartmann masks

Figure 4.5: Absorption and phase contrast images for the vial (acquired with the conventional and inverted Hartmann masks) for the
whole field of view of the detector. The phase contrast images were normalized to facilitate better comparison of the SNR.

Figure 4.6: Absorption and scattering images for the vial (acquired with the conventional and inverted Hartmann masks). The scatter
graphs indicate a significant cross-talk between absorption and scattering for conventional Hartmann mask (left), while the
inverted mask design (right) shows a weaker correlation between scattering and absorption.
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In this Section, the comparison of themasks have been performed. I have compared conventional and inverted
Hartmann masks intended for phase-contrast imaging. Both masks were fabricated by UV lithography on a
graphite substrate. From the manufacturing point of view both mask have similar quality: regular periodic
patterns with insignificant defects. However, conventional Hartmann masks can be more durable, as gold
pillars with aspect ratio higher than 2 (aspect ratio here is a ratio between height and width of the structure)
tend to collapse over time due to mask handling.

Phase-contrast imaging revealed that bothmask provided similar image quality, with a slightly higher SNR for
the inverted design. The angular resolution was identical (1.4 µrad). The measurements with conventional
Hartmann mask revealed a significant correlation between the scattering and absorption signals, which
resulted in both lowered absorption contrast and falsely increased scattering signal. The use of the inverted
mask design did not lead to the formation of spurious signal in scattering images. From this once can
conclude that the inverted Hartmann mask has a potential to provide good quality phase images and more
accurate contrast retrieval.

The advantages of the inverted Hartmann mask are even more prominent in more challenging measurement
environments, such as for time-resolved measurements. In these conditions, it might be even beneficial to
use the inverted design in terms of angular resolution due to the higher flux obtained at the detector plane
as the absorbing structures area is decreased, and as a consequence lower noise values. Based on the results
of this section, the time-resolved measurements were performed with the inverted mask design as it exhibits
less cross-talk between the absorption and scattering signals and provides a slightly higher SNR for the phase
contrast images.

4.3 Time-resolved imaging with inverted Hartmann masks

4.3.1 Imaging of laser ablation with white beam

In this Section, the application of the inverted Hartmann mask for time-resolved single-shot phase-contrast
X-ray imaging is presented. The inverted Hartmann mask is a periodic array of free-standing gold pillars.
The array was manufactured by UV lithography and electroplating. Time-resolved measurements have
been performed for imaging of pulsed laser ablation in liquids using white beam synchrotron radiation.
Image processing was performed following the Fourier analysis approach. The inverted Hartmann mask in
combination with single-shot imaging technique provides a sufficient differential phase contrast even at very
short exposure times. It can be effectively used for phase-contrast X-ray imaging of fast dynamic processes
with a temporal resolution on the millisecond scale.

The results reported in this section have been published inM. Zakharova, S. Reich, A.Mikhaylov, V. Vlnieska,
TdS. Rolo, A. Plech, D. Kunka. Inverted Hartmann mask for single-shot phase-contrast x-ray imaging of
dynamic processes. Optics Letters. 2019; 44 (9):2306-2309.

4.3.1.1 Introduction

Since the discovery of X-ray radiation by Wilhelm Röntgen, X-ray imaging became an analytical instrument
for non-destructive characterization in various fields, such as materials science, medicine, security, and
industry. Conventional X-ray imaging systems convert the variation of the X-ray absorption cross-section of
different materials into variations of intensity at the detector. For weakly absorbing materials, X-ray phase-
sensitive imaging emerged as a powerful tool for the visualization of internal structures of materials, where
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phase shifts due to changes in the refractive index enhance the visibility of edges and interfaces. A number
of techniques for the detection of refraction and scattering of X-rays by the sample were developed in recent
years, such as propagation-based [67], grating-based (both interferometric [68] and non-interferometric
[30]), analyzer-based [69], speckle-based [70] and edge illumination [15] methods.

Some of those techniques (e.g., grating interferometry) require several sub-images per measurement to
quantify phase shifts. For the investigation of fast processes, however, such an approach may be restrictive.
Therefore, several research groups have devised novel techniques for single-shot imaging applications [20, 27,
54, 64, 71], where different contrastmodalities can be retrieved froma single image. In grating interferometry,
a Moiré approach has been developed to circumvent this problem [72], which however only provides
differential phase contrast information in one dimension. Recently, an extension of this approach towards
two-dimensional fast single-bunch grating interferometry has been proposed for visualization of repeatable
processes [73]. Nevertheless, robust and fast phase imaging can be achieved by non-interferometric beamlet
techniques [20, 54, 64, 70], such as the Hartmann mask approach [20, 27, 60, 71, 74].

In phase-sensitive X-ray imaging, decreasing exposure time while keeping an acceptable signal to noise
ratio (SNR) leads not only to reduced dose deposited in the sample [75], but also to establish high-speed
imaging techniques. The phase information of the object under investigation enhances fast measurements:
it furnishes additional information on dynamic processes in materials science.

Fast X-ray imaging has also been demonstrated using 2D compound array refractive lenses [29] and a
Shack-Hartmann sensor for hard X-rays [27]. The lenslet arrays benefit from the focusing effect and lower
absorption increasing the local flux density. However, Hartmann masks are simpler to fabricate, straight-
forward to scale up to areas of several centimeters, easy to apply at higher X-ray energies and tolerant to
defects, imperfections and dispersive chromatic aberrations. This particularly applies to isolated absorptive
structures compatible with the LIGA process [76]. Here we show that an inverted Hartmann mask leads
to a similar signal formation as the original Hartmann masks or speckle-based approaches due to Babinet’s
principle.

4.3.1.2 Materials and Methods

The inverted Hartmann mask. The inverted Hartmann mask was fabricated on a Ti/TiOx coated silicon
wafer by employing UV lithography and gold electroplating. The lithography process was optimized for
fabrication of clean structure arrays out of a thick photopolymer layer. Briefly, the fabrication process
consisted of several steps, mainly photoresist spin-coating, exposure, post-exposure bake, development and
gold electroplating. In our case, a SU-8 based, chemically amplified negative photoresist mr-x 10 (micro
resist technology GmbH, Berlin, Germany) was applied on the substrate. After photoresist spin-coating, the
layer was exposed to i-line UV light using a Cr mask. The exposure triggered a cross-linking mechanism in
the photoresist, which resulted in the pattern formation. Note that in the case of inverted X-ray Hartmann
mask - 2D array of gold micropillars - a large area of photoresist has to be exposed, while preventing small
areas from being exposed to UV radiation. Such a case is challenging for lithography, because it usually
leads to decreased homogeneity and induced proximity effects. However, careful control of every step
and optimization of process parameters for exposure and post-exposure bake can help to overcome these
challenges. The details on process optimization and final parameters can be found in [77].

The final structures were two-dimensional arrays with an area of 1 cm2. The area can easily be scaled within
the same fabrication approach, if necessary for the experiment. The period of the structures was 50 µmwith
the height of the gold pillars being 32 µm. As one can see in Figure 4.7a, the structures exhibit steep vertical
sidewalls. The roughness of the gold surface on the sidewalls is associated with the photoresist granular
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Figure 4.7: SEM images of the inverted Hartmann mask after resist stripping, rotation 45°, tilted to 50° to show the sidewalls and the
bottom of the pillars: a) close-up view; b) overview [79].

structure which is the result of polymer molecule agglomeration [78]. Such imperfection does not strongly
affect the image quality, as the mask is used for non-interferometric X-ray multicontrast formation. The
mask is homogeneously periodic (Figure 4.7b), which ensures uniform beam modulation.

X-ray imaging setup. Dynamic time-resolved imaging of pulsed laser ablation in liquids has been performed
at the TOPO-TOMO beamline of the synchrotron facility KARA at KIT (Karlsruhe, Germany). For time-
resolved measurements, the white beam from the bending magnet was used, filtered by 0.2 mm Al to obtain
a spectral peak at 14 keV. The 0.2 mm Si substrate of the inverted Hartmann mask further hardened the
beam, leading to an effective spectral peak at around 17 keV (see Figure 4.8, bottom right). The X-ray
detector consisted of a 50 µm LuAg:Ce single crystal scintillator screen, lens-coupled with a magnification
of 2.3 to a PCO.dimax CMOS camera, leading to an effective pixel size of 4.8 µm. A frame rate of 10 kHz
and an exposure time per frame of 30 µs was used during the experiments. A fourfold interleaving was
employed to increase the effective frame rate to 40 kHz. Briefly, the ablation process was performed in a
customized flow chamber [80], where the ablation from an immersed silver wire was triggered by a Nd:YAG
laser (ContinuumMinilite I) with a pulse energy of 10 mJ. Profiting from the repeatability of the process, an
average of 49 images were obtained. The ablation process being a fast dynamic phenomenon occurring at
the time scale of microseconds (for details see [29, 81]) served as a demonstrative, yet challenging example
for the time-resolving capabilities of single-shot X-ray imaging using customized inverted Hartmann masks.
Further details on experimental conditions and data processing can be found in [29, 65]. The white X-ray
beam, incident on the grating, was spatially modulated by the periodic inverted Hartmann mask. The
periodically modulated beam was recorded by the detector placed at a distance of 40 cm downstream of the
ablation point. The recorded projections were, therefore, superpositions of grating and object-induced beam
perturbations.

The inverted Hartmann mask is customized to the experimental setup by selecting the height of the absorbing
structures such that more than 80 % of the incident radiation with central energy of 17 keV is absorbed.
While the period of the structures defines the final spatial resolution, the intensity modulations induced by
the mask still need to be resolved by the detector, leading to a constraint of 4.8 µm ≤ period of mask/3 in
our case.

To assess the performance of the inverted Hartmann mask in the white beam, we calculated the visibility of
the pattern according to:

V =
Imax − Imin

Imax + Imin
(4.5)
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4 X-ray phase-contrast imaging with Hartmann masks

Figure 4.8: Setup for single-shot imaging with inverted Hartmann mask. The X-ray beam is spatially modulated by the absorptive
structures of the mask to form a mesh of beamlets. This mesh is distorted by the refraction on the interface of the ablation
bubble. On the bottom right, the (calculated) initial spectra from the bending magnet and the filtered spectra at the mask
and the sample are plotted [79].

where Imax and Imin are the maximum and minimum intensities detected in the unit cell of the Hartmann
mask.

The visibility for 49 times averaging was 11.7 %, and varied depending on the position from 8 % to 14 %
(see Figure 4.9a). The variation might be due to the non-uniform illumination: the intensity decreased by
0.5 within the field of view (Figure 4.9b). The visibility was lower for higher intensities; this effect can be
ascribed to the spectral width of the beam. The gold pillars were not high enough to absorb all photons
of higher energies (from 20 to 50 keV). In the areas with higher intensities, the transmitted photons were
sufficient to introduce an indistinguishable signal at the detector plane (about 6 % of the maximum intensity
comes from high energy photons). The transmitted intensity spectrum peaks at 30 keV after passing through
a gold pillar (Figure 4.9c). However, the average visibility of 11.7 % is sufficient to clearly observe the
projected pattern (Figure 4.10b).

The temporal resolution is determined by the recording capabilities of the camera and the X-ray flux density.
If a sufficiently high flux density is provided, the minimal time resolution is mainly dependent on the camera
capabilities. In this work the flux density was the limiting factor leading to an exposure time of 30 µs. The
SNR of a single exposure was low but since the process is repetitive, an averaging of 49 subsequent shots was
performed, leading to a total exposure time of 1.5 ms. However, even averaging over less than 10 exposures
(300 µs exposure time) made it possible to distinguish beam refraction caused by the ablation bubble, even
with low SNR of around 2.

4.3.1.3 Results

The acquired images were processed in accordance with the procedures first published by Wen et al. [30].
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4.3 Time-resolved imaging with inverted Hartmann masks

Figure 4.9: Characterization of object illumination: a) visibility map for inverted Hartmann mask in the white beam was calculated
according to the Eq. 4.5 (average visibility is 11.7 %); b) normalized beam intensity in the field of view; c) X-ray spectrum
of the transmitted radiation: intensity after the filtering with 0.2 mm Al and beam hardening by the 0.2 mm Silicon
substrate (0.2Al 0.2Si - blue) and final spectra after the 32 µm high gold pillar (0.2Al 0.2Si 0.032Au - red) [79].

Figure 4.10: Inverted Hartmann mask characterization: a) top microscopic view of the array of gold pillars, b) X-ray transmission map
with an intensity line profile as inset [79].

