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Abstract
Grating interferometry is an emerging X-ray imaging technique and
has in recent years become increasingly popular, as it provides two additional and complementary images, a phase-contrast and a dark-fieldcontrast image, in addition to the conventional attenuation-based image. It has been demonstrated that phase-contrast images can provide
considerably improved contrast over absorption images, for instance in
soft tissue of biological samples. The technique is well established on Xray sources which provide high beam coherence, like synchrotrons, but
has also been applied on laboratory arrangements with conventional Xray tubes. In the latter case, imaging systems have mainly been limited
by two aspects. Firstly, they have been incompatible with short sourceto-detector distances (< 0.5 m). Secondly, the achievable design energy
has been limited to approximately 50 keV, since technical limitations
of grating manufacturing methods have prevented the use of higher
energies.
In this work, the application of grating interferometry on compact
imaging systems is presented. This has considerable impact on the
range of applications. Compact grating interferometry enables phasecontrast and dark-field-contrast imaging on commercial micro CT systems, which provide high resolution 3D imaging of specimen with a
relatively large field of view. Based on a commercial product, a prototype micro CT scanner was built with a source-to-detector distance of
only 340 mm.
Based on a new grating-design approach, it is further demonstrated
how grating interferometry can be applied at arbitrary design energies
in the diagnostic energy range. Imaging in the high diagnostic energy
range enables examinations of materials of higher density or thickness,
like metals or electronic chips.
As intermediate steps, several other aspects were addressed, including
the optimization of system performance, the development of image
processing methods, the optimization of the source and detector system and the development of experimental arrangements.
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Zusammenfassung
Gitterinterferometrie ist eine neue, bildgebende Technik mit Röntgenstrahlen und hat in vergangener Zeit an Popularität dazugewonnen,
da sie zusätzlich zum konventionellen Röntgenbild zwei weitere Bilder, ein Phasen- und ein Dunkelfeldbild, liefert. Es wurde gezeigt, dass
das Phasensignal in gewissen Fällen höheren Bildkontrast liefert im
Vergleich zum Absorptionsbild, zum Beispiel bei Weichteilen von biologischen Proben. Mit Synchrotronstrahlung ist Gitterinterferometrie
aufgrund der hohen Strahlkoheränz inzwischen sehr etabliert. Andererseits wurde auch gezeigt, dass die Technik auf konventionellen Röntgenröhren anwendbar ist. Im zweiten Falle gibt es jedoch einige Einschränkungen. Erstens wurde die Methode bisher nie auf kompakten
Systemen angewandt, da dies zu Schwierigkeiten führt. Zweitens war
man bisher beschränkt auf Röntgenenergien bis maximal 60 keV, da höhere Energien zu technischen Schwierigkeiten in der Gitterherstellung
geführt haben.
In dieser Arbeit wird gezeigt wie Gitterinterferometrie auf kompakte
Systeme übertragen werden kann. Dies hat erhebliche Auswirkungen
auf die Anwendungsmöglichkeiten der Technik. Gitterinterferometrie
auf kompakten Systemen ermöglicht Phasen- und Dunkelfeldbildgebung mit kommerziellen Mikro-CT Geräten und dadurch hochaufgelöste 3D Bildgebung mit grossem Sichtfeld. Basierend auf einem kommerziellen System wurde ein Prototyp entwickelt, bei dem die Gesamtlänge von Quelle zu Detektor nur 340 mm beträgt.
Anhand eines neuartigen Ansatzes zur Gitterherstellung wird ausserdem gezeigt, wie die Technik auf beliebige Energien im diagnostischen
Energiebereich anwendbar ist. Bildgebung mittels höheren Energien ermöglicht die Untersuchung von Materialien mit höherer Dichte oder
Dicke wie zum Beispiel Metalle oder elektronische Chips.
Als Zwischenschritte wurden weitere Aspekte untersucht, die sich auf
die Optimierung der Systemleistung, die Entwicklung von Bildverarbeitungsmethoden, die Optimierung von Röntgenquelle und Detektor
und die Entwicklung von experimentellen Aufbauten beziehen.
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4

Previous work and motivation

Since the discovery of X-rays at the end of the 19th century, the interaction
of this new type of radiation with matter has widely influenced science and
technology. The characteristics of X-rays and their interaction with matter
has extensively been studied, provided new insights into the properties of
materials and triggered the development of a variety of applications in different scientific and industrial fields, including life science, materials science
and earth science. Up until the present, the most prominent use of X-rays
has been for imaging. In 1895, the German physicist Wilhelm Conrad Roentgen observed, in the absence of visible light, a glow on a fluorescent screen,
which was placed close to a cathode tube (Crooks tube). He found that,
whatever had caused this glow could easily penetrate through objects such
as books. By systematically studying the new type of radiation, which he
simply called “X-Strahlung” (therefore X-rays), he figured out how they interacted with matter. He then took the first X-ray image of his wife’s hand,
which has remained the most famous X-ray image.
Today, X-ray imaging is an invaluable tool for non-destructive examinations
and in particular for medical imaging. X-ray radiographs provide projection
images of the interaction they have with matter, which is usually related to
its density and constituent elements. Mammography, being a prominent example for a radiographic imaging task in medical imaging, is used regularly
for the early detection of cancer in female breast tissue. X-ray computed
1
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tomography (CT) provides 3D information of the object, revealing topological information of tissue and bone in patients and enabling the detection of
malignant tissue or brain tumors. Although Magnetic Resonance Imaging
(MRI) has become a very strong imaging modality for medical imaging in
recent years, CT remains, despite the deposition of a dose by the ionizing
radiation, in high demand due to its cost-effectiveness and better resolution
properties compared to MRI.
With the advent of synchrotron sources, which provide highly coherent Xray beams and a flux of several orders of magnitude higher than conventional X-ray sources, the access to 3D imaging of small specimens with high
spatial and temporal resolution had been established. In addition to high
spatial resolution, synchrotron beams provide a high degree of spatial coherence, which considerably extends the range of applicable imaging techniques. For instance, high spatial coherence is required by phase-contrast
methods. Phase contrast, as opposed to absorption contrast (used in standard X-ray images), represents a complementary interaction mechanism of
X-rays with matter and takes advantage of the wave nature of X-rays to access to different material properties. A wave passing through an object can
be shifted in phase, which is independent on attenuation. Mathematically,
the interaction with matter is typically described by the complex index of
refraction, n = 1 − δ + iβ, where δ describes the phase shift and β the absorption properties of the material. Due to the high ratio δ/β (∼103 ) in the
diagnostic energy range of hard X-rays (10–150 keV photon energy), phaseshift interactions have a higher interaction cross section than attenuation
interactions, which ideally yields an increased signal-to-noise ratio (SNR) in
the phase signal compared to the absorption signal. In addition, the fundamentally different interaction mechanism measured by the phase shift can
provide complementary information to absorption contrast.
Since an X-ray detector can only record beam intensity and not directly the
phase, phase-sensitive techniques rely on the generation and measurement
of light interference, which usually requires optical elements. While phasecontrast techniques have long been established for visible light microscopes,
it is relatively new to X-rays, since the fabrication of optical elements is
more difficult at smaller wavelengths. Phase-sensitive X-ray microscopy has
recently become particularly popular and a variety of techniques has been
developed. They provide a signal which is proportional to either the phase
shift, its first or its second spatial derivative and they vary significantly in
terms of sensitivity, practical applicability and achievable resolution. The
vast majority of the methods, including crystal analyzer based [1, 2] or interferometric [3, 4] methods require X-ray beams of high spatial and temporal coherence, available only at synchrotrons. Techniques which do not
necessitate temporal coherence and can thus be applied on polychromatic
microfocus sources are the in-line phase-contrast method [5, 6, 7] and Talbot
2
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interferometry [8, 9, 10]. Methods that are compatible with X-ray beams of
low temporal and spatial coherence are Talbot-Lau interferometry [11] and
coded apertures [12].
Talbot and Talbot-Lau interferometry, or in general terms grating interferometry, is currently the most promising technique for phase-contrast imaging
on compact laboratory systems with conventional X-ray tubes. The technique enables the simultaneous acquisition of an absorption, a differential
phase [9] and a dark-field image [11].
Although grating interferometry has successfully been demonstrated on Xray tubes, it is still several steps away from being a serious alternative to
conventional X-ray imaging in industrial applications. Several physical and
technical factors limit the performance and must be addressed to approach
this goal. The following list provides a selection of different aspects which
point out current limitations in grating-based X-ray imaging. This list also
sets a basis for the motivation of the scientific aims in this thesis.
• Even though the phase-shift interactions have a higher cross section
than interactions by absorption in the diagnostic energy range (δ/β ≈
103 ), the eventual gain in the contrast-to-noise (CNR) of two materials
strongly depends on the phase-sensitive technique itself. In grating
interferometry, this gain depends on factors like grating quality, interferometer geometry or source and detector properties. In order to
improve imaging and to extend the range of applications, the impact
of these factors on the system performance must be investigated.
• A grating interferometer is considered to be highly achromatic [13].
However, experiments indicate that a polychromatic beam from an Xray tube reduces the efficiency in acquiring a phase-contrast image.
The effect of the spectral bandwidth on the system performance is still
not very well understood and must be studied in more detail.
• The radiographic differential phase image is proportional to the first
derivative of the phase radiograph. For the phase retrieval, the differential phase image must be integrated along one dimension. The
digital integration of the noisy signal causes high frequency noise, appearing as stripe artifacts in the image, which poses a major problem for analyzing and interpreting the images. For quantitative phasecontrast radiography, the retrieval of the line integral of the refractive
index is essential. This problem has so far been addressed by either
increasing scan time, by taking additional images [14] or by using twodimensional gratings. These approaches either require higher dose or
are not as practical as the standard acquisition scheme.
• The field of view of grating interferometers with a short source-todetector system is severely limited due to the high aspect ratios of the
3
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gratings. Grating interferometry on short source-to-detector distances
would be of high interest for phase-contrast imaging on compact micro CT systems. This challenging limitation must be addressed for a
successful combination of the technique with micro CTs.
• Another limitation in microscopic imaging is the low brightness of the
X-ray tubes, which typically have a small focal spot (microfocus) but
also produce low flux. Low flux either causes long exposure times
or a poor signal-to-noise ratio. Several approaches can be pursued to
increase the SNR, including optimization of the system geometry and
the selection of the appropriate source and detector.
• Grating interferometry has successfully been demonstrated in the lower
energy range of hard X-rays, i.e., up to maximum 82 keV using a synchrotron source [15] and at 60 keV using a lab source [16]. The access
to higher energies has so far been complicated due to the typically
high grating aspect ratios that would be required in the higher diagnostic energy range (80 to 150 keV). Grating manufacturing technology
seems to be limited, as none of the available methods enable the fabrication of the necessary gratings for higher energies. The development
of alternative approaches is crucial to gain access to the high energy
range.

1.2

Scientific aims

The main scientific aim of this work is to find new methods for the implementation and optimization of X-ray grating interferometry on compact systems. This involves the development of new instrumentation, performance
optimization strategies and image processing methods as well as the realization of imaging experiments. Furthermore, the aim is to develop methods
which enable grating-based phase contrast imaging in the higher diagnostic
energy range.
The following paragraphs provide a more detailed overview of the different
scientific aims, which are also based on the hurdles discussed in the previous
section.
The theoretical optimization of grating interferometry is, especially when
considering compact geometries, a crucial step. The aim is to develop an analytical framework to gain more insight into the monochromatic and polychromatic performance properties of grating interferometry and to derive
optimized conditions for the acquisition of a phase-contrast image. In addition, the analytical framework must be in agreement with numerical simulations to verify the results and to account for non-ideal aspects of the signal
and noise propagation which are not considered in the analytical descriptions.
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Only a few methods exist which address the problem of stripe artifacts in
the quantitative retrieval of the line integral of the refractive index decrement. A technique must be developed for improving the usability of these
images by reducing the stripe artifacts. The aim is to investigate an algorithmic approach, which does not require additional measurements or increased
exposure times. The approach is based on the mathematical framework of
constrained optimization and applies a priori knowledge about the image.
As it is well known that the performance of many image processing algorithms is also dependent on the object itself, it has to be evaluated on a
variety of samples to better understand its applicability.
In order to overcome the incompatibility of current grating technology with
highly divergent beams of compact systems, the aim is to develop a new
grating manufacturing method for the fabrication of curved gratings. Due
to the high aspect ratio of the gratings, a change of the grating transmission
function occurs at high incident angles of the beam, which prevents signal
generation and essentially reduces the field of view. With an arrangement
using curved gratings, the incident angles with respect to the grating plane
are rectangular over the entire field of view. Since the standard substrate
material, which is silicon, is rather brittle and thus not suited for bending, an
alternative material for the grating substrate must be considered. Especially
when aiming at a compact Talbot-Lau interferometer (three gratings), the
source grating is usually positioned close to the source and must have a
high curvature (radius of only a few centimeters). The aim is to develop
new gratings in collaboration with Karlsruhe Nano Micro Facility (KNMF)
of Karlsruhe Institute of Technology (KIT), by using an X-ray lithographic
process. This requires an initial study of feasible substrate materials. The
material must be bendable, it should have a high transmission coefficient
for X-rays above 20 keV and it must be compatible with the lithographic
process.
In addition to the optimization of the grating interferometer itself, the aim
is to focus on advanced technologies for the source and detector system. On
the source side, a gain in image quality can be achieved with a higher brightness of the X-ray tubes. A serious alternative to conventional microfocus
sources are liquid-metal-jet sources, which promise a simultaneous increase
of spatial coherence and photon flux. The expected increase in brightness
compared to currently available microfocus sources is approximately an order of magnitude. The access to such a source can be established by collaboration with the KTH Royal Institute of Technology, Stockholm, Sweden.
On the detector side, an increase in SNR of a phase-contrast image can be
achieved in two ways. Firstly, by using sensors with high detection quantum efficiencies (DQE) and secondly, by using energy resolving detectors.
A higher DQE increases the overall efficiency in acquiring X-ray images.
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Energy resolved detection enables the experimental determination of the
spectral response of a grating interferometer and the optimization of the
performance by a selective energy band limitation. Novel detector technologies combining single photon counting with highly efficient sensors, such as
cadmium telluride (CdTe) sensors, simultaneously provide high DQE and
energy resolution capabilities. A study of the possible impact of such a detector for grating interferometry is carried out in collaboration with DxRay Inc.,
California, USA and the Department of Radiology and Biomedical Imaging
at the University of California San Francisco, USA.
Imaging at higher diagnostic energies would enable the examination of
thicker or denser materials. With the aim of covering the entire diagnostic energy range, the most critical issue lies in the fabrication of absorption
gratings with extremely high aspect ratios. As this poses a serious problem for current fabrication technologies, advanced methods are required to
circumvent this limitation. The goal is to pursue an approach which does
not require any additional modifications of the source or detector system,
but introduces a new grating design. The design is based on two novel
principles, which are the edge-on illumination and the curved alignment of
grating structures.
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X-ray interaction with matter

Understanding the interaction of X-rays with matter is essential to exploit
X-rays as an imaging modality. The key property of X-rays is the ability to
penetrate matter. The principle of X-ray imaging is based on analyzing Xrays which have passed the object of interest and on using this information
to derive object properties. The different kinds of interaction mechanisms of
X-ray with matter yield specific and complementary information about the
material properties of the object.
X-rays simultaneously have wave and particle properties (wave-particle duality). The wave model allows describing effects like attenuation, refraction
or interference, whereas the particle model can describe for instance the photoelectric effect or the scattering of X-rays. Considering the wave properties,
X-rays are described by plane waves having a wavelength λ, an amplitude
U0 and a phase Φ and obey the time-independent Helmholtz Equation [17].
The plane wave function is given by
U (z) = U0 ei(kz−Φ) ,

(2.1)

where k = 2π/λ is the wave number and z describes the travelling direction
of the plane wave in space.
In the particle formalism, X-rays are described as quanta with certain energy
(photons). The connection between the two formalisms is given by Planck’s
7
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constant, h ≈ 6.626 · 10−34 J · s, relating the wavelength of the wave and the
energy of the photon by E = hc
λ.
Compared to visible light, which has wavelengths in the range between
400 and 700 nm, X-rays have smaller wavelengths. The typical classification
distinguishes between soft and hard X-rays. Soft X-rays are in the range of
approx. 0.3 to 6 nm (or energies between 0.2 and 4 keV), whereas the hard
X-ray range goes from approx. 5 to 300 pm (4 to 200 keV).
In the range of hard X-rays, of which a sub range falls into the so called diagnostic energy range (10–150 keV), photoelectric absorption, Compton scattering, and Rayleigh scattering are the three main interaction mechanisms.
Photoelectric absorption occurs if the incoming photon ejects a tightly bound
electron from the inner shells (K or L) by depositing all of its energy to the
electron (photoelectron), causing an ionization of the atom. Another electron from an outer shell may then fall into the vacant hole. The released
energy by this electron can either result one or more characteristic photons
(fluorescence), or be transferred to another electron which might be ejected
from the atom (Auger electron). Photoelectric absorption is the dominant effect contributing to the attenuation of X-rays in the lower diagnostic energy
range (below approx. 25 keV). The interaction cross-section of the photoelectric effect, which describes the probability of an interaction, is approximately
proportional to Z4 /E3 (Z is the atomic number) and thus decays rapidly at
higher energies.
Compton scattering, also known as incoherent or inelastic scattering, describes the redirection of a photon by interacting with an electron from the
outer shell (i.e. with low binding energy) and under a partial loss of its
energy, ionizing the atom by ejecting the electron. The scattering angle is
directly related to the transferred energy, whereas the angular distribution
can be described by the Klein-Nishina formula [18]. The interaction cross
section is mainly dependent on the electron density of the material, and
since this density is similar for almost all elements, Compton scattering is
considered to be nearly independent on the atomic number Z. Since the scattering direction is more or less isotropic, it often represents a serious source
of noise in diagnostic imaging. The contribution of Compton scattering to Xray attenuation as a function of energy decreases slower than photoelectric
absorption and thus, the attenuation cross section becomes more dominated
by Compton scattering at higher diagnostic energies.
Rayleigh scattering represents the coherent or the elastic scattering of X-rays,
where the photon is randomly scattered without any loss in energy. It is
the dominant effect contributing to the phase shift of the X-rays, while its
contribution to attenuation in the diagnostic energy range is negligible.
Fig. 2.1 shows the contributions of photoelectric effect, Compton scattering
(or incoherent scattering) and Rayleigh scattering (or coherent scattering)
8
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Figure 2.1: Contribution of the photoelectric effect, Compton scattering (incoherent
scattering) and Rayleigh scattering (coherent scattering) to the mass attenuation
coefficient for the element Carbon.

to the mass attenuation coefficient for Carbon. Up to about 25 keV, the
dominant effect for the attenuation is the photoelectric effect.
In wave optics, the interaction of X-rays with matter is described by the
complex index of refraction, which is given by
n = 1 − δ + iβ,

(2.2)

where β is related to the attenuation and δ to the phase shift of X-rays. Using
the formulas derived from the atomic scattering factors [19, 20], δ and β for
single elements can be expressed by
Z
Z + f1
≈ 2πre ρA 2
2
k
k
σA ρA
Z4
β=
∝ ρA 4 ,
2k
k
δ = 2πre ρA

(2.3a)
(2.3b)

where re = 2.817 · 10−15 m is the classical electron radius, ρA is the number
of atoms per unit volume and σA is the absorption interaction cross section.
The approximation σA ∝ Z4 /k3 has been used, which takes into account only
the contribution to β by the photoelectric effect. The parameter f 1 is the real
part of the dispersion correction and can assumed to be zero, if the energy is
far from absorption edges of the material. Eq. (2.3) shows the dependency
of the complex refractive index on the X-ray energy (E ∝ k), that is δ ∝ Z/E2
and β ∝ Z4 /E4 . Fig. 2.2 shows δ and β for three different materials in the
diagnostic energy range. The quadratic increase of the ratio δ/β with the
energy indicates the potential advantage of phase-sensitive imaging with
hard X-rays.
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2.2

X-ray image formation

Projection imaging or radiography is the basic image formation process in
X-ray imaging. When an object of a certain thickness is exposed to X-rays,
many consecutive interaction events occur when the X-rays pass the object.
The output intensity of the X-rays is determined by the cumulative sum of
these events. This process can mathematically be described by line integrals.
If an object in space of thickness z0 , described by n( x, y, z), is illuminated by
X-rays of a single energy (monochromatic beam with wavenumber k), the
complex output wave function Uout downstream of the sample is given by
 Z z

0
Uout = Uin exp ik
n(z) dz
(2.4)
0




Z z0
Z z0
= Uin exp(ikz0 ) exp −ik
δ(z) dz exp −k
β(z) dz . (2.5)
0

0

In this equation, the first exponential represents the propagation of the
undisturbed wave, the second exponential refers to the phase shift introduced by the object and the third exponential accounts for the attenuation
of the wave’s intensity. Phase shift and attenuation can then be expressed
by
Φ = arg(Uout ) − arg(Uin eikz0 )

= −k

Z z0
0

δ(z) dz

(2.6)
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and
A = 1−T

= 1−

2
|Uout |
|Uin exp(ikd)|


Z z0
= 1 − exp −2k
β(z) dz
0
 Z z

0
µ(z) dz
= 1 − exp −
0

(2.7)

where T is the transmission of the X-rays through the object. Both equations
result in a line integral of δ and β, respectively, whereas the second equation
is the well known Beer-Lambert law [21], summarizing all contributions to
X-ray attenuation in the attenuation coefficient µ = 2kβ. The exponential
can be eliminated by taking the negative logarithm:
Lµ = − log( A) = 2k

Z z0
0

β(z) dz =

Z

µ(z) dz.

(2.8)

The line integral of β can be obtained by a division with 2k:
log( A)
Lβ = −
=
2k

Z z0
0

β(z) dz.

(2.9)

Similarly, the line integral of δ is obtained by
Φ
Lδ = − =
k

Z z0
0

δ(z) dz

(2.10)

Measuring L β or Lδ over an area yields a radiographic projection image of δ
or β. Eqs. (2.6) and (2.7) show, that for the computation of Φ or A, there is always a reference image required, representing the wave function in the case
2
2
where no object is present (Uin eikd ). X-ray intensities like |Uin | and |Uout |
can be measured directly by X-ray detectors, and thus, the measurement of
A is fairly simple. On the other hand, since the detection is always limited
2
to the wave intensity |U | , any information about the phase shift Φ is lost.
For this particular reason, the use of advanced techniques is necessary to
also get access to Φ and δ.
The process of X-ray scattering is an effect described by the particle model.
Photons are scattered by other particles (electrons, atoms or molecules), if
their size is in the order of the photon wavelength. There is a reciprocal
relationship between the scattering intensity and the particle size. In general,
scattering can be described by the scattering angle distribution f (α) [22, 23],
indicating the scattering intensity in the direction α. For scattering on atoms,
the angular distribution is represented by the atomic form factor [20]. The
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scattering intensity can then for instance be defined as the second central
moment (variance) of f (α), given by
m2s =

Z

where f (α) is normalized such that

α2 f (α) dα,

R

(2.11)

f (α) dα = 1.

Similar as for attenuation and phase shift, it has been shown that ms obeys
a line integral of a generalized scattering parameter, S(z), which is given by
[24, 22]
Z
Z
1
Ls = m2s = S(z) dz =
ρn (z)σs (z) dz,
(2.12)
2α p
where ρn is the number density of the scatterers (e.g. fine structures), α p =
(4δ2 log(2/δ + 1))−1 is an angular beam broadening due to a single spherical
scatterer with refractive index decrement δ [25] and σs is the scattering cross
section.