The results of the measurement of transmission and differential phase contrast for the laser ablation process
are shown in Figure 4.11. The transmission signal of the first cavitation bubble is shown in Figure 4.11(a),
which is followed by the first rebound (Figure 4.11(d)). Figure 4.11(b) and Figure 4.11(c) show the horizontal
and vertical differential phase. While the transmission contrast has no additional information compared to
normal absorption imaging, the differential phase shows strongly refracting areas in the sample, here the rim
of the ablation bubble. The absence of any phase signal inside the ablation bubble shows that there are no
resolvable internal structures. Figure 4.11(e) and (f) show the corresponding differential phase images for
the first rebound, which has a much more complex structure.

Transmission and differential phase contrast images obtained in this study illustrate that fast dynamic
phenomena can be recorded with sufficient signal to noise ratio at sufficiently small exposure times to avoid
blurring due to motion, which is a challenge for other phase sensitive techniques. Even at exposure times on
the µs scale and 20 shots averaging the phase detection limit was 1.2 µrad and for 49 shots it was 0.8 µrad.
The detection limit is defined as the noise level of image areas without beam perturbation due to the ablation
bubble. With longer illumination, hence higher counting statistics, an even higher angular sensitivity is
possible. X-ray transmission and differential phase contrast information available with this method can
be used for comprehensive analysis of phenomena in a complementary way. Apart from transmission and
differential phase information, the scattering signal can also be retrieved from the single-exposure images.
However, this type of contrast is strongly influenced by crosstalk with the absorption modality [17], highly
sensitive to the X-ray spectral width and the signal-to-noise ratio.
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4 X-ray phase-contrast imaging with Hartmann masks

Figure 4.11: X-ray transmission (SNR = 13) (a, e), differential phase contrast in horizontal (b, f) and vertical (c, g) directions (SNR =
5), and scattering signal averaged over first order harmonics (01,10,11) (d,h) for the formation of cavitation bubble (a, b,
c, d) and the first rebound (e, f,g,h) for 49 shots averaging (1.5 ms).

We used the absorption grating as an inverted Hartmann mask for fast measurements of the laser ablation
process. Profiting from Babinet’s principle, such masks act identically to the complementary Hartmann
masks while providing higher flux at the detector plane due to the reduced amount of absorbing structures
within the unit cell of the grating. For a perfect Hartmann mask, the area fraction in the unit cell which
blocks incident radiation is 0.75, while for our inverted Hartmann mask it is only 0.25. The mask was
manufactured using an inexpensive and high throughput UV lithography technique. Such masks can be
easily scaled up to 5 x 5 cm2 area with sufficiently large wafers and illumination field of the employed UV
lamp. Absorber heights suitable for imaging at energies of up to 30 keV has already been achieved; however,
there is a room for improvement by implementing other exposure approaches or highly sensitive photoresist
materials. The presented time-resolved phase measurements of the ablation are promising for using inverted
Hartmann masks to image dynamic processes.

For future applicationswe intend to upgrade theHartmannmasks by developing the gratings on low-absorbing
substrates. Such optical elements will not result in hardening of the beam or significant loss of intensity
for monochromatic radiation. This will lead to either a shortening of the exposure time or an increased
sensitivity, depending on the specific application requirements. Several additional adjustments can be made
to customize the inverted Hartmann mask for different applications, e.g. tailoring the height of the pillars,
changing their duty cycle and shape. We also intend to expand the applicability of the inverted Hartmann
mask to laboratory X-ray sources. Imaging of slower processes can be achieved even with low-flux tubes,
if customized flux-efficient Hartmann masks unsusceptible to chromatic aberrations and incoherence are
introduced.
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4.3.2 Imaging of chemical reaction with quasi-monochromatic radiation

In this section, I present the application of single-shot multi-contrast X-ray imaging with inverted Hartmann
mask to the time-resolved in situ visualization of chemical reaction products. The real-time monitoring of
an illustrative chemical reaction indicated the formation of the precipitate by the absorption, differential
phase and scattering contrast images obtained from a single projection. Through these contrast channels,
the formation of the precipitate along the mixing line of the reagents, the border between the solid and the
solution, and the presence of scattering structures of 100-200 nm sizes were observed. The measurements
were performed in a flexible and robust setup, which can be tailored to various imaging applications at
different time scales.

The results reported in this section have been published in M. Zakharova, A. Mikhaylov, V. Vlnieska, D.
Kunka. Single-Shot Multicontrast X-ray Imaging for In Situ Visualization of Chemical Reaction Products.
Journal of Imaging. 2021; 7 (11):221.

4.3.2.1 Introduction

Single-shot X-ray multicontrast imaging is a helpful tool for the visualization of inner structure evolution.
Compared to conventional X-ray radiography, it offers additional contrast modalities such as phase and
scattering (so-called dark-field). The phase-contrast image illustrates the wavefront irregularities caused by
local differences in the real part of the refractive index [20]. Scattering contrast is obtained as a decrease in
visibility of the wavefront modulation. It is attributed to the small-angle scattering caused by the structures
well below the resolution of the imaging system [2].

Single-shot X-ray imaging methods based on a single optical element have the advantage of a simple and
robust setup and do not require scanning the sample, in contrast to, for example, grating-based interferometry
[2]. Various optical elements can be utilized, such as a two-dimensional absorption mask [79], microlens
array [27, 28, 29, 81], speckle generating diffuser [82], etc.

Although the single-shot implementation usually comes at the cost of reduced spatial resolution, such
imaging modalities have several advantages over widely used grating-based interferometric X-ray imaging
[2, 83, 84]. Relaxed requirements on the optical element precision and alignment eliminate the need for high
aspect ratio gratings and increase the mechanical stability of the setup and the simplicity of its operation.
Moreover, the setup with a single optical element manufactured on the low-absorbing substrate provides
higher flux efficiency. Lower absorption in the optical element increases the photon statistics, which is
crucial for time-resolved imaging, especially using monochromatic X-ray beams with a limited flux density.
Such modalities are straightforward to be utilized for the retrieval of several contrast modalities from a single
projection. Thus, it enables multimodal monitoring dynamic systems at different timescales: from real-time
imaging [85] to fast imaging at the scale of microseconds [29, 73, 74, 86].

Monitoring the dynamic systems in situ is a challenging but essential task aimed to enrich the understanding
of the underlying mechanism and to define the timescale of the processes involved. Authors in several works
have shown the possibility of performing in situ experiments using phase-contrast imaging (PCI) techniques,
such as in-line holography PCI [87], propagation-based PCI [88], ptychography [89], etc.

Inverted Hartmann masks (iHMs) are simple but effective optical components that provide the wavefront
modulation required for the subsequent retrieval of phase and scattering contrast modalities. They are
represented by the arrays of periodic absorptive structures manufactured on a transmitting substrate. The
iHMs provide high visibility when manufactured on low-absorbing materials and are easily scaled to a large
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field of view (FoV). They provide an increased photon flux at the detector due to the smaller area of the
absorbing structures compared to a conventional mesh-like design. Inverted Hartmann masks manufactured
on silicon substrates have already been used for the imaging of dynamic processes with intense white beams
[79]. However, for monochromatic beams or laboratory X-ray setups, such masks cannot provide a high
signal-to-noise ratio (SNR) due to the substantial absorption in the optical element. The manufacturing of
the optical components on low-absorbing material such as graphite has been shown to improve visibility and
flux efficiency [90]. The inverted Hartmann masks on graphite substrates have been successfully applied to
phase-contrast imaging with an X-ray tube [91].

In this section, the inverted Hartmann mask made on a low-absorbing graphite substrate are applied to
the time-resolved in situ visualization of chemical reaction products in a single-shot imaging setup. We
performed real-time monitoring of copper hydroxide precipitation via the absorption, differential phase, and
scattering contrast images obtained from a single projection. Small unresolvable changes in the refractive
index were also detected by evaluating the scattering signal.

4.3.2.2 Materials and Methods

Preparation of the reagents. Copper sulfate pentahydrate (99 %) crystallized and sodium hydroxide in
pellets (98%) were acquired from Sigma-Aldrich (Darmstadt, Germany). Chemicals were used as received.
Copper sulfate pentahydrate solution was prepared as follows. In an Erlenmeyer, 10 ml of deionized water
was added, followed by the addition of 2.497 g of copper sulfate pentahydrate (0.35 mol.l-1). The solution
was stirred at room temperature until complete dissociation of the copper sulfate pentahydrate. Similarly,
the sodium hydroxide solution was obtained by the addition of 0.400 g of sodium hydroxide (1.1 mol/l) to
10 ml of deionized water.

Precipitation of Copper hydroxide. In a small vial (Eppendorf tube), 1 ml of Copper sulfate pentahydrate
solution was added. Afterward, the vial was placed in the beam. The Sodium hydroxide solution was
connected to a peristaltic pump using a clear flexible tubing with an inner diameter of 190 µm (Tygon®). The
other extremity of the tubing was connected to the vial. The chemical reaction was achieved by pumping
the aqueous solution of sodium hydroxide into the vial with copper (II) sulfate pentahydrate solution with
a flow rate of 10 µl/sec. The products of the reaction were the aqueous solution of sodium sulfate and the
copper(II) hydroxide as a precipitate:

CuSO4 ∗ 5H2O + 2NaOH → Na2SO4 + Cu(OH)2 ↓ +5H2O (4.6)

During the precipitation of Copper hydroxide, X-ray projection were acquired to perform in situ X-ray
imaging of the chemical reaction.

X-ray Imaging setup. X-ray imaging was performed at the IPS imaging cluster of the KIT synchrotron
facility. Quasi-monochromatic X-rays with an energy of 17 keV and the energy bandwidth of 2 % were
incident on the inverted Hartmann mask of 50 µm period and the duty cycle of 0.5; the area of the mask
was 5 x 5 cm. The mask consisted of an array of square gold pillars with a height of 30 µm. The mask was
placed 112 cm away from the detector. An Andor Neo 5.5 camera was imaging an X-ray scintillator (LuAG)
by lens coupling (magnification of 2.73). The effective pixel size was 2.4 µm. Exposure time per frame was
0.5 sec with a frame rate of 1.5 Hz. The vial with copper sulfate pentahydrate solution was placed at 7.5 cm
from the scintillator and connected to the pumping system located outside the FoV.

The schematic representation of the setup is illustrated in Figure 4.12. The X-rays were were passing through
the inverted Hartmann mask, which introduced a periodic modulation to the wavefront. The periodically
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Figure 4.12: Experimental setup for in situ imaging of chemical reaction products by single-shot multi-contrast X-ray imaging with
the inverted Hartmann mask. After passing through the monochromator with the spectral bandwidth of 2 %, the X-ray
radiation had the central energy of 17 keV. The quasi-monochromatic X-rays were incident on the inverted Hartmann
mask. A vial with the Copper sulfate pentahydrate solution was placed behind the mask. The Sodium hydroxide solution
was injected into the vial using the peristaltic pump connected to it with a tubing.

modulated wavefront was incident on the vial containing Copper sulfate pentahydrate solution with NaOH
being pumped into it at µl.sec-1 flow rate.

The retrieval of different contrast modalities was performed using the approach proposed byWen et al.[20],
which was shown to be robust with noisy data [29]. The data analysis was performed using the SH-
WaveRecon wave reconstruction software [92]. The differential phase signals in two orthogonal directions
were used to reconstruct the phase maps using the modified Southwell algorithm with ten iterations [93].

4.3.2.3 Results

Absorption contrast. Fromeach snapshot of the overlaying object-mask projection, three contrastmodalities
were retrieved. The absorption image was obtained as the ratio of the magnitudes of the zero-order (central
harmonic) images with and without the sample [20, 94]. The images obtained at measurement times 0, 25,
and 113 s are shown in Figure 4.13. The line profiles in the images are on the right side of Figure 4.13. One
can see how the absorption signal increases as the solid precipitate forms.

Differential phase contrast. The differential phase contrast (DPC) signal was retrieved by analyzing the
shifts of the beam pattern in horizontal and vertical directions via the angle of the complex back-transformed
first-order harmonics [29]. The DPC images show how the border from the solid precipitate forms. The
profiles along the lines indicated in the images are plotted in Figure 4.14. One can see how the differential
phase contrast grows with time in the indicated part of the vial. The formation of the solid precipitate
changes the refractive index of the media, increasing the phase shift in the vertical direction. The phase-
detection limit was 4 µrad. The angular resolution of the imaging setup can be improved by increasing the
sample-to-detector distance.

Scattering contrast. The scattering images were obtained from the decrease in intensity of the first-order
harmonic normalized by the central harmonic in the Fourier domain [94]. The scattering contrast shows
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Figure 4.13: Absorption images for the measurement time t = 0, 25, and 113 s with the corresponding profiles along the indicated
lines.

Figure 4.14: Differential phase images in two orthogonal directions for the measurement time t = 0, 25, and 113 s and the corresponding
differential phase profiles along the indicated lines.

the signal from the unresolved features to be much smaller than the resolution of the imaging setup [2].
Scattering contrast images in two orthogonal directions are shown in Figure 4.15. The profiles along the
lines indicated in the images are shown on the left. One can see that the profiles for scattering images
do not change significantly with the measurement time. This might be because the small scatterers were
already formed in the first seconds of the reactions that were not captured. Further reaction evolution with
the precipitation of copper (II) hydroxide increases the number of pixels with a higher signal but does not
significantly change the strength of the signal.

The unresolved absorption signal and the edge scattering can both contribute to the formation of the scattering
contrast. The scattering signals obtained using Fourier analysis have been reported to exhibit the crosstalk
correlation with the absorption signal due to the beam hardening for polychromatic sources [17] when
the specimen exhibits high absorption [66]. This crosstalk can be neglected for the weakly absorbing
microstructures; however, as the solid precipitate grows in volume, such signal pollution becomes more
pronounced. For that reason, the linear decorrelation of the scattering signal and absorption was performed
[29, 65]. After the decorrelation, we did not observe a substantial scattering signal pollution in the vertical
direction, the direction of the strongest refraction signal for the formed precipitate. If the object under
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Figure 4.15: Scattering contrast images in two orthogonal directions for themeasurement time t = 0, 25, and 113 s and the corresponding
profiles along the indicated lines.

study induces strong edge scattering, the pollution of the scattering contrast can be suppressed using special
algorithms reported elsewhere [66].

In Figure 4.15 one can see that there is still a significant signal preserved in the scattering images for strongly
absorbing structures such as the pumping tubing, but the tubing is only visible in the horizontal scattering
image. As the exact composition of the tubing is a trade secret, there might be several explanation to such
strong direction-dependent scattering signal. The signal can be attributed to the unresolved differential phase
signal as the curvatures of the tubing refract at the angles both resolved and unresolved by the imaging setup.
Alternatively, the signal might be due to an internal structure in plastic, as some variants of the Tygon®

tubing have multiple layers of different materials.

The finite resolution of the imaging setup performs spatial ensemble average. In our case, the spatial
resolution of the final image is defined by the mask period P . The dampening of the contrast averaged over
the mask’s unit cell depends on the size of the scatterers presented in the sample [31]. The size sensitivity
of the scattering contrast is defined by the setup organization [31]. The structure size probed in the setup
is represented by the autocorrelation length ξ = λL/P , where λ is the wavelength, P the mask period, and
L is the distance from the object to the detector. For the setup (Figure 4.12) used in this experiment, the
correlation length was 110 nm.

The scattering intensity can be interpreted in terms of the dark-field extinction coefficient (DFEC) [31], which
defines the scattering intensity and is related to the autocorrelation function G(ξ;D,α) as [11] follows:

DFEC =
3π2

λ2
ϕ|∆χ|2 [1−G(ξ;D,α)]

D

ξ
, (4.7)

where ϕ is the volume fractions of the scattering structure, ∆χ the difference of complex refractive indices
between the scattering material and the surrounding media, and D is the scattering structure size. The
simplest form for the autocorrelation function corresponds to the model [95, 96], where signal fluctuations
are treated like surface roughness:
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4 X-ray phase-contrast imaging with Hartmann masks

Figure 4.16: (a) Scattering contrast image at t = 320 s (sum over the two orthogonal directions); (b) the dark-field extinction
coefficient (DFEC) calculated using Equation (4.7) for the autocorrelation function according to the simplest general
model (Equation (4.8)) versus scattering structure size. The roughness exponent α was set to 0.7 as obtained for densely
packed structures [12].

G(ξ;D,α) = exp

[
−
(
ξ

D

)2α
]
, (4.8)

where α is the roughness exponent related to the fractal dimension of the scattering structure [96]. The
roughness exponent α was calculated to be about 0.7 for densely packed structures [12]. We used the
normalized DFEC DFECnorm = [1 − G(ξ;D,α)]D/ξ to illustrate how the value of DFEC depends on
the structure size (Figure 4.16b).

The scattering image obtained as a sum over the two orthogonal directions is shown in Figure 4.16a. The
obtained values of the scattering signal are the average of the scattering intensity within the range of probed
correlation lengths. As one can see from Figure 4.16b, the DFEC peaks close to the value of correlation
length ξ = 110 nm, thus demonstrating that the highest input to the signal is coming from the structures
with sizes about 100–200 nm (location of the peak). The largest scatterer, which still can influence the value
of the scattering signal, can be estimated as ξmax ≈ λL/PS ≈ 2.3 µm, where PS is the effective pixel size
of the imaging setup.

4.3.2.4 Discussion

Due to the technical restrictions of the setup, the pumping started several seconds before the image acquisition,
such that a small amount of NaOH was already present in the tube. Thus, we performed the imaging of the
course of the reaction but not its initiation.

The images for the three values of measurement time demonstrating the absorption, reconstructed phase, and
the average scattering contrast are shown. One can see how each contrast modality illustrates the reaction
evolution with time. As the aqueous sodium hydroxide solution is pumped into the copper(II) sulfate
pentahydrate solution, the solid precipitate forms along the mixing line. The solid precipitate absorbs more
X-rays than the aqueous solutions of reactants, which is reflected in the absorption contrast images. Copper
(II) hydroxide has a different refractive index than the reagents. When a sufficient amount of the precipitate
is formed, the difference in the introduced phase shift is detectable in the phase map. The average scattering
contrast obtained from the scattering in two orthogonal directions illustrates the distribution of unresolved
structures with sizes around 100–200 nm.
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4.3 Time-resolved imaging with inverted Hartmann masks

Figure 4.17: Absorption, reconstructed phase, and average scattering contrasts recorded at different measurement times (0, 25, and
113 s) illustrate the evolution of the chemical reaction.

Figure 4.18: Raw, absorption, and reconstructed phase images in the area of an air bubble at t = 25 s. The arrow indicates the location
of the bubble in the raw image.

The advantage of differential phase contrast for weakly absorbing structures can be clearly seen in Figure 4.18.
It shows the cropped area of the air bubble pumped in the first second of the experiment. One can notice
increased contrast on the bubble edges in the phase image in contrast to the raw and absorption images where
it is barely visible.

We illustrate the evolution of the absorption and scattering contrast channels over the 320 s in Figure 4.19.
The data points represent the mean value of signal intensity in ROI indicated in Figure 4.12. The data were
smoothed using the Savitzky–Golay filter with a third-degree polynomial and a window of 21 data points.
The formation of the precipitate occurred during the first 320 s of the measurement as indicated by the jumps
in the absorption signal (25 and 113 s of the measurement) (Figure 4.19a). Then, the signal stabilizes after
the precipitate is formed. The evolution of the mean scattering contrast during the measurement is shown
in Figure 4.19b. The signal starts to increase after the first precipitate formation at the 25th until the 50th
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4 X-ray phase-contrast imaging with Hartmann masks

Figure 4.19: Evolution of the absorption (a) and scattering (b) contrast signals over the 320 s of measurement time. The data points
represent the mean value of the signal in ROI (Figure 4.12), and the red line is the result of data filtering with the
Savitzky-Golay filter with a third-degree polynomial and a window of 21 data points. The gray and black vertical lines
indicate the 25th and 113th seconds, respectively.

second and then slightly decreases. The scattering contrast does not change significantly from 70 to 170 s
and then starts to increase again. Note that there is no significant change in scattering signal, although the
absorption signal shows the jump at 113 s. This implies that the volume fraction of scattering particles with
sizes 100–200 nm keeps increasing, while the amount of resolved precipitate does not change significantly.

4.3.2.5 Conclusions

The single-shot multicontrast X-ray imaging setup used in this experiment allows for directly resolving the
precipitates via absorption contrast and differential phase-contrast with the spatial resolution of 50 µm and
the angular resolution of 4 µrad. Additionally, the scattering contrast enables tracking the submicron features.
The formation of precipitate was completed after 130 s of the measurements, as seen from the stabilized
absorption signal. The scattering signal continued to increase after forming a precipitate, indicating the
increase in volume fraction of scattering structures with sizes of 100-200 nm. The short image acquisition
time offered by single-shot X-ray imaging allows for monitoring of dynamic processes. Using brighter
sources and detectors with a higher frame acquisition rate would further improve the time resolution.

The method is easy to implement and does not require a high degree of coherence. Flux-efficient inverted
Hartmann masks are not susceptible to chromatic aberrations, enabling them to be used with polychromatic
low-flux X-ray tubes. However, the adaptation to laboratory sources requires the special attention to factors
such as the blur and magnification of the mask projection, which results in larger projected periods (lower
spatial resolution). For such applications, the object-before-mask geometry of the setup can be advantageous.
Moreover, the polychromaticity of the radiation can lead to the spurious signal in scattering images, which
can be suppressed with the decorrelation algorithms [29, 66].

Hartmann masks are easy to handle and do not require precise alignment, making the setup flexible and
straightforward to tailor for different applications. The single-shot multicontrast X-ray imaging with the
inverted Hartmann mask can be used to study dynamic processes at different time scales. Only the source
flux density and the detector frame limit the time resolution. Such a robust and flexible approach can have
various applications in materials science and medical imaging.
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5 Scattering contrast in multimodal X-ray
imaging

5.1 Theoretical description of scattering contrast

The scattering contrast is associated with the signal coming from the structures well below the resolution
of the imaging setup. The input from such structures decreases the contrast of the projected mask pattern.
Such decrease in contrast have been observed in multiple phase-contrast imaging techniques and has been
falsly attributed to the loss of coherence. However, the rigorous calculations aimed to find the origin
of the decoherence and extinction contrast in linear shift invariant optical system done by Nesterets [40]
have demonstrated that the decrease in the contrast of the phase images comes from the diffuse scattering
introduced by the unresolved fine structures.

Nesterets applied the theoretical formalismwithin thewave-optical theory to propagation-based and analyzer-
based X-ray imaging in order to explain the "decoherence effect" and "extinction contrast" which were
observed experimentally in those two techniques, respectively [97, 98]. The observed low coherence
component in the beam is not an actual loss of coherence, but rather the spatial ensemble average performed
by the limited resolution, while the degree of coherence is actually preserved [99]. When the object contains
features, which are much smaller than the resolution of the system, these features significantly affect the
phase-contrast images by reducing the contrast of the resolved features, or the mask visibility in case of the
imaging with Hartmann masks.

Following the approach of Nesterets, we can look at the imaging system with Hartmann masks like at the
linear shift invariant (LSI) optical system, where so-called extinction contrast is observed because of the
unresolved features present in the sample under investigations. A plane monochromatic wave exp(ikz) is
incident on the object with transmission function q(x) = exp[−µ(x) + iϕ(x)], where µ is the absorbance
of the object and ϕ(x) is the phase shift. For simplicity, a one-dimensional object is assumed with
transmission function changing in x-direction. The transmission function here consists of two types of
features: smooth macroscopic features which are resolved by the imaging system (further denoted as
qs(x) = exp[−µs(x) + iϕs(x)]), and fine features (qf (x) = exp[−µf + iϕf (x)) which are well below the
resolution with a transmission function:

q(x) = exp[−{µs(x) + µf (x)}] · exp[i{ϕs(x) + ϕf (x)}] =
exp[−µs(x) + iϕs(x)] · exp[−µf + iϕf (x)] =

qs(x) · qf (x).
(5.1)

The complex amplitude of the wave in the in the exit plane E(x) is a product

E(x) = exp(ikz) · q(x) (5.2)

In a setup with no optics the intensity of the wave is unity, which mean that no information on phase can
be extracted. To tackle this, optical system can be introduced behind or in front of the object. LSI optical
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5 Scattering contrast in multimodal X-ray imaging

system is characterized in real space by a complex propagator P (x), which relates the complex amplitude
of the incident wave to the exit wave.