2.3

Phase-contrast techniques

A variety of X-ray phase-contrast techniques have been developed and reported in the past. Similar as for absorption-based techniques, they vary
in terms of achievable resolution, field of view and scan time. Phase-shift
radiographs can not directly be measured by an X-ray detector, and thus,
phase sensitive techniques either require optical elements to generate and
measure interference patterns or they require specialized phase retrieval algorithms, which process digitized measurements into phase images. In fact,
many methods require both. Most techniques are not recording the phaseshift radiograph directly but its first or second spatial derivative. In general,
the measurement of higher order spatial derivatives requires higher spatial
resolutions of the detector. Essentially, this affects the range of spatial resolutions a certain technique can be applied to. In the following, the most
prominent phase-contrast techniques developed in the past are shortly reviewed.
An early technique, firstly reported in 1965 by Bonse et al. [3] is crystal
interferometry, which is also known as the Bonse-Hart interferometer and
uses four Bragg crystals. The first crystal symmetrically splits the incoming
beam into two diverging parts. One part is used to scan the sample and
the other is used as a reference beam. The second and third crystals, positioned further downstream, redirect the two parts of the split beam such that
they converge again. The fourth crystal is used to recombine the converging beams, generating an interference beam which can directly be recorded
with an X-ray detector. The difference in phase of the reference beam and
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the sample beam is translated into intensity patterns by interference. Phasecontrast radiographic as well as tomographic imaging [4] has been demonstrated using this type of arrangement. Since the Bonse-Hart interferometer
measures phase shifts directly, it is a highly sensitive phase-contrast technique. On the other hand, the crystals require extremely precise alignment
and high stability during measurements and the field of view is typically
rather small. Furthermore, the method is not suited for polychromatic radiation as the cristals are energy selective and only a fraction of the split beam
is recombined. This would lead to long exposure times when applied with
conventional X-ray tubes.
Propagation-based (or in-line) phase-contrast imaging mainly has emerged
with the advent of small pixel detectors. The technique requires no additional optical elements and adopts the direct solution of the transport of
intensity equation [26]. A pure phase object would not be visible if the
detector was placed directly behind the sample. For a non-zero propagation distance in the near field regime, the phase modulations of the object’s
transmission function transform into intensity modulations, which appear
as fringes on the detector. Since this signal is proportional to the second
derivative of the phase-shift radiograph, it mainly contains high spatial frequencies and thus, high resolution detectors are necessary to achieve a reasonable SNR. Various approaches exist for the radiographic phase retrieval
[27, 28]. While this technique further relies on high spatial coherence [5], it
works well with a broad bandwidth of X-ray energies and can therefore be
implemented using polychromatic laboratory sources with small focal spots
(microfocus sources) [6].
Zernike phase contrast is a technique used in X-ray phase-contrast microscopy
for spatial resolutions down to several tens of nanometers. In a typical fullfield transmission X-ray microscope (TXM), the beam is focused onto the
sample by a condenser plate. An objective lens is placed downstream of the
sample and used for projecting the image onto the detector [29]. Zernike
phase contrast originates from visible-light microscopy and adopts the principle of separating the beam into a diffracted and an undiffracted part when
it passes the sample. In the back-focal plane, the undiffracted beam must be
phase-shifted by 90◦ using a so-called phase ring. The phase-contrast signal
is then formed by interference of the undiffracted, phase-shifted beam and
the diffracted beam at the image plane [30]. The technique relies on focusing
optics, and thus, it is only compatible with monochromatic beams. Nevertheless, Zernike phase contrast in scanning mode has been demonstrated
with conventional X-ray tubes, using the 8 keV Kα line of the Cu target [31].
Phase contrast has also been implemented on a scanning transmission X-ray
microscope (STXM). A zone plate with a central stop combined with an aperture downstream is used to focus the beam (microprobe). Unlike in full-field
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methods, spatial sampling of the object is not performed with the detector
but by moving the object or the beam (scanning). Therefore, standard absorption imaging with an STXM does not require a high-resolution pixel
detector [32, 33]. However, a pixel detector or a segmented detector must
be used to retrieve diffraction patterns of the object for the simultaneous acquisition of absorption, differential phase and dark-field images [33, 34, 35].
Since the STXM has no optical elements downstream of the object, it is more
dose efficient compared to the TXM.
In coherent diffraction imaging (CDI), diffraction patterns in the far field
(Fraunhofer diffraction) are recorded and directly processed into images.
CDI is a full-field imaging technique which does not require any optical elements, and, therefore, the resolution is only limited by diffraction, not by
a lens. Since the phase information is lost when acquiring the amplitude of
the diffraction pattern with an X-ray detector, image reconstruction becomes
an ill-posed inversion problem (so called phase problem). Iterative methods
have been developed, which match a forward propagated wave-field to the
measured diffraction pattern, yielding a complete reconstruction of attenuation and phase signals [36, 37, 38].
Closely related to CDI and STXM is scanning diffraction X-ray microscopy
(SDXM), also known as ptychography. Using a lens [39] or a pinhole [40], the
beam is focused to form an intense microprobe at the position of the object,
just as in STXM. Data acquisition involves recording of far field diffraction
patterns, providing resolutions which are smaller than the dimensions of the
focal spot (just as in CDI). The technique has been applied to 2D imaging
(radiography) as well as to 3D imaging (tomography) [41]. Absorption and
phase signals are retrieved by using iterative algorithms similar as in CDI.
Analyzer based imaging (ABI) or diffraction enhanced imaging (DEI) uses
a crystal analyzer, positioned between sample and detector, to separate absorption signals from differential phase signals. The incident angle of the
beam on the crystal determines the reflectivity (rocking curve) towards the
detector, which reaches a maximum at the Bragg angle. In a typical imaging setup, the redirected intensity from the analyzer to a detector pixel is
related to the absorption, but also to the diffraction intensity of the object
at this point. The separation of the absorption and diffraction signal can
be achieved by acquiring at least two images, one on the left and another
one on the right side of the rocking curve [2]. DEI further enables the measurement of dark-field images (scattering). Although this technique relies
on high spatial and temporal coherence and is therefore mainly suited for
synchrotron sources, it has also been implemented on laboratory systems
[42]. By using two analyzer crystals in an asymmetric geometry, which is
known as the Bragg magnifier, the differential phase signal can be recorded
in two directions, essentially yielding the 2D phase gradient [43].
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Coded apertures is a relatively new imaging technique. An absorption grating is placed in front of the object, generating an array of beam-collimating
apertures [44]. In contrast to the grating periodicity in grating interferometry, the apertures are made relatively wide to reduce diffraction effects. In
fact, the technique relies on low diffraction of the apertures, and thus, it does
not require highly coherent beam (spatially and temporally). The system is
designed such that each aperture geometrically projects the collimated beam
onto the edge of a detector pixel (known as edge-illumination). Slight deviations in the beam direction caused by refraction in the object leads to
measurable intensity fluctuations on the pixel. A second absorption grating
is used to enable edge-illumination with an area pixel detector, enabling 2D
and 3D imaging [12].
X-ray differential phase-contrast imaging has recently been demonstrated
by using a shearing interferometer [9] and a Talbot interferometer [10]. The
shearing interferometer uses a phase grating to split the beam into the ±1st
diffraction order. Other than for the Bonse-Hart interferometer, the beam is
not entirely separated but only sheared by a small angle. An analyzer phase
grating recombines the beam and a crystal analyzer is positioned downstream selecting only the zeroth diffraction order. The Talbot interferometer
also employs a phase grating as beam splitter, but uses only an absorption
grating as analyzer. A major advantage of the Talbot interferometer is the
high achromaticity, as it does not require a crystal. Three contrasts can
be acquired in parallel: absorption, differential phase and dark-field. The
name Talbot interferometer originates from the Talbot effect [45], which is
a self-imaging phenomenon of a periodic grating and represents the basic
principle of this type of interferometer. The Talbot-Lau interferometer [11]
is an extension of the Talbot interferometer, which adopts a third grating
close to the source to provide sufficient spatial coherence when using low
brilliance X-ray sources. The availability of a phase-contrast technique for
conventional X-ray sources opened the path for developing laboratory based
imaging systems providing phase and dark-field contrast for the first time.
In recent years, a variety of studies have demonstrated the potential impact
of this technique for instance in medical applications like brain imaging
[46, 47], mammography [48], lung imaging [49] or for human hand imaging
[50, 51]. Other examples are in the food science field [52] or in small animal
imaging [53].
This thesis focuses exclusively on the grating interferometry technique, as
its properties seem to be very promising for the design of compact systems
operating on a wide range of diagnostic energies.
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Experimental setup

Fig. 3.1 schematically shows the setup of a Talbot-Lau type grating interferometer. The main components of the setup are an X-ray source, a pixel detector and the interferometer. The first grating of the interferometer, which
is positioned directly after the source, is referred to as the source grating or
G0. G0 is an absorption grating with a period p0 , usually made of gold lines.
Since gold is a strong X-ray absorber (high atomic number and density), the
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source grating acts as an attenuation grid consisting of opaque and transmitting lines. G0 splits the source into an array of micron-sized sources, which
are individually coherent, but mutually incoherent. If the spatial coherence
of the beam is high enough, which is normally the case for small focal spot
sizes or long source-to-grating distances, no source grating is required. The
configuration without source grating is usually referred to as a Talbot interferometer. Talbot interferometers are normally used at synchrotrons or with
microfocus sources, as they provide enough spatial coherence. The effect of
the source size and the related beam coherence will be discussed in more
detail in Sec. 4.2.
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Figure 3.1: Schematic of a Talbot-Lau grating interferometer with a source grating
(G0, absorption grating), a beam splitter grating (G1, phase grating) and an analyzer grating (G2, absorption grating). G0 is necessary only if the spot size of the
source is too large, resulting in insufficient spatial coherence. G1 generates an interference pattern, which appears as periodic intensity fringes. A sample in front of
G1 changes the mean intensity (absorption signal), phase shift (phase signal) or the
amplitude (scattering signal) of those fringes. Since the fringe period is typically
too small to be resolved directly by a detector, the analyzer grating G2 is used to
sense those changes.

The second grating, referred to as the beam splitter grating or G1, is placed
between the source grating and the detector and has a period of p1 . G1 is a
so-called phase grating, whose lines are typically made of a low-absorbing
material as for instance silicon. These lines periodically introduce a phase
shift of zero and π (or π/2) to the X-ray wave, generating a periodic phase
modulation. Downstream of G1, this phase modulation translates into a periodic intensity modulation, appearing as fringes of high intensity. This effect
has been reported by Lohmann [54] for visible light and is based on the fractional Talbot effect [45], which is the reason for the name Talbot interferometer.
The object is normally placed in front of G1. Attenuation, refraction and scat17
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tering of the beam, induced by the object, alter the interference pattern, each
in a distinct way. Attenuation leads to an intensity reduction, refraction
laterally shifts the fringes and scattering reduces the fringe amplitude.
The measurement of absorption, phase and scattering signal relies on the
detection of those changes of the interference pattern, which could most
efficiently be measured by the pixel detector itself. However, since detector
pixels are typically larger than the spatial period of the fringes, a direct
measurement of the fringe-shift is impossible. This can be solved by using a
third grating, referred to as the analyzer grating or G2 [10]. Similar to G0, it
is an absorption grating (i.e., with gold lines) having the same periodicity as
the interference fringes given by p2 . It acts as a mask which either attenuates
(low intensity on pixel) or transmits (high intensity on pixel) the fringes.
Downstream of G1, maximum fringe amplitude occurs at inter-grating distances of so called fractional Talbot order. Under perfect beam coherence
conditions (ξ s = ξ t = ∞, see Sec. 4.2), these distances are given by [55]
dm =

m
d
η2 T
.
− ηm2 dT

l·
l

(3.1)

The parameter m ∈ {1, 3, 5, ...} specifies the fractional Talbot order of the
inter-grating distance, λ is the wavelength and η indicates whether the beam
splitter grating G1 is a π/2-shifting (η = 1) or a π-shifting (η = 2) phase
grating. The distance dT is the basic fractional Talbot distance for parallel
beam geometries and given by
dT =

p21
.
2λ

(3.2)

G2 is then placed at the distance dm (inter-grating distance) downstream of
G1. The periods of G1 and G2 are related by
p2 =

p1 s
,
η l

(3.3)

where l is the distance from the source (or G0) to G1 and s = l + d is the total
distance from the source (or G0) to G2. If a source grating G0 is required
(low spatial coherence), the period of G0 must obey
p0 =

3.2

l
p2 .
d

(3.4)

Gratings

Gratings are the core elements of the grating interferometer. The fabrication of gratings requires advanced lithographic methods, which are able to
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(a)

(b)

Figure 3.2: Example of (a) a phase grating and (b) an absorption grating, manufactured with a photolithographic process, a subsequent anisotropic silicon wetetching and (b) gold electroplating. The period of the gratings is only a few microns
(Courtesy of C. David).

generate periodic structures with extreme aspect ratios. Nowadays, there
are mainly two dominating technologies which are used for manufacturing
gratings for interferometric applications with X-rays. Both techniques are
based on silicon wafers as the substrate material.
The first method uses a standard photolithographic process for the definition of the grating pattern on an SU-8 resist [56]. For low aspect ratio
gold gratings, a subsequent electroplating of gold onto the structured silicon
wafer is applied to form high absorbing structures. For the phase grating, a
wet-etching process using KOH solution is applied after photolithography,
which generates deep structures in the <110> oriented silicon wafers. For
absorption gratings with a higher aspect ratio, a silicon grating (after wetetching) is used and the structures are filled with gold by electroplating. In
Fig 3.2, two scanning electron microscope (SEM) images show a small region
of a typical phase and absorption grating, which have been fabricated with
this technique.
The second technique, which is by now probably the most often used for
imaging purposes, is based on X-ray lithography [57]. The method uses
a modified LIGA (German acronym for Lithographie, Galvanoformung, Abformung) process [58]. The process involves the exposure of a wafer, which
has previously been coated with a resist, to X-rays by using a mask which
defines the pattern. Synchrotron radiation is used as it provides low divergence, monochromatic beam and high penetration depths into polymers.
After the exposure, the structures are filled with gold (absorption grating)
or nickel (phase grating) by using electroplating. X-ray lithography basically enables the fabrication of gratings with higher aspect ratios compared
to the photolithographic method, which is of high importance for imaging
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Figure 3.3: SEM image of a grating fabricated with X-ray lithography. The disconnecting bridges are used to stabilize the grating lines (Courtesy of T. Grund, KIT).

systems with higher design energy. On the other hand, the high structures
tend to collapse due to capillary forces and instabilities of the structures.
Therefore, so called bridges are often applied in those gratings, which disconnect the grating lines for a few microns and stabilize the structures. This
can have a negative effect on the performance of the gratings in the imaging
experiments. Fig. 3.3 shows an example of a grating fabricated with X-ray
lithography.
A major achievement within this PhD was the development of curved gratings, which are compatible with a compact setup with a highly divergent
beam (see Sec. 6.2). The standard substrate material for the previously described techniques is silicon. This material is rather brittle and not very well
suited for high curvatures. Therefore, the development of curved gratings
involved a study to find an alternative substrate material, which is, contrary
to silicon, flexible for bending at high curvatures. The study was initiated
by a proposal to KIT and carried out by KIT. Considered materials included
aluminum, quartz glass and titanium. The material should have a high transmission for X-rays above 20 keV, must further be bendable and at the same
time it must be compatible with the lithographic process. Quartz glass is
also brittle and would probably not allow high curvatures. Titanium was
found to be the best alternative, as it turned out to be compatible with the
X-ray lithography process and it is bendable. The major drawback of titanium is its high absorption coefficient, which degrades the efficiency of the
gratings. Therefore, the substrate thicknesses had to be as thin as possible,
where 50 µm could be achieved. For a 30 keV beam, the transmission of the
substrate is approx. 90%, which is equivalent to the transmission of a silicon
substrate with a thickness of approx. 400 µm.
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Acquisition protocol and radiographic signal retrieval

Several acquisition protocols have been developed in the past, where the
moiré-fringe method [10] and the phase-stepping method [13] are most popular. Here, only the phase-stepping approach is considered, where G2 is
moved in equidistant steps in x-direction and an image is acquired at each
position. A reference (without sample) and an object phase-stepping scan
have to be acquired to retrieve the relative differences in the signals (Fig.
3.4). From the phase-stepping curves (PSC), available in each pixel, the absorption (A), the differential phase (ϕ), and a scattering signal (V) can be
calculated by a Fourier analysis:
A = 1−

a0,obj
a0,ref

(3.5a)

ϕ = ϕ1,obj − ϕ1,ref
Vobj
a1,obj a0,ref
·
=
,
V=
a0,obj a1,ref
Vref

(3.5b)
(3.5c)

where ai is the magnitude and ϕi is the phase of the i-th Fourier component
of the PSC. Signals from reference and object scan are labeled by “obj” and
“ref”, respectively. The absorption signal A corresponds to the reduction of
the mean intensity of the PSC, ϕ to its shift and V to the reduction of the
amplitude. The absorption signal A (Eq. (3.5a)) obtained with the grating
reference scan

Intensity

a1,ref
a0,ref

object scan

a0,obj
a1,obj

ϕ1,ref
0

0.5

ϕ1,obj
1

1.5

2

xg /g2

Figure 3.4: In the phase stepping acquisition protocol, G2 is moved in equidistant
steps over one period in transversal beam direction (x-direction in Fig. 3.1. Acquiring images during a phase-stepping scan, a phase-stepping curve (PSC) is recorded
in each pixel. The PSC is acquired for a reference scan (without object, light red
curve) and an object scan (with object, blue curve). From these curves, the absorption, phase and scattering signals can be calculated.

interferometer is equivalent to Eq. (2.7).
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The relation between the line integral of δ and ϕ (Eq. (3.5b)) can be established by using the refraction angle α, which is given by
α( x, y) =

λ ∂
Φ( x, y).
2π ∂x

(3.6)

This transition to geometrical optics is an approximation which assumes a
slowly varying Φ, or equivalently, small refraction angles. Using the refraction angle, the differential phase signal ϕ is obtained by considering the
interferometer geometry, yielding
ϕ( x, y) =

2πdm
α( x, y).
p2

(3.7)

By inserting Eq. (3.6) into this equation, ϕ becomes
λdm ∂
Φ( x, y)
p2 ∂x
Z
2πdm ∂
=
δ( x, y, z) dz.
p2 ∂x

ϕ( x, y) =

(3.8)

Since the phase signal is directly proportional to the first spatial derivative
of the phase, ϕ is often referred to as the differential phase-contrast (DPC)
image. The concept of the refraction angle will be used later for the determination of the smallest detectable refraction angle, or the sensitivity, of the
grating interferometer.
An important property of the differential phase signal is its limitation to the
interval [−π, π ]. Assuming the sample is positioned close at G1 (which is
usually the case), the maximum allowed refraction angle is given by
αmax = p2 /2dm .

(3.9)

If the magnitude of the refraction angle, |α|, exceeds αmax , the phase-stepping
curve is shifted by ϕ = π + ∆ϕ, which will be interpreted as ϕ0 = −π + ∆ϕ
by the phase retrieval algorithm (Eq. 3.5b). This process is called “phase
wrapping” and is non-invertible. Many approaches exist in the literature to
identify and correct phase wrapping, but they strongly depend on the data
and the strength of phase wrapping. Therefore, it is always recommended
to design the system or the experiment such that phase wrapping can be
avoided. Phase wrapping in DPC images occurs at interfaces of two materials with a high difference in the refractive index decrement δ. Since this is
usually the case for the sample boundary and the surrounding air, a common approach is to place the sample into a water bath, which reduces the
difference. Phase wrapping can also be reduced by choosing a smaller intergrating distance dm , which increases αmax for a constant grating period p2
(Eq. (3.9)) and thus enables higher refraction angles.
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The retrieval of the line integral of δ from a DPC measurement requires and
integration of ϕ( x, y) along the direction perpendicular to the grating lines:
Φ
Lδ = − =
k

Z

p2
δ( x, y, z) dz =
2πdm

Z

ϕ( x, y) dx.

(3.10)

Due to the noise in ϕ, the integration can introduce high frequency artifacts.
The generation of those artifacts as well as a possible solution to suppress
them will be discussed in the next section.
The line integral of the generalized scattering parameter, introduced in Eq. (2.12),
is related to the visibility reduction signal V by [22]
Ls =

Z

S(z) dz = −

1  p2 2
log(V ).
2π 2 d

(3.11)

Another important issue for radiographic imaging is the directional sensitivity of the DPC and the dark-field image. In contrast to the absorption
coefficient, which is a scalar quantity, the differential phase shift, being proportional to the refraction angle, is a vectorial quantity with a magnitude
and a direction in the 2D image plane (x-y plane). The grating interferometer is sensitive to any refraction occurring in the direction perpendicular to
the grating lines only, which is in this case along the x-axis (grating lines are
in y-direction, see Fig. 3.1). In particular, the measured signal corresponds
to the x-component of the 2D refraction vector. If there is, for instance, an
edge of two materials which is oriented along the x-axis, the x-component
of the refraction vector vanishes and thus no signal will be measured.
A similar principle holds for the dark-field signal, although in this case, the
measurement of the uni-directional scan does not yield a vector component,
but rather the scattering intensity along the sensitive orientation.
The retrieval of the refraction vector or the directional scattering intensity requires a bi- or multi-directional scan. This can either be done by rotating the
gratings or the sample [14, 59]. For the refraction vector, a bi-directional scan
is sufficient, which can most efficiently be achieved by a 90◦ sample/grating
rotation. For a directional scattering image, one scan is required to sample
the scattering intensity in one direction.
The advantage of multi-directional scans lies in the greater variety of applicable post-processing and image display methods. For instance, from a bidirectional DPC scan, a more robust retrieval of the line integral of δ can be
achieved by using a two dimensional integration filter [14]. Multi-directional
scattering images can be fused to show an image with directional scattering
information. Further post-processing methods of bi-directional phase- and
dark-field scans applied to human hand samples will be demonstrated in
Sec. B.
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Non-linear regularized phase retrieval for unidirectional X-ray differential phase-contrast radiography

This section is a reprinted publication: T. Thüring, P. Modregger, B. R. Pinzer,
Z. Wang, and M. Stampanoni, Optics Express 19, 25545–25558, 2011

3.4.1

Abstract

Phase retrieval from unidirectional radiographic differential phase-contrast
images requires integration of noisy data. A method is presented, which
aims to suppress stripe artifacts arising from direct image integration. It is
purely algorithmic and therefore, compared to alternative approaches, neither additional alignment nor an increased scan time is required. We report
on the theory of this method and present results using numerical as well
as experimental data. The method shows significant improvements on the
phase retrieval accuracy and enhances contrast in the phase image. Due to
its general applicability, the proposed method provides a valuable tool for
various 2D imaging applications using differential data.

3.4.2

Introduction

X-ray radiography is a standard method of imaging in a variety of applications including medical diagnostics, biological in-situ studies, and materials
science. The interaction of X-rays with matter can be described by the complex index of refraction n = 1 − δ + iβ, where δ characterizes the phase
shift and β the attenuation properties of the material. In the diagnostic energy range of X-rays (10 − 100 keV), δ is typically three orders of magnitude
larger than β. The consequently high interaction cross section makes the
phase-shift measurement a favorable imaging modality. It has been demonstrated that phase images can provide higher contrast than absorption-based
images and contain complementary information about the sample [60, 61].
In the past, a variety of phase-contrast techniques have been reported. They
can be divided into propagation based methods [5, 6, 7], interferometric
methods [3, 4] and crystal analyzer based methods [1, 2, 62, 63, 43]. Among
these methods, phase contrast is provided either by the acquisition of the
projected phase profile (Φ), its first spatial derivative (∇Φ) or its second
derivative (∇2 Φ). Many of the reported methods require highly coherent Xrays, only available at synchrotron sources. A recently developed technique
based on grating interferometry has established itself as a suitable technique
for phase-contrast imaging on synchrotron sources [9, 64] as well as on conventional X-ray tubes [11, 65]. The setup consists of an X-ray source, a grating interferometer of two gratings and an X-ray detector. This technique
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allows the simultaneous measurement of absorption, a differential phase
and a dark-field signal [66]. Due to the acquisition of the differential phase
(∇Φ), the method is also referred to as differential phase-contrast (DPC)
imaging. Grating interferometry has mainly been demonstrated in unidirectional mode, where the gratings have a periodic line pattern and the phase
gradient can only be measured in the perpendicular direction to these lines.
In bidirectional grating interferometry, “checkerboard” and “mesh” like grating patterns are used, and the DPC acquisition can be extended to both
directions [67].
Compared to conventional absorption imaging, the retrieval of the phase
from the raw data is in general not trivial. Paganin et al. derived a general
framework for the phase retrieval in coherent imaging systems [68]. Depending on the measured representation of the phase signal (Φ, ∇Φ, ∇2 Φ),
further post processing (integration filter) is necessary to retrieve the quantitative phase signal Φ. Phase retrieval from the second derivative has mainly
been discussed in association with propagation based methods [28, 27]. A
huge variety of methods exist for differential phase techniques, where the
phase is available in the first derivative. A bidirectional phase-gradient acquisition has been performed on a scanning transmission X-ray microscope
(STXM) using an annular quadrant detector [69], and a complex filter [70]
was used for the quantitative phase retrieval. Also using an STXM, Hornberger et al. [35, 71] quantitatively retrieved the phase by deconvolving the
contrast transfer function. Further, Thibault et al. [39] developed a method
called scanning diffraction X-ray microscopy (SDXM), which is a combination of STXM and coherent diffractive imaging (CDI) and allows the reconstruction of the complex transfer function of an object by using an iterative
algorithm.
For unidirectional grating interferometry, the phase is typically retrieved by
a one-dimensional, direct integration. Integration in the image domain is
equivalent to dividing by spatial frequency in the Fourier domain, which
acts as low-pass filter. Therefore, along the direction of integration, the
image undergoes a smoothing operation. However, in the perpendicular
direction, high frequencies are unfiltered and amplify the noise. This leads
to severe stripe artifacts in the image along the direction of integration. The
resulting poor quantitative phase recovery is characterized by a low contrastto-noise ratio (CNR) in the phase image, often impeding the subsequent
analysis of the radiograph.
Kottler et al. also discussed this issue and proposed a bidirectional scanning
approach [14] with unidirectional gratings. Two scans are performed, one
with horizontally-, the other with vertically-oriented gratings. This yields
a two-dimensional phase gradient of the sample and the phase can be retrieved with a complex filter. The method has shown to be well-suited for
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reducing stripe artifacts. However, it requires further alignment of the gratings or the sample and likewise increases scan time and dose by a factor
of two. Stripe removal by acquiring the bidirectional phase gradient has
further been demonstrated with a two-dimensional grating interferometer
[67]. Similarly, this approach requires a two-dimensional stepping scheme
and thus quadratic increase of scan-time and dose compared to the unidirectional case. For diffraction enhanced imaging (DEI) and multiple image radiography (MIR), a linear least squares approach for the reduction of stripe
artifacts has been reported [72].
Here, an iterative method for solving the problem of stripe artifacts from
direct integration in unidirectional DPC images is proposed. The method is
based on non-linear constrained optimization and is purely algorithmic. It
works on the raw, noisy DPC measurements and thus does not need longer
exposure times. Apart from an initial grating alignment, no further adjustments of the setup hardware or the sample are required. The stripes from
the integration can be suppressed and the visibility of image details is enhanced. The performance of the method is evaluated by calculating the root
mean squared error (RMSE) of the images compared to a simulated groundtruth image for phantom data and the image CNR using numerical and
experimental datasets. The significant increase in CNR and the improved
quantitative phase recovery makes this method a valuable tool in differential phase-contrast radiography.

3.4.3

Methods

Experimental setup and phase retrieval
Figure 3.5 shows a typical grating interferometer setup for parallel beam
geometry. The first grating of the interferometer is a phase grating, acting as
a beam splitter by introducing a periodic phase shift of zero or π to the wave
front. This generates an interference pattern downstream, with maximum
intensity differences at fractional Talbot distances, given by dm = mg12 /8λ,
where m is an odd integer, g1 the period of the phase grating and λ the
wavelength [13].
A sample positioned in front of the phase grating introduces a phase shift in
the wave front, generating a phase-projection profile Φ( x, y), which is given
by the line integral
Z
2π
Φ( x, y) =
δ( x, y, z) dz.
(3.12)
λ
In this equation, λ is the wavelength and δ( x, y, z) is the refractive index
decrement, associated to the real part of the complex index of refraction
n = 1 − δ + iβ. The partial derivative of the phase profile with respect to x
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Figure 3.5: (a) DPC setup for a parallel beam configuration. The phase grating
generates an interference pattern (beam splitter). A sample in front of the phase
grating causes a lateral (x-direction) shift of the interference fringes at the position
of the absorption grating. The absorption grating is used to analyze the interference
fringes and determine this shift, which corresponds to the DPC signal. (b) Reference
(blue) and object (light red) phase-stepping curve (PSC). From these curves, the
absorption, phase and a scattering signal can be calculated.

is proportional to the beam refraction angle α [13]:
α( x, y) =

λ ∂Φ( x, y)
.
2π
∂x

(3.13)

Beam refraction causes a shift of the interference pattern in x-direction (see
Fig. 3.5). This fringe shift, measured in radians with respect to the fringe
period g2 , corresponds to the DPC signal and is given by
ϕ( x, y) = 2π

d
λd ∂Φ( x, y)
α( x, y) =
.
g2
g2
∂x

(3.14)

Here, d is the propagation distance downstream of the phase grating and Eq.
(3.13) was used to obtain the right part of Eq. (3.14). The fringe period g2 is
typically a few microns and therefore, the interference pattern cannot generally be resolved sufficiently by the X-ray detector. For the determination of ϕ,
an absorption grating, having the same period as the fringes (g2 ) and acting
as an analyzer mask, is positioned at a fractional Talbot order distance. The
acquisition protocol consists in a so called “phase-stepping scan”, moving
the absorption grating in equidistant steps in x-axis direction and acquiring
an image at each position [13]. This is done in a reference (without sample)
and an object phase-stepping scan (Fig. 3.5(b)), respectively, to account for
an inhomogeneous detector illumination. From the phase-stepping curves
(PSC), available in each pixel, the absorption (a), the differential phase (ϕ),
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Figure 3.6: Simulation of the integration of noisy DPC data using the modified
Shepp-Logan phantom. a) Original data (some low-pass filtering applied), b) noisy
DPC measurement, c) phase retrieval by direct integration

and a scattering signal (v) can be calculated by a Fourier analysis:
a=

a0,obj
a0,ref

(3.15a)

ϕ = ϕ1,obj − ϕ1,ref
a1,obj a0,ref
Vobj
v=
·
=
,
a0,obj a1,ref
Vref

(3.15b)
(3.15c)

where ai is the magnitude and ϕi is the phase of the i-th Fourier component
of the PSC. Signals from reference and object scan are labeled by “obj” and
“ref”, respectively. The scattering signal v corresponds to the reduced fringe
visibility Vobj /Vref .
In this paper, we focus on the recovery of the phase signal from the DPC
measurement ϕ. According to Eq. (3.14), the retrieval of the phase image
Φ( x, y) requires a one-dimensional integration in x-axis direction, given by
g2
Φ( x, y) =
λd

Z x
0

ϕ( x 0 , y) dx 0 .