If the optical system is behind the object (between the object and the detector), the complex amplitude of
the wave at the detector plane is1

E(x) = exp(ikz)

∫
dx′P (x′)q(x− x′) (5.3)

then the intensity in the detector plane I(x) = E(x) · E∗(x):

I(x) =

∫ ∫
dx′ dx′′P (x′)P ∗(x′′)q(x− x′)q∗(x− x′′). (5.4)

This intensity would be obtained by the ideal system with delta-like resolution. However, the intensity
distribution recorded by the imaging system is conditioned by its finite resolution (finite source size and
the detector pixel size). This imperfection can be characterized by the point spread function of the system
(PSF). The convolution of intensity I(x) given by Eq. 5.4 with the PSF (y) would result in the actual image
recorded by the detector:

Ĩ(x) =

∫
dyI(x− y)PSF (y) (5.5)

Thus, the intensity in the image is

Ĩ(x) =

∫ ∫
dx′ dx′′P (x′)P ∗(x′′)

∫
dyPSF (y)q(x− y − x′)q∗(x− y − x′′) =∫ ∫

dx′ dx′′P (x′)P ∗(x′′)

∫
dyPSF (y)

× exp[−{µs(x− y − x′) + µf (x− y − x′)}]
× exp[−{µs(x− y − x′′) + µf (x− y − x′′)}]
× exp[i{ϕs(x− y − x′) + ϕf (x− y − x′)}]
× exp[−i{ϕs(x− y − x′′) + ϕf (x− y − x′′)}].

(5.6)

For simplicity let us assume a pure phase object. Then the exponential term with µ(x) will be equal to unity
and by grouping ϕs(x) and ϕf (x) together we get

Ĩ(x) =

∫ ∫
dx′ dx′′P (x′)P ∗(x′′)

∫
dyPSF (y)

× exp[i{ϕs(x− y − x′)− ϕs(x− y − x′′)}]
× exp[i{ϕf (x− y − x′)− ϕf (x− y − x′′)}]

(5.7)

If the unresolved fine features are randomly distributed and the average size is much smaller than the
resolution of the imaging system represented by the width W of the PSF, the latter term can be well
approximated by averaging around x [12, 40]:

exp[i{ϕf (x− y − x′)− ϕf (x− y − x′′)}] =

1

W

∫ W/2

−W/2

dx exp[i{ϕf (x− y − x′)− ϕf (x− y − x′′)}],
(5.8)

1 Here and further the integration is performed over the detector area, if not stated otherwise.
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5.1 Theoretical description of scattering contrast

which depends only on the coordinates difference ξ = x′ − x′′ with x− y being a parameter indicating that
the statistics properties of the random phase ϕf (x) can vary within object. It is the function of the random
phase induced by the unresolved features and will be further denoted as S(ξ;x− y).

Then, the intensity in the image can be rewritten as

Ĩ(x) =

∫
dyPSF (y)

∫ ∫
dx′ dx′′P (x′)P ∗(x′′)

× exp[i{ϕs(x− y − x′)− ϕs(x− y − x′′)}]
× S(ξ;x− y).

(5.9)

If the phase shift ϕf (x) is random, it can be modelled as Gaussian random process [100], so as the phase
difference. Then the autocorrelation function for such Gaussian process is the following:

S(ξ;x) = exp[i{ϕf (x− y − x′)− ϕf (x− y − x′′)}] =
exp{−σ2(x)[1−G(ξ;x)]}.

(5.10)

where σ2(x) = ϕ2f (x) is the random phase variance and G(ξ) is the real-space autocorrelation function
(projection of the autocorrelation funtion to the real space). Different forms of the real-space autocorrelation
functions will be discussed in the following Section 5.1.1.

Generally speaking, the final image can be split into several components: resolution function of the image
(PSF), absorption by the object, differential phase and a function of unresolved features, which constitutes
the dark-field/scattering contrast. The absorption and the phase shift can be both retrieved by the procedures
described in the previous chapters, and then the signal that is left after considering these inputs is the
dark-field image.

This unresolved signal decays exponentially with the thickness [31] and size of the unresolved features. If
the scattering structures are very small (much smaller than the angular width of the mask period expressed
by λD/P ), the unresolved structures diffract in a large angular spread), and this only introduces a constant
background. If the structures are of a compatible size with the angular width of the Hartmann mask (larger
structures diffract in a smaller angular spread), their influence of the image intensity (contrast dampening)
starts to be more pronounced. These calculations were further extended for Talbot interferometry by Yashiro
et al. [12] and mask-before-sample geometry, where the assumption of the plane wave incident on the object
is no longer valid [31]. However, the final result obtained by Lynch et al. is similar to the general approach
of Nesterets.

The dark field extinction coefficient (DFEC) has been derived analytically for diluted hard monodisperse
spheres in a homogeneous solution [31]

µd =
3π2

λ2
φ|∆χ|2


D −

√
D2 − ξ2

(
1 + 1

2

(
ξ
D

)2)
+(

ξ2

D − ξ4

4D3

)
ln

[
1−

√
1−( ξ

D )
2

1+
√

1−( ξ
D )

2

]
, for ξ < D;

D, for ξ ≥ D.

(5.11)

here the DFEC considered to be the coefficient such that scattering intensity S decays exponentially with
the sample thickness t

S = e−µdt. (5.12)
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5 Scattering contrast in multimodal X-ray imaging

The link between the DFEC and the autocorrelation functions has been drawn by Strobl [11], where he
demonstrated, that the DFEC can be expressed in terms of autocorrelation function of electron density
according to the following equality

S = e−µdt = e−Σ[1−G(ξ)], (5.13)

where Σ is the macroscopic scattering cross-section of the X-rays passing through the material under study.
Macroscopic scattering cross-section is defined by the average number of times the X-ray get scattered when
transversing the sample. It depends on the properties of the material and X-ray energy. It can be defined for
the case of diluted hard monodisperse spheres as

Σ =
3π2

λ2
φ|∆χ|2tD, (5.14)

where λ is the wavelength, φ is the volume fraction of spheres, ∆χ is the difference between the complex
refractive indices of spheres and the solution, t is the sample thickness, and D is the sphere diameter.

Considering Eq. 5.13 and Eq.5.14, we can define the connection between the DFEC and the autocorrelation
function as

µ′
d = [1−G(ξ)] · d/ξ, (5.15)

where µ′
d is the normaized unitless DFEC as defined in [31],G(ξ) is the real-space autocorrelation function.

The approach where the real-space autocorrelation function G(ξ) is related to the scattering intensity S(ξ)
as

S(ξ) = exp [−Σ(1−G(ξ))], (5.16)

has been used in various works [11, 55, 101]. The advantage of this formalism is that the expressions for the
autocorrelation function of electron density has been derived for spin-echo small-angle neutron scattering,
and can be applied for the qualitative interpretation of scattering contrast.

5.1.1 Autocorrelation function

The scattering intensity depends on the autocorrelation function which has the general property of decaying
from unity at ξ = 0 to zero when ξ → ∞. The exact form of this function depends on the electron density
fluctuations, which reflects the structure and the characteristic sizes of the object features. The simplest
phenomenological model [95, 96] has been reported to be:

G(ξ) = exp

[
−
(
ξ

d

)α]
, (5.17)

where α is related to to the phase boundary and interface roughness [40, 95, 96], d is the average scatterer
size.

The real-space autocorrelation function according to Eq.5.17 is plotted in Figure 5.1a and Figure 5.1b. One
can see that the increasing average size of the fine features d transforms the shape of the function making the
decay to 0 with increasing ξ less steep. The change of the α-value also transforms the shape of the function
but in the inverse way: G(ξ) decays faster for larger α.
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Figure 5.1: The real-space autocorrelation function, the simpliest model reported by Sinha et al. [95] Eq. 5.17: a) for different values
of α, b) for different values of d (b).

The autocorrelation function for diluted hard monodisperse spheres (DHMS) have been reported [102] for
SEANS measurements

GDHMS(ξ) =

√
1−

(
ξ

D

)2
(
1 +

1

2

(
ξ

D

)2
)

+ 2

(
ξ

D

)2
[
1−

(
ξ

2D

)2
]
ln

 ξ
D

1 +

√
1−

(
ξ
D

)2
 ,

(5.18)

where D is the sphere diameter and 0 ≤ ξ
D ≤ 1.

In [31], theoretical model for the dark field extinction coefficient µd have been derived, which is the
σ2(x) ∗ (1 − G(ξ)) in our terms. From the normalized dark field extinction coefficient µ′

d = µd/σ
2(x)

derived there as well, one can derive G(ξ) = 1 − µ′
d/D. Then, the real-space autocorrelation function is

presented as a piecewise function:

GDHMS(ξ) =


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, for ξ < D;

0, for ξ ≥ D,

(5.19)

which behaves identically to the Eq. 5.18 reported above: it equals unity at ξ = 0 and decays to 0 at ξ = D

(Figure 5.2).

Other form of the autocorrelation functions for different media have been defined for the SESANS mea-
surements but are transferable to X-ray scattering. For example, dense but disordered structures can be
characterized by the real-space autocorrelation function for random self-affine (RSA) density distributions
[96, 103, 104]

GRSA(ξ) =
2

Γ(H + 1/2)

(
ξ

2a

)H+1/2

KH+1/2

(
ξ

a

)
, (5.20)
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where a is characteristic size parameter,KH+1/2(x) the modified Bessel function of the second kind of real
order (H + 1/2) and Γ the Gamma function. H is the so-called Hurst exponent (0 < H < 1) related to the
dimensionality of the structure, namely to the interface roughness between the two phases of the material
[105].

The Hurst exponentH from Eq. 5.20 reflects the space-filling capacity of the structure and defines its fractal
dimension

Df = DE + 1−H, (5.21)

where DE is the Euclidean dimension of the scattering structure: 1 for filamentous, 2 for sheet-like, and 3
for bulk scatterers [105, 106]. From this relation one can see that the value of the Hurst exponent reflects
the fractal dimension and the specific surface area of porous material. Two domains are usually discussed:
H > 1/2 indicating that the density distribution is persistent (long-range correlations) with smoother and
more interconnected pores, and H < 1/2, which corresponds to antipersistent distributions with smaller
and more confined pores and low permeability [107].

The characteristic size of the structure d for random two-phase media can be understood as the average pore
size and is derived from the size parameter a and the Hurst exponent H as follows [104]

d =
2
√
πaΓ(H + 1/2)

Γ(H)
, (5.22)

where Γ is a gamma-function. If the values of H and a are determined by fitting the experimental data,
then the error for the average size of the structures is defined from the partial derivatives of ξ as the error of
indirect measurements

∆d =

√(
∂d

∂a
·∆a

)2

+

(
∂d

∂H
·∆H

)2

=

2
√
πΓ(H + 0.5)

Γ(H)
×
√

(∆a)
2
+
([
ψ(0)(H + 0.5)− ψ(0)(H)

]
·∆H

)2
, (5.23)

where ψ(0) is the digamma function.

5.2 Data analysis approaches

5.2.1 Decrease in visibility

If periodic structure is used to produce the wavefront modulation, then the presence of the sample with
scatterers below the resolution of the imaging setup will result in the dampening of visibility of the mask
relative to the reference image. The reference image is the projection of the mask without the object in the
beam path. Thus, if relative decrease in visibility defines the scattering intensity, the scattering contrast S
can be defined as

S = − ln

(
V

V0

)
(5.24)

where V is the measured mask visibility with the sample in the beam path and V0 is the mask visibility in
the reference image. The visibility is defined for each unit cell of the mask and shows the difference between
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5.2 Data analysis approaches

Figure 5.2: The real-space autocorrelation function for diluted hard monodisperse spheres for different diameters D as indicated in the
legend. Note that the autocorrelation funciton decays to 0 at ξ = D.

Figure 5.3: The real-space autocorrelation function for self-affine distribution: a) with the value of Hurst exponentH = 0.5 (perfectly
random solid) for different values of characteristic sizes a and average size d; b) with characteristic size a = 200 nm for
different values of Hurst exponent H . The average structure size d is marked by the dashed lines.

65



5 Scattering contrast in multimodal X-ray imaging

(a) conventional Hartmann mask (b) inverted Hartmann mask

Figure 5.4: Schematic representation of how the visibility of mask pattern is evaluated.

the intensity behind the absorbing structure and the intensity recorded behind the transmitting substrate. It
is commonly defined as

V =
Imax − Imin

Imax + Imin
(5.25)

where Imax and Imin are the maximum and minimum intensities detected in the unit cell of the Hartmann
mask. The illustration of this approach for conventional and inverted Hartmannmasks is shown in Figure 5.4.