(3.16)

Due to noise in the DPC image, this integration accumulates the errors and
therefore the noise variance. The typical result is strong stripe artifacts, reducing image contrast and impeding exact phase retrieval. Figure 3.6 shows
a noisy DPC image generated from the modified Shepp-Logan phantom [73]
and the phase retrieval obtained from an integration in the horizontal direction. Prior to the integration step, the mean value was removed in every line
of the DPC image to enforce a cumulative sum of zero. However, this simple correction approach could not remove strong horizontal stripe artifacts
which still appear across the image.
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Measurement and noise model
The method described in the next section is an algorithmic approach for
the suppression of the aforementioned stripe artifacts arising from direct
integration. It is based on constrained optimization and thus requires a measurement and a noise model, respectively. The DPC measurement model is a
standard linear regression model, which can be written in operator notation,
given by
ϕ = Dx Φ + w.
(3.17)
Dx is a forward operator which models the relation between Φ and ϕ in
absence of noise and w is a random image modelling the noise in measured
data. The noise standard deviation derived by Engel et al. [74] (Eq. 25) is
given by
1
√ ,
σDPC ∝
(3.18)
V· N
where V is the visibility and N is the number of photons in the measurement.
Eq. (3.17) is the discretization of Eq. (3.14), whereas the constant of proporg
tionality ( λd2 ) has been omitted for the sake of simplicity. Dx models the first
derivative and can be implemented as a finite differences transform operator,
given by

Φ(i + 1, j) − Φ(i, j)
if 1 ≤ i < Ni
Dx Φ(i, j) =
(3.19)
0
if x = Nj ,
where i and j are now discrete coordinates (pixel coordinates) and Ni is the
image size in x-axis direction.
Regularized image integration method
A direct inversion of Eq. (3.17) by integrating the noisy measurement ϕ
causes the typical horizontal stripe artifacts. The phase retrieval can be improved by solving a constrained optimization problem. While maintaining
consistency with the measured DPC data, the solution is retrieved by minimizing a cost function. The constrained optimization problem for the above
model can be written as
minimize k Dy f k` p
subject to: kW ( Dx f − ϕ)k`2 < ε.

(3.20)

Essentially, this optimization problem seeks for the minimal ` p norm of Dy f
for any f being consistent with the measurement data ϕ in a least squares
sense. W is a weighting operator, multiplying each pixel with its inverse

29

3.4. Non-linear regularized phase retrieval for unidirectional X-ray
differential phase-contrast radiography
noise standard deviation (1/σ) to account for the noise model. This approach is also known under the name penalized weighted least squares
(PWLS) [75]. Dx and Dy are finite differences transforms in the x- and yaxis direction, respectively, f is the solution of the optimization problem
and ε is a boundary for the noise. The ` p norm of an image is defined as
Ni Nj

k ak` p =

∑ ∑ |a(i, j)|

!1/p
p

.

(3.21)

i =1 j =1

For instance, the most often used `2 norm corresponds to the Euclidean
norm. In this case, problem (3.20) is linear and an explicit inversion for f
exists. Here, we focus on the use of the `1 norm, which is the sum of the
magnitude of all pixel values. The `1 norm minimization of the finite differences transform is well-known in denoising applications and often referred
to as total variation denoising (two-dimensional finite differences) [76]. The
`1 norm minimization typically shows strong edge preserving characteristics
and causes less blurring than the `2 norm. The better performance comes at
the expense of a non-linear optimization problem, having no explicit inversion formula.
For the solution of (3.20) with p = 1, the problem is first reformulated to an
unconstrained form:
minimize F ( f ) = kW ( Dx f − ϕ)k2`2 + λk Dy f k` p .

(3.22)

The data consistency constraint and the optimization function are now expressed in a single objective function F ( f ). A Lagrange multiplier λ (regularization parameter) is used for weighting the two terms. The parameter ε
from Eq. (3.20) is now implicitly chosen by adjusting λ. This parameter is
strongly data-dependent and in general difficult to determine. Here, it will
be determined by evaluating well-known image quality metrics.
Eq. (3.22) can further be generalized to hold multiple regularization terms.
The problem formulation is then given by
p

minimize F ( f ) = kW ( Dx f − ϕ)k2`2 + λ1 k T1 f k` p1 +
1

(3.23)

p

+ λ2 k T2 f k` p2 + ...
2

In principle, this allows for any number of regularization terms to be added,
which is particularly useful if more a-priori knowledge about the sample is
available. Minimum norm constraints with any norm number p and for any
linear transform T f can be added. An example for regularized integration
using two regularization terms will be given in the next section.
For the numerical solution of the unconstrained optimization problem, a
non-linear Conjugate Gradient (NLCG) algorithm [77] has been used. NLCG
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Figure 3.7: Simulation of (a) the transmission image and (b) the visibility map of the
Shepp-Logan phantom. (c) noise standard deviation map (normalized), obtained
by combining (a) and (b) according to Eq. (3.18).

is characterized by a fast convergence for the inversion of large-scale linear
systems. Moreover, this algorithm can handle both, the linear (p = 2) and
the non-linear (p = 1) case and thus provides a convenient way for a comparison. The implementation was done in MATLAB (MathWorks, Version
R2010a) and run on a 64-bit Linux machine (Intel Xeon 2.83GHz processor).

3.4.4

Results

Numerical data
Numerical phantom data have been used for the theoretical assessment of
the method. The data were generated according to Eq. (3.17), where ϕ was
the known (ground-truth) image, i.e. the Shepp-Logan phantom, representing the line integral of δ (real part of the refractive index) through an object.
Noise has been generated by using the previously discussed model for DPC
measurements (Eq. (3.18)). The calculation of a noise standard deviation
map required the simulation of a transmission and a visibility image. For
the transmission image, we assumed a constant ratio δ/β = 10 (β is the imaginary part of the refractive index), yielding the transmission image directly
from the known phase image. For the visibility image, a high scattering signal at strong edges of the object was assumed and small angle scattering was
neglected. Therefore, an edge enhanced image was generated by applying a
discrete two-dimensional Laplace filter to the phantom image, from which
the visibility map was determined. Figure 3.7 shows the simulated transmission and visibility image and the combined noise standard deviation map.
Using the noise standard deviation map, noisy DPC data, as shown in Fig.
3.6(b), was generated as input for the regularized image integration.
In the following, regularized and direct integration are evaluated in terms
of well known image metrics, including root mean squared error (RMSE)
compared to the ground-truth image, contrast-to-noise ratio (CNR) and the
noise pattern standard deviation. The ground-truth image is defined as the
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radiographic phase image of the sample in absence of errors (e.g., noise,
material imperfections or measurement errors). RMSE and CNR are computed as a function of the regularization parameter λ. First, this allows
a direct comparison of regularized and conventional direct integration and
second, it provides support for the choice of an optimal λ, although this is of
course dependent on the chosen metric. In order to compare the non-linear
`1 and the linear `2 norm minimization, the simulations are performed for
p ∈ {1, 2}. For all simulations, the same convergence criterion in the NLCG
algorithm is applied.
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Figure 3.8: On the left side, simulation results on the Shepp-Logan phantom are
shown. (a) Direct integration of the numerical phantom data of Fig. 3.6(b), causing
the typical stripe artifacts. (b) Regularized image integration with p = 1 and λ =
5 · 10−3 , containing no stripe artifacts. (c) noise pattern for the direct integration
and (d) for the regularized integration, respectively, calculated by subtracting the
output image from the ground-truth image. The noise standard deviations are
displayed on the images. The right side of the figure shows the evaluation of (e)
the RMSE and (f) the CNR as a function of the regularization parameter and for
p ∈ {1, 2}. The red boxes in (a) show the regions used for the calculation of the
CNR. The optimal regularization parameter for both metrics is indicated with a
vertical line (λRMSE and λCNR ). Figure (g) and (h) show vertical and horizontal line
profiles, respectively, through the images in (a), (b) and the ground-truth image.
The locations of the extracted line profiles are indicated with the dashed line in
(b). In these profiles, the reduction of high vertical variations and the improved
quantitative phase recovery in the x-axis direction compared to direct integration is
clearly visible.

Figure 3.8(a) shows the phase image obtained by direct integration and Fig.
3.8(b) displays the optimal result of the regularized integration in terms of
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the RMSE. The RSME of two images f 1 and f 2 is defined as
RMSE( f 1 , f 2 ) =

k f 1 − f 2 k `2
p
,
Ni Nj

(3.24)

where Ni and Nj are the horizontal and vertical image sizes, respectively.
Figure 3.8(e) displays the RMSE as a function of the regularization parameter
λ and with p ∈ {1, 2}, for regularized integration (RI), and the RMSE for
direct integration (DI). For all values of λ within the investigated range, a
smaller RMSE could be measured for regularized integration. The minimum
was achieved with the `1 norm minimization at λRMSE = 5 · 10−3 , yielding
the optimal solution (displayed in Fig. 3.8(b)).
Regularized image integration changes the noise pattern of the images. Apparently, direct integration introduces a horizontally oriented stripe pattern,
as shown in Fig. 3.8(c). After regularization, the pattern is stripe-free and
more homogeneous (Fig. 3.8(d)), although a few new artifacts, mainly at
strong horizontal edges of the sample (top and bottom of phantom skull),
have been introduced. Artifacts at horizontal edges appear due to the low
DPC signal at these locations, which is a result of the unidirectional sensitivity (horizontal direction) of the grating interferometer. The standard deviation of the noise patterns, indicated by σ in Fig. 3.8(c) and (d), is smaller for
the regularized integration, confirming the improved image quality.
The RMSE metric requires the knowledge of a ground-truth image for the
computation, which is in practice unknown. Therefore, the method has further been evaluated using the image CNR, which represents a well-known
metric for the quantification of the image contrast and is independent of
ground-truth data. CNR is defined as
CNR = 2

|Sobj − Sbg |
,
σobj + σbg

(3.25)

where S and σ are the mean value and the standard deviation, respectively,
within a region-of-interest (ROI) of the object (obj) and the background (bg).
Figure 3.8(f) shows the CNR as a function of λ, calculated by using the
object and background regions marked with the red boxes in Fig. 3.8(a).
The `1 norm minimization again performed better than the `2 norm and
the optimal regularization parameter is λCNR = 4 · 10−2 , which is almost an
order of magnitude larger than the optimal value in terms of RMSE. This is
mainly because high regularization parameters significantly suppress noise,
resulting in a higher CNR. On the other hand, a high λ can smooth the
image and reduce edged sharpness. For this reason, optimizing the CNR is
not always the best approach and may lead to an overestimation of λ.
The previous results showed that regularized image integration outperformed
direct integration of differential phase-contrast data in terms of RMSE, CNR
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and noise variance. The vertical and horizontal line profiles through the image of Fig. 3.8(b), as shown in Fig. 3.8(g) and (h), further illustrate how well
the vertical variations could be suppressed and that the regularized image is
in significantly higher accordance with the ground-truth image. Moreover,
the non-linear `1 norm minimization performed clearly better than the `2
norm for both metrics. For this reason, in the examples of the following sections, only the `1 norm minimization will be used for the regularized phase
retrieval.
Experimental data
The method has further been tested with experimental DPC data. In order
to investigate the quantitative robustness of the stripe removal method also
for experimental data, a phantom made of materials with known indices of
refraction was fabricated and imaged. The phantom has been acquired with
the DPC setup of the TOMCAT beamline at the Swiss Light Source [78].
The X-ray source is a 2.9T superbend bending magnet. A double crystal
multilayer monochromator delivers monochromatic radiation. The photon
energy was set to 25 keV and the grating interferometer was designed for an
inter-grating distance of the 3rd fractional Talbot order. The source-to-phasegrating distance was 25 m, the inter-grating distance was d = 120 mm and
the grating periods were g1 = 3.98 ¯m and g2 = 2.0 ¯m. The materials of the
absorption and phase grating were gold and silicon, respectively [56]. The
total exposure time was 1.6 seconds, using 8 phase steps.
The phantom consists of three concentric rods, which are surrounded by a
circular wall. The wall is made of polymethylmetharcylate (PMMA) and
the materials for the rods are polypropylen (PP), polystyrene (PS) and polyoxymethylene (POM), respectively. The space between the rods and the wall
was filled with de-ionized water. The complex refractive index n = 1 − δ + iβ
at 25 keV of each material was known (available at http://sergey.gmca.aps.anl.gov),
allowing for a calculation of the ground-truth image (calculated analytically
by assuming a known sample profile) .
Figure 3.9(a)-(d) shows the DPC, integrated, regularized and ground-truth
image, respectively, of a projection of the phantom and Fig. 3.9(e) shows the
normalized horizontal profiles after summing up the image rows in vertical
direction. In this example, an additional image constraint was applied to
demonstrate the possibilities of the generalized problem formulation introduced in the previous section. The additional constraint is based on a-priori
knowledge about the image boundaries, assuming a background signal of
zero. This assumption holds because the DPC image is flat-field corrected,
essentially meaning that in a background pixel, the phase signals of the object and the reference scan should be the same. The optimization problem,
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consisting now of two regularization terms, is defined as:
minimize F ( f ) = kW ( Dx f − ϕ)k2`2 + λ1 k Dy f k`1 + λ2 k M f k2`2 .

(3.26)

In the second regularization term, the matrix M operates as a binary mask
for the pixels in the image f at the left and right edges. For the norm
parameter, p = 2 was chosen, because this constrains the image to have low
energy at the edge pixels. While the first regularization parameter λ1 was
varied, the second regularization parameter was kept constant at λ2 = 10−2 .
Since the second regularization term only constrains parts of the image, the
phase retrieval is not very sensitive to λ2 , making an exact determination of
an optimum for this parameter unnecessary. There is a high certainty that a
background signal of zero is a true assumption, therefore the value should
be kept high. On the other hand, in order to avoid a too strong influence of
this term to the result, λ2 should at the same time be kept small. The choice
of λ2 = 10−2 is purely empirical and does not represent a unique optimum.
Figure 3.9 shows the evaluation of the RMSE and the CNR for the regularized and the directly integrated phase recovery of the phantom. In this
example, the optimal values for the regularization parameter match exactly
(λ1,RMSE = λ1,CNR = 5 · 10−4 ). Again, the suppression of stripe artifacts in
the regularized integration is clearly visible, if Fig. 3.9(b) and (c) are compared. According to Fig. 3.9(e), the quantitative phase recovery could be
improved over the whole investigated range of the regularization parameter, although a complete agreement to the calculated ground-truth was not
achieved (Fig. 3.9(f)). However, it is important to notice that the result of
Fig. 3.9(f) must be taken with care due to the following important facts: In
this example, RI was compared with DI after a vertical summation of the images, not by looking at line profiles (as it was done in the simulations). This
summation also smoothes out the stripe artifacts in DI and therefore, the DI
line in Fig. 3.9(f) would be expected to highly match the ground-truth line,
which is not the case. This inconsistency might result from several random
effects, as for example inhomogeneities in the material, inexact numbers for
the material densities and the refractive indices or inconsistencies of the DPC
measurements resulting from grating drift or grating imperfections from the
fabrication process. Due to these facts, it is impossible to state that RI was indeed quantitatively more accurate than DI, simply because the ground-truth
is actually unknown. On the other hand, due to the removal of the stripe
artifacts, it is very likely that a line profile from RI is quantitatively more
accurate than a line profile (no vertical summation) of DI.
Figure 3.10(a) shows a DPC image of a mouse (scanned within a sample
holder). The scan was taken on a grating interferometer setup using an Xray tube source, operating at 40 kV, 25 mA. The pixel size of the detector
was 50 × 50 ¯m2 . The anode material of the tube is tungsten and the spot
size is approximately 0.5 mm. Due to the low spatial coherence of the beam,
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Figure 3.9: Projection images of a phantom, acquired at 25 keV at the DPC setup
of the TOMCAT beamline at the Swiss Light Source. (a) DPC image, (b) direct
integration, (c) regularized integration using p1 = 1, λ1 = 6 · 10−4 , p2 = 2 and
λ2 = 10−2 (d) ground-truth image. The color maps of the images (b)-(d) all have
the same minimum and maximum value. (e) shows the evaluation of RMSE and
CNR for DI and RI and (f) a normalized horizontal profile after summing up the
images in the vertical direction. CNR has been calculated using the ROIs marked
with the red boxes in (b).

a source grating was used [11]. 16 phase steps were acquired and the total
exposure time was 120 seconds. The full body of the mouse was scanned by
stitching multiple scans together. The total size of this image is 2360 × 1200
pixels. The standard problem formulation of Eq. (3.22) with p = 1 was
used to retrieve the regularized phase image. According to a CNR analysis,
the optimal regularization parameter was λCNR = 4 · 10−3 . The integrated
and regularized images are shown in Fig. 3.10(b) and 3.10(c), respectively.
Significant improvements compared to direct integration can be observed
in the images. Features that are hidden in the directly-integrated image
become visible in the regularized integration (see ribs in zoomed area). Due
to the large image size, the algorithm took 450 iterations with a total run
time of approximately 11 minutes.

3.4.5

Discussion

Non-linear, `1 regularized image integration can significantly improve the
quality of phase images obtained from noisy, unidirectional DPC measurements without increasing the radiation dose. Longer exposure times, ad-
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Figure 3.10: (a) DPC image of a mouse taken at an X-ray tube setup (40 kV, 25 mA),
(b) integrated image, (c) regularized integration for λ = 4 · 10−3 . In the zoomed area
below, the ribs of the mouse can clearly be identified in the regularized integration,
while these details vanished in the direct integration. The color maps of the images
in (b) and (c) with the same zoom level have the same minimum and maximum
value.

ditional phase steps, or bidirectional measurements can be avoided. The
method outperformed direct integration in the given examples in terms
of RMSE compared to ground-truth data, noise pattern and CNR. The improved RMSE promises more accurate results for a quantitative data analysis, while a higher CNR will facilitate data post processing as for instance
image segmentation.
The application of a regularization technique to a problem, which is in principle well-posed, might seem a bit unusual at a first glance. However, since
the integration of differential data is highly sensitive to noise and generates
strong image artifacts, regularization provides a convenient way to specify
data fidelity. This is done using the regularization parameter, λ, being the
key parameter of the method. It determines the weighting between the data
consistency and the optimization function and can be interpreted as a tun-
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ing parameter for the resulting image quality. If λ is chosen too high, over
regularization occurs, generating new image artifacts. A typical over regularization effect when using the `1 norm minimization of the finite differences
transform is the generation of piecewise constant areas in the image, looking similar to median filtering. If λ is below its optimum, the regularization
term is too weak and the stripe artifacts will not vanish. Naturally, λ is
data dependent and the optimum is not always trivial to determine. The
evaluation of image metrics (CNR, RMSE) for the optimization of λ is one
possible approach amongst others. Another well known method is the Lcurve analysis, where the data constraint term and the minimization terms
are evaluated after each iteration [79]. Different methods usually yield different optima, and therefore, an objective optimum does usually not exist.
CNR and RMSE turned out to be convenient metrics for the image evaluation and the results showed, that the regularized images have been superior
to the directly integrated images over a wide range of λ. Fortunately, this
relaxes the requirement to exactly find an optimum value for λ. Eventually,
finding the optimum solution will remain a task dependent issue.
Another important parameter is the norm parameter p. It has been demonstrated, that for the minimization of the finite differences transform, the `1
norm performed better than the `2 norm in terms of the evaluated metrics.
The `1 norm has also been subject to many investigations in the field of
tomographic image reconstruction, where an image is assumed to have a
sparse representation in a linear transform domain. The minimization of
the `1 norm in such a domain enforces sparsity and may improve image
reconstruction. This concept is also consistent to our problem, since the
finite difference transform in the y-direction is expected to yield a sparse
image representation. The benefit of minimizing the `1 norm instead of the
`2 norm comes at the expense of a non-linear problem formulation. For the
finite difference transform, the `1 norm has been shown to perform clearly
better, however for other transform domains, the `2 norm may be a better
choice.
The possibility of introducing theoretically any number of regularization
terms improves the flexibility of the method to handle many kinds of samples. In particular sample specific constraints, which should be added if
a-priori knowledge about the sample is available, are expected to further improve the phase retrieval. For instance, if the sample is known to consist
mainly of piecewise constant parts, a total variation minimization would be
appropriate. Another example, which is less sample specific but also often
applicable, would be an “isolated specimen” constraint, meaning that there
is a zero background signal all around the sample. Essentially, this would
be a generalization of the proposed zero-background constraint, which assumed the signal to be zero only at the left and right edges. In any case, the
potential improvement always comes at the expense of an additional free
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regularization parameter and an increased computational complexity. Additional regularization terms are certainly an important subject for future
investigations.
The iterative NLCG algorithm has proven to be a suitable method for solving the non-linear optimization problem, even though the processing time
can rapidly increase for very large image sizes. Code optimization, which
has not yet been performed, should lead to a significant decrease in computational time.
It is important to point out that non-linear, regularized image integration
provides a general signal recovery method for unidirectional differential
data. In this work, it has only been applied to data obtained from grating
interferometry, although other techniques as for example crystal analyzer
based methods would likewise benefit from our approach.
We strongly believe that DPC radiography is a valuable imaging method for
various applications in radiology. In order to effectively exploit the additional information obtained from this technique, the proposed method provides an important tool for obtaining the quantitative phase projection. This
is crucial for improving the analysis of structures in the examined materials
(e.g., in medical images).
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3.5

Tomographic imaging

X-ray tomographic imaging or X-ray computed tomography (CT) means the
acquisition of multiple radiographic projections of an object under different
viewing angles and the subsequent computed reconstruction of the data
into a 3D volume. For the acquisition of multiple projection images under
different viewing angles of the object, an additional actuator, i.e. a rotation
stage, is required in the experimental arrangement.
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The challenging part in CT is the computed reconstruction, as this usually
involves processing a large amount of data and thus requires high computational power. In the past, different types of reconstruction algorithms have
been developed, which can be divided into direct reconstruction methods
and iterative reconstruction methods. Here, only direct reconstruction methods, based on the inverse Radon transform [80], are discussed.
Direct tomographic reconstruction is a process which can be divided into
two sub-processes; filtering of the raw data and back projection into the
3D volume. Therefore, algorithms for direct tomographic reconstruction are
often referred to as filtered back projection (FBP) based algorithms. The
algorithm is the same for all contrasts, only a slight modification of the filter
is necessary for the reconstruction of the phase from DPC projections. The
back projection depends on the scanner geometry, where parallel-beam, fanbeam or cone-beam geometries are the standard options in X-ray CT.
In the following, the back projection integrals for the fan-beam and conebeam geometries, as well as the modified filter for DPC data, are discussed.
The very special case of parallel-beam geometry is not discussed here, as it
is not relevant for this work, which focuses on compact CT arrangements.

3.5.1

Fan-beam geometry

The fan-beam geometry is a special case of the more general cone-beam geometry. The tomographic rotation axis is perpendicular to the plane defined
by the point source and a strip (single line) detector. In this case, the projection of the sample onto the strip detector for equidistant detector pixels and
for a linear range of viewing angles in the interval [0, 2π ] is given by the line
integral [81]
P(l, θ ) =

Z R Z 2π
0

0

f (r, ϕ) δ(r cos(θ − ϕ) − l ) dϕ dr,

(3.27)

where the object f is represented in polar coordinates (r, ϕ). Fig. 3.11 illustrates the geometry. For every point in space of the object, given by (r, ϕ),
the projection along a fan-beam line from the source to a pixel at X (distance
from origin) and under a viewing angle Φ is equivalent to a parallel-beam
line defined by l = l ( X, Φ) and θ = θ ( X, Φ), which are given by
l ( X, Φ) = √

d·X

(3.28)

d2 + X 2

π
θ ( X, Φ) = + Φ + tan−1
2



√

l
d2 − l 2


.

(3.29)

These equations build the basis for the interpolation step, also often referred to as rebinning, from fan-beam geometry to parallel-beam geometry.
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Eq. (3.27) can then be inverted by using the inverse Radon transform. No
detailed derivation of the reconstruction formula is given here, as this has
been discussed extensively in the literature [80]. The reconstruction formula
for the fan-beam case is given by [81]
f (r, ϕ) =

1
4π 2

Z 2π
0

d2
P̃Φ ( X (r, ϕ)) dΦ,
(d + r cos( ϕ − Φ))2

(3.30)

where P̃Φ ( X (r, ϕ)) is the filtered and interpolated (rebinned) projection. Filtering and interpolation operations are given by
P̃Φ ( X (r, ϕ)) =

Z ∞
−∞

√

and
X (r, ϕ) =

d
d2

+ X 02

P( X 0 ) g( X − X 0 ) dX 0 ,

rd sin( ϕ − Φ)
,
d + r cos( ϕ − Φ)

(3.31)

(3.32)

respectively. Eq. (3.31) is a convolution of P( X ) with the filter function g( X ),
which is given by the inverse Fourier transform of the ramp filter:
g( X ) = Re

Z ω0
0

ω eiωX dω.

(3.33)

The frequency ω0 = π/a is the maximum frequency which is limited by the
pixel size (a) of the detector.

x

detector
z
X

(r,φ)
l
d

θ

Φ

object

source
Figure 3.11: Sketch of the fan-beam geometry. Rebinning involves an interpolation
from the fan-beam parameters ( X, Φ) to the parallel-beam parameters (l, θ ).
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3.5.2

Cone-beam geometry

In the very general case of a point source and an area detector, the conebeam geometry must be considered. Mathematically, there is no exact inversion to this type of tomographic measurement. An approximate direct
algorithm which is often used is the Feldkamp-Davis-Kress (FDK) algorithm
[81], which is basically a heuristic extension of the fan-beam reconstruction.
On the so-called midplane, the geometry is equivalent to the fan-beam case.
On every other point yc along the rotation axis (y-axis), the fan-beam condition is violated. The cone angle is the angle between the midplane and
the plane defined by the source point and the detector line intersecting with
yc . In the FDK algorithm, the contribution d f to the reconstruction f from
an infinitesimal rotation dΦ is calculated. It is assumed that the small rotation dΦ around the y-axis is equivalent to a rotation dΦ0 around the axis
y0 , which is tilted with respect to the y-axis by the cone angle. This angle is
then given by
d
dΦ0 = dΦ √
.
(3.34)
2
d + Y2
Without going into further details of the mathematical derivation, the conebeam reconstruction of f (r) is given by [81]
f (r) =

1
4π 2

Z 2π
0

d2
P̃Φ ( X (r), Y (r)) dΦ.
( d + r · z )2

(3.35)

X (r) and Y (r) are the horizontal and vertical detector coordinates, respectively, and the object position in space is given by the vector r. Analog to the
fan-beam case, P̃Φ ( X, Y ) is the filtered and interpolated projection, given by
P̃Φ ( X, Y ) =

Z ∞
−∞

√

d
d2

+ X 02 + Y 2

P( X 0 , Y ) g( X − X 0 , Y ) dX 0 ,

(3.36)

and
d r·x
d+r·z
d r·y
Y (r) =
.
d+r·z

X (r) =

(3.37)
(3.38)

The filter g( X ) is given by Eq. (3.33).

3.5.3

Filtering of differential phase data

The ramp filter, given by Eq. (3.33), is the standard filter for tomographic
reconstructions, as it is the natural filter obtained from the inversion of the
Radon transform. Since a DPC projection is a spatial derivative of the actual
line integral of the refractive index decrement δ (see Eq. (3.8)), the projection
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images need to be integrated prior to filtered back projection. Instead of
separating integration and filtered back projection, integration and filtering
can be done in one step [82]. In the Fourier domain, the ramp filter and the
integration filter can be multiplied, and the resulting filter becomes
ĝ(ω ) = |ω | ·

1
1
=
· sgn(ω )
2πiω
2πi

(3.39)

The filter is band limited to ω0 = π/a due to the finite pixel size a of the
detector.

3.5.4

Implementation

The previously described fan-beam and cone-beam reconstruction routines
have been implemented in MATLAB, providing the basic framework for
the tomographic reconstruction of absorption, phase and dark-field images
presented in this thesis. Due to the computational complexity of such reconstruction routines, in particular for the cone-beam case, the ASTRAToolbox [83] reconstruction software has further been used for large datasets.
The toolbox is able to run fast reconstructions on graphics processing units
(GPU) and is freely available online [84]. The GPU used for the reconstructions is an NVIDIA TESLA C2075.
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4.1

Interference through the Talbot effect

Grating interferometry is based on the diffraction properties of a periodic
object. The interference pattern, which appears downstream of such a grating in the near field, has been described earlier by H. F. Talbot [45] and thus
it is referred to as the Talbot effect. If a periodic structure (e.g. a grating
with transmitting slits) is illuminated with coherent radiation, the complex
wave field at a certain propagation distance downstream is equivalent to
the complex transmission function of the object. The distance at which this
so-called self-image occurs is referred to as the Talbot distance and is given
by
2p2
zT =
,
(4.1)
λ
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where p is the period of the object and λ is the X-ray wavelength. Depending
on the transmission function of the periodic structure, secondary wave-field
patterns occur at fractional Talbot distances. The fractional Talbot effect of
a periodic phase grating has firstly been demonstrated by Lohmann [85]
and represents a core principles of today’s X-ray grating interferometry. The
propagation distances, where periodic intensity modulations occur for π/2
and π-shifting phase gratings are given by Eq. (3.1). The interference pattern
can be derived by using Fresnel propagation of the grating transmission
function. The transmission function of the periodic phase grating can be
modeled by a rectangular pulse train function U1 ( x ) of period p1 , duty cycle
0.5 and phase amplitude ϕ, representing the phase shift introduced to the
wave front. The transmission function of the phase grating can then be
written as
T1 ( x ) = exp(iϕU1 ( x )).
(4.2)
Here, only the cases where ϕ ∈ {π/2, π } are treated, since they represent
the standard phase gratings in grating interferometry. In order to distinguish between those two cases, the parameter η is used, which has already
been introduced in Eq. (3.1). Using η, the periodic phase shift ϕ is given by
ϕ=η

π
2

η ∈ {1, 2}

(4.3)

If such a grating is now illuminated with a monochromatic beam of wavelength λ0 and intensity I0 , the wave field downstream becomes
ψz ( x ) = I0 ( T1 ( x ) ∗ Pz ( x )).

(4.4)

Pz ( x ) is the Fresnel propagator, given by
Pz ( x ) =

1
x2
exp(iπ ).
iλz
λz

(4.5)
2

It can be shown, that the intensity pattern |ψz ( x )| at the fractional Talbot
order distances z = dm (Eq. (3.1)) is a rectangular pulse train function of
p
period p2 = η1 sl and amplitude 2I0 . Defining the function Tκ,τ to be a rectangular pulse train of period p2 with high value 1, low value τ and a duty
cycle κ, |ψz=dm ( x )|2 is independent on m and η and given by

|ψz=dm ( x )|2 = 2I0 T0.5,0 .

(4.6)

It is important to point out that the difference between η = 1 and η = 2 is the
compression of the interference fringe period and the resulting p2 . If a π/2shifting phase grating (η = 1) of period p1 generates an interference pattern
with period p2 , the corresponding π-shifting phase grating (η = 2) with the
same period p1 generates a “compressed” interference pattern, which has
only half of the period, or p2 /2. For a constant p2 , the π-shifting phase
grating has twice the period of the π/2-shifting phase grating.
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4.2

Spatial coherence

Spatial coherence (or transverse coherence) is an important property of the
X-ray beam characterizing its ability to form interference. The spatial coherence length at a point on a screen is defined as the distance transverse to the
direction of propagation, for which the difference in phase of two emitting
waves from an extended source changes from zero to 2π. It can be shown
that this distance is given by
λl
ξ sp =
,
(4.7)
ws
where l is the distance from the source to the screen and ws is the finite
source width (focal spot size).
In order to derive a condition for the spatial coherence required by a grating
interferometer, the effect of the source to the interference pattern has to be
analyzed first. For a given intensity profile of the source, represented by
S( x ), the intensity of the interference pattern can be expressed by a convolution of the coherent intensity pattern Ic ( x ) (generated by an infinitesimally
small point source and thus ξ sp = ∞) and the projected source intensity
S 0 ( x ),
Is ( x ) = Ic ( x ) ∗ S0 ( x ).
(4.8)
The projected source intensity S0 ( x ) is a projection of S( x ) at the image
plane of G1 onto the image plane of G2 [86]. An estimation for the required
spatial coherence for the case of the Talbot interferometer can be obtained by
assuming a Gaussian source profile. The convolution attenuates the fringe
amplitude in transverse beam direction. For the efficient detection of any
changes of the interference pattern, the intensity modulation must have a
minimum amplitude. As a rough approximation, the fringes can be resolved
after the convolution, if the width ws0 of the projected Gaussian source S0 ( x )
is smaller than half of the period of the fringes (given by p2 ). For the source
width, the full width at half maximum (FWHM) is used, which is defined
as
q
FWMHS ≡ ws = 2 2 ln(2)σs .
(4.9)
For the actual source width ws , the convolution condition becomes
ws <

l p2
d 2

(4.10)

Using Eqs. (3.1)–(3.3), the condition for the spatial coherence at G1 can be
derived as
m
ξ sp > p1 .
(4.11)
η
The requirement of spatial coherence is in the order of p1 (∼ 10−6 ) and is
proportional to the Talbot order m of the system. It is important to point
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out that the parameter η in the denominator does not indicate that a π-shift
phase grating (η = 2) requires less spatial coherence than a π/2-shift phase
grating (η = 1), because p1 is doubled when changing a π-shift grating into
a π/2-shift grating.
For the Talbot-Lau type interferometer, the coherence condition is always
automatically satisfied, as this is the purpose of the source grating. The
analog condition, assuming ideal absorption by τ0 = 0, would be that the
projected slit width, given by d/l · κ0 p0 , must be smaller than p2 /2, yielding
κ 0 p0 <

l p2
d 2

(4.12)

Using p0 = l/d · p2 (Eq. (3.4)), the condition becomes
κ0 <

1
,
2

(4.13)

which is a plausible result, indicating that the coherence length can be tuned
with the duty cycle. Reducing the duty cycle however reduces the output
flux of the source grating, and thus, an optimization of this parameter will
be necessary (see Sec. 4.7).
A more accurate method than the spatial coherence condition for the quantitative evaluation of the detectability of the interference pattern Is ( x ) is the
analysis of its actual amplitude, which is analytically derived in the following paragraphs.
Using Eq. 4.6, the coherent interference pattern is given by
Ic ( x ) = 2I0 T0.5,0 ( x ).

(4.14)

The function Tκ,τ is defined as a rectangular pulse train function with period
p2 , duty cycle κ and transmission coefficient τ (see Fig. 4.1). The coherent
interference pattern Ic is assumed to be ideal (τ = 0) with a duty cycle of
κ = 0.5 and I0 is the mean X-ray intensity (e.g., the number of photons per
unit solid angle and unit time).
According to Eq. 4.8, the interference pattern Is is formed by a convolution
of the coherent interference pattern and the projected source profile. The
projected source profile intensity S0 ( x ) is dependent on the interferometer
type. For the Talbot interferometer, the source is assumed to be Gaussian
with a standard deviation σs . In this case, the projected source intensity
S0 ( x ) is also a Gaussian with a standard deviation of σs0 , given by
σs0 = σs

d
l

(4.15)
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Figure 4.1: Generalized intensity transmission function, used for the coherent in0 and the analyzer
terference pattern Ic ( x ), the projected source grating intensity STL
grating transmission function G ( x ). The function has a constant period p2 , a custom
duty cycle κ = b/p and a non-ideal transmission factor τ ≥ 0

For the Talbot-Lau type interferometer, the projected source grating period
has to be considered, which is given by
p00 = p0

d def.
= p2
l

(4.16)

Since the projected source grating period must always be equal to p2 , the
projected source intensity for the Talbot-Lau case can be modeled with the
rectangular pulse train function Tκ0 ,τ0 of period p2 with a custom duty cycle
κ0 and a non-ideal transmission factor τ0 (see Fig. 4.1).
The projected source intensities for the Talbot (T) and the Talbot-Lau (TL)
0 ( x ), respectively, can then be expressed by
type interferometer, ST0 ( x ) and STL
x2
ST ( x ) =
exp − 02
2σs
σs0 2π
0
STL ( x ) = Tκ0 ,τ0 ( x ).
0

1
√




(4.17)
(4.18)

In the Fourier domain, the convolution in Eq. (4.8) becomes a multiplication
of Îc and Ŝ0 . Since Tκ,τ ( x ) (and thus Îc ) is a periodic function, its Fourier
transform is a discrete Dirac pulse spectrum with pulses located at the frequencies ν = n · p12 with n ∈ Z. The discrete Fourier coefficients of Tκ,τ ( x )
at these frequencies are given by
T̂κ,τ [n] = τδ[n] + κ (1 − τ )sinc(nκ ),

(4.19)

where δ[n] is the Kronecker delta function and sinc( x ) = sin(πx )/πx. Using
this equation, the discrete Fourier coefficients of Îc and Ŝ0 can be calculated,
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yielding
Îc [n] = I0 sinc(n/2)
"


ŜT0 [n] = exp −2 nπ

(4.20)
d σs
l p2

2 #
.

0
ŜTL
[n] = τ0 δ[n] + κ0 (1 − τ0 )sinc(nκ0 ).

(4.21)
(4.22)

The Fourier transform of ST0 ( x ) would in principle be continuous, however
since it is multiplied with the Fourier transform of periodic functions, all
frequencies other than ν = n · p12 are suppressed and thus of no interest. The
fringe visibility of the interference pattern Is can be defined as

| Îs [1]|
| Îs [0]|
| Îc [1] Ŝ0 [1]|
.
=
| Îc [0] Ŝ0 [0]|

vs ≡

(4.23)

For the Talbot and Talbot-Lau interferometer, the fringe visibility can be
derived as
"

 #
2
d σs 2
vs,T =
exp −2 π
(4.24)
π
l p2
vs,TL =

2 κ0 (1 − τ0 )sinc(κ0 )
.
π τ0 + κ0 (1 − τ0 )

(4.25)

Using the spatial coherence conditions (ws < l p2 /2d and κ0 < 1/2), the
fringe visibilities become


2
π2
vs,T |ws = d p2 = exp −
= 0.261
(4.26)
l 2
π
16 ln(2)
 2
2
vs,TL |κ0 = 1 =
= 0.401
(4.27)
2
π
The coherence condition for the Talbot-Lau interferometer results in a higher
fringe visibility compared to the Talbot interferometer, which can be explained by the fact that the FWHM of a Gaussian profile is not strictly
representing the source width, while for a source grating, the slits ideally
have a rectangular shape.

4.3

Temporal coherence and spectral acceptance

Temporal coherence (or longitudinal coherence) is a measure of the polychromaticity of the X-ray beam. While a monochromatic beam consists of
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X-rays of only one wavelength and thus has ideal interference properties, a
polychromatic beam has a spectrum of wavelengths and limited interference
properties. The temporal coherence length is defined as the distance along
the beam direction that two waves with a difference in wavelength of ∆λ
has to travel to be out of phase, when they initially were in phase. It can be
shown that this distance is approximately given by
ξt =

λ2
∆λ

(4.28)

The smaller the difference ∆λ, the longer this distance becomes and the
higher the temporal coherence. In a polychromatic context, where an entire spectrum of X-rays are present, ∆λ represents the spectral bandwidth,
whereas high temporal coherence is achieved with small bandwidths.
In order to study the effect of a polychromatic beam and to obtain a condition for the spectral acceptance of the grating interferometer, a reliable
approach is to focus again on the reduction of the amplitude of the interference fringes (i.e., the fringe visibility). This requires a wavelength dependent
analysis of the interference pattern generated by G1. In Sec. 4.1, it has been
demonstrated that the interference pattern is generated by a convolution of
the complex transmission function of G1, given by T1 ( x ), and the Fresnel
propagator Pz ( x ) (see Eq. (4.4)). Here, these functions are extended by the
dependency on the wavelength λ. In the Fourier domain, the complex wave
field becomes
ψ̂z,λ (ν) = T̂1,λ (ν) · P̂z,λ (ν).
(4.29)
The Fresnel propagator in the Fourier domain is given by
P̂z,λ (ν) = exp(−iπλzν2 ),

(4.30)

and the discrete Fourier coefficients of the periodic function T1,λ ( x ) are (see
Appendix A.1)

1+exp(iϕ(λ))

n=0

2
0
n even
T̂1,λ [n] =
(4.31)

 1−exp(iϕ(λ))
n odd
iπn
The phase shift ϕ(λ) is now also dependent on the wavelength. A simple
expression for ϕ(λ) can be derived by using Eq. (3.12). For a material with
a homogeneous δ, the phase shift introduced to the wave front is given by
ϕ(λ) = kδ(λ)h1 ∝ λh1

(4.32)

where h1 is the structure height of G1 and the right side has been obtained
by using the relationship δ(λ) ∝ λ2 from Eq. (2.3a). Since only the two
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cases of a π/2 and a π-shifting phase grating are considered, the condition
ϕ(λ0 ) = λ0 h1 = η π2 finally results in
ϕ(λ) = η

π λ
.
2 λ0

(4.33)

For the derivation of the fringe visibility, the intensity of the interference
pattern in the Fourier domain, given by Îz,λ (ν), is required. Since Iz,λ ( x ) is a
periodic function, it has a discrete Fourier spectrum, given by Îz,λ [n]. Iz,λ ( x )
and Îz,λ [n] can be calculated from ψz,λ ( x ) and ψ̂z,λ [n], respectively, by
2

∗
Iz,λ ( x ) = |ψz,λ ( x )| = ψz,λ ( x ) · ψz,λ
(x)

(4.34)

∗
Îz,λ [n] = ψ̂z,λ [n] ∗ ψ̂z,λ
[ n ].

(4.35)

The second equation essentially means that a discrete convolution is necessary to obtain the Fourier coefficients of the intensity pattern. Since we
are only interested in the zeroth, first and second Fourier coefficients, the
convolution can be computed for those points. Without proof, the Fourier
coefficients Îλ ≡ Îz=dm ,λ at the fractional Talbot order distances z = dm are
given by
Îλ [0] = 1

(4.36a)








πm λ
π λ
2
sin
i sin
η
π
2 λ0
2 η 2 λ0




2
m λ
2 π λ
Îλ [2] = − sin
η
sin 2π 2
.
π
4 λ0
η λ0

Îλ [1] =

(4.36b)
(4.36c)

The second Fourier coefficient is required for the case η = 2, as in that
case, the fringe period is compressed by a factor of two. The wavelength
dependent normalized fringe visibility is then given by




Îλ [η ]
2
λ
λ
η
vλ =
=
sin π
sin mπ
(4.37)
π
2λ0
2λ0
Îλ [0]
This equation provides a deep insight into the polychromatic behavior of
the grating interferometer. Firstly, the spectral acceptance of the grating
interferometer can be defined, for instance, by calculating the zero crossings
of vλ , which are located at
n
λv=0 = 2 λ0 , n ∈ N.
(4.38)
m
The spectral acceptance around the design wavelength λ0 or around the
design energy E0 , respectively is therefore
λ0
m
E0
∆E ≈ 2
m
∆λ = 2

(4.39)
(4.40)
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The relative spectral acceptance ∆E/E0 is above 10% for Talbot orders below
20, which indicates the high degree of achromaticity of the grating interferometer. Fig. 4.2 shows the fringe visibility as a function of the relative energy
E/E0 and at the 1st , 3rd and 5th fractional Talbot order for η = 1 and η = 2.
The reduction of the spectral acceptance at higher Talbot orders is clearly
visible, which confirms the result from Eq. (4.40). On the other hand, side
lobes of the fringe visibility, appearing at higher and lower energies, will
also contribute to the signal when using polychromatic radiation, putting in
question the relevance of the spectral acceptance metric.
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Figure 4.2: Fringe visibility v (Eq. (4.37)) as a function of normalized energy E/E0
for η = 1 (dashed lines) and η = 2 (solid lines) for (a) m = 1, (b) m = 3 and (c)
m = 5. The reduction of the spectral acceptance with increasing Talbot order m is
clearly visible.

Rather than the spectral acceptance, the polychromatic fringe visibility is
what eventually determines the sensitivity of the grating interferometer. The
polychromatic fringe visibility can be derived from the polychromatic intensity pattern and its Fourier coefficients, which are given by [87, 55]
Ipoly ( x ) =
Îpoly [n] =

Z
Z

ω ( E) IE ( x ) dE

(4.41)

ω ( E) ÎE [n] dE.

(4.42)

The first factor in the integrand,
ω ( E), represents the normalized continuous
R
X-ray spectrum with ω ( E) = 1. The energy dependent intensity pattern
is given by IE ( x ) = Iλ ( x ) for λ = hc/E (with h the Planck constant and c
the speed of light). From the Fourier coefficients, the polychromatic fringe
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visibility can be calculated as

| Îpoly [η ]|
| Îpoly [0]|
R
| ω ( E) ÎE [η ] dE|
= R
| ω ( E) ÎE [0] dE|

vpoly =

=

Z

ω ( E) ÎE [η ] dE .

(4.43)

As a first approximation, the spectrum can assumed to be a rectangular
function with finite support from E0 − ∆E/2 to E0 + ∆E/2 and height 1/∆E.
In this case, the polychromatic fringe visibility can be expressed by
vpoly

1
=
∆E

Z E0 +∆E
E0 −∆E

ÎE [η ] dE = ÎE [η ]

(4.44)

where ÎE [η ] is the mean of ÎE [η ] in the interval from E0 − ∆E/2 to E0 + ∆E/2.
A more realistic selection for the shape of the spectrum is a Gaussian, however no analytical solution can then be obtained for the polychromatic fringe
visibility. Fig. 4.3a shows a plot of the polychromatic fringe visibility as a
function of the relative bandwidth ∆E/E0 (FWHM) of a Gaussian spectrum
for different Talbot orders and for η = 1 (dashed lines) and η = 2 (solid
lines). In each case, the maximum fringe visibility at ∆E/E0 = 0 amounts
to 2/π = 0.637, which is consistent with the maximum fringe visibility obtained with a monochromatic point source in Eq. (4.24). For ∆E/E0 > 0, the
reduction of the fringe visibility is clearly visible.
A significant difference can be observed between the polychromatic performance of π and π/2-shifting phase gratings (parameter η). Using the approximation that the polychromatic fringe visibility is given by Eq. (4.44),
the mean value of ÎE [η ] evolves completely different for η = 1 compared to
η = 2 when increasing the bandwidth ∆E. For η = 1, ÎE [1] can change the
sign after a zero crossing in the spectral domain (see Eq. (4.36b)), leading to
negative values which can cause a rapid decay of the mean value of ÎE [1] and
thus of vpoly . In the spatial domain, negative values of ÎE [1] are equivalent to
a shift of the interference pattern by π, causing a fringe contrast inversion.
This effect negatively effects the polychromatic performance of the grating
interferometer. In Fig. 4.3a, which shows vpoly for a Gaussian spectrum, the
rapid decay for η = 1 is clearly visible ( dashed lines). An exception occurs
at the first fractional Talbot order (m = 1) where ÎE [1] is always positive (no
fringe contrast inversion), resulting in a slow decay of vpoly,η =1 .
For η = 2, no fringe contrast inversion occurs, because ÎE [2] cannot be negative in the spectral domain (see Eq. (4.36c)). Therefore, the decay of vpoly,η =2
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Figure 4.3: a) Fringe visibility for a polychromatic beam of a point source as a function of the normalized energy bandwidth ∆E/E0 of a Gaussian spectrum (FWHM)
for m ∈ {1, 3, 5, 7} and for η = 1 (dashed lines) and η = 2 (solid lines). (b) Ratio
of the fringe visibilities for η = 2 versus η = 1. A π-shifting phase grating generally shows a higher polychromatic fringe visibility, except for the case of the first
fractional Talbot order (m = 1).

is much slower compared to vpoly,η =1 . On the other hand, since one of the
sines in ÎE [2] is squared, vpoly,η =2 initially decays slightly faster than vpoly,η =1 .
Due to this effect, vpoly,η =1 is slightly higher than vpoly,η =2 at the first fractional Talbot order. However, with a maximum gain of approx. 8.5% at a
relative bandwidth of ∆E/E = 1, this effect is relatively weak. At higher
Talbot orders (m > 1), it is negligible (maximum gain less than 1%).
Fig. 4.3b shows the ratio of the polychromatic fringe visibilities for a πshifting versus a π/2-shifting phase grating. The plot shows, that a π/2
grating slightly outperforms a π grating at the first fractional Talbot order,
however the gain is marginal (4.3% at ∆E/E = 0.5). At higher Talbot orders
(m > 1), it is recommended to use a π grating. At ∆E/E = 0.5, the gain is
8.8% for m = 3, 75.8% for m = 5 and 477% for m = 7.

4.4

Phase stepping

The image acquisition protocol involves a phase stepping scan of G2 to analyze the interference pattern Îs , moving G2 in equidistant steps over one
period of G2 in transverse beam direction (see Sec. 3.1) [13]. G2 is an absorption grating and its intensity transmission function can be modeled equivalently to a source grating, by using the rectangular pulse train function Tκ2 ,τ2
of period p2 with a custom duty cycle κ2 and a non-ideal transmission factor
τ2 (see Fig. 4.1).
The intensity read out at a pixel of size xp is dependent on the displacement
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of G2, given by xt and is formed by the integral of the transmission of the
intensity pattern through the displaced G2:
Ip ( xt ) =

Z xp
0

I2 ( x ) Tκ2 ,τ2 ( x − xt ) dx.

(4.45)

Î2 is the intensity pattern at G2 and x p is the pixel size. Modelling the pixel
with a rectangular pulse function of support x p , the pixel function is given
by
 
x
P( x ) = rect
.
(4.46)
xp
The phase-stepping curve Ip ( xt ) can be written as
Ip ( xt ) =

Z ∞
−∞

I2 ( x ) P( x ) Tκ2 ,τ2 ( x − xt ) dx

= [ I2 ( x ) · P( x )] ∗ Tκ2 ,τ2 ( x ).

(4.47)

In the Fourier domain, this becomes
Îp (ν) = [ Î2 (ν) ∗ P̂(ν)] · T̂κ2 ,τ2 (ν).

(4.48)

Î2 (ν) and T̂κ2 ,τ2 (ν) are discrete Fourier spectra with non-zeros at ν = n p12 and
P̂(ν) is a sinc function with zero crossings located at n x1p . Since the phasestepping curve Ip ( xt ) is again a periodic function with a discrete Fourier
spectrum and with non-zeros at n p12 , the contribution of the finite support
of the pixel function to the phase-stepping curve vanishes if x p = j · p2 with
j ∈ N. If this holds, the phase-stepping curve becomes a simple convolution
of the interference pattern with the intensity transmission function of G2,
yielding a multiplication in the discrete Fourier domain:
Ip ( xt ) = I2 ( x ) ∗ Tκ2 ,τ2 ( x )

(4.49)

Îp [n] = Î2 [n] · T̂κ2 ,τ2 [n].

(4.50)

In practice, the phase-stepping curve Ip ( xt ) is sampled in equidistant steps:
Ip [i ] = Ip (i

p2
)
M

i ∈ {0, ..., M − 1}.

(4.51)

This introduces some aliasing according to the sampling theorem, as Îp [n]
is of infinite support. Using M phase steps to sample Ip ( xt ), the discrete
Fourier spectrum Îp [n] is replicated at the frequencies n · M/p2 with n ∈ Z.
Fig. 4.4 shows the relative error of a phase measurement simulation as a
function of the actual phase shift and for different numbers of phase steps.
The error was evaluated for an even number of steps (left plots) and for an
odd number (right plots). The upper plots are for a Talbot interferometer
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the lower plots for a Talbot-Lau interferometer. In order to have comparable
coherence properties, the duty cycle of G0 and the source size were chosen
as κ0 = 0.5 and ws0 /p2 = 0.35, such that the visibility for both interferometers
was VT = VTL = (π/2)3 = 0.258.
Due to the fact that Îp [n] ∝ sinc(n/2), Îp [n] is zero for even n, which explains
the smaller relative error for an odd number of steps compared to an even
number [88]. According to the plots in Fig. 4.4, the error is also dependent on
the phase shift, whereas local minima are observed for ϕ = j · 2π/(2M − 1)
(j ∈ {1, ..., 2M − 1}). Furthermore, the error depends on the interferometer
type. The Talbot-Lau interferometer shows higher errors, which is due to the
rectangular source shape of G0, causing an amplification of high-frequency
components in the phase-stepping curve and thus more aliasing. Interestingly, the error from aliasing is also increased for higher visibilities (not
shown in the plots), which is again due to the shape of the phase-stepping
curve, which converges towards a triangular function at higher visibilities,
generating amplified high-frequency components.
In general, the error introduced from aliasing is very low for the Talbot
interferometer (not exceeding 1% even for a low number of steps, e.g. M =
3) and thus should not have a considerable effect in practice. For the TalbotLau interferometer, it is recommended to use at least seven steps to keep the
error below 1%. For both types, it is recommended to use an odd number
of steps, as this generates in any case a lower relative error than an even
number.
The error can expected to be lower for a polychromatic beam, because of the
reduced visibility. Using 7 or more phase steps is in any case absolutely safe.
A minimum of three steps is always required, since the phase information
is lost (due to aliasing) if only two steps are acquired.

4.5

Visibility

The visibility is defined as the normalized amplitude of the phase-stepping
curve and represents an important parameter which determines the performance in acquiring the differential phase signal with a grating interferometer (see Sec. 4.6). Apart from its deterministic dependency on grating
parameters, source and geometry, a strong stochastic dependency is observable in practice due to imperfections in the gratings and non-ideal grating
alignment. An analytical formulation of the visibility is crucial for the optimization of the system parameters to achieve maximum sensitivity.
The visibility of the phase-stepping curve Ip [i ] is given by [13, 89]
V=2

| Îp [1]|
.
| Îp [0]|

(4.52)
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Figure 4.4: Relative error of a phase-shift measurement in a phase-stepping curve,
sampled with M steps. Plot (a) and (b) are simulated for a Talbot interferometer
(V = 0.3), plot (c) and (d) for a Talbot-Lau interferometer (V = 0.3). The plots
separately show the error for an even number (left) and an odd number (right) of
steps, respectively. The error from aliasing is smaller for an odd number of steps.
The error is higher for a Talbot-Lau type interferometer, which is due to the different
shapes of the phase-stepping curves for the different types.

The Fourier transform of the phase-stepping curve, Îp [n], has been derived
in the last section (Eq. (4.49)) and is given by
Îp [n] = Î2 [n] · T̂κ2 ,τ2 [n].