5.2.2 Width of the individual beamlets

The periodic modulation introduced by the Hartmann mask can be treated as a set of Gaussian distributions
[17, 64]. Then each beamlet (unit cell of the mask) can be individually fitted by a two-dimensional Gaussian
distribution according to

g = o+ h · exp

{
−1

2

[(
x− x0
wx

)2

+

(
y − y0
wy

)2
]}

, (5.26)

where o is offset (the average value of the corner pixels), h height of the Gaussian (maximum intensity with
subtracted offset), x0 peak position in x-direction, y0 peak position in y-direction, wx width in x-direction,
wy width in y-direction (Figure 5.5). The peak positions can be estimated as the center of mass (first image
moment), the width represents the variance of the data in horizontal and vertical directions and can be
calculated as the second image moments. Then, the least-square fitting of the two-dimensional Gaussian
distribution according to Eq. 5.26 [29, 65].

If the reference projection of the undisturbed mask pattern is recorded, transmission contrast can be defined
as T = h/href , phase shift in two directions is the change in the peak position coordinates x0 − xref0 and
y0 − yref0 . The widths wx and wy are the changes in full width at half maximum of the Gaussian and can
serve as a direct measure of the scattering intensity

Sx = wx − wref
x and Sy = wy − wref

y . (5.27)

The advantage of multi-Gaussian fitting for two-dimensional optical elements such as Hartmann masks is
that the scattering can be detected in two orthogonal directions x and y. Such approach is very attractive
because it allows to study microstucture parameters in two directions. It has also been reported to be less
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Figure 5.5: Schematic representation of theGaussian fitting ofmask projection and the outline of the derived parameters. For simplicity,
a one-dimensional Gaussian is illustrated.

susceptible to the cross-talk between absorption and scattering contrast [64]. However, it has also been noted
[65] and confirmed in this work that such approach is very susceptible to noise, especially for low mask
projection sampling rates (Npix) or detector imperfection (dust, hot or dead pixels, etc.). Besides, it has been
reported that high transmission changes within the beamlet zone can lead to errors in both scattering and
differential phase signals [65]. These drawbacks can be mitigated by pre-filtering of the images before the
fitting, but it complicates the data analysis and questions the reliability of the results. However, if there is no
strong changes in transmission and the visibility of the mask is not too low (higher SNR), it can be used as
an intuitive and useful approach to evaluate the scattering contrast.

Besides, in such setting it is also possible to define visibility as [65]

VG =
h

h+ 2 · o
, (5.28)

because the height of the Gaussian h is nothing else but the maximum intensity Imax with the subtracted
noise defined by the offset o, and which is equal to Imin. Thus Imax = h− o and Imin = o (Figure 5.5).

5.2.3 Intensity of the higher order harmonics in Fourier domain

As have been discussed in Chapter 2, Fourier analysis can also be used to evaluate the scattering contrast from
the changes in higher order harmonics. Usually the first order harmonics with (m,n) = (1, 0) and (0, 1) are
analysed, which represent the horizontal and vertical directions, respectively, because the signal intensities
decrease at higher orders in Fourier space due to the counting statistics. However, it has been proposed
that the higher orders are sensitive to larger scatterers [94], which was later confirmed by simulations [65].
This makes it possible to differentiate between different sizes by using higher orders. This approach has
been experimentally implemented for single-shot scattering imaging for arrays of Fresnel zone plates [101].
While interesting, this approach suffers from the low correlation length sampling defined by the number of
pixels per mask period. The higher sampling rates thus can be achieved by using detectors with small pixel
size or mask with large periods. There are trade-off to both approaches. Using smaller pixels seems more
advantageous because then the final image size can be preserved. However, the available pixel size is limited
and the detectors with smaller pixel sizes usually have small field-of-view. Using larger mask periods will
reduce the final image size, thus lowering the resolution of macroscopic imaging.
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5 Scattering contrast in multimodal X-ray imaging

It has been reported that such approach can lead to the strong spurious scatter signal due to the cross-talk
between these two signals [64]. The Fourier analysis method implicitly assumes that intensity without the
sample is the product of transmission and the intensity with the sample when only absorption is considered.
This assumption holds true for monochromatic radiation, however, when polychromatic sources are used
and the sample exhibits high absorption, a special attention should be paid to the possible cross-talk between
the scattering and absorption due to the beam hardening [64, 66].

5.3 Scattering from porous media

The form of the real-space autocorrelation function depends on the structural organization of thematerial (see
Section 5.1.1). While several experimental studies [31] confirmed that the formula for diluted monodisperse
particles correctly predicts the scattering signal obtained from such structures. Although the equivalence
of dark field extinction coefficient and the autocorrelation function formulas derived for neutrons have
been highlighted [11], there have been limited attempts to benefit from it and derive multiple quantitative
characteristics of bulk morphology for dense materials of different structural organizations. The simplified
phenomenological formula proposed by Sinha et al. [95] has been applied to derive the size of scattering
structures [12, 55, 108], but there have been few attempts to derive quantitative parameters related to the
scatterers spatial distribution and orientation [12, 108].

Porous materials are widely applied as adsorbers, thermal insulators, catalytic and electrode materials, etc.
Bulk microstructure is of great importance to study because it defines the physical, chemical, thermal, and
electrical properties of porous materials. However, porous materials are challenging objects for characteri-
zation: they typically exhibit a wide range of pore sizes, solid material opacity, possible anisotropy of the
pores, and structure inhomogeneity in bulk. While the fine nanostructure of the sample can be studied by
precise methods such as SAXS, the range of pores from several tens up to several hundreds of nanometers is
challenging to study. Conventionally applied for these ranges microscopic techniques have a limited field of
view which often makes the characterization they offer confined and incomprehensive. Moreover, they are
often either used for the surface characterization or are destructive, which might be a critical limitation.

Scattering contrast offered in multimodal X-ray imaging has the advantages of covering a large field of
view and the simple and flexible setup. Due to size-sensitivity of the scattering signal the range it covers
lays between the range accessible in SAXS and the resolution of X-ray imaging, thus covering the gap
between those techniques. In order to test this approach, the fine porous graphite was chosen as an object
for characterization due to the wide range of pores presented and low X-ray absorption, which allows us to
assume a pure scattering object with structures smaller than the resolution of the setup and no strong phase
shifts due to the absence of border and interfaces which would contribute to the resolved differential phase
contrast. The sizes of the pores for fine grade graphite is usually in the sub-µm range and is represented by a
wide range of pores, which makes it a perfect candidate to illustrate the capabilities of the scattering contrast
in multimodal X-ray imaging.

Another advantage of using graphite is that due to its conductivity and a high specific surface area it can be
used as a substrate for UV lithography, thus making it possible to manufacture the Hartmann masks directly
on its surface. In this case, the Hartmann mask will have the highest visibility and flux efficiency, which is
important for the setups with a monochromatic beam which usually have lower intensity.

In this section, I will compare the scattering data for graphite with fine pores achieved with conventional
and inverted Hartmann mask designs. The quantitative analysis of the scattering data will be verified by
the specifications provided by the manufacturer. The additional surface pore size distribution analysis was
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Figure 5.6: Outline of the wafers used for experiment with SEM images of the masks and the graphite wafer surface. In SEM images
the masks were rotated to 45° for better visualization. Inverted Hartmann mask areas are denoted as pink squares and
Hartmann masks as green squares with periods 30, 40, 60, 80 µm. The rows of pillars/holes are alighted parallel to the
flat edge of the wafer. On the first wafer, all the areas of the masks were 1 cm2. The inverted Hartmann mask with 50 µm
period and area of 25 cm2 was manufactured on a separate wafer.

performed based on SEM images to compare the obtained data with the resolved images of the surface
structure. The chapter includes the comparison of different data retrieval algorithms to the conventional
visibility map calculation approach, and will explore the directional information offered by the Hartmann
masks. Moreover, I propose an approach to estimate the pore size distribution based on the parameters
retrieved from the fit of the experimental data.

5.3.1 Sample

The wafers purchased from Ohio Carbon Blank, Inc were synthetic graphite labeled "angstrofine" with a
porous structure and an average grain size of 1 µm as reported by the supplier (supplier identifier EDM-AF5)
[109]. The apparent density of the EDM-AF grade graphite material is reported to be 1.8 g/cm3 [110] . Since
the apparent density measurements include the pore volume in the calculation and the theoretical density of
graphite is 2.26 g/cm3, the pore fraction of graphite is at least 20 %. The average pore size for the graphite
with an apparent density of 1.8 g/cm3 is 750 nm ± 150 nm as observed by mercury porosimetry [111]. The
distribution of pore sizes for EDM-AF grade graphite is narrow compared to conventional graphite with
reported nominal pore size rating from 0.2 to 0.8 µm [111]. The separate wafers with 4 inch diameter
were cut out of the large graphite plate. Subsequently the wafers were polished on both sides and rinsed in
isopropanol.

The technological process of fabricating Hartmann and inverted Hartmann masks was reported in the
Chapter 3. Inverted and conventional Hartmann masks of various periods (30, 40, 60, and 80 µm) with the
gold height of about 30 µm manufactured on the same substrate and a large area (5 cm x 5 cm) inverted
Hartmann mask were used Figure 5.6. The masks will be further referred to as "Mask type-Period", e.g.
iHM-30 for the inverted Hartmann mask of period 30 µm and HM-30 for conventional Hartmann mask of
period 30 µm.
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5.3.1.1 Surface pore analysis

In addition to the characteristics provided by the supplier, we obtained information about the surface pore size
distributions based on the set of SEM images (Figure 5.7). The images were taken at different magnifications
(5000X and 20000X). The lower magnification images were used in order to compensate for small field of
view of the SEM and cover a representative surface, and higher magnification was applied to correctly mark
the pores of smaller sizes. The pore distribution data from several images were merged in order to achieve
higher statistics. The images were binarized using thresholding procedure.

The pores where identified using Analyze particles function in ImageJ. Identified pore areas were approx-
imated by ellipses, and then the Feret’s diameter was calculated as the longest distance between any two
points along the selection boundary (maximum caliper diameter). The pore size distribution histogram was
fitted with log-normal distribution function. The mode of the distribution was at 585 nm. One can see from
the cumulative histogram that more than 60 % of the pores are below 800 nm in agreement with the nominal
pore size rating reported for graphite wafers of EDM-AF grade.

Based on a set of SEM images (examples in Figure 5.7 and Figure 5.8(a)), we performed surface pore size
analysis. We identified the pores on the images by thresholding. Then, we estimated their Feret diameter (the
longest distance between any two points along the selection boundary) to obtain the pore size distribution
histogram (Figure 5.8(b)). The histogram follows a log-normal distribution with the peak at 550 nm. One
can see that more than 60 % of the pores are below 800 nm, which is in agreement with the nominal pore
size rating reported for graphite wafers of EDM-AF grade [111].

5.3.2 Experimental setup

In the reported method we attribute the decrease in visibility to the ultra small angle X-ray scattering in
graphite. However, the imperfections of the setup can also cause a possible decrease in the visibility during
sample and optical element movement, because the source size and the source-sample distance are both
finite. Large source size (opposite to the point-like source) will cause penumbral blur, and the insufficient
distance between the source and the sample will contradict the parallel beam geometry assumption because
of the beam divergence. We analyzed the setup characteristics to ensure that the assumptions of point-like
source and parallel beam are valid for the performed measurements.

Figure 5.7: SEM images of graphite surface: a) overviewwith lower magnification (5000X), b) close up viewwith higher magnification
(20000X).
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Figure 5.8: The surface structure of graphite: a) SEM image of graphite surface with a close-up view outlining the pores in red; b)
surface pore size distributions histogram (green) and cumulative pore number (gray) versus Feret diameter based on the
SEM image analysis.

Figure 5.9: Experimental setup for visibility measurements. Monochromatic X-rays are incident on the mask, which is moving
towards the detector with steps of 10 mm. The measurements were done with inverted and conventional Hartmann masks
of different periods produced on porous graphite. For each step, a projection is recorded from which the visibility map is
plotted. The visibility maps for two distances are shown in the right part of the graph.

71
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Figure 5.10: Schematic representation of blur of the mask image induced by the finite source size (red lines) and deviation from the
parallel-beam geometry (blue lines) for the horizontal direction (not to scale). The source with the size s is located at the
distanceR ≈ 30 m from the detector, the maximum mask-detector distance is L = 0.395 m, and the period of the mask
is denoted as P . Here, the pillar of the inverted Hartmann mask is shown, however, the same considerations are valid for
the conventional Hartmann mask.