(4.53)

For Î2 [n] = Îc [n] · Ŝ0 [n] (monochromatic case) and by using Eqs. (4.19) to
(4.22), the visibility becomes
V=2

| Îp [1]|
4
∗
= · VG2
· VS∗
π
| Îp [0]|

(4.54)
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∗ and V ∗ are the contributions from the analyzer grating and the source,
VG2
S
respectively. VS∗ depends on the interferometer type and thus, it has to be
∗ ) and a Talbot-Lau (V ∗ ) configuration.
distinguished between a Talbot (VS,T
S,TL
∗
∗
VG2 and VS are given by

κ2 (1 − τ2 ) sinc(κ2 )
τ2 + κ2 (1 − τ2 )
κ0 (1 − τ0 ) sinc(κ0 )
=
τ0 + κ0 (1 − τ0 )
 !

d σs 2
.
= exp −2 π
l p2

∗
VG2
=
∗
VS,TL
∗
VS,T

(4.55)
(4.56)
(4.57)

For the case where G0 and G2 are ideal absorption gratings (τ = 0) with a
duty cycle of κ = 0.5, the visibilities become
"
 2

 #
2
η p2 − p1 2
VT = 2
exp −2 πσs
(4.58)
π
p1 p2
 3
2
VTL = 2
= 0.516 = const.
(4.59)
π
The equations show how the visibility depends on grating and source parameters. While for the Talbot interferometer, the visibility is dependent on
p1 and p2 , this dependency vanishes in the Talbot-Lau case. This will have a
considerable effect on the optimization strategy for these two system types.

4.6

Sensitivity of the phase-contrast image

The SNR is a broadly used metric for the optimization of the system performance. For the DPC image of a grating interferometer, the SNR is given
by
√
ϕ
2πd V N
√
SNR ϕ =
=α
.
(4.60)
σϕ
p2
2χdet
| {z } | {z }
ϕ

1/σϕ

The signal ϕ consists of the refraction angle α of the object and the translation of this angle into a lateral displacement of the interference fringes
2πd/p2 , where d is the distance from G1 to the G2 and p2 is the fringe
period. On the other hand, the noise σϕ mainly depends on the number
of counts N (analog-to-digital units, ADU) and on the visibility V [90, 74].
Other sources of noise-like jitter from mechanical instabilities or aliasing
due to the discrete sampling of the phase-stepping curve are not considered here. The parameter χdet specifies the number of ADUs per incoming
2 = χ N.
photon, whereas the noise variance (in ADU) is then given by σdet
det
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In Eq. (4.60), signal and noise are dependent on the geometric parameters,
whereas only the signal is dependent on the object itself. Separating this
equation into an object dependent part and a geometry dependent part
yields
√
2πd V N
α
√
=α
SNRα =
.
(4.61)
σα
p2
2χdet
|
{z
}
1/σα

Essentially, this is the same equation as Eq. (4.60), however specifying the
signal of the refraction angle α versus its standard deviation σα . The refraction angle α is geometry independent and therefore, the minimization of σα
can be used for the optimization of the geometry [91, 92]. Here, σα is defined
as the smallest detectable refraction angle and is given by
√
p2
2χdet
√
αmin ≡ σα =
(4.62)
2πd V N
In the literature, αmin has been referred to as the sensitivity [91, 92]. Since
the sensitivity has also been defined differently [93, 94], here, αmin is just
referred to as the smallest detectable refraction angle.
The proportionality of αmin to p2 /d suggests using a small analyzer grating pitch and long experimental arrangements, which can be achieved with
higher Talbot order designs. However, the counterpart of long arrangements
is the inverse quadratic relation with the flux for a given source and detector system. Taking into account both effects requires to consider the time
dependent αmin [92]. Using Eqs. (3.3) and (3.4) and the geometric relation
s = d + l, for the Talbot interferometer, the factor p2 /d becomes
p22
p2
1
=
.
d
s p2 − p11

(4.63)

For the Talbot-Lau interferometer, this factor becomes
p2
1
= ( p0 + p2 ).
d
s

(4.64)

The number of counts N on the detector can be expressed by [92]
N = I0 Dχdet

a2
texp ,
s2

(4.65)

where texp is the total exposure time (all phase steps) and a is the pixel
size (quadratic pixels) of the detector. The parameter D accounts for any
absorption of the X-rays in the gratings and their substrates and for the
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detector efficiency. By inserting Eqs. (4.63) and (4.65) into Eq. (4.62), αmin for
the Talbot and the Talbot-Lau interferometer becomes
√
p22
1
2
p
αmin,T =
(4.66)
2π VT ( p2 − p11 ) a I0 Dtexp
√
1 p0 + p2
2
p
αmin,TL =
.
(4.67)
2π VTL a I0 Dtexp
Eqs. (4.66) and (4.67) show that for a given source and detector system, αmin
is independent on the arrangement length s and the Talbot order m. For
constant grating periods, any increase of s (and thus m), which increases
the fringe signal ϕ, is compensated by the lower photon flux at the detector.
This result is, strictly speaking, only valid if the spacings between G2 and
the detector as well as between the source and G0 (only Talbot-Lau case) are
much smaller than s.
αmin is also independent on the phase grating parameter η (phase grating
type), however it has been shown in Sec. 4.3 that this result is only valid for
the case of a monochromatic beam.
The sensitivity is further dependent on the object position, which has been
neglected in Eq. (4.60). It can be shown that the signal ϕ is inversely proportional to the distance [93] of the object from G1 and can be expressed
by
ϕ(ls ) = ρobj (ls ) ϕ(l ).
(4.68)
where ρobj (ls ) is a sample position dependent factor and ls is the source-toobject distance (see Fig. 3.1). ρobj (ls ) is given by

ρobj (ls ) =

l/ls
( s − l ) / ( s − ls )

if 0 < ls < l
if l < ls < s ,

(4.69)

and the object position dependent standard deviation of the refraction angle
becomes
σα (ls ) = ρobj (ls ) · σα (l )
(4.70)

4.7

Optimization of the geometry

A full optimization of the geometry including the calculation of the optimized grating parameters can be derived by minimizing the object independent noise standard deviation of the refraction angle, σα , given by Eqs. (4.66)
and (4.67). Prior to optimization, a few parameters must be expressed with
the relevant parameters of the grating interferometer. For the Talbot interferometer, the flux I0 is typically proportional to the output power of the
tube or the source size (I0 ∝ σs ). Furthermore, the reduction of the flux by
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the non-ideal transmission of the source and analyzer grating and by their
duty cycles is considered by using D ∝ τ + κ (1 − τ ). By further inserting the
expressions for the visibility derived in Sec. 4.5 into Eqs. (4.66) and (4.67), σα
becomes
σα,T =
σα,TL =

γ1 (κ2 , τ2 ) · γ2 ( p1 , p2 , σs )
p
4a 2texp

(4.71)

γ1 (κ0 , τ0 ) · γ1 (κ2 , τ2 ) · γ3 ( p0 , p2 )
p
.,
4a 2I0 texp

(4.72)

with
p

τ + κ (1 − τ )
κ (1 − τ ) sinc(κ )


p2 − p11 2
2
)
exp
2
(
πσ
s
p2
p11 p2
γ2 ( p11 , p2 , σs ) =
√
p2 − p11
$σs
γ1 (κ, τ ) =

γ3 ( p0 , p2 ) = p0 + p2 .

(4.73)

(4.74)
(4.75)

In Eq. (4.74), the uncompressed phase grating period p11 = p1 /η has been
used. The parameter $ is only for the purpose of maintaining correct units.
The above equations can be used to optimize all geometric parameters.
In order to find optimum values, the derivatives of γ1 , γ2 and γ3 can be set
to zero. The optimization of γ1 (κ, τ ) mainly involves finding the optimum
duty cycle for a given transmission factor τ. No analytical solution exists for
∂γ1 /∂κ = 0, and thus, the function γ1 (κ, τ ) (normalized) has been numerically evaluated for different values of τ in Fig. 4.5a. The optimum values for
the duty cycle as a function of τ are shown in Fig. 4.5b. An interesting result
here is that the optimum duty cycle for an ideal absorption grating (τ = 0)
is given by κ = 0.371. This value is consistent with a result reported earlier
[95].
The derivative of γ2 ( p11 , p2 , σs ) with respect to p11 can be set to zero to find
the optimum p11 (or p1 = η p11 ) as a function of p2 and σs . An analytical
solution exists but is not given here due to its rather complex form. Instead,
Fig. 4.6a
√ shows γ2 (normalized) for different focal spot sizes of the source,
w = 2 2 ln 2σs (FWHM), and for a fixed period p2 = 2.4 µm of G2. Firstly,
this plot shows that there exists an optimum p11 (black markers) for a given
p2 and source size w. This relation is of high practical importance, since w
and p2 are usually fixed by the available X-ray source and by the smallest
achievable absorption grating period. Fig. 4.6b shows the optimum p11 as a
function of the source size w. Secondly, the plot in Fig. 4.6a indicates that for
smaller source sizes w, smaller grating pitches p1 can be used, which essentially increases the Talbot order for a fixed p2 . The simultaneous reduction
of w and p1 reduces γ2 .
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Figure 4.5: Optimization of an absorption grating (G0 or G2). (a) Normalized γ1 as
a function of κ for different transmission factors τ of the absorption grating. The
minima are marked with black spots. (b) Optimum duty cycle κ as a function of τ
(positions of the black rectangles in (a)).
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Figure 4.6: Optimization of a Talbot interferometer. (a) Normalized γ2 as a function
of p11 = p1 /η for different source sizes w (FWHM) and for p2 = 2.4 µm. The
minima are at the black markers (b) Optimum p11 (from the positions of the black
rectangles in (a)) as a function of source size w.

For a Talbot interferometer, the optimum strategy is to select the smallest
possible period for G2, such that the grating structures are still high enough
for an efficient absorption. The optimum duty cycle κ2 of G2 depends on
the transmission factor τ2 and can be calculated by using Eq. (4.73). For
ideal absorption properties of G2, the optimum duty cycle is κ2 = 0.371.
The optimum period for G1 can then be calculated by using Eq. (4.74) for
the selected p2 and for a given source size w. The arrangement length s is
finally determined by p1 , p2 and by the selected Talbot order m and can be
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derived by using Eq. (3.1) and (3.3):
s = l+d =

p1 p22
m
,
2λ0 η p2 − p1

(4.76)

where λ0 is the design wavelength.
For the Talbot-Lau interferometer, the optimization of the geometry is simpler. According to Eq. (4.75), γ3 is minimized for the smallest sum of the
grating periods p0 and p2 . Since both gratings normally have the same
requirements for the structure height, the fabrication is, apart from the required area, the same. Therefore, the optimum selection is p0 = p2 , yielding
a symmetric interferometer arrangement (l = d = s/2 and p0 = p1 = p2 ).
For the selection of the duty cycle of G0, it depends on whether one aims at
the optimization of the SNR per time or the SNR per dose. In the former case,
the previously described optimum of an absorption grating, or κ0 = 0.371
(for ideal absorption), is valid. In the latter case, the optimization of G0 is
theoretically given by κ0 → 0, as in this case, the visibility is maximized,
yielding maximum efficiency of the used photons to acquire a phase image.
Of course, in practice, this is not a feasible solution, because κ0 → 0 leads to
texp → ∞. Therefore, κ0 would have to be selected such that the visibility is
high enough to achieve the required SNR per dose.
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Chapter 5

Numerical simulations
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Simulation tool

A comprehensive simulation framework has been developed for the performance evaluation of a grating interferometer design and for the verification of the theoretical framework. Compared to the analytical formulas,
numerical simulations allow a more accurate evaluation and optimization
of a grating interferometer, because fewer approximations are involved. The
following paragraphs give an overview about the implementation and the
parameter set which can be selected for the numerical simulations. The
software has been implemented in MATLAB (The MathWorks).
The main routines are talbotCarpet.m and visibilityScan.m. The
output of talbotCarpet.m is an image displaying the Talbot carpet, which
is the interference pattern as a function of propagation distance from G1.
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It can for instance be used to identify locations of maximum interference,
which are not necessarily always located at exact odd fractional Talbot orders (see Sec. 5.6.2). visibilityScan.m performs a phase-stepping scan
and calculates the visibility and sensitivity for the given settings. The simulations are based on the one-dimensional Fresnel propagation of the transmission function of G1. This assumes that the influence of any vertical extension
of the gratings or the source can be neglected.
talbotCarpet.m and visibilityScan.m require a minimum set of parameters loaded into the MATLAB workspace and can automatically calculate the missing parameters according to the geometric dependencies of the
grating interferometer (Eq. (3.1) - (3.4)). The parameter selection by the user
is done in a separate script, where talbotCarpet.m or visibilityScan.m
can be called. Both routines work with the same principle. An outer loop
iterates through the selected energy spectrum, which is a user input (see
Sec. 5.3). Inside this loop, the monochromatic interference fringe intensity is calculated by Fresnel propagation, which is given by Eq. (4.34) and
can numerically be calculated by the fast Fourier transform (FFT). The effect of the finite source size is calculated by a convolution of the intensity
pattern with the projected source profile (see Sec. 5.3). talbotCarpet.m
simply plots this intensity for each position between G1 and G2, whereas
visibilityScan.m uses the intensity pattern to perform a phase-stepping
scan. For the phase-stepping scan, an intensity transmission function of G2
at the current photon energy is calculated, the intensity pattern is scanned
by moving G2 over one or two periods with equidistant steps. For each step,
the intensity is integrated over a defined pixel size. The number of steps
and the number of periods to be scanned are user-defined parameters. The
intensity of the phase-stepping curve is integrated over the energy spectrum.

5.2

Interferometer and geometry

The interferometer can be a Talbot or a Talbot-Lau type interferometer. For
all gratings, the period, structure height, duty cycle and material can be
selected. The material parameters, including the energy dependent real (δ)
and imaginary (β) part of the refractive index, have been obtained from
the National Institute of Standards and Technology (NIST) database and
are stored in external lookup tables. By using real material parameters, it is
possible to take into account real absorption and phase shift properties of the
gratings. For instance the phase grating, which is always a pure phase object
in the analytical calculations, is usually made of silicon or nickel, thus some
absorption in the material slightly degrades it from a pure phase-shifting
grating.
The positions of the gratings and the Talbot order can be selected or they
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are calculated automatically if sufficient information is available. For the
calculation of the geometry, Eqs. (3.1) to (3.4) are used.

5.3

X-ray source

The parameters of the source mainly determine the spectrum. Apart from
a monochromatic source, a user-defined polychromatic spectrum can be created. Shape and intensity of the spectrum can be arbitrary (e.g. Gaussian,
rectangular, etc.). For the simulation of real X-ray spectra, X-ray source files
(generated with SpekCalc [96]) can be loaded providing the unfiltered spectrum of a tungsten target at selectable voltages. The filtering of the beam is
user-defined, which means that filters can be specified by providing a list of
materials and thicknesses. The filters can for instance be used to simulate
the substrates of the gratings.
Another option related to the source is the source type, which can either be
a Gaussian source (Talbot type) or a source grating (Talbot-Lau type). For
a Gaussian source, the full width half maximum (FWHM) can be specified
whereas for a source grating, the period, structure height, duty cycle and
material can be selected. Inside the main loop of talbotCarpet.m and
visibilityScan.m, the effect of the source shape is taken into account by
a convolution of the interference pattern with the projected source profile.
The projected source profile is a scaled version of the source profile along
the x-axis with the scaling factor d/l (see Eq. (4.15)).

5.4

X-ray detection

For the detection of X-rays, several parameters can be specified, which
model a typical X-ray detector. Selectable parameters include pixel size,
specific noise parameter. Apart from scintillator properties and noise characteristics of the detector, the pixel size and the number of pixels for the
simulation can further be specified. The polychromatic detection of X-rays
can be modeled by integrating particles or by integrating energy. Both types
exist in reality. Here, pure particle integration is assumed, resulting in a
detector signal which is proportional to [87]
Sdet [i ] =

Z E2
E1

DQE( E)ω ( E) I (i, E)dE,

(5.1)

where ω ( E) represents the continuous spectrum between E1 and E2 and
I (i, E) is the mean of the position dependent intensity pattern (e.g. interference pattern) in pixel i. DQE(E) is the detection quantum efficiency of the
detector, that is, the fraction of X-ray quanta have been converted to visible
light. For an energy integrating detector, the integrand in Eq. (5.1) would
have to be multiplied with the energy E.
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For visibility studies, it is sufficient to take into account the detector signal.
However, for the estimation of the sensitivity, also the detector noise must be
considered. In this case, noise is added after calculating the polychromatic
phase-stepping curve. For the calculation of noise, the concept of Sec. 4.6
is adopted. Given the number of detected counts in analog-to-digital units
(ADU), the noise variance (in ADU) is given by [90]
2
σdet
= χdet · Sdet .

(5.2)

The parameter χdet represents the number of counts (ADUs) per incoming
photon and is usually dependent on the X-ray spectrum. The parameter
χdet can be specified in the simulation package. The usage of this parameter enables the direct relation between the number of counts and the noise
variance, without specifying the flux given by the source and the DQE.

5.5

Implementation of main routines

The implementation of the main loop of the routines talbotCarpet.m and
visibilityScan.m is summarized as pseudo MATLAB code in Alg. 1.
The pre-routine calcParams() gathers all the information from the user
script and calculates the parameters required for the main routines. If a minimum set of parameters is available, the missing parameter can be calculated,
otherwise, an error occurs.
The outer loop iterates through the polychromatic energy spectrum (given
by the vector spec), whereas the coherent Fresnel propagation, the effect
of the spatial coherence (source profile), the phase stepping and the signal
integration is performed inside this loop. The function fanTransform()
is used to transform the parallel beam geometry into a divergent beam geometry. This enables the simulation of real X-ray tube based arrangements,
where the magnification influences the inter-grating distances and the grating periods. The function gratingTF() calculates a transmission function
for a given grating (material, height, shape) at a certain energy and a given
tilt angle.
After the polychromatic summation, the signal is blurred by the PSF, if multiple pixels were specified and if PSF > 1. The visibility of the phase-stepping
curve is then obtained by calculating the discrete Fourier transform (FFT) of
the phase-stepping curve and by using Eq. (4.52).

5.6

Applications

Parts of this section are reprints of the publication: T. Thüring, P. Modregger,
B. R. Pinzer, Z. Wang, S. Rutishauser, C. David, T. Grund, J. Kenntner and
M. Stampanoni, Proceedings of SPIE, 79611G, 2011
67

5.6. Applications

Algorithm 1 Kernel of the main routines talbotCarpet.m and
visibilityScan.m, propagating the transmission function of G1 to G2,
calculating the intensity pattern, performing a phase-stepping scan and
recording the signal in a given pixel range.
%% Calculate missing parameters from user defined parameters
calcParams(userParams);
%% Main loop (over energy spectrum)
for j = 1:length(spec)
% G1 transmission (parallel beam)
T1 = gratingTF(G1,spec(j),tiltAngle);
E1 = T1;
% Fresnel propagation from G1 to G2
E1_2 = fPropagate(E1,d);
I = abs(E1_2).^2;
% convolution with projected source profile
if srcType==’G0’
TS = gratingTF(G0,d/l,spec(j),tiltAngle);
elseif srcType==’Gauss’
TS = gauss(w*d/l);
end
I = ifft(fft(TS).*fft(I));
% fan beam transform
I = fanTransform(I,d,l);
% phase stepping
T2 = gratingTF(G2,spec(j),tiltAngle);
for step = 0:nsteps-1
T2_s = shiftGrating(T2,step/nsteps);
I2 = I .* abs(T2_s).^2;
psc(step) = sum(I2(pixRange));
end
end
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5.6.1

Interference pattern simulations

The shape of the interference pattern generated downstream of the phase
grating depends on the beam properties. Sec. 4.2 and 4.3 introduced the
spatial and temporal coherence of the beam, which are directly related to
the focal spot size of the source and the bandwidth of the X-ray spectrum,
respectively. The simulation package enables the visualization of the interference pattern as a function of source size and bandwidth, providing a
qualitative insight into the dependency of the fringe contrast on these properties. Fig. 5.1 shows the simulation of the interference pattern and the
effect of source size and bandwidth for the case of a Talbot interferometer.
Reduced spatial coherence, obtained by a larger source size, smears out the
interference pattern in the transverse direction, whereas decrease temporal
coherence obtained with a broad bandwidth smoothes in the longitudinal direction. Regarding visibility degradation, the transverse smearing is much
more severe. This qualitative description illustrates that the Talbot interferometer in general has a high spectral acceptance, whereas it is highly
sensitive to spatial coherence.

bandwidth

source size
m=1

m=1

Figure 5.1: Qualitative illustration of the interference pattern of a Talbot interferometer and the dependency of the fringe contrast on spatial coherence (source size)
and temporal coherence (bandwidth). The red dashed line shows the positions of
the first fractional Talbot distance (m = 1) and the yellow dashed lines show the
positions of maximum intensity modulation.

5.6.2

Non-integer Talbot orders

Fig. 5.1 shows that for low spatial beam coherence, the position of maximum interference downstream of G1 is below the first Talbot order m < 1.
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Fig. 5.2 shows the simulated visibility as a function of the inter-grating distance, for a specific arrangement with critical spatial coherence. The parameters are E = 40 keV, η = 2, p2 = 2.4 µm, h2 = 60 µm, l = 280 mm and
ws = 5 µm. The position of the first fractional Talbot distance (m = 1) is
marked with the dashed line and indicates that the optimum inter-grating
distance is not located at the expected position. This is a typical scenario
for a Talbot interferometer operated with a microfocus source on a compact
arrangement.
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Figure 5.2: Visibility as a function of inter-grating distance for a compact arrangement with critical spatial beam coherence. The simulation parameters are
E = 40 keV, η = 2, p2 = 2.4 µm, h2 = 60 µm, l = 280 mm and ws = 5 µm.

5.6.3

Field of view reduction from high beam divergence

In a compact arrangement, a large beam divergence enables a large field of
view, even if the geometrical magnification is high. The problem of a high
beam divergence for grating interferometry is the high aspect ratios of the
gratings. The aspect ratio is given by
h
AR = 2 ,
p

(5.3)

where h is the structure height and p the period of the grating. The duty
cycle of the grating is assumed to be 0.5. In particular for the absorption
grating, where the structures heights need to be as large as possible, AR is
extremely high. This alters the grating transmission function at high beamincident angles close to or higher than 1/AR. This reduces visibility of the
phase-stepping curve and impedes signal retrieval. Fig. 5.3 illustrates this
effect.
The rapid decay of the visibility has been simulated and is displayed in Fig.
5.4. In this simulation, the source-to-G2 distance was extremely short with
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AR = 2

h1, 2
p1, 2

G1, G2
p1,2

φ

optical axis

h1,2

Figure 5.3: X-rays penetrate the grating with an angle larger than 1/AR. This leads
to rapid visibility decay at these angles and results in a reduction of the field of
view

s = 250 mm. The aspect ratios were ARG1 ≈ 12.5 and ARG2 ≈ 40, where
G2 is the critical grating. In Fig. 5.4, the position where the incident-beam
angle corresponds to 1/ARG2 is marked with the dashed line. The visibility
reaches a minimum at this position and even starts to decay before. The
field of view in this arrangement is reduced to approximately 20 mm.
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Figure 5.4: (a) Visibility map of a compact arrangement with planar gratings. The
visibility breaks down for incident angles larger than the aspect ratio of the analyzer
grating. (b) Measured and simulated visibility profile along the detector axis.

A possible solution to this problem is the fabrication of cylindrically bent
gratings, where the center axis of the curvature intersects with the focal spot
of the source (see Sec. 6.2).

5.6.4

Noise behavior of the differential phase signal

The noise propagation
in the
√ differential phase signal, which is in theory
√
given by σϕ = 2χdet /(V N ) (Eq. (4.60)), can be verified by using the
√
simulation package. In practice, the linear behavior of σϕ with 1/V · N is
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lost for low photon counts or visibility due to the limitation of the fringe
shift measurement to the
[−π, π ]. Fig. 5.5 shows the simulation
√ interval √
of σϕ as a function of 2χdet /(V N ) and the corresponding theoretical
√
curve. For very small counts or visibility, σϕ saturates at the value π/ 3
(completely random signal) [97]. This result contains important information
about the difference in the noise behavior of the differential phase signal
compared to the absorption signal. A reduction of the number of photons,
for instance to reduce√dose, will
√ increase noise for both, absorption and
phase. However, for 2χdet /(V √ N ) ' 1, the noise standard deviation in
the DPC image approaches π/ 3 and an irreversible breakdown of the
information transfer occurs. If this happens, the retrieval of the differential
phase signal will fail (i.e., results in random noise). This essentially means,
that, contrary to absorption imaging, the dose cannot be arbitrarily reduced
to acquire phase-contrast projections in grating interferometry. For stable
phase retrieval, the number of counts must approximately obey
N'

2χdet
.
V2

(5.4)

It is important to point out again that N is the total number of acquired
counts in a phase-stepping scan. The required mean number of photons for
a single step would be N/M.

√
π/ 3

2

σϕ

1.6
1.2
0.8
0.4
0
0

1

2
√

3 √ 4
2χdet /(V N )

simulated
analytical
5
6

Figure 5.5: Standard deviation of the fringe shift measurement, calculated
√ by using
√
(a) the simulation tool and (b) the analytical formula. For 2χdet /(V N ) ' 1 or,
equivalently, for a mean total number of counts below N / 2χdet /V 2 , the noise is
too high for a reliable phase retrieval.

5.6.5

Mismatch of pixel size and fringe period

Apart from scintillator properties and noise characteristics of the detector,
the pixel size and the number of pixels for the simulation can further be
specified. It has been demonstrated in Sec. 4.4 that the detector signal is
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formed by a convolution of the interference pattern with the intensity transmission function of G2, if the pixel size is an integer multiple of p2 . If this is
not the case, aliasing occurs and the phase-stepping curve becomes position
dependent. This effect is too complex for an analytical description but can
easily be simulated. Fig. 5.6a shows this effect for an arrangement with a
mismatched pixel size pdet and G2 period p2 .
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Figure 5.6: (a) phase-stepping curve (normalized detector signal) for five neighboring pixels. With a simulated analyzer grating period of p2 = 2 µm and a pixel size
of pdet = 2.7 µm, the pixel size is not an integer multiple of p2 , which alters the
phase-stepping curve of the neighboring pixels. The visibilities range from 40% to
70% (b) The effect in (a) is strongly reduced if the detector’s point spread function
(PSF) is considered. Here, a PSF of two pixels (FWHM) has been used to calculate
the phase-stepping curves. The visibilities range from 50% to 55%

If the detector’s point spread function (PSF), which is related to the modulation transfer function (MTF) by a Fourier transform, is considered, the
effect of a mismatched pixel to the phase-stepping curve and the visibility
is strongly reduced. Fig. 5.6b shows the phase-stepping curve for the same
arrangement as Fig. 5.6a, but with a PSF of two pixels (FWHM). The range
of visibilities among the pixels is clearly reduced for a PSF > 1.
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6.1. Introduction

6.1

Introduction

A central objective of this PhD project was to study the feasibility of grating interferometry on a compact micro CT system. Due to the broad availability of commercial micro CT scanners, the possibility to extend their
range of applications by upgrading such systems with phase- and scatteringcontrast capabilities could be of vast industrial interest. Therefore, one
part of this project involved collaboration with SCANCO Medical AG, Brüttisellen, Switzerland. SCANCO Medical is a recognized expert in producing
micro CT systems for a broad range of pre-clinical and clinical applications.
Our joint project involved the design and development of a prototype micro
phase-contrast computed tomography (PCT) scanner, which is based on the
µCT 100 specimen line.
The first section of this chapter addresses the scientific part of this project,
where the feasibility of micro PCT has been investigated. It introduces the
fundamental principle of compact grating interferometry, which requires
curved gratings. Using curved gratings is a pioneering method and one
of the major achievements of this PhD. The design and manufacturing was
done in collaboration with Karlsruhe Nano Micro Facility (KNMF) of Karlsruhe Institute of Technology (KIT).
The second section introduces the design and development of a demonstrator, which is based on the principles discussed in the first section. The
demonstrator was built for the experimental verification of theoretical aspects and for the optimization of compact grating interferometers.
The third section covers the details about the development of the micro PCT
scanner prototype developed with SCANCO Medical, which adopts the theoretical and experimental results of the first and second section for building
an optimized prototype.

6.2

High resolution, large field of view X-ray differential phase-contrast imaging on a compact setup

This section is a reprinted publication: T. Thüring, P. Modregger, T. Grund,
J. Kenntner, C. David, and M. Stampanoni, Applied Physics Letters 99, 041111,
2011.

6.2.1

Abstract

X-ray grating interferometry is a well established technique to perform differential phase-contrast imaging on conventional X-ray tubes. So far, the
application of this technique in commercial micro computed tomography
scanners has remained a major challenge due to the compact setup geome75
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try. In this letter, we report on the design of a compact imaging setup using
a microfocus source. Due to the extreme wave front curvature, the gratings
are fabricated on a flexible substrate, enabling precise cylindrical shaping. A
laboratory setup and a modified SCANCO µCT100 scanner have been built,
allowing high resolution and large field of view imaging.

6.2.2

Introduction

Grating interferometry provides a multi-modal X-ray imaging technique.
Conventional absorption- as well as phase- [9, 10, 13] and dark-field contrast signals [66] are acquired in parallel and can yield perceptually and
quantitatively complementary information about an examined object. The
three signals are related to the attenuation, the phase shift and the scattering,
respectively, of radiation, induced by the sample. Due to the ability of measuring the differential phase signal, the technique is also often referred to as
differential phase-contrast (DPC) imaging. Depending on the sample and
the X-ray energy, the contrast in phase- or dark-field images can be superior
to absorption images. For instance in the hard X-ray regime, phase-sensitive
images can provide considerably higher contrast than standard absorptionbased images for biological tissue [61].
The most prominent advantage of grating interferometry is the applicability
on conventional X-ray tubes. A source grating can be used to generate an
array of individually coherent, but mutually incoherent X-ray sources [11].
An alternative approach is the use of microfocus tubes, generally providing
enough spatial beam coherence for the interference formation [65].
Recently proposed setups [11, 65] either provide high resolution or large
field of view (FOV) imaging. Here, we present a DPC imaging setup, which
simultaneously allows both, high geometric magnification and a large FOV.
In addition, the system is compact enough for the integration into a commercial micro computed tomography (CT) device, and thus, the setup has
also been implemented on a SCANCO µCT 100 scanner.

6.2.3

Methods

Fig. 6.1 shows a DPC setup based on a microfocus source. A phase grating
with a line period of a few microns introduces a periodic phase shift of π
in the wave front and generates an interference pattern downstream. Under coherent illumination, maximal interference occurs at fractional Talbot
distances away from the phase grating, given by dm = mp21 /8λ, where m is
the fractional Talbot order, p1 is the pitch of the phase grating and λ is the
wavelength. At this position, an absorption grating with a pitch matching
the period of the interference fringes, is placed. Attenuation, refraction and
scattering of the beam, induced by an object, alter the interference pattern,
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each in a distinct way. Attenuation leads to an intensity reduction, refraction
laterally shifts the fringes and scattering reduces fringe visibility.
A typical acquisition protocol for imaging is based on a “phase-stepping”
scan. Either of the two gratings is moved in equidistant steps over a grating
period along the transverse beam direction and images are acquired at every step position [13]. The result is an intensity oscillation (phase-stepping
curve) recorded in each pixel. In an imaging experiment, both a reference
and an object phase-stepping scan are acquired. Image formation is then
performed by the quantification of the above effects through the analysis
of the reference and object scans. An important parameter in terms of the
contrast-to-noise ratio (CNR) in differential phase- and dark-field images is
the signal visibility, V = a1r /a0r , where ari is the absolute value of the i-th
Fourier coefficient of the reference phase-stepping curve.

Figure 6.1: Schematic of a DPC imaging setup using a grating interferometer. The
interference pattern is generated by the phase grating. The absorption grating is
used to analyze the interference fringes.

6.2.4

Large field of view for compact grating interferometry

Advancing towards the development of a compact setup for the application
of DPC imaging in industrial micro CT scanners has remained a challenging task. Today’s micro CT systems encompass stand-alone solutions with a
compact table-top design. High resolution is achieved by using microfocus
X-ray sources, which provide a reasonable photon flux for a compact sourceto-detector distance. The cone beam geometry, enabling high magnification
and a large FOV, is a typical feature of such systems. However, the short
source-to-grating distance implies a high wave front curvature, causing major limitations for grating interferometry using planar grating substrates [56].
The typically high aspect ratio AR = 2h/p of the grating structures, where
p is the period and h the structure height, leads to a significant change of
the grating transmission function for X-rays impinging at angles close to
arctan(2/AR) (Fig. 6.2). For tan(α) = 2/AR ≈ α, the transmission function of the phase grating becomes flat, preventing the interference pattern
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formation. Similarly, the altered transmission function of the absorption
grating results in a reduced efficiency for the fringe detection. Ultimately,
this degradation leads, in both cases, to a loss in signal visibility. This issue
becomes particularly problematic at higher photon energies, where the structure height of the absorption grating needs to be large in order to maintain
high absorption amplitudes in the transmission function.
The loss of signal visibility at large incident angles reduces the FOV. Assuming that α = 2/AR represents the upper limit for the divergence angle,
the maximum available FOV for an imaging setup with a source-to-sample
distance of ls is given by
FOVmax,pg =

4ls
.
ARmax

(6.1)

ARmax is related to the critical component, which is, in general, the absorption grating. For instance, a source-to-sample distance of ls = 250 mm (typical for a compact micro CT) and an aspect ratio of AR g2 = 50 would limit
the FOV to 20 mm. In practice, the visibility already decays significantly before α = 2/AR and therefore, the FOV is expected to be even smaller than
the value given in Eq. (6.1).

Figure 6.2: X-rays with an incident angle, α, close to 2/AR = p/h encounter an
altered transmission function Tα ( x ) of the grating.

Fig. 6.3(a) demonstrates the signal loss at large angles in a differential phase
radiography of a plastic screw and Fig. 6.3(c) shows the associated visibility profile using planar gratings. The scans were acquired at an X-ray tube
setup with a total length of s = 340 mm. The phase grating was designed
for a photon energy of 28 keV, and the pitches of the phase and the absorption gratings were p1 = 4.12 µm and p2 = 2.4 µm, respectively. Given these
settings, the fractional Talbot order of the inter-grating distance amounts to
m = 0.83. The acceleration voltage of the tube was 50 kV and the anode
current 85 µA. A phase-stepping scan with 16 steps and an exposure time
of five seconds for each step has been acquired over two periods of the absorption grating. The effective pixel size of the image is peff = 36 µm. The
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aspect ratios of the gratings were AR g1 ≈ 4.8 and AR g2 ≈ 48, respectively.
Evidently, the absorption grating is the critical component which dramatically limits the FOV. The unit on the horizontal detector axis in Fig. 6.3
was converted to the incident angle α and the positions where α = ±2/AR
are marked with a dashed line. At this position, the visibility decays to a
minimum and thus, no differential phase signal was measured.
The degradation of the grating transmission function for high incident angles can be avoided by matching the grating shape to the wave front curvature. This requires the fabrication of cylindrically-shaped gratings with
a bending radius corresponding to the source-to-grating distance. Revol et
al. already proposed the usage of bent gratings [90]; however, the bending
radius was restricted (r > 50 cm), most likely due to the substrate material.
The setup length in compact micro CT systems usually implies bending radii,
which cannot be achieved by currently-used substrates (e.g., silicon wafers).
We found titanium a suitable substrate material for the fabrication of curved
gratings. With substrate thicknesses between 50 and 140 µm, the titanium
foils are highly flexible for deformation, cause only low absorption losses
(approx. 10% at 30 keV for 50 µm Ti) and allow precise cylindrical shaping.
Moreover, it is compatible with X-ray lithography and electroplating fabrication processes [57], using nickel as phase-shifting material and gold for the
absorbing structures. The dimensions of the gratings are 20 mm along the
grating lines and 60 mm in the perpendicular direction.
Using cylindrically-shaped gratings, the limitation of the FOV is no longer
dependent on the beam divergence angle and the aspect ratio of the gratings,
but solely on the grating and detector dimensions and on the setup length.
In case the size of the gratings is the limiting factor, the maximum FOV is
given by
 
bg2
bg
FOVmax,cg = 2ls tan
≈ ls 2 ,
(6.2)
2s
s
where bg2 is the arc length of the absorption grating in perpendicular line direction. Using the previous parameters (ls = 250 mm, s = 340 mm) and with
bg2 = 60 mm, the maximum FOV becomes FOVmax,cg ≈ 44 mm. Compared
to the FOV with planar gratings, this is more than a two-fold increase.
Fig. 6.3(b) shows the differential phase image of the plastic screw and Fig.
6.3(c) displays the visibility profile using curved gratings. Setup and grating
parameters were the same as for the experiment with planar gratings. The
homogeneous visibility profile over the full detector plane and the strong
image contrast at large incident angles demonstrate the significant increase
in FOV. In principle, phase stepping would need to be performed on the
circular trajectory given by the shape of the absorption grating. Due to the
negligible error in travelling distance, conventional linear phase stepping
was performed.
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Figure 6.3: Differential phase-contrast images obtained from a scan with (a) planar
gratings and (b) curved gratings. (c) shows the visibility profile for both cases.

6.2.5

High resolution through geometric magnification

The combination of a small focal spot, obtained by a microfocus source,
and the curved shape of the gratings allows high resolution and large FOV
imaging at the same time. High resolution is achieved by means of geometric magnification. The geometric magnification factor M = s/ls is chosen
through the source-to-sample distance ls . However, the increase in resolution is limited by the geometric unsharpness, which is dependent on the
finite source width. When the unsharpness exceeds the pixel size, a further
increase of the magnification factor no longer improves resolution [98]. It
can be shown, that the optimum value for M is given by
Mopt =

pd + w
,
w

(6.3)

where pd corresponds to the pixel size of the detector and w to the source
size. The corresponding effective pixel size associated with Mopt is given by
peff =

w · pd
.
w + pd

(6.4)

Measuring beyond the limit using M > Mopt , the geometric unsharpness
leads to blurring and decreases the effective pixel size and thus the resolution. For our setup, where w ≈ 5 µm and pd = 24 µm, the optimal magnification factor amounts to Mopt ≈ 5.8 and the smallest achievable effective
pixel size is peff,min ≈ 4.14 µm.
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Another limitation at high magnification factors in DPC imaging is the decrease in sensitivity. The transverse shift of the interference fringes decreases
proportionally to the source-to-sample distance and therefore inversely proportional to the magnification [65].

6.2.6

Conclusions

In conclusion, we implemented a compact grating interferometer setup in
a commercial SCANCO Medical µCT 100 system. A significant increase
in FOV was achieved by developing flexible gratings which allow extremely
short bending radii. A microfocus source provided enough spatial coherence
for the interference formation as well as for high resolution imaging using
geometric magnification. The minimal achievable effective pixel size allows
resolutions comparable to synchrotron data.
The integration of grating interferometry in a micro CT scanner prototype
opens the path for an immediate application of the multi-modal imaging
technique in industrial devices.
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6.3

Design and development of a demonstrator

6.3.1

Specifications and hardware

For the experimental verification of theoretical results as well as for testing various geometries which might be qualified for a prototype scanner, a
demonstrator has been set up. This was one of the major goals of the instrumentation part of this PhD. The purpose of the demonstrator was to have a
modular laboratory system with a flexible design, allowing fast changes of
the geometry and the gratings.
The demonstrator hardware is based on an optical Table of size 2400 ×
900 mm2 from Newport. For the shielding, a lead hutch has been designed
and produced by Fisch & Partner AG Dübendorf, Switzerland. The thickness of the lead is 3 mm, providing a safe operation for X-ray energies up
to 100 keV. Fig 6.4 shows a picture of the demonstrator from outside and
Fig. 6.5 shows a picture and a technical drawing of the experimental arrangement inside.
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Figure 6.4: Demonstrator, built on an optical table from Newport and equipped
with a lead hutch on top, using a lead thickness of 3 mm. The experimental arrangement is accessible through a front door.

The X-ray source is a Hamamatsu microfocus tube (type L10101) and can
be controlled with a RS-232 interface to a host computer. The parameters of
the source are listed in Tab. 6.1a. The most relevant parameter is the focal
spot size of the source, as it determines spatial coherence of the beam as
well as the maximum resolution. The diameter is roughly proportional to
the output power with 1.3 µm/W.
Target material
Tube voltage
Tube current
Max. output
Focal spot size
Beam angle
Focus to object

tungsten
20 - 100 kV
10 - 200 µA
20 W
5 - 30 µm (4 - 20 W)
39◦
6.8 mm
(a)

Active area
Pixel size
Pixel matrix
Scintillator
Dynamic range
Readout time

50 × 50 mm2
24 × 24 µm2
2080 × 2080 pixels
Gd2 O2 S:Tb (8 keV)
16 bit
4.7 sec (full chip)
(b)

Table 6.1: a) Source and b) detector parameters of the demonstrator.

The detector is a Princeton Instruments (PI) CCD camera (type PI:SCX 4300).
It is mounted on a goniometer which enables a manual rotation around the z82
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Figure 6.5: Top: Demonstrator, mounted on an optical table and based on a microfocus X-ray source, a grating interferometer and a detector. Bottom: Technical
drawing of the arrangement. The source and detector are colored in blue and the
interferometer is in red. Here, a Talbot-Lau type interferometer, consisting of three
gratings, is mounted.

axis for the alignment. A few relevant parameters of the camera are listed in
Table 6.1b. For the conversion of X-rays to visible light, a Gd2 O2 S:Tb (Gadox)
scintillator is used, which is, according to the manufacturer, optimized for
8 keV. The absorption efficiency of this scintillator as a function of photon
energy is displayed in Fig. 6.6. Due to the rather long readout times of the
camera, a shutter is installed and directly connected to the camera controller.
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The shutter opens and closes for each exposure, dumping the beam during
the readout. Without shutter, X-rays would be integrated during readout,
which would cause artifacts in the images.
100
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Figure 6.6: Absorption efficiency of the Gd2 O2 S:Tb (Gadox) scintillator used in the
PI:SCX 4300 camera.

The interferometer is positioned between source and detector and consists
of either two (Talbot configuration) or three (Talbot-Lau configuration) gratings. Table 6.2a shows a list of available gratings and Table 6.2b a list of
the possible configurations. The geometries range from extremely compact
to fairly long source-to-detector lengths. Configurations 1 to 3 are Talbot
interferometers and configurations 4 to 9 are Talbot-Lau type interferometers. The grating pitches were chosen according to the optimization criteria
discussed in Sec. 4.7. The design energy, E = 28 keV, is the same for all configurations. The active area of all gratings is width × height = 20 × 60 mm2 .
The maximum field of view in the horizontal direction of the demonstrator
system is actually limited by the active area of the detector, which is 50 mm
(see Table 6.1).
The gratings are based on thin titanium substrates (thickness of 50 µm or
140 µm) and do not have a fixed curvature. They are rather flexible and
have to be mounted on supports of defined shapes (i.e., with defined radii).
Fig 6.7 shows a picture of the used supports for a G0 and a G2 grating,
respectively. G1 has a similar support as G2. With a radius of only 30 mm,
G0 has the most extreme curvature.
The entire system is based on the Qioptiq (earlier: Linos) X-95 rail system.
Source, detector and interferometer are independent components residing
on X-95 carriers. This enables the independent movement of these components along the dimension of the main rail. Further details about the
alignment of the grating interferometer will be discussed in Sec. 6.3.3.
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Type

Period

Height

Material

G0
G0
G1
G1
G2
G2

2.4 µm
4.12 µm
2.4 µm
4.12 µm
2.4 µm
4.12 µm

50 µm
70 µm
9.8 µm
9.8 µm
50 µm
70 µm

Au
Au
Ni
Ni
Au
Au

(a)

Gratings
p1 = 4.12 µm
p2 = 2.4 µm
p0
p1
p2
p0
p1
p2

= 2.4 µm
= 2.4 µm
= 2.4 µm
= 4.12 µm
= 4.12 µm
= 4.12 µm

Config.
1
2
3
4
5
6
7
8
9

s
0.326 m
0.393 m
1.181 m
0.066 m
0.196 m
0.324 m
0.192 m
0.574 m
0.958 m

d
0.046 m
0.056 m
0.167 m
0.033 m
0.098 m
0.162 m
0.096 m
0.287 m
0.479 m

m
0.83
1
3
1
3
5
1
3
5

(b)

Table 6.2: (a) Available gratings for the different configurations. (b) Possible configurations with the corresponding source-to-G2 (or G0-to-G2) distances, inter-grating
distances (G1-to-G2) and the Talbot order. The design energy for configurations is
fixed at E = 28 keV. Configurations 1 to 3 are of Talbot type, configurations 4 to 9
of Talbot-Lau type.

(a)

(b)

Figure 6.7: (a) Source grating with support. The radius of curvature is 30 mm,
enabling a close position to the source. (b) Support for a G2 grating. The curvature
is much smaller than for G0.

both G0 and G2.

6.3.2

Controls and Software

The software for controlling the imaging experiment mainly consists of four
parts: camera control, motor control, scan routines and reconstruction. A
Windows machine (Windows XP) is used for the camera control and a
Linux computer (Scientific Linux 5) for motor control, scan routines and
reconstruction. The communication between the two machines works with
a socket server that is running on the windows machine. It accepts the Linux
client, waits for a request from the client (e.g. exposures, parameter settings,
etc.), triggers the camera and sends a feedback to the client when it finished.
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The camera server is implemented in C++ and uses the PI PVCAM library
(v2.7.1) to access the camera functions.
Since the system is installed in a laboratory inside the Swiss Light Source
(SLS) synchrotron, the controls of the motors is based on the EPICS system,
which is the standard controls system at SLS. EPICS is highly scalable for
motor controls at large scale facilities and based on the TCP/IP protocol.
The EPICS crate (computer) is the core of EPICS and represents the interface
between the motor drivers and the client. The epics crate receives generic
motor commands over the network and routes them directly to the specific
motor driver that finally drives the actuator. No introduction or further
details about the EPICS system is given here, as this goes beyond the scope
of this documentation. EPICS commands can either be directly issued by a
Linux command line from a host computer where the EPICS client software
is installed, or by using custom programs which have access to an EPICS
library. For the demonstrator, the EPICS library for Python is used. Python
code has a fairly simple syntax and also allows for an easy implementation
of customized control routines for the motors in the system.
Scan routines are also implemented in Python. The standard routines are
visibility scan, radiographic scan or tomographic scan, whereas adding custom scan functions is fairly simple. In a visibility scan, the start and end
position of the piezo, the number of steps and the exposure time can be
specified. In a radiographic scan, the sample in and out position can additionally be specified for the automatic flat field acquisition. A tomographic
scan allows specifying a large set of parameters. Apart from the parameters
used for the radiographic scan, it allows the user to set the number of projections, the projection angle range (180◦ or 360◦ ), the number of flats to be
acquired before, during and after the scan, the number of dark images (acquisition without beam) and the pixel binning value. In addition, a restart
flag can be set if the scan was interrupted and had to be restarted from a
given projection angle.
Postprocessing and reconstruction routines are implemented in MATLAB.
First, the radiographic projection images (absorption, DPC, dark field) are
calculated by using Eqs. (3.5a) to (3.5c) and stored as 32-bit images. For the
tomographic reconstruction, the ASTRA toolbox is used, which implements
filtered back projection algorithms on GPUs for fan-beam and cone-beam
geometries and provides interfaces to MATLAB [83].

6.3.3

Grating alignment

For the fine alignment of the gratings, several manual and motor-controlled
high precision positioners are used. Using the coordinate system of Fig. 3.1,
G0 can be aligned manually around the x- and z-axis (rotation) and motorized along the x-axis (translation). The rotation around the x-axis enables the
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control of the tilt angle of the grating plane with respect to the image plane.
More importantly, the z-axis rotation is used to align the grating lines of G0
with the grating lines of G1 and G2. In practice, it was found that a good
method is to start aligning G0 and then align G1 and G2 to G0. G0 usually
contains secondary structures which are magnified and visible on the detector. These structures are in principle undesired, as they represent defects
and reduce the performance. On the other hand, they often occur along the
grating lines and can thus be used for the alignment of G0. The translation
of G0 along the x-axis is used to align the grating along the concentric arc
defined by the focal spot as the origin and the source-to-G0 distance as the
radius.
G1 is mounted on a Huber Goniometer, which is equipped with Faulhaber
PreciStep stepper motors. This allows a motorized alignment in two translation directions (x- and z-axis) and two rotation directions (around the xand z-axis). Similar to G0, the x-translation is used to center the grating
with respect to the focal spot. The motorized translation along the z-axis is
very important to achieve a precise relative positioning of the three (or two)
gratings, where these relative positions are defined by the designed geometry. A misalignment of the z-position of G1 from its nominal value generates
moiré fringes on the detector, which are oriented along the grating lines. For
a given displacement ∆zG1 from the nominal value l, the period of the moiré
fringes is
l + |∆zG1 |
pm,v = p2
.
(6.5)
|∆zG1 |
The subscript “v” stands for vertical, since the orientation of those fringes is
usually along the vertical axis (y-axis). For ∆zG1 = 0, the period is infinitely
long which essentially means that no moiré fringes are visible. The number
of moiré fringes that appear for a given detector width Xdet is given by
nm,v =

Xdet
Xdet |∆zG1 |
=
.
pm,v
p2 l + |∆zG1 |

(6.6)

This equation can be used to estimate the required resolution for the translation of G1. If the minimum requirement is to have less than one moiré
fringe or nm,v < 1, the required resolution in z-direction is

|∆zG1 | <

l
Xdet
p2

−1

.

(6.7)

For typical values of Xdet , l and p2 in the order of 10−2 m, 10−1 m and 10−6 m,
respectively, the required precision is in the order of ∆zG1 ∼ 10−5 m. For a
reliable fringe removal, a resolution in the micrometer range is therefore
recommended. The Huber goniometers with the Faulhaber stepper motors
provide a resolution of approximately 0.1 µm.
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Any misalignment in the rotation of G1 around the x-axis results in a yposition dependent displacement in z-direction. If it is assumed that G0
and G2 are aligned, the rotation of G1 by an angle α x,G1 around the x-axis
(with rotation origin at y = 0) leads to a displacement in z-direction given
by
∆zG1 (y) = α x,G1 · y.
(6.8)
The required resolution for the alignment around this rotation axis can be
calculated by using Eq. (6.7), yielding
α x,G1 <

2
YG1

l
Xdet
p2

−1

,

(6.9)

where YG1 is the dimension of G1 in y-direction. For YG1 in the order of
10−2 m, the required resolution of this axis is α x,G1 ∼ 10−3 rad. The Huber
goniometers allow resolutions down to approximately 1.5 µrad
The alignment of the rotation of G1 around the z-axis is very important. A
relative rotation of G1 with respect to G0 and G2 introduces moiré fringes
in orthogonal direction to the grating lines. The period of the moiré fringes
is given by
p2
pm,h =
.
(6.10)
2 |αz,G1 |
Again, the subscript “h” stands for horizontal, since these fringes are typically oriented in the horizontal direction (x-axis). The number of moiré
fringes for a given grating dimension YG1 is therefore
nm,h =

YG1
2 |αz,G1 |
= YG1
pm,h
p2

(6.11)

The required resolution for the rotation of G1 around the z-axis can be calculated by using the condition nm,h < 1 and results in

|αz,G1 | <

p2
.
2YG1

(6.12)

For p2 ∼ 10−6 m and YG1 ∼ 10−2 m, the required resolution is in the order
of αz,G1 ∼ 10−4 rad. Again, the goniometer resolution is high enough for an
efficient removal of the horizontal moiré fringes.
For the analyzer grating (G2), a rotation around the y-axis is the only degree
of freedom for the alignment. It can, similar to the translation in x-direction,
be used to align G2 with respect to the focal spot of the source. Furthermore,
G2 is the grating used for the phase-stepping scan and thus, it is attached
to a piezo motor (Physik Instrumente, PI 621.1), which allows a translation
along the x-axis with extremely high resolution and repeatability (∼ 2 nm).
It has only a short travelling range of 100 µm and thus cannot be used for
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alignment purposes. The phase-stepping scan is highly sensitive to mechanical instabilities as for instance vibrations, and therefore, the aim was to
minimize the amount of actuators for G2.
The last element of the experimental arrangement is the sample stage. It
consists of two translation stages and one rotation stage, which are assembled to one stage, enabling a motorized translation in the x- and y-direction
for the sample positioning and a rotation around the y-axis for tomographic
imaging. The entire stage is mounted on an X-95 carrier, which is on an X-95
rail placed next to the main rail and can therefore be moved manually along
the z-axis.

6.3.4

Alignment protocol for tomographic scans

The alignment of the experimental arrangement for tomographic scans requires several steps. Due to the cone-beam geometry, the alignment is not
trivial. A precise alignment of all elements in the order of micro meters is
necessary to exploit the high resolution capabilities of the imaging system.
A misalignment will cause reconstruction artifacts as for instance ring artifacts or blur and thus reduce the image quality. Corrections by software
would be possible, but are not desired, as they require interpolation steps
which may be further sources of errors. The following alignment protocol
has been empirically established and can be used as a possible guide for a
proper alignment.
1. Coarse alignment of source and detector
(a) The first step is the alignment of the beam height. For the arrangement used here, the beam height has initially been set to
y = 260 mm. Using an alignment laser calibrated to this height,
the source is positioned at the defined height. The reference point
(y = 0) is the surface of optical table and the position of the focal
spot inside the tube is usually specified in the source manual.
(b) A rough alignment of the detector can be done by using a water scale. The detector plane should then be perpendicular to the
plane defined by optical table. If the detector is fixed on a support with mechanical precision in the order of sub-millimeters, an
alignment of the rotation angle around the y-axis is usually not
necessary.
2. Rotation axis alignment using a thin wire
(a) By using a thin wire as a sample, the wire tip can be used as a
fixed point in space which can be identified on a projection image
for all rotation angles of the rotation stage. At a rotation angle of
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90◦ and 270◦ (see sketch in Fig. 6.8), the tip should be as close as
possible to the border of the field of view.
(b) The quasi rotation center c̃x is determined by matching the x-axis
position of the wire tip at the 90◦ and 270◦ rotation angles. The rotation axis itself can be used to find this position. Quasi means, that
the connecting line of these points might still not be rectangular to
the detector plane. The correct center will be determined later.
(c) The midplane cy is determined by matching the y-axis position
of the wire tip at the 90◦ and 270◦ rotation angles. The translation
of the sample stage in y-axis direction can be used to find this
position. The wire point now lies in the midplane.
(d) The detector rotation around the z-axis must be adjusted by matching the y-position of the wire tip at the 0◦ and 180◦ rotation angles.
(e) The quasi rotation center c̃x might now have changed. Therefore
repeat (b) to find the updated c̃x .
(f) The definite rotation center cx is found by measuring the x-positions
of the wire tip at the 0◦ and 180◦ rotation angles. If the mean value
of these two positions, given by m x , matches with the quasi rotation center c̃x , everything is done. If it does not match, the optical
axis is still not perpendicular to the detector plane. In this case,
the wire tip should be moved to m x by using the sample stage
translation along the x-axis.
(g) Repeat step (b) and (f) until cx converges. If the components have
been previously aligned with laser and water scale, the number of
iterations is usually at most 3.
(h) Move the wire point to the 90◦ position. It should now lie exactly in
the origin of the image plane. The corresponding pixel coordinates
on the detector plane can be used as input for the tomographic
reconstruction.