5.3.2.1 Source blurring

At the IPS imaging cluster of the KIT synchrotron facility (TOPO-TOMO beamline), the horizontal source
size (800 µm) is larger than the vertical (200 µm). Therefore the blurring caused by the finite source size
is stronger in the horizontal direction. The most substantial blur will occur at the largest mask-detector
distance; thus, we consider conditions for horizontal direction and the largest mask-detector distance as the
limiting factor. The mask-detector distance of 0.395 m was the largest for all masks but iHM-50, for which
the maximum mask-detector distance was 1.12 m. The maximum blur of the projection at the detector plane
due to the finite source size can be defined as

Bmax = shor ·
L

R− L
≈ shor ·

L

R
, (5.29)

where shor is source size in the horizontal direction, L is object-detector distance, R is source-detector
distance (Figure 5.10).

For the maximum blur to affect the visibility map, it has to be larger than the mask period P (which is the
pixel size at the final visibility map image) so that the minimum intensity value is increased, making the
visibility value lower. For the masks with periods 30, 40, 60, and 80 µm, the maximum blur is 10 µm, and
for the iHM-50 placed at 1.12 m from the detector, the blur is 30 µm (Table 5.1). In both cases, the blur is
smaller than the corresponding mask period; thus, it does not significantly affect the mean visibility value.

5.3.2.2 Beam divergence

Another important factor to possibly affect the visibility is the beam divergence: the deviation of the rays
from the parallel geometry. The maximum deviation from the parallel-beam projection is observed for the
outermost pillar/hole position (Figure 5.10). The deviation can be neglected if it is smaller than the effective
pixel size (PS) of the detector (pixel size of the final image). From the scheme in Figure 5.10 one can see
that the size of the deviation can be defined as

deviation =
P · L
R

< PS. (5.30)
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which leads to the restriction on the mask period

P <
PS ·R
L

. (5.31)

One can see that for the pixel size PS = 2.36 µm, distances L = 0.395m and R = 30m, the requirement
on the mask period is

P <
2.36 · 10−6 · 30

0.395
≈ 180 µm. (5.32)

This condition is fulfilled for all masks used in the experiment. For the iHM-50, which was placed at the
distance d = 1.12 m, the same condition holds true, but by a smaller margin:

P <
2.36 · 10−6 · 30

1.12
≈ 63 µm. (5.33)

Therefore, the divergence of the beam did not significantly affect the mean visibility value acquired in the
experiment.

Alternatively, this criteria can be formulated as dimensionless ratio imposing a restriction on the number of
pixels per mask period N (sampling of mask projection)

N < R/L (5.34)

As one can see from the values presented in Table 5.1, the inequality given by Eq. 5.34 holds true for all
measurements.

5.3.2.3 Energy bandwidth and the correlation length error

Themeasurementswere performed for the energy 17 keVwith bandwidth∆E/E ≈ 2%,E = 17±0.34keV .
The correlation length value ξ depends on the energy as:

ξ =
hc

E
· L
P

(5.35)

The error of the indirect measurement for ξ will be defined as:

∆ξ =

√(
∂ξ

∂E
∆E

)2

=

√(
− hc · L
P · E2

∆E

)2

. (5.36)

The maximum error due to the bandwidth ∆E/E is ∆ξ = 33 nm and is reached for the longest mask-
detector distance L = 1.12 m and the P = 50 µm. For the distance L = 0.395 m the highest error
∆ξ ≈ 20 nm corresponds to the smallest period P = 30 µm (Table 5.1). Such small errors do not affect
the fitting parameters derived from the data.

5.3.3 Scattering intensity via standard visibility

5.3.3.1 Results

The visibility maps were calculated using the projection images of the masks at different distances to detector
(thus, different probed correlation lengths). For each projection in the unit cell of the mask maximum and
minimum intensity have been evaluated according to Eq. 5.25. The mean values of the visibility maps for
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Table 5.1: Setup criteria for plane wave assumption.

Period (µm) L-range (mm) Bmax (µm) N R/L ξ-range (nm) ∆max
ξ (nm)

30 95-395 10 13 75 231 - 960 19
40 95-395 10 15 75 173 - 720 14
50 2 95-395, 1120 30 20 26 139 - 576, 1634 33
60 95-395 10 25 75 115 - 480 10
80 95-395 10 31 75 87 - 360 7

2 Only iHM

each mask versus the probed correlation length are presented in Figure 5.11 (green for HM and pink for
iHM). The error bars are the standard deviations of intensity in the visibility map.

One can see that visibilities of conventional Hartmann masks were higher than for the inverted Hartmann
masks for all measurements. An explanation could be that for iHM the area covered with gold (and thus,
behind which most of the X-rays are attenuated), is smaller, and thus the effective area of the sample, which
impacts the final signal, is larger. In case of highly scattering objects, like graphite, it leads to a stronger
dampening of the measured visibility. The values of visibilities for HM and iHM are different, but the trend
they follow with changed sample-detector distances is the same. In Figure 5.11 one can see the curvature
which reflects the non-linear dependence of the scattering intensity from the probed correlation length.

Albeit each mask was moved in the same way (same L-range and same number of sampling steps), the
spanned range and the scanning step of probed correlation lengths is different due to the different period of
the mask (Eq. 2.16). The period of 30 µm (HM30, iHM30) offers a wide range of probed correlation lengths
(Figure 5.11), while for the P = 80 µm (HM80, iHM80) the ξ-range is quite narrow. The advantage of using
larger mask periods is that smaller values of correlation length can be reached, although for the samples with
scatterers of various sizes using smaller periods can be preferred, as the larger range of correlation lengths
can be analyzed.

The curvatures of the trends in Figure 5.11 are related to the shape of the autocorrelation function of the
electron density in the graphite. The relation between the mean visibility and the real-space autocorrelation
function is represented in Eq. 5.16. The scattering function G(ξ) is represented by the decrease in the
visibility of the mask pattern and can be defined as

Vξ
V0

= exp [−Σ(1−G(ξ))] , (5.37)

where G(ξ) is the real-space autocorrelation function for the dense random media (Eq. 5.20).

As have been demonstrated in Section 5.3.1, the structure of graphite can be described as an ihnomogeneous
random media with fractal-like distribution of scattering structures. The real-space autocorrelation function
of such media can be well approximated by Eq. 5.20. Using the analytical expression of the real-space
autocorrelation function and the relation in Eq. 5.37, we can perform the fit with the fitting function

− ln

(
Vξ
V0

)
= Σ

[
1− 2

Γ(H + 1/2)

(
ξ

2a

)H+1/2

KH+1/2

(
ξ

a

)]
. (5.38)

Three characteristic parameters can be derived from this fit: macroscopic scattering cross-section Σ, char-
acteristic size parameter a and the Hurst exponent H . Note that the value of a is not the average scatterer
[96], which can be found using the values of a and H according to Eq. 5.22.
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Figure 5.11:Mean visibilities calculated using Eq. 5.25 for Hartmann masks (HM and iHM) with periods 30 µm (HM30, iHM30), 40
µm (HM40, iHM40), 50 µm (iHM50), 60 µm (HM60, iHM60), 80 µm (HM80, iHM80).

Assuming the predominantly spherical shape of the graphite pores we can calculate the macroscopic scat-
tering cross-section as

Σ =
3π2

λ2
d |∆χ|2 ϕpϕst (5.39)

where λ is the wavelength, |∆χ| is the difference in complex refractive index between graphite and air, d
is the average pore size, ϕs is a relative fraction of solid media, ϕp is the pore relative fraction, and t is the
sample thickness. If we know the object thickness and the material which constitutes it, we can find the
relative pore fraction ϕp from the Eq. 5.39 by solving the quadratic equation:

ϕ2p − ϕp +
Σλ2

3π2d |∆χ|2 t
= 0, (5.40)

where ϕs = (1 − ϕp). This quadratic equation has two solutions which are representing the pore volume
fraction and the relative solid fraction. Alternatively, the formula in Eq. 5.39 can be incorporated in the fitting
function (Eq. 5.38) directly with an additional condition ϕp = 1− ϕs. Here, the macroscopic cross-section
was obtained from the fit first to avoid introducing two more fitting parameters.

The error of the relative pore fraction can be calculated as

∆ϕp
=

√(
∂ϕp
∂Σ

·∆Σ

)2

+

(
∂ϕ

∂d
·∆d

)2

. (5.41)

Thus, from fitting the values of mean visibility (Figure 5.11) using Eq. 5.38, we can obtain:

• macroscopic scattering cross-section Σ, from which the relative pore fraction ϕp (Eq. 5.40) can be
calculated;
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Figure 5.12: Visibility data for the Hartmann masks (HM30, HM40, HM60, HM80): a) the mean visibilities for each mask with the
values of V0 (Eq. 5.43); b) concatenated data set for all Hartmann masks.

• the value of Hurst exponent H , from which the fractal dimension (Eq. 5.21) can be estimated;

• average pore size d (Eq. 5.22).

However, to apply this fitting function we need to know the mean visibility V0 at no scattering such that
ξ = 0 (equivalent to the mean of the modulation function). In a typical imaging setting this would be the
visibility of the reference image without the object. This visibility value V0 is affected by a plethora of
factors, including the detector PSF, source blurring and divergence, energy and intensity of the source, and
mask quality. The latter includes the shape and the height of the absorbing structures, the absorbance and
the homogeneity of the substrate, etc. The most practical way to estimate this value is from the experimental
data.

As one can see in Figure 5.12a, the value of V0 would the visibility at the intersection with the ordinate
axis at ξ = 0. Following this logic, one can determine V0 from fitting the set of mean visibility Vi for each
mask acquired for ξi with i = 1, 2, ..., 30. The fitting function for the mean visibility values normalized by
visibility at the smallest probed scattering length ξmin for each mask is

Vi
Vξmin

= exp [σt(G(ξi)−G(ξmin))] , (5.42)

where G(ξ) is the real-space autocorrelation function at the correlation length ξ (Eq. 5.20). The obtained
fitting parameters were plugged into the following equation

V0 =
Vξi

exp [σt(G(ξi)− 1)]
(5.43)

to obtain the mean visibility values at no scattering V0 for each mask. Then the data set for each mask can
be normalized by V0 and concatenated together to obtain fine sampling of the real-space autocorrelation
function over the range from 87 to 960 nm (Figure 5.12b).

The same procedure can be performed for the inverted Hartmann mask design (iHM) (Figure 5.13). The
concatenated datasets in Figure 5.12b and Figure 5.13b can be used for fitting according to Eq. 5.38.

The fitting was performed using SciPy library available for Python. The errors for fitting parameters σt,
a, H were determined from the generated covariance matrix. The average pore size and the relative pore
volume fraction were calculated according to Eq. 5.22 and Eq. 5.40, and their errors according to Eq. 5.23
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Figure 5.13: Visibility data for the inverted Hartmann masks (iHM30, iHM40, iHM50, iHM60, iHM80): a) the mean visibilities for
each mask with the values of V0 (Eq. 5.43); b) concatenated data set for all inverted Hartmann masks.

Figure 5.14: Values of the scattering intensity − ln(V/V0) and the fitting function for a) the conventional Hartmann mask design
(HM), b) the inverted Hartmann mask design (iHM).

and Eq.5.41, respectively. The fitted curves for the scattering intensity are shown in Figure 5.14. The values
obtained from the fit are summarized in Table 5.2.

To check if the fit correctly predicts the value of scattering intensity at correlation lengths larger than 1 µm,
we used the projection image for iHM-50 at the distance of 1120 mm from the detector, corresponding to
the correlation length ξ = 1.6 µm. Note that the extra point acquired for the iHM-50 represents 1 % of
the data, and its influence on the fitting function can be neglected. As one can see from Figure 5.14(b), the
value of the extra data point is well predicted by the fitting function.

The final results of the fit and the calculated values of d and ϕp for HM and iHM are presented in Table 5.2
in the first two rows (under "Standard"). Both pore fraction and the average pore size values are in close
agreement with the values reported for "angstrofine" grade graphite [111].

5.3.3.2 Interpretation and Discussion

Hartmann vs. inverted Hartmann design. One can see from Table 5.2, that the error in fit parameters
a and H , which are used to calculate the average pore size d, for inverted Hartmann masks is noticeably
lower than that for the conventional Hartmann masks. The error for average pore size∆d was calculated as
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Table 5.2: Parameters derived from the visibility measurements. Macroscopic cross-section σt, characteristic parameter a and Hurst
exponent H are determined from the fit of experimental data. Average pore size d and relative pore fraction ϕp were
calculated using the values of a,H and σt. The reference data is taken from the specifications for graphite [109, 110, 111].