6.3.5

Drift and acquisition protocol

This section addresses an experimental issue which causes severe problems
if it is not handled correctly. In order to operate the grating interferometer
over a longer time scale, for instance for tomographic scans, a high mechanical stability is necessary. Any drift of the source position or the grating
positions alters the reference phase map (flat image) and causes errors in
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Figure 6.8: Sketch for the alignment procedure.

the flat field correction of the DPC images. Even for a mechanically stable
arrangement, drift may become an issue, for instance due to thermal instabilities. Since the sensitivity of drift-errors is higher for smaller grating pitches,
the stability requirement is even more critical for compact geometries.
There are mainly two types of drift, linear and rotational. For small drifts
(i.e., well below a period of the drifting grating), linear drifts cause a constant offset in the flat field corrected DPC image, whereas rotational drifts
cause a gradient. Using the a-priori knowledge that the phase must be zero
for background pixels (no object), a linear 2D fit from these pixels can be
calculated and subtracted from the DPC projections.
If drift becomes severe (larger than a period of the drifting grating), the assumptions for the first order corrections are invalid, the flat field correction
fails and image artifacts will appear. In this case, acquiring flat field images
between the object projections of the tomographic scan is a robust method.
In practice, one or multiple flat field images are acquired before and after
a fixed number of object projections. Projections which have been taken in
between two flat fields can then be corrected by using an interpolated phase
map calculated from these flat fields. The acquisition protocol for such a
drift correcting scan is illustrated in Fig. 6.9.

6.3.6

Sensitivity measurements

This section is a reprinted section of the publication: T. Thüring, S. Hämmerle, S. Weiss, J. Nüesch, J. Meiser, J. Mohr, C. David, and M. Stampanoni,
in Proceedings of SPIE, 866813 (2013).
The smallest detectable refraction angle, or the sensitivity, has been introduced in Sec. 4.6 and is given by
√
p2
2χdet
√ ,
αmin ≡ σα =
(6.13)
2πd V N
where V is the fringe visibility, N the detector counts in analog-to-digital
units (ADU) and χdet is a detector specific parameter, specifying the number
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flat 1
projection 1
projection 2

projSkip

projection 3

...

Flats (Nf+1)

flat 2
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...
projection Np
flat Nf+1
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Figure 6.9: Acquisition protocol for drift corrected scans. The projections are interrupted by flat field acquisitions, which can later be used for the calculation of a flat
image for each projection by interpolation. The parameter projSkip defines how
many projections are acquired between two flat field acquisitions.

of ADUs per incoming photon. In practice,
where projections are usually
√
flat field corrected, σα multiplied by 2.
Sensitivity measurements were performed with the demonstrator for a Talbot type (configuration 1 in Table 6.2b) and Talbot-Lau type (configuration 5)
interferometer, respectively. Since these two types have a completely different spectral acceptance, sensitivity was measured at different voltage values
of the X-ray source (40 to 60 kV). Since the Talbot interferometer relies on
spatially coherent X-rays, the power of the X-ray tube was set to the minimum (4 W), such that the focal spot is small (ws ≈ 5 µm). On the other hand,
for the Talbot-Lau interferometer, the tube current was set to the maximum
(I = 200 µA) to maximize the beam intensity. The expected focal spot size
of the source for this setting is ws ≈ 10 µm.
100 phase-stepping scans using 16 steps and 8 s exposure time per step were
acquired. Each time before and after ten phase-stepping scans, a flat field
scan has been taken, resulting in a total of 11 flat fields. The phase-stepping
scans have then been corrected with the flat fields by using phase map
interpolation (see previous section). From the resulting DPC projections,
the standard deviation of the differential phase signal, σϕ , was calculated
over a small region of interest. The sensitivity was then calculated by using
p2
αmin = 2πd
σϕ .
Figure 6.10 shows the visibility and the sensitivity as a function of tube
voltage for the Talbot and the Talbot-Lau interferometer. In addition to the
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sensitivity measurements (plotted with solid lines), the sensitivity was evaluated by using Eq. (6.13) (dashed lines). The noise parameter of the detector
was measured as χdet,T = 7.1 and χdet,TL = 8.9 for the Talbot (T) and the
Talbot-Lau (TL) interferometer, respectively, and the visibility V was taken
from Figure 6.10a (measured). Both interferometers show a different behavior when changing the voltage, which is mainly related to the different
acceptances of the spectral bandwidth. While the Talbot interferometer accepts a bandwidth from roughly 15 to 80 keV, the Talbot-Lau type accepts
energies only between 21 and 42 keV. This is mainly due to the different
Talbot orders of the two systems (see Sec. 4.3), which are 0.83 and 3 for the
Talbot and the Talbot-Lau type, respectively. According to Figure 6.10b, the
Talbot-Lau interferometer performs clearly better than the Talbot interferometer in the given voltage range and for otherwise identical scan parameters.
It is important to emphasize that the sensitivity is exposure time dependent.
√
A longer exposure time would further decrease αmin proportional to 1/ t
[92].
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Figure 6.10: a) Visibility and b) sensitivity evaluation of the Talbot and the TalbotLau interferometer. For the Talbot interferometer, αmin is decreased for higher voltages, which is due to the high spectral acceptance. The optimum is expected to be
at even higher voltages. For the Talbot-Lau interferometer, the sensitivity seems to
be almost independent on the tube voltage. Any increase of the voltage reduces the
visibility but increases the beam intensity. Still, an optimum is observed at 45 kV.
The dashed lines in b) show the analytical sensitivity as obtained from Eq. (6.13).

6.3.7

Imaging

In this section, a few selected imaging results are presented which have been
acquired with the demonstrator. All of the following examples have been
acquired with a Talbot-Lau interferometer (configuration 5 in Table 6.2).
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Fig. 6.11 shows the scan of a PMMA phantom. The scan parameters are
1000 projections, 8 phase steps and 5 seconds exposure time per step. The
effective pixel size is approximately 28 µm. The sample contains hollows,
whereas most of the hollows are filled with water and only a few are empty.
In the absorption image, only hollows that are not filled with water are
visible. This is due to the small difference in the absorption coefficient (or β)
between water and PMMA. On the other hand, in the phase image, which
displays the refractive index decrement δ, the difference between water and
PMMA is clearly visible. At 28 keV, the values for β and δ are β water =
0.149 · 10−9 , δwater = 0.294 · 10−6 , β PMMA = 0.138 · 10−9 , δPMMA = 0.337 · 10−6 .
This results in a relative difference of (0.149 − 0.138)/0.149 = 0.074 for β and
(0.337 − 0.294)/0.294 = 0.146 for δ, which explains the enhanced contrast.

AC

PC

(a)

(b)

Figure 6.11: Tomographic scans of a phantom in a) absorption (AC) and b) phase
(PC). The background is PMMA, and the circular shapes are hollow rods, which
are filled with water. Four rods are not filled with water, which can be identified in
the absorption image. In the phase image, the water can clearly be distinguished
from PMMA, whereas the contrast is too low in absorption.

Fig. 6.12 shows a scan of a bacon with rind. Both, absorption and phase,
reveal the small structure of the soft tissue. However, the rind is completely
invisible in absorption and the contrast is significantly enhanced in phase.
The reason for this are again different relative values of β and δ between the
rind tissue and the surrounding water. Furthermore, the reduced noise in
phase compared to absorption suggests an overall increase of the CNR and
thus better detectability of fine structures (see zoom region).
Fig. 6.13 is a tomographic scan of a rat brain, which was fixed in paraffin.
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AC

PC

Figure 6.12: Tomographic scans of a bacon in absorption (AC) and phase (PC). The
tissue at the lower left part of the sample is the rind, which shows very strong
contrast in phase compared to absorption, where it is invisible. The zoomed image
on the right show that the fine structures in the soft tissue can better be resolved in
phase, which is due to the higher CNR.
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Transverse, coronal and sagittal slices are displayed in absorption and phase
contrast. In principle, almost all structures are visible in both, absorption
and phase images. However, the phase image reveals more details due to
the significantly increased CNR.

6.4

Design and development of a prototype micro
PCT scanner

6.4.1

Interferometer design

In collaboration with SCANCO Medical AG, Switzerland, we have developed a prototype phase-contrast scanner based on the theoretical and experimental results from the previous sections. The prototype scanner is a
modification of an existing SCANCO micro CT 100 specimen scanner. The
relevant parameters of this scanner in its original state are listed in the table
of Fig. 6.14. Other than the demonstrator, which was designed to be highly
flexible for mounting various geometries, interferometer types and detectors,
the prototype scanner has strict constraints on those parameters. The geometric constraint is basically given by the source-to-detector distance, which
is 340 mm. For the interferometer type, a Talbot configuration was chosen
(configuration 1 in Table. 6.2), which is feasible due to the high spatial coherence of the beam provided by the source (same source as demonstrator).
The Talbot interferometer is mechanically simpler than the Talbot-Lau interferometer, as it avoids a third grating and thus provides more space for the
sample and does not requires an alignment of a source grating.
All design parameters of the grating interferometer for the prototype scanner are listed in Table 6.3. Fig. 6.15 shows a technical drawing and a picture
of the scanner housing and Fig. 6.16 shows a picture of the interferometer.

6.4.2

High resolution and large field of view

By moving the object along the beam axis, the resolution can be adjusted
through geometric magnification. For a maximum magnification of 5×, the
smallest achievable effective voxel size is 10 µm. The real resolution depends
on the MTF of the camera and should be around 20 µm. It is also important
to keep in mind that the sensitivity is reduced linearly with an increasing
object-to-G1 distance.
The field of view is limited by the horizontal dimension of the analyzer
grating, which is 60 mm. The field of view can be increased by a factor of
approximately two by placing the tomography axis (rotation axis) off-center.
This illuminates the object by only half of its width and thus requires a
tomographic scan over 360◦ to acquire the entire object. The grating interferometer must be tilted and also positioned off-center to be compatible with
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AC

PC

Figure 6.13: Tomographic scans of a rat brain in absorption (AC) and phase (PC)
contrast. The sample was fixed in paraffin. The phase clearly reveals more details
due to the enhanced CNR compared to absorption.
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System parameters
Peak energy
Max. scan size
Max. specimen size
Best resolution (nominal)
Best resolution (10% MTF)
Detector

30–90 kVp
100 × 140 mm (∅ × L)
100 × 160 mm (∅ × L)
1.25 µm
< 4 µm
3072 × 400 elements,
48 µm pitch

Figure 6.14: SCANCO µCT 100 scanner, which is the target device for the micro
PCT prototype.
Table 6.3: Design parameters for the prototype phase-contrast micro CT scanner

Tube voltage, energy
Tube output power
Focal spot size
Source-to-detector distance
Pixel size
Magnification (geometric)
Max. resolution (pixel)
Max. field of view
Interferometer type
Design energy
p1
p2
Source-to-G1 (l)
Source-to-G2 (s)
Talbot order

40–70 kV
4W
5 µm
340 mm
48 µm
1–5×
∼10 µm
50 mm
Talbot
28 keV
4.12 µm
2.4 µm
280 mm
326 mm
0.83

such an arrangement (see Fig. 6.17). The increased field of view comes at the
expense of a slightly more complicated tomographic reconstruction, which
is going to be discussed in the next section.

6.4.3

Data acquisition and reconstruction

Since the phase-contrast scanner is based on a commercial micro CT scanner, hardware and software such as tube control, motorized sample stage,
radiation protection, acquisition software and reconstruction software were
already fully available. Data acquisition had to be adapted to implement
the phase-stepping protocol and the reconstruction software had to be up98
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(a)

(b)

Figure 6.15: (a) Drawing and (b) picture of the housing of the micro PCT scanner.

(a)

(b)

Figure 6.16: (a) Drawing of the source and detector system (blue) and the interferometer (red). (b) Picture showing the front view (towards G2) of the interferometer
built into the micro PCT scanner.

graded by the tomographic filter required for DPC data.
Due to the off-center placement of the grating interferometer, as described
in the last section, tomographic acquisition involves a 360◦ scan, where the
object is only illuminated by half of the beam (see Fig. 6.17). The output of
such a scan is a sinogram ranging from 0◦ to 360◦ , where each line contains
only half of the object. In order to reconstruct such a sinogram using the
filtered back projection algorithm, the data must be preprocessed. First of
all, a fan-beam-to-parallel-beam rebinning is necessary (see Sec. 3.5.1) to
obtain parallel beam data. If the rotation center is not the outermost pixel,
the sinogram must be cropped. Projections with a projection angle Φ >
180◦ must then be flipped and attached to the projections with Φ ≤ 180◦ .
For the DPC sinogram, the flipped projections must in addition be negated.
Standard filtered back projection can then be applied to the data. Fig. 6.18
schematically illustrates this procedure.
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Detector

Detector

source

source

Figure 6.17: The interferometer in the prototype scanner is placed off-center. This
enables to increase the field of view by a factor of approximately two.

6.4.4

Imaging

This section presents a few imaging examples, which have been acquired
with the SCANCO prototype scanner. As a general remark, the number
of projections for all scans was 1000, the number of phase steps 8 and the
exposure was 6 seconds per step, resulting in a total exposure time of 6 s ×
8 × 1000 = 13.3 h. The measured visibility was approximately 20%.
The first example is a phantom, which consists of water, polymethylmetharcylate (PMMA) polyoxymethylene (POM) and Teflon (PTFE). Fig. 6.19 shows
a slice from a tomographic reconstruction. PMMA versus water has vanishing contrast in absorption, whereas the contrast is much stronger in phase.
The other two materials are visible in the absorption image, but have a
smaller CNR than in the phase image.
The second example is a piece of bacon, which is cured meat from the pig
and is basically the same type of sample as the one in Fig. 6.12. Fig. 6.20
shows the tomographic slices in all three contrasts. The skin tissue or the
rind shows up very clearly in the phase image. The contrast is strongly enhanced for this type of tissue by using phase-contrast imaging. However,
no contrast was observed in the dark-field image. For a more fair comparison of absorption and phase-contrast image, the sample has been scanned
without any gratings, by using the same scan parameters (lower right image
in Fig. 6.20). Compared to the absorption image acquired with the grating
interferometer, noise is clearly reduced, which is due to the post sample attenuation of X-rays with the grating interferometer. However, the rind of the
sample is still not visible, indicating that the CNR ratio is still much higher
in the phase image.
The last image, displayed in Fig. 6.21 shows the absorption and phase image of a transverse, coronal and sagittal plane through the knee-joint of
a rabbit. Strong contrast enhancement can be observed for the meniscus,
which shows up in the typical half moon shape in all three slices. In general, soft tissue contrast in the phase is increased compared to absorption
(see arrows). The contrast of the bone structure is stronger in the absorption
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Figure 6.18: Preprocessing of the sinogram for a tomographic acquisition with offcentered grating interferometer (see Fig. 6.17). 1. Tomographic acquisition over
360◦ , resulting in a fan-beam sinogram. The rotation center is marked with the
dashed line. 2. Fan-beam-to-parallel-beam rebinning. 3. Cropping the projections,
such that the rotation center lies at the outermost pixel. 4. The projections with a
projection angle Φ > 180◦ are flipped (and negated for DPC projections). The two
parts are merged together and form a parallel beam sinogram. 6. Image reconstruction using standard filtered back projection.

image, whereas the contrast of small structures in the joint space is similar
for both images. Again, the same scan has been acquired without grating
interferometer, and the absorption image is displayed in Fig. 6.22. While
noise is clearly reduced in this image (e.g. no ring artifacts), the CNR of soft
tissue remains lower compared to the phase-contrast image.
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Figure 6.19: Tomographic scan of a phantom image in absorption (AC), phase (PC)
and dark-field (DC) contrast and a line profile of the absorption and the phase image along the dashed line. The materials of the phantom are PMMA (round), POM
(rectangular) and PTFE (small). All three materials show better contrast versus water in phase, where PMMA is completely invisible in absorption. The line profile is
normalized to water.
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Figure 6.20: Tomographic scan of a bacon with rind in absorption (AC), phase (PC)
and dark-field (DC) contrast. The bright stripe on the left side of the phase image
shows the rind, which has significantly enhanced contrast in phase, as in absorption
it is virtually invisible. The bottom right image is the absorption image of the
same sample, measured with the same scan parameters but without the grating
interferometer. Since there are no gratings which attenuate the beam downstream of
the sample, noise is lower than for the absorption image acquired with the grating
interferometer. The rind seems to slightly appear in this image, although the CNR
is clearly lower than in the phase image.
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AC

PC

meniscus

meniscus
Figure 6.21: Tomographic scans of a rabbit joint in absorption (AC) and phase contrast (PC). The arrows point on locations where the phase image shows enhanced
contrast compared to the absorption image.
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AC

Figure 6.22: Tomographic scans of the rabbit joint in absorption contrast (AC), acquired with a standard micro CT without grating interferometer and by using the
identical dose as for the scan in Fig. 6.21
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Introduction

This chapter introduces further techniques to optimize the acquisition phasecontrast images with a grating interferometer. The first section focuses on
the detector side, where the newest technology of highly efficient single photon counting detectors is exploited to optimize photon statistics and spectral
response. The second section addresses the source, where spatial coherence
and flux are the relevant parameters determining the SNR in phase-contrast
images. Both projects involved collaborations with groups which are recognized experts in their fields.
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7.2

Energy resolved X-ray grating interferometry

This section is a reprinted publication: T. Thuering, W. C. Barber, Y. Seo,
F. Alhassen, J. S. Iwanczyk and M. Stampanoni, Applied Physics Letters 102,
191113 (2013)

7.2.1

Abstract

Although compatible with polychromatic radiation, the sensitivity in X-ray
phase-contrast imaging with a grating interferometer is strongly dependent
on the X-ray spectrum. We used an energy resolving detector to quantitatively investigate the dependency of the noise from the spectral bandwidth
and to consequently optimize the system - by selecting the best energy band
matching the experimental conditions - with respect to sensitivity maximization and, eventually, dose. Further, since theoretical calculations of the spectrum are usually limited due to non-ideal conditions, an energy resolving
detector accurately quantifies the spectral changes induced by the interferometer including flux reduction and beam hardening.

7.2.2

Introduction

Exploiting X-ray phase or scattering instead of conventional absorption based
imaging can yield complementary information or enhanced image contrast
[60, 66]. Using a grating interferometer (GI), this has been demonstrated
for a variety of applications, as for instance in biomedical imaging or materials science [61, 60, 99]. The possibility of using grating interferometry
on conventional X-ray sources [11, 65] opened the path towards mainstream
applications on table top scanners [100, 53]. However, the performance of
the GI using conventional X-ray sources is limited due to the polychromatic
radiation. The sensitivity of the GI in polychromatic mode is still not very
well understood, neither analytically nor experimentally. Here, the effects
of the gratings to the X-ray spectrum from a tungsten tube as well as the
dependency of the sensitivity of the GI from the spectrum is experimentally investigated by using an energy resolving detector. In addition, the
optimization of the sensitivity for grating based differential phase-contrast
(DPC) imaging by using a selective spectral bandwidth limitation is demonstrated.

7.2.3

Energy resolved detection

Energy resolved detection implies an energy dependent selection of the Xrays, also referred to as energy binning. Single photon counting detectors
with selective energy thresholding provide this feature by counting a photon if its energy is higher or equal than the selected threshold value. By acquiring data with multiple thresholds in parallel or by performing multiple
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acquisitions with different thresholds (threshold sweep), the number of photons as a function of the threshold value can be measured in each pixel. By
calculating the derivative of this function with respect to the threshold value
yields the number of photons per energy bin, whereas the bin size is given
by the difference of two consecutive threshold values. This allows measurements of the X-ray spectrum or a retrieval of radiographic and tomographic
X-ray images in each energy bin separately (energy resolved imaging).
Standard for today’s single photon counting imaging detectors are silicon
sensors for the direct conversion of X-rays into an electrical signal. However,
at energies above approx. 20 keV, which is typical for grating interferometry,
the efficiency of such sensors decays dramatically. For the herein presented
experiments, a custom cadmium telluride (CdTe) based solid state imaging
array was used with a nearly ideal efficiency for X-ray energies of up to
80 keV. The array has four rows of 64 pixels with a 1.1 mm pitch formed by
depositing a pixelated metalized anode pattern on one side of 1 mm thick
CdTe single crystals [101]. A continuous metal cathode is deposited on the
other side of the crystals and a −500 V bias voltage is applied. The pixels
are connected to the inputs of eight 32 channel low noise application specific integrated circuits (ASICs) optimized for high flux energy dispersive
X-ray single photon counting. Each parallel channel contains a fast peaking
and shaping stage which is connected to four parallel threshold discriminators. A digital counter iterates up by one for each pulse above an individual threshold setting. Data can be acquired in frames as short as 1 ms and
the parallel architecture of the ASIC allows a full 1000 frames per second
readout. The count rate response is linear to 400 kcps per pixel and has a
maximum of 1 Mcps. With a pixel size of 1.1 mm, the detector as such is
not compatible with microscopic imaging applications, but would have a
great potential for medical imaging as for instance CT. The purpose of our
experiment is to highlight the potential impact of such a detector for energy
resolved phase-contrast imaging with a GI.

7.2.4

Measurements and results

A symmetric Talbot-Lau type interferometer, consisting of a source grating
(G0), a beam splitter (G1) and an analyzer grating (G2), has been set up
for this experiment. The grating periods are p0 = p1 = p2 = 2.4 µm and
the grating distances, G0-to-G1 and G1-to-G2, are both 100 mm. The X-ray
source is a microfocus tube with a tungsten target, operating at a voltage of
50 kV and a current of 50 µA. G0 is an absorption grating of gold lines generating a periodic structure of transmitting and opaque lines. Each individual
transmitting slit of G0 forms an X-ray source providing enough spatial coherence required to generate interference [11]. The interference pattern itself
is generated by G1, which is a phase grating with Nickel lines, periodically
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shifting the phase by zero and π at the design energy Ed = 28 keV. At the
position of G2, the intensity of the interference pattern is approximately a
sine of period p2 . G2 is an absorption grating with gold lines, similar as G0,
however it is used to detect transverse shifts in the intensity pattern caused
by the sample. All gratings are fabricated on titanium substrates with a
thickness of 50 µm for G0 and G1 and 140 µm for G2. Due to the compact
design, the gratings are curved to maintain a large field of view [100].
Energy resolving detectors allow the assessment of the X-ray spectrum impinging on the detector, which is essential to analyze the performance of
the GI. Gratings and substrates attenuate the beam and alter the shape of
the spectrum. Fig. 7.1 shows a measurement of the beam spectrum at the
detector for different grating configurations. The data was acquired by using a threshold sweep scan with an exposure time of 5 seconds per sweep
step. The highest loss of photons occurs after inserting G0. Inserting G1 has
no strong effect, since the Nickel lines are highly transparent and most of
the photons, especially at low energies, have already been filtered out by G0.
G2 again attenuates a larger fraction, which is due to the thicker substrate
and the high absorbing gold structures. In addition to the spectra, Fig. 7.1b
shows the energy resolved transmission of the X-rays, indicating a maximum attenuation of photons at around 18 keV. The transmission through
all gratings, which is given by the ratio of the integrals of the spectra, is
26 %. This would correspond to an increase in scan time by a factor of 3.7
compared to standard absorption imaging without any gratings. Another
important factor which can be extracted from these data is the intrinsic in(a)

(b)

Figure 7.1: a) Measured energy spectra for different configurations of the GI, acquired by using a threshold sweep scan with an exposure time of 5 seconds per
sweep step. The mean energies are marked with the vertical lines. b) Energy resolved X-ray transmission through all gratings (solid line) and through G1 and G2
only (dashed line). For both curves, the lowest transmission (highest absorption) is
at around 18 keV.
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crease of the required dose for an absorption image with the GI to achieve
the same SNR as with a standard absorption imaging setup without a GI.
The required increase of dose is a result of the post sample attenuation of the
X-rays which occurs because the object is normally placed in front of G1 and
G2. Fig. 7.1b shows the energy resolved X-ray transmission through G1 and
G2 only. The total transmission through
√ G1 and G2 is 47 %, which indicates
that a dose increase by a factor of 1/0.47 = 1.46 would be necessary for
the GI to obtain the same SNR as for an absorption image acquired without
the GI. This factor matches very well with theoretical predictions [102, 103].
The attenuation in the gratings and substrates further introduces some beam
hardening, changing the mean energy of the spectrum. In Fig. 7.1a, the mean
energies are indicated with the vertical lines for each spectrum. The maximum shift in energy from the setup without gratings to the setup with all
gratings is 4.2 keV. Since the GI is designed for a mean energy of 28 keV, any
change in the mean energy or in the width of the spectrum is affecting the
sensitivity of the GI through a change of the visibility. The visibility is defined as V = 2| a1 |/| a0 |, where a0 and a1 are the zeroth and first Fourier coefficients, respectively, of the phase-stepping curve [13]. Since phase-contrast
images are recorded through a measurement of the refraction angle, the
sensitivity of the GI is here defined as the noise standard deviation of the
refraction angle α, given by [90]
√
p2
2χdet
√ ,
σα =
(7.1)
2πd V N
where p2 is the pitch of G2, d is the distance between G1 and G2, V is the
visibility, N is the number of photons (or detected ADU number) and χdet
is a detector specific parameter, which relates the detected quanta and the
2 = χ N.
detector noise variance by σdet
det
Eq. 7.1 shows that the sensitivity of a phase-contrast image is strongly dependent on the visibility V. Therefore, the performance of a GI can be analyzed
by evaluating the visibility as a function of the (monochromatic) X-ray energy [55]. Fig. 7.2a shows such a curve for the experimental setup used here,
obtained by a computer simulation based on wave optics. The spectral acceptance, here defined as the energy bandwidth around the design energy and
limited by the zero crossings of the visibility, ranges from 21 to 42 keV. Using
an energy resolving detector, this curve can be determined experimentally.
A phase-stepping scan [13], combined with a threshold sweep over a range
between 10 and 50 keV, has been performed on the experimental setup, using an energy bin size of 3 keV (sliding window). Fig. 7.2b shows the result
of this scan. For a comparison, this curve has also been simulated for the
given source, grating and detector parameters (dashed line in figure). The
dominating peak of the visibility located at approx. 29 keV coincides very
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well with the design energy Ed = 28 of the interferometer. The error of approx. 1 keV is most likely due to a slight deviation of the structure height
of the phase grating from its nominal value. Further, the peak visibility in
the measurement is lower than the peak visibility of the simulation, which
is most likely due to non-ideal source and grating qualities. The lower and
upper side lobes of the visibility curve located between 18 and 21 keV and
between 40 and 50 keV, which are visible in the theoretical plot of Fig. 7.2a,
could not be resolved in the measurement. For the upper side lobe, this can
be explained by the reduced efficiency of the absorption gratings G0 and
G2, decreasing the visibility. For the lower side lobe, which has a width of
only 5 keV, it is most likely the limited energy resolution by the detector
which leads to a blurring of this side lobe, averaging out the visibility in this
region. At the very end of the high energy range (close to 50 keV), the measured visibility curve in Fig. 7.2b shows a tail of slightly increased visibility,
which occurs due to low counts in the bins (low flux and narrow bins). The
number of counts in such a bin is close to zero or may happen to be even
negative, which erroneously leads to an increased measured visibility.
(a)

(b)

Figure 7.2: (a) Theoretical visibility as a function of energy for a perfect GI with
ideal absorption gratings. (b) Measured (solid line) and simulated (dashed line)
visibility as a function of X-ray energy on the experimental interferometer. For
the simulation, an energy bandwidth of 3 keV (standard deviation) has been used,
which approximately corresponds to the energy resolution of the detector. The
dashed vertical lines indicate the bandwidth selections for the images in Fig. 7.3.