Mask type σt a (nm) H d(nm)
(Eq. 5.22)

ϕp (Eq. 5.39)

Standard

HM 0.92 ± 0.03 437 ± 32 0.58 ± 0.06 970 ± 100 22 ± 2 %
iHM 0.93 ± 0.02 326 ± 15 0.58 ± 0.05 730 ± 50 22 ± 1 %

Gauss

HM 1.00 ± 0.03 360 ± 22 0.72 ± 0.06 930 ± 60 18 ± 1 %
iHM 1.28 ± 0.06 310 ± 50 0.67 ± 0.16 760 ± 115 35 ± 4 %

Reference - - - 750 ± 100 ≥ 20 %

the error of indirect measurements using partial derivatives of Eq. 5.23 (Table 5.2). The higher ∆d might
be caused by the fact that the area of the inverted Hartmann mask covered with gold is 25 % of the total
field of view of the sample; hence the scattering signal is formed from a larger object area compared to the
conventional Hartmann mask. The total amount of scattering centers contributing to the signal is larger,
making the obtained results more representative of the bulk structure. The advantage of having a higher
signal-to-noise ratio when using the inverted Hartmann mask design for differential phase contrast imaging
has been reported in the previous chapters [91].

Hurst exponent and fractal dimension of pore structure. An important parameter for porous material is
its fractal dimension Df , which indicates how the pores are structured under fractal theory approximation
[107, 112]. The fractal dimension is defined by its Euclidean dimension DE as well as the value of Hurst
exponent. Another terminology also uses the "roughness" exponent value α, which is related to the Hurst
exponent:

Df = DE + 1−H = 1.5DE + 1− α. (5.44)

As follows from Eq. 5.21, for the Euclidean dimension DE = 2

Knowing that the phase boundary parameter α can be determined as α = H + DE/2, we can define the
Euclidean dimension of the pore structure in graphite by performing a simplified fit according to the Eq. 5.17
on the same dataset. The fitting result indicated α = 1.46 ± 0.02 for iHM and α = 1.52 ± 0.03 for HM.
From this, we can estimate the Euclidean dimension of the scatterers to be DE = 2. The fractal dimension
then is D = DE + 1 − H ≈ 2.48 ± 0.06, attributed to fractal structures like Apollonian sphere packing
(D = 2.4739465 [113]).

Considering that the Hurst exponentH = 0.5 is characteristic for a perfectly random inhomogeneous solid,
the obtained H = 0.58 suggests that the distributions of ihnomogeneities in graphite is predominantly
random with a slight inclination to being persistent. The fractal dimension of D = 2.48 implies that the
pore structure of graphite can be represented by the spheres of different size cotangent to each other [114].
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Figure 5.15: Illustration of the Apollonian sphere packing using the software ApolFrac (7 iterations) and how it can be interpreted for
the graphite structure.

Figure 5.16: Visibility data for the Hartmann masks (HM30, HM40, HM60, HM80): a) the mean visibilities for each mask calculated
from Gaussian fitting with the values of V0 (Eq. 5.43); b) concatenated data set for all Hartmann masks.

5.3.4 Scattering intensity via multi-gaussian fitting

As have been mentioned in Section 5.2.2, analysis of the periodic pattern can be done via multi-gaussian
fitting of the mask projection. This approach is intuitive and provides the direct measure of the increasing
width of the individual beamlet.

The fitting of the projections obtained from the conventional and inverted Hartmann masks have been done
with fitmultigaussian function [65] used in Shack-Hartman sensor wavefront reconstruction software [92].

5.3.4.1 Visibility via multigaussian fitting

The visibility value from individual beamlet fitting was obtained using Eq. 5.28; the results are shown in
Figure 5.16 and Figure 5.17 for the conventional and inverted masks, respectively. The obtained data sets for
mean visibility where treated in a similar manner, as reported in the previous subsection, and the resulting
concatenated data sets were fitted using Eq. 5.38. The results of the fit are presented in Table 5.2 as well.

One can see, that the results obtained with multigaussan fitting are similar to the ones retrieved from fitting
the curves obtained with standard visibility. The values of characteristic size parameter are similar, however,
the values of Hurts exponent with Gauss visibility are noticeably higher. The resulting values of average pore
size are close to the values obtained with standard visibility, and are in agreement with the specifications
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Figure 5.17: Visibility data for the inverted Hartmann masks (iHM30, iHM40, iHM50, iHM60, iHM80): a) the mean visibilities for
each mask calculated from Gaussian fitting with the values of V0 (Eq. 5.43); b) concatenated data set for all inverted
Hartmann masks.

Figure 5.18: Values of the scattering intensity− ln(V/V0) and the fitting function for Gaussian fitting: a) the conventional Hartmann
mask design, b) the inverted Hartmann mask design.

from the graphite manufacturer. However, the estimated pore volume fraction for iHM and HM are quite
different: it looks like for HM the relative pore volume fraction is too low, and for iHM too high. The
change in visibility (the trend) measured by Gauss is similar, which makes it possible to retrieve the value
of average pore size accurately; however, as the visibility values are shifted towards higher values, the value
of macroscopic scattering cross-section is not accurately predicted by the fit.

It is important to note, that the visibility defined from multigaussian fitting coincides with the standard
intensity visibility only for mask duty cycles up to 0.5. For higher duty cycles (larger relative beamlet
widths), gaussian visibility provides inadequately high values, because the created intensity spot does not
drop down to the background signal within the projected unit cell of the mask [65]. For all masks used in
this experiment the duty cycle was 0.5 (0.25 relative beamlet width).

5.3.4.2 Directional scattering via Gaussian width

The visibility map analysis, while being easy and fast to implement, does not provide directional information
about the scattering function [4, 12]. One of the advantages of using the Hartmann mask is that it offers
periodic modulation in two directions, which enables separation of the horizontal and vertical components
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Figure 5.19: Data from multigaussian fitting for iHM30: a) the change in the average height and widths of the gaussians, b) the change
in the scattering intensity calculated from the visibility decrease and the widths of the gaussians in two directions.

of the scattering signal. Such directional approach is possible to implement through multigaussian fitting or
Fourier analysis.

Scattering of X-ray will dampens the projected pattern contrast: it will decrease the visibility but also results
in the broadening of the beamlets. The diffuse scattering will "redistribute" the photons in a way, that the
decrease in Gaussian height (visibility) should be proportional to the increase in its width. Fitting with
2D Gaussian distribution provides estimates of the width in two orthogonal directions, further denoted as
width x and width y. In Gaussian fitting approach, the changes in the height of the individual Gaussians are
interpreted as the changes in absorption. However, for strongly scattering objects with low absorption the
decrease in the Gaussian height can be associated with the redistribution of intensity due to the scattering.

Figure 5.19a shows how the height and the width in two directions change for different correlation lengths:
as the sample is moved further away from the detector (larger correlation length), the height of the beamlet
decreases, while the width grows (redistribution of intensity). For the sample under study (500 µm graphite)
the absorption is neglectable: graphite transmits more than 90 % of the incident radiation at 17 keV. In
the setup the sample was moved along the beam axis but no change in absorption was supposed to be
observed as the material thickness or composition was not changed. However for the multigaussian analysis
a strong reduction in height is observed which would generally be interpreted as absorption (or transmission)
signal. Thus, multigaussian fitting shows the cross-talk between the scattering and the transmission as well,
especially pronounced for strongly scattering structure like graphite. Due to this cross-talk the changes in
the width of the Gaussians can only be interpreted qualitatively: the width grows with the correlation length
(Figure 5.19b), but the fluctuations cannot be reliably interpreted to estimate the anisotropy of the pore sizes
in two directions.

5.3.5 Relative scattering intensity with Fourier analysis

Despite the cross-talk between the absorption and scattering due to the beam hardening, reported for highly
absorbing structures and polychromatic radiation [17], Fourier analysis performs better for weakly absorbing
scattering media such as graphite. In Figure 5.20 there is no spurious signal for absorption channel observed:
it does not change with sample movement towards the detector. Only for the propagation distances above
1 m (Figure 5.20c), as was achieved for iHM50, there is a slight growth in absorption signal caused by the
drastic increase in mask scattering. As was shown in Section 5.3.2, for such configuration (P = 50µm,
L = 1.12m) the influence of beam divergence starts to be more pronounced.

81



5 Scattering contrast in multimodal X-ray imaging

Figure 5.20: Fourier analysis results. Absorption and scattering in two orthogonal directions depending for probed scattering length:
a) for iHM30, b) for HM30, c) for iHM50.

For scattering channels there is a strong signal grows when the scattering length approaches the average
pore size, as have been observed for the analysis of visibility reduction. The same dependencies have been
observed for all masks. This indicates that this approach can be used for the analysis of pore size anisotropy
in graphite.

The spatial frequency spectrum of the Hartmann mask projection contains a strong primary peak around zero
spatial frequency and a number of the sharp peaks (harmonics with ordersm,n = [0, 1, 2, ...]) separated by
the N · 2π/P distance, where P is the period of the mask and N =

√
m2 + n2. In such a setting, S01 and

S10 are attributed to the first-order Fourier amplitudes in the horizontal and vertical directions, respectively,
S02 and S20 are the second-order harmonics, etc. The "mixed" harmonics S11, S22, ..., are located on a
diagonal from the (0,0) harmonic and contain the information about scattering in both directions. Note
that the scattering length to which the harmonic is sensitive is assumed to scale with the harmonic order as
ξ = N · λL/P .

Since no scattering-free reference image was obtained in the measurements (the mask was manufactured
directly on the graphite), only the change in scattering intensity relative to the signal at the smallest correlation
length can be retrieved.

5.3.5.1 First order spatial harmonic analysis

The first order analysis includes scattering intensity from harmonics (0,1), (1,0) and (1,1). In Figure 5.21
one can see the mean scattering intensity for these harmonics. Note that the scattering intensity S(1,1)

will be sensitive to a larger correlation length range according to ξ =
√
2 · λL/P . The continous line in

Figure 5.21 indicates the theoretical function (1 − G(ξ)) with G(ξ) from Eq. 5.20 with parameters a and
H from the fitting of the visibility measurements (Table 5.2, standard) for the conventional and inverted
Hartmann masks.

Since S01 and S10 are defined for each effective pixel of the imaging system, we obtained the scattering
distribution maps in two dimensions for each correlation length ξ. Examples of such maps for correlation
lengths ξ = 153 nm and ξ = 1634 nm are shown in Figure 5.22. One can see the directional distribution
of scatterers in horizontal (green) and vertical (red) directions through the non-even distribution of red
and green in the pseudo color images. The mean values of S01 and S10 for different correlation lengths
represented by the data points show that the scattering is mostly isotropic for pores smaller than 580 nm. As
the length scale increases up to 1600 nm, the horizontal scattering starts to dominate.

For the data in Figure 5.22 we applied the simplified fit according to Eq. 5.17 with 1 < α < 2. We
determined the characteristic pore size in horizontal and vertical directions to be dhor = 890± 60 nm and
dvert = 580 ± 20 nm, and the average of the two being 735 nm, which is in agreement with the average
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5.3 Scattering from porous media

Figure 5.21: First order harmonic analysis: scattering intensity from harmonics (0,1) (green), (1,0) (red) and (1,1) (blue). The line is
the (1−G(ξ) function withG(ξ) from Eq. 5.20 and parameters a andH from Table 5.2 for standard visibility analysis.
The top row shows the data for the conventional Hartmann masks and the lower row for the inverted Hartmann mask.

Figure 5.22: Directional analysis of scattering contrast represented by an overlay of the Fourier amplitudes S01 in horizontal (green)
and S10 in vertical direction (red). The two-dimensional scattering intensity distribution maps for correlation lengths ξ
= 153 nm and ξ = 1634 nm are shown on the right as pseudo color images. The inset in the graph shows the shape of an
average pore.
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5 Scattering contrast in multimodal X-ray imaging

Figure 5.23: Changes in scattering intensity obtained from the first, second, third and fourth order harmonics in spatial Fourier spectrum
for Hartmann masks: scattering in horizontal direction (S(0,1), S(0,2), S(0,3), S(0,4)), in vertical direction (S(1,0),
S(2,0), S(3,0), S(4,0)), scattering in diagonal direction ((S(1,1), S(2,2), S(3,3), S(4,4))). The gray vertical line indicates
the value of 750 nm.

pore size obtained by the visibility map analysis. The average pore size in the horizontal direction is larger
than in the vertical, indicating the elliptical shape of the characteristic pores (Figure 5.22). Note that relative
scattering signal measurements cannot correctly predict the pore fraction and Hurst exponent.

5.3.5.2 On applicability of higher order spatial harmonics

Another advantage of Fourier analysis method is that it gives access to higher order harmonics which can be
sensitive to larger scatterers [94]. The simulations of scattering intensity have shown [65] that the correlation
length for higher orders shifts linearly with the distance to the central point in Fourier space (zeroth order
harmonic). Figure 5.24 shows the changes in scattering intensity calculated for harmonics up to the fourth
order for the inverted Hartmann mask. As the signal intensity is decreasing with the harmonic’s order due
to the limited photon statistics, and the error increases. One can clearly see this in Figure 5.25: already for
n = 2 the standard deviation of the scattering intensity in the image is increasing, while the signal decreases
down to 0 for n = 4.

In Figure 5.24 a and b we can see that the first and second order harmonics signal tends to reach a saturation
value around 750 nm (gray line), which is in agreement with the results obtained in Section 5.3.3.1 of
Chapter 5. As it was mentioned in Section 5.2.3, the number of spatial harmonics in Fourier space will
depend on the sampling of the mask: how many pixels there are per mask period. If the mask is sufficiently
sampled and the image quality is high, it is possible to retrieve scattering intensity at several correlation
lengths in from a single frame. Such approach has been implemented with Fresnel zone plates array [101],
but can also be used with Hartmann masks given high beam intensity and larger mask period or smaller
pixel size. For the measurements of graphite scattering with Hartmann masks with period up to 80 µm the
scattering intensity obtained from the fourth harmonic was already not distinguishable from noise (standard
deviation of the signal within the image) for all measurements. The second and the third order harmonics have
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Figure 5.24: Changes in scattering intensity obtained from the first, second, third and fourth order harmonics in spatial Fourier spectrum
for the inverted Hartmann masks: scattering in horizontal direction (S(0,1), S(0,2), S(0,3), S(0,4)), in vertical direction
(S(1,0), S(2,0), S(3,0), S(4,0)), scattering in diagonal direction ((S(1,1), S(2,2), S(3,3), S(4,4))). The gray vertical line
indicates the value of 750 nm.

Figure 5.25: Changes in scattering intensity obtained from the first, second, third and fourth order harmonics in spatial Fourier spectrum
for the inverted Hartmann mask with period 50 µm: scattering in horizontal direction (S(0,1), S(0,2), S(0,3), S(0,4)), in
vertical direction (S(1,0), S(2,0), S(3,0), S(4,0)), scattering in diagonal direction ((S(1,1), S(2,2), S(3,3), S(4,4))).

exhibited the expected behaviour and could be associated with sensitivity to larger pores and agglomerates
with sizes about 1.5-2 µm.

5.3.6 Pore size distribution

The obtained values of average pore size and Hurst exponent can help to predict the pore size distribution.
Practically important information about the pore size distribution is the peak (mode) of the distribution that
indicates the most represented pore size, average (mean) pore size, and the width of the distribution - the
range which contains most of the pores.
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If we assume that pore sizesX are following a log-normal distribution, the expected value of the ln(X) will
be µ = ln(d), with d being the median of the pore size distribution. This value we obtain as characteristic
pore size d. In case of log-normal distribution, the median equals a multiplicative mean, which is in
agreement with the typical pore structuring: smaller pores cluster and form larger pores, such that the cluster
size grows proportionally to the size of the individual pore.

The Hurst exponent characterizes the deviation of the electron density distribution from the mean value (or
"roughness of the distribution") [96]. If we assume it to serve as an estimate of the standard deviation of the
random variable ln(X), the geometric standard deviation factor will be eH . Using the values of average pore
size d and Hurst exponent H , we can evaluate the pore size range containing 2/3 of all pores as the scatter
intervals of the distribution from d/eH = 400 nm to d · eH = 1340 nm. We can simulate the log-normal
distribution of a random variable X based on the data obtained by the scattering contrast (Figure 5.26a).
Therefore, the distribution of pore sizes X can be characterized by the following values:

Mode |X| = exp
[
ln (d)−H2

]
= d · e−H2

≈ 520 nm, (5.45)

Median |X| = exp [ln (d)] = d ≈ 730 nm, (5.46)

Mean |X| = exp
[
ln (d) +H2/2

]
= d · eH

2/2 ≈ 860 nm. (5.47)

In Figure 5.26, we compare the simulated bulk pore size distribution to the surface pore size distribution
obtained from the set of SEM images. Note that the distribution obtained from SEM images is not
comprehensive and is only valid for a restricted field of view (hence with limited pore size statistics) on the
surface of graphite. Nevertheless, it is a valuable benchmark to see if the simulated distribution is realistic.
Figure 5.26 shows that, although the distributions differ in shape, the mode of the simulated distribution
(dashed line at 519 nm in Figure 5.26(b)) is close to the mode of the surface pore size distribution (shown as
the dashed line at 585 nm in Figure 5.26(a)). The median of the simulated distribution (730 nm) is very close
to the median of the measured one (717 nm), however, the means differ noticeably. However, we can see that
the fit for the measured SEM distribution does not closely approximate the larger pores in the range from
900 nm to 1500 nm. This might be due to the small field of view which limits the statistics obtained from

Figure 5.26: Comparison of the pore size distributions: a) simulated bulk pore size distribution based on the scattering data, b) surface
pore size distribution obtained from a set of SEM images. Modes of the distributions are indicated by the dashed lines
and the medians by the solid lines.
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the SEM images. The two distributions are very similar in shape, which implies that the data obtained with
the scattering contrast in multimodal X-ray imaging can be used derive information about size distribution
of dense media with random feature sizes.
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6 Summary and Outlook

Fabrication of conventional and inverted Hartmann masks for X-ray imaging

UV lithography in combination with gold electroplating enabled a robust and available fabrication of high-
quality conventional and inverted Hartmann masks. The manufacturing approach allows for customization
of masks to the final application in terms of the required period (from 10 to 100 µm, depending on required
thickness), area (at least up to 5 x 5 cm), thickness (gold height at least up to 30 µm are accessible),
and substrate carrier. Using polyimide with conductive coatings to fabricate inverted Hartmann masks is
possible when minimization of absorption in the optical component is required. As a possible way to create
a substrate-less conventional Hartmann mask, the conductive carbon coating can be stripped away, and the
mask can be detached from the substrate carrier.

Shorter wavelengths for lithography can also be applied, as offered by deep X-ray lithography. It would
potentially limit the accessibility and robustness of the manufacturing procedure and might not be necessary
for most applications due to the limited pixel size available. However, if periods below 10 µm or absorber
heights above 50 µm are required, deep X-ray lithography can be a viable option to create Hartmann masks.

Characterization of Hartmann masks

Characterization of Hartmann masks guides and consults the fabrication procedure. The relative absorption
histogram approach helps to evaluate the gold absorber height homogeneity across the mask area and predict
mask performance in the imaging setup. Further development of this method can include pattern recognition
algorithms evaluating the impact of local defects on the projection histogram. As a potential development
direction, neural networks can enhance and accelerate the evaluation of mask quality from its projection and
facilitate the classification of typical defects.

Conventional and inverted Hartmann masks performance

The inverted Hartmann masks achieve images with higher SNR and are less prone to the cross-correlation
of absorption and scattering contrast modalities for setups susceptible to beam hardening (e.g., with poly-
chromatic sources). However, the conventional design is more mechanically stable and can be manufactured
without the substrate carrier, which can be an essential advantage for imaging at lower X-ray energies. Both
mask designs enable multimodal X-ray imaging with the same spatial and angular resolution; thus, the choice
of the mask can be motivated by the final application.

Time-resolved imaging with inverted Hartmann masks

The inverted Hartmann masks with higher flux efficiency compared to conventional design can be applied
for time-resolved imaging. Multimodal X-ray imaging with Hartmann masks is a truly single-shot method
and requires no mask or sample movement. Dynamic processes at different time scales can be visualized
with three contrast modalities. The time resolution is primarily restricted by the mask but depends on
the brilliance of the available X-ray source and the frame acquisition rate of the detector. Time-resolved
multimodal X-ray imaging with Hartmann masks can be performed for various applications in science
and industry. Amongst possible examples are visualizations of chemical reactions, laser ablation, additive
manufacturing.
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6 Summary and Outlook

Quantitative sub-µm characterization of complex structures using the scattering contrast modality

With Hartman masks, fine sampling of the real-space autocorrelation function can be achieved using a
simple radiographic X-ray imaging setup with relaxed beam coherence and optical element requirements. In
addition to the macroscopic imaging of the object, it offers a possibility to scan the real-space autocorrelation
function of the electron density.

Various structural parameters can be obtained, such as average pore size in two orthogonal directions, relative
pore fraction, fractal dimension, and the value of the Hurst exponent related to the space-filling capacity of
the structure. The autocorrelation functions defined for spin-echo small-angle neutron scattering combined
with fine scanning of correlation length show promise for studying complex features. For example, hollow
microspheres or cohesive powders typically used as catalytic materials can be studied, as well as fibers
(infinite cylinder structures) used for woven hierarchical polymer composites.

Such a versatile and straightforward technique can impact research devoted to studying complex structures
like porous materials, colloids, or powders. Apart from the immediate profit for the development and
characterization of porous catalytic materials, numerous medical applications related to early-stage cancer
diagnostics and lung diseases can profit from knowing the morphology and fractal dimensions of complex
interconnected structures.

Another possible direction of study can be associated with the higher-order spatial harmonics obtained
using Hartmann masks. Combining high-brilliance source and Hartmann masks with efficient wavefront
modulation can increase signal-to-noise ratio for higher-order harmonics and determine the autocorrelation
function from a single projection, albeit with a lower sampling rate. Such an approach can be beneficial for
incorporating autocorrelation function sampling for dynamic processes.
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A Mask projection simulation

def create_HM_proj(det_area, pix_size, period, flux):
"""
simulates the ideal projecion of the conventional
Hartmann mask with duty cycle of 0.5.

Parameters
----------
det_area : tuple

Area of the detector in pixels
pix_size : int, float

Detector pixel size (effective)
period : int

period of the mask.
flux : int, float

maximum flux/photon count.

Returns
-------
grid : the simulated ideal projection.

"""

import math
import numpy as np
half_pitch = math.ceil(period/(2*pix_size)) # DC 0.5
fourth_pitch = math.ceil(period/(4*pix_size)) # DC 0.5
pitch = math.ceil(period/pix_size) # period in pixels
(pix_hor, pix_vert) = det_area # image size
rep_x = math.ceil(pix_hor/pitch)
rep_y = math.ceil(pix_vert/pitch)

matrix = np.concatenate((
np.zeros((half_pitch,fourth_pitch)),
np.ones((half_pitch,half_pitch)),
np.zeros((half_pitch,fourth_pitch)
)), axis=1)

unit_cell = np.concatenate((
np.zeros((math.ceil(matrix.shape[0]/2),
matrix.shape[1])),matrix,
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A Mask projection simulation

np.zeros((math.ceil(matrix.shape[0]/2),
matrix.shape[1]))),axis=0)

grid_temp = flux*np.tile(unit_cell,(rep_x,rep_y))
grid = grid_temp[np.arange(pix_hor)[:,None],

np.arange(pix_vert)[None,:]]

return grid

def create_iHM_proj(det_area, pix_size, period, flux):
"""
simulates the ideal projecion of the inverted
Hartmann mask with duty cycle of 0.5.

Parameters
----------
det_area : tuple

Area of the detector in pixels
pix_size : int, float

Detector pixel size (effective)
period : int

period of the mask.
flux : int, float

maximum flux/photon count.

Returns
-------
grid : the simulated ideal projection.

"""
import math
import numpy as np
half_pitch = math.ceil(period/(2*pix_size)) # DC 0.5
fourth_pitch = math.ceil(period/(4*pix_size)) # DC 0.5
pitch = math.ceil(period/pix_size) # period in pixels
(pix_hor, pix_vert) = det_area # image size
rep_x = math.ceil(pix_hor/pitch)
rep_y = math.ceil(pix_vert/pitch)

matrix = np.concatenate((
np.ones((half_pitch,fourth_pitch)),
np.zeros((half_pitch, half_pitch)),
np.ones((half_pitch,fourth_pitch))),
axis=1)

unit_cell = np.concatenate((
np.ones((math.ceil(matrix.shape[0]/2),
matrix.shape[1])),matrix,
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np.ones((math.ceil(matrix.shape[0]/2),
matrix.shape[1]))),axis=0)

grid_temp = flux*np.tile(unit_cell,(rep_x,rep_y))
grid = grid_temp[np.arange(pix_hor)[:,None],

np.arange(pix_vert)[None,:]]

return grid
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