Once the spectral acceptance of a GI is known, an energy resolving detector offers the possibility to optimize the performance of the imaging system
by selecting a custom energy bandwidth. In particular for DPC images,
where the visibility and thus the SNR (Eq. (7.1)) is strongly dependent on
the energy, an appropriate bandwidth selection can significantly improve
the image quality. The effect of such an energy band selection in absorption
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and phase-contrast imaging is illustrated in Fig. 7.3. It shows a tomographic
slice of a phantom, reconstructed from 100 projections, in phase and absorption contrast. 8 phase steps were acquired with an exposure time of 2
seconds per step. The quantitative reconstruction shows the components of
the complex refractive index n = 1 − δ + iβ, where δ represents the phase
and β the attenuation contrast, respectively. The cylindrical PMMA phantom has a diameter of 30 mm and contains hollow rods (rod diameters from
0.7 - 1.2 mm), which are filled with water (marked with arrow). Although
the resolution is low, the rods can clearly be distinguished from water in
the phase image. Due to the nearly identical attenuation factors (β values)
of PMMA and water, the rods are invisible in the absorption images. Some
of the rods were not filled with water and appear as dark spots in the absorption and phase image (marked with arrow). The images illustrate the
dependency of the SNR on the selection of the energy band. In the absorption images (β values), the signal is proportional to 1/E4 and, therefore, a
significant decreased absorption signal (lower contrast versus surrounding
air) can be observed
in the higher energy windows. Since noise is propor√
tional to 1/ N and thus completely independent on the visibility, it does
not change significantly in the different windows. On the other hand, in the
phase image, where noise is predominantly determined by the visibility V
(see Eq. (7.1)), the SNR is strongly dependent on the selected energy window. Since the middle window has been chosen according to the spectral
acceptance of the GI, noise is minimized there. In the upper energy window,
the image is completely distorted by noise due to the low visibility.
According to Eq. (7.1), the sensitivity of phase-contrast images is mainly dependent on the visibility V and the number of photons N. In an imaging
experiment with a polychromatic spectrum, V and N are usually counteracting, in the sense that a high bandwidth normally yields high flux but
low visibility, whereas a narrow bandwidth increases the visibility but significantly reduces the flux. Therefore, there must be an optimum for the
spectral bandwidth, which is likely to be located around the design energy
of the GI and which minimizes the noise. In order to find this optimum,
the noise standard deviation of DPC images, σα , has been measured from
a set of DPC projections without an object for different bandwidths around
the design energy (28 keV). The result is displayed in Fig. 7.4 and indicates
that an appropriate bandwidth selection minimizes the noise. For the setup
in this experiment, highest performance (lowest noise) was obtained for a
bandwidth of 13 keV (spectrum between 22 and 35 keV).
This result contains important information for specific applications. For instance in applications where high flux is important, a high X-ray tube voltage combined with an optimized bandwidth selection would maximize the
sensitivity per time. As opposed to conventional filtering, a bandwidth selection with an energy resolving detector provides the great possibility to
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Figure 7.3: Tomographic slice of a phantom in phase and absorption contrast, reconstructed in different energy windows, which are also marked in Fig. 7.2b. The
phantom is made of PMMA and contains hollow rods filled with water. Some of
the rods were not filled with water and appear as dark spots in the slice (see arrows). The rods filled with water can be resolved in the phase-contrast image, but
not in the absorption, which is due to the low difference between the attenuation
coefficients of PMMA and water. The phase-contrast images in the first row show
the strong dependency of the SNR on the selection of the energy window. Each
window has a different mean visibility (see Fig. 7.2), which is the reason why the
phase image in the middle row (22 − 35 keV) has low noise while the images in
the left and right rows (10 − 22 keV and 40 − 50 keV, respectively) are strongly distorted by noise. This effect is not observable in the absorption images, as their noise
properties are independent on the visibility.

selectively remove parts of the spectrum, while desired parts are fully transmitted. On the other hand, for an application which requires low dose, the
optimization of the bandwidth could be used to determine the appropriate
filters.

7.2.5

Conclusions

In summary, the impact of energy resolved detection for phase-contrast
imaging with a GI has been demonstrated. The ideal efficiency of the sensor
and the adjustable energy thresholds are the key features to access full information about the X-ray spectrum in grating interferometry. X-ray spectra,
flux reduction or the intrinsic dose increase of the GI can be experimentally
quantified with high accuracy. Due to the strong dependency of the sensitivity of phase-contrast images on the X-ray spectrum, an appropriate bandwidth selection with an energy resolving detector can significantly improve
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Figure 7.4: Measured standard deviation of the refraction angle (σα ) as a function of
energy bandwidth around the design energy. The noise is minimized if the energy
bandwidth is 13 keV. The error bars indicate the uncertainty (standard deviation)
of σα

the sensitivity per time or provide the relevant information to minimize
dose.
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X-ray grating interferometry with a liquid-metaljet source

This section is a reprinted manuscript: T. Thuering, T. Zhou, U. Lundström,
A. Burvall, S. Rutishauser, C. David, H. M. Hertz and M. Stampanoni, Applied Physics Letters 103, 091105 (2013).

7.3.1

Abstract

A liquid-metal-jet X-ray tube is used in an X-ray phase-contrast microscope
based on a Talbot type grating interferometer. With a focal spot size in the
range of a few microns and a photon flux of ∼ 1012 photons/s · sr, the brightness of such a source is approximately one order of magnitude higher than
for a conventional microfocus source. For comparison, a standard microfocus source was used with the same grating interferometer, showing significantly increased visibility for the liquid-metal-jet arrangement. Together
with the increased flux this results in improved signal-to-noise ratio.
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7.3.2

Introduction

X-ray microscopic tomography or micro CT is nowadays a widely available
technique for non-destructive examination of small samples in 3D. Resolutions down to a few microns, or even in the sub-micrometer range, are possible due to microfocus X-ray sources. In addition to high resolution, X-ray
tubes with micrometer sized focal spots provide an X-ray beam of high spatial coherence, extending the range of applicable imaging techniques. High
spatial coherence is required by most of the X-ray phase-contrast methods,
with propagation-based phase-contrast imaging as a prominent example [6].
Recent advances in X-ray phase-contrast imaging have demonstrated the
use of a grating interferometer for simultaneous acquisition of absorption,
phase [9, 10] and dark-field [66] images. It has successfully been applied
with low-brilliance X-ray tubes [11] and by using microfocus sources with a
long interferometer arrangement [65] as well as in a compact arrangement
with typical micro CT settings [100].
The small focal-spot size of microfocus sources, enabling high-resolution
imaging, comes at the cost of a low output power and thus a low photon flux.
The fundamental limitation of the flux in X-ray tubes is the maximum power
load (power per target area) of the target. Since 99% of the kinetic energy of
the electrons reaching the target is converted to heat, the maximum power
load is determined by the maximum heat load, which is in turn limited
by the melting point and the heat conductivity of the target material. The
maximum output power of current microfocus sources with standard target
materials (W, Mo) is typically 0.4 − 0.8 W per micrometer diameter of the
focal spot [104]. The flux at this power level is normally on the order of
1011 photons/s · sr.
A newly developed X-ray tube based on a liquid-metal-jet anode is very
promising as it overcomes this fundamental limit and provides a photon
flux approximately one order of magnitude higher than for conventional
microfocus sources [105, 106]. As opposed to a solid target material, these
tubes operate with a liquid metal, which is typically a Ga/In/Sn (Galinstan)
alloy, constantly circulating and formed into a well-shaped, thin jet at the
position where the electron beam hits the liquid target. The temperature
of the metal can be controlled in the circulation system and is kept at a
temperature where it remains liquid. With a jet speed of around 80 m/s, the
highly regenerative target allows efficient heat dissipation and significantly
increased power load compared to a solid target. Typical numbers of the
current sources are around 10 W tube power per micrometer diameter of the
focal spot, which is equivalent to an increase in brightness by around one
order of magnitude compared to standard tubes.
The increased brightness (higher flux, smaller spot size) can significantly improve the performance of grating interferometer based micro CT systems, as
115
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Figure 7.5: Simulated spectra of a Galinstan (Ga/In/Sn) target at 40 W and of
a tungsten (W) target at 4 W, operated at a voltage of 50 kV. The total increase
in flux of the Galinstan spectrum is 7.3. In addition, the dashed lines show the
spectra if the beam is filtered with 18 mm of liquid paraffin (sample bath), 2 mm
of PMMA (container), 50 µm titanium (grating substrate) and 500 µm of silicon
(grating substrate).

it simultaneously provides better photon statistics and higher spatial coherence. Here, the potential gain of a liquid-metal-jet source for grating interferometry is investigated by evaluating the SNR of a phase-contrast image
of a phantom acquired with such a source and with a standard microfocus
tube.

7.3.3

Methods

Fig. 7.5 shows a simulation of the spectra for a tungsten target with 4W
power and a liquid Galinstan target with 40W power. The plot also shows
the spectra if filtering is taken into account. According to these simulations,
the mean increase of the flux over the entire energy range is 7.3. For the
experiments presented here, the samples are scanned within a container
filled with liquid paraffin to decrease the difference of the refractive indices
between the sample and the surrounding. This slightly reduces the contrast
at the border of the sample, but helps avoid phase-wrapping artifacts, which
occur if the refraction angles become too large. On the other hand, it also
acts as a filter in the beam which reduces the flux. In addition to the liquid
paraffin bath, the grating substrates have to be considered as filters. For the
filtered spectra, 18 mm of liquid paraffin, 2 mm of PMMA (container walls),
50 µm titanium (beam splitter grating substrate) and 500 unitµm of silicon
(analyzer grating substrate) were taken into account.
Two experimental arrangements are involved in this study, each consisting
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of an X-ray tube, a grating interferometer and a detector. Arrangement 1
is a standard arrangement with a conventional, solid tungsten target-based,
microfocus source (Hamamatsu L10101). It is operated at a voltage of 50 kV
and a current of 80 µA, which corresponds to an output power of 4 W and
a spot diameter of approximately 5 µm in the direction orthogonal to the
grating lines. The grating interferometer is a Talbot type interferometer (two
gratings) with a beam splitter grating (phase grating) of period p1 = 4.12 µm
and an analyzer grating (absorption grating) of period p2 = 2.4 µm. The
gratings were fabricated at Karlsruhe Institute of Technology (KIT) [57]. The
design energy is 25 keV, at which the transmission function of the beam splitter introduces a periodic shift of zero and π to the wave front. The Talbot
order of the arrangement is m = 3, yielding a source-to-detector distance of
1.05 m (source to analyzer grating). The detector is a CCD camera (Princeton Instruments) with a pixel size of 24 µm, a dynamic range of 16 bit and
a Gd2 O2 S:Tb (Gadox) scintillator (20 mg/cm2 , 60 µm thick) attached with a
1:1 fiber-optic coupling.
Arrangement 2 operates with a liquid-metal-jet X-ray tube with a Galinstan
target [106]. The electron beam is accelerated with a voltage of 50 kV and
a current of 0.8 mA (i.e., operating at 40 W) and focused to a spot diameter
of approximately 4 µm in the direction orthogonal to the grating lines. The
grating interferometer is identical to arrangement 1 (same gratings and same
geometry) to achieve identical conditions. The detector is also a CCD camera
(Photonic Science VHR), however with a pixel size of 9 µm, a dynamic range
of 12 bit and a Gadox scintillator (5 mg/cm2 , 15 µm thick) with a 1:1 fiberoptic coupling.
The fact that the two systems have different X-ray cameras slightly complicates the comparison of the two experiments. To provide a fair comparison,
the difference in SNR of the two detectors must be compensated by the exposure time and by binning. This compensation factor can be estimated
by taking into account the pixel size (a) and the detection quantum efficiency (DQE) of the cameras (D). Using a 3 × 3 pixel binning for detector
2, the pixel sizes are a1 = 24 µm and a2 = 27 µm. According to the camera
specifications, the DQEs for the simulated spectra (including filtering) are
D1 = 0.249 and D2 = 0.079.
Neglecting the contribution of dark noise and readout noise in the detectors,
the SNR is given by
q
SNR ∝

texp Da2 .

(7.2)

To obtain an equivalent SNR of the detectors, SNR1 = SNR2 , the compensation factor of the exposure time texp can then be calculated as
texp,1
D2 a22
=
= 0.40.
texp,2
D1 a21

(7.3)
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This essentially means that the exposure time for detector 1 would have to
be 2.5 times shorter than the exposure time of detector 2 to compensate for
the SNR differences by the detectors.

7.3.4

Measurements and Results

Fig. 7.6 shows a slice in phase contrast of a phantom sample, acquired with
a tomographic scan using the two arrangements. The outer wall of the
phantom is polymethylmetharcylate (PMMA) and the circular rods are polyoxymethylene (POM), polypropylen (PP) and polystyrene (PS). As already
discussed above, the sample has been scanned within a container filled with
liquid paraffin to avoid phase wrapping. The effective pixel size, taking into
account the geometric magnification, is 20 µm. The exposure time for arrangement 1 was 20 seconds per phase step and 1 minute per phase step for
arrangement 2. The factor between the exposure times closely corresponds
to the theoretical factor of Eq. (7.3) that compensates for the efficiency difference of the camera systems in the two arrangements. The number of
projections is 720 and 5 phase steps have been acquired for each projection.
The visibility [13] is higher in arrangement 2 (V1 = 7.9% and V2 = 14.1%),
which is mainly due to the smaller spot size of the liquid-metal-jet
source.
p
Taking into account visibility and flux and using SNR ∝ V f [74], the expected increase in SNR is
s
V2
f2
SNR2
=
·
= 4.8,
(7.4)
SNR1
V1
f1
where f 2 / f 1 = 7.3 is the flux increase which was calculated from the simulated spectra. The measured SNR for each region of interest (ROI) and for
both scans as well as the ratios are displayed in Table 7.1. With a mean SNR
ratio (all ROIs) of 3.6, the increase is a bit lower than theoretically expected.
Possible reasons for this are uncertainties in the calculated spectra or the
detector efficiencies.

ROI 1
ROI 2
ROI 3
ROI 4

Arrangement 1

Arrangement 2

Ratio

2.65 (±0.25)
4.67 (±0.51)
0.57 (±0.14)
1.22 (±0.18)

10.03 (±0.71)
18.30 (±2.20)
1.65 (±0.20)
4.55 (±0.41)

3.78 (±0.45)
3.91 (±0.66)
2.89 (±0.79)
3.73 (±0.70)

Table 7.1: SNR values of the phantom in the different region of interests (ROI),
marked in the images of Fig. 7.6. The SNR was calculated by dividing mean and
standard deviation from 100 tomographic slices and by averaging the values over
an area inside the ROI.
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Figure 7.6: Tomographic slice in phase contrast of a phantom acquired (a) with
arrangement 1 (standard microfocus source) and (b) with arrangement 2 (liquidmetal-jet source). The materials of the phantom are PMMA (1), POM (2), PP (3)
and PS (4). The background material is liquid paraffin, which was used to avoid
phase-wrapping artifacts. The SNR values for the different ROIs are listed in Table
7.1. The grayscale is linear with black as the mean of the background (paraffin) and
white as the mean of ROI 2.

To demonstrate a possible application of such a microscope, a tomography
of a rat brain was recorded with arrangement 2 (liquid-jet source). The sample is fixed in paraffin and was scanned in the liquid paraffin bath. The
geometry and the effective pixel size (∼ 20 µm) are the same as for the phantom scan. The exposure time was 1 minute per phase step. Fig. 7.7 shows
a tomographic slice in phase and absorption contrast, showing a significant
gain in contrast in the phase image.

7.3.5

Conclusions

In summary, X-ray grating interferometry has been demonstrated with a
liquid-metal-jet X-ray source. In particular, such a source has great properties for microscopic imaging due to the increased brightness of the beam
compared to conventional microfocus sources. For the source in this experiment, the flux was around 4 to 7 times higher, and the source size about
20% smaller, resulting in an increase of brightness by a factor of about 6 to
9. The increased flux either yields reduced scan times or an increased SNR.
The exposure times at the resolution level used for these experiments are still
rather long. Pushing the brightness of X-ray sources even further with the
innovative technology of liquid-metal targets may enable further improve119
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(a)

2 mm

(b)

Figure 7.7: Tomographic slice of a rat brain, in (a) phase contrast and (b) absorption
contrast, obtained using arrangement 2. The brain is fixed in paraffin and scanned
in a container filled with liquid paraffin for the refractive index matching. The
phase image reveals more details of the cortex.

ments in exposure time and image quality in the future.
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High energy X-ray grating
interferometry
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Towards higher energies

Phase-contrast imaging has so far been used in the lower diagnostic energy
range, i.e. from 15 up to 85 keV. Talbot interferometry has been demonstrated using a synchrotron source at 82 keV [15]. Also using a synchrotron
source, phase-contrast imaging at 85 keV has been reported with the codedaperture technique [107]. Using a low-brilliance X-ray tube, Talbot-Lau interferometry was applied at 60 keV mean energy [93]. Imaging applications
which may benefit from phase contrast at higher energies are for instance
medical imaging tasks; chest or abdominal radiography or CT require energies between 100 and 150 keV. Other potential applications are homeland
security or chip failure analysis, which require high energies for the visualization of materials of high density.
Up to now, Talbot-Lau interferometry has been applied with a maximum
design energy of 60 keV [93]. The challenge which limited the progress towards higher energies was mainly related to the manufacturing of gratings

121

8.2. Edge-on illumination approach
with high aspect ratios. The aspect ratio, given by
AR =

2h
,
p

(8.1)

where p is the grating period and h the grating structure height, is normally
limited by the lithographic process, as grating structures tend to collapse or
to deform (e.g. through capillary forces)
√ if the aspect ratio is too high. For
a given setup distance and for p ∝ 1/ E and h ∝ E3 , it can be shown that
AR ∝ E7/2 , where E is the design energy of the system [10]. If at E = 25 keV
an aspect ratio for the absorption grating of around AR = 30 is necessary for
a reasonable length of the experimental arrangement, it would have to be at
least 128 for E = 100 keV. Moreover, when using a polychromatic spectrum,
photons above the design energy should also be efficiently attenuated by the
gratings to guarantee their contribution to the signal, which requires even
higher aspect ratios. Maximum achievable aspect ratios of current grating
fabrication techniques [56, 57] are approximately around textnormal AR ≈
60, whereas such high values are often even beyond the limit and come at
the expense of a poor grating quality and performance.

8.2

Edge-on illumination approach

Here, a novel approach is introduced, which is based on Talbot-Lau interferometry and allows phase-contrast and dark-field imaging with low brilliance X-ray tubes at arbitrarily high energies. The approach is based on a
new grating design, aiming at the edge-on illumination of gratings. Edgeon illumination, as opposed to face-on illumination, exploits the dimension
along the grating lines to form high aspect ratios of the structures in beam
direction. The effective structure height of the grating is then determined
by the grating dimension along the grating lines, which essentially allows
arbitrarily high aspect ratios. FIG. 8.1 illustrates the edge-on-illumination
approach.
Increasing the effective aspect ratio of the gratings typically leads to a reduction of the field of view due to the change of the grating transmission
function at high incident angles, which has also been identified by using a
glancing angle of the gratings between zero and 90 degrees [108]. In order to
overcome this problem with edge-on illuminated gratings, the grating lines
are aligned on an arc with a radius that is equal to the source-to-grating
distance. This adopts the principle of curved gratings, which has already
been introduced for compact systems in Chapter 6. Due to the extreme aspect ratios for edge-on illuminated gratings, the curvature of the gratings is
necessary even for longer arrangements.
The combination of edge-on illumination and the circularly curved structures enables design energies in the entire diagnostic energy range of X-rays.
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Figure 8.1: Schematic of a grating interferometer for high X-ray energies in edge-onillumination mode. The aspect ratio is given by the ratio of the travelling distance
of the beam along the grating lines and the period and can be arbitrarily high. In
order to avoid a reduction of the field of view, the grating structures are aligned on
an arc.

The arbitrary aspect ratio only comes at the expense of a limited field of
view in the vertical dimension of the image plane, which is, depending on
the detector, typically a few pixels. However, radiographic 2D images can
still be acquired in sample scanning mode without increasing dose. Similarly, for tomographic images, the approach allows single slice CT or full 3D
imaging in scanning mode.

8.3

Grating design and experimental arrangement

Grating design and fabrication is non-standard and involves a complex mask
design, as shown in Fig. 8.2. Each grating has its specific structure length
and curvature. For the following experiments, a symmetric interferometer
with a grating period of p = 2.8 µm for all gratings has been installed. The
design energy is 100 keV and the beam splitter grating periodically shifts the
phase by zero and π at this energy. Using gold as the phase-shifting material,
the structure length of this grating is h1 = 19.8 µm. The analyzer grating is
an absorption mask for sensing slight changes of the interference pattern
generated by the beam splitter. With a structure length of h2 = 800 µm, this
grating has an aspect ratio of 2h/p ≈ 570 and thus sufficiently attenuates
X-rays up to energies of around 160 keV. Beam splitter- and analyzer grating
are separated at the first fractional Talbot order, resulting in an inter-grating
distance of 158 mm. The material of the source grating is gold and the
structure length is h0 = h2 = 800 µm. With a structure height of maximum
100 µm for all gratings, the field of view in the vertical direction is limited
to one or two pixel rows. In the horizontal direction, the field of view is
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limited by the grating size and the geometric magnification of the sample,
yielding a maximum of 30 mm.

Figure 8.2: Grating design mask for the edge-on-illumination approach. (a) Top
part of the 4 inch wafer, showing five grating chips; one source grating, two beam
splitter gratings and two analyzer gratings (from top to bottom). The gratings have
different curvatures which are specific to the grating interferometer geometry. (b)
Zoom into the grating structures, contain interrupting bridges used for stabilizing
the grating structures in the LIGA process. (Courtesy of M. Walter, Microworks
GmbH)

Gratings were manufactured by Micro Works GmbH, Germany, using a
LIGA process. Each grating resides on a 5 × 60 mm2 silicon chip and several
grating chips are fabricated on a single 4 inch silicon wafer (see Fig. 8.2).
Fig. 8.3 shows a technical drawing of the experimental arrangement. The
distance from the source grating to the analyzer grating is 320 mm and the
source grating is positioned 230 mm away from the source. The X-ray source
is a COMET MXR-160HP/11 X-ray tube with a maximum output voltage of
160 kV and a focal spot size of approximately 1 mm. The detector is a CCD
camera from Finger Lakes Instruments. A cesium iodide (CsI:Ti) scintillator
of 600 µm thickness converts X-rays into visible light and is coupled with an
optical lens projecting the image onto the CCD. The effective pixel size is
80 µm. Due to the high spectral acceptance (see Sec. 4.3) of the interferometer (50 keV to >160 keV) and the high attenuation efficiencies of the sourceand analyzer gratings (>90% up to 160 keV), no filters were used and the
voltage of the X-ray source was set to the maximum of 160 kV. In addition
to the standard components (source, camera, interferometer), two optical
slits, one in front of the source grating (25 µm width), the other in front of
the camera (100 µm width), were required for the collimation of the beam
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Figure 8.3: Technical drawing of the experimental arrangement. The yellow tower
is the high energy X-ray tube. Right after the source exit window, a slit is mounted
which collimates the beam to the size of the gratings. G0, G1 and G2 are mounted
on special grating chip holders. Another slit is mounted after G2. The detector is
not displayed in this drawing. For a precise alignment of the gratings, motorized
goniometer stages and rotation stages are used.

in the vertical direction. X-rays which are not travelling through all of the
gratings do not contribute to the signal and are attenuated by the slits.
Grating alignment is generally more complicated than for face-on illuminated arrangements. Since the feedback of the detector is only one-dimensional,
an alignment by using moiré fringes is not trivial. Several alignment stages,
including rotation stages, vertical translation stages and goniometers, enable
in total 13 degrees of freedom only for grating alignment (see Fig. 8.3).

8.4

Imaging results

Fig. 8.4 shows a radiographic image of a metal screw in all three contrast
modes, acquired with the 100 keV system. The images were acquired in
scanning mode, using a step size of 100 µm. The number of phase steps was
24 and the exposure time was 15 seconds per step. Grating interferometry
at such a high diagnostic energy allows examining more dense materials
such as metals in phase-contrast mode. At lower energies, the phase shifts
of such materials would be too large and wrap over multiple periods of the
analyzer grating.
Fig. shows a radiographic scan of an electronic chip. Again, attenuation
is low enough, enabling a phase-contrast measurement. The three Fig. 8.5
shows another example of a radiographic scan of an electronic chip. The
scan parameters were the same as for the previous example. Several resis125
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(a) ABS

(b) DPC

(c) DC

Figure 8.4: Radiographic scans of a metal screw in absorption (ABS), differential
phase (DPC) and dark-field (DC) contrast. The images were acquired in scanning
mode. This illustrates that high design energy enables the acquisition of phasecontrast images of dense materials.

tors and an integrated circuit are located on a different layer on the chip.
In the attenuation based projection image, the soldering points of the integrated circuit are hardly visible underneath the resistors. In the phase
image, they can clearly be identified. Furthermore, the phase image reveals
variations in the shape of these soldering points. This illustrates how the
differential nature of the phase-contrast signal could potentially be used to
identify flaws in multi-layered electronic chips, which might remain undetected on the absorption image.

8.5

Outlook

The edge-on-illumination approach is very promising for gaining access to
the phase-contrast signal at high diagnostic energies. The pioneering experiments shown here have demonstrated the feasibility of the approach,
which of course still needs further optimization. The measured visibility
in the scans was approximately 5%, which is still fairly low and has to be
improved in the future. Main hurdles are the grating fabrication and the
grating alignment. Since the grating design is completely non-standard, several problems raised during the manufacturing process, which are mainly
related to failures in the electroplating step of the structures. Further investigations about this process will be required to overcome the problems.
In principle, the edge-on-illumination approach paves the road towards medical CT, which also requires high energies (above 100 keV). For such an application, gratings of much larger dimension would have to be fabricated,
or stacked together. For medical CT, it is important to note that the feasibility of grating interferometry is not only determined by the grating size and
aspect ratios, but also on other parameters, as for instance the spatial resolution [102]. A successful transfer of the technique into this field is challenging
and will require more research.
The presented results in this chapter are still very preliminary. Further investigations of the method will be necessary to study the relevance of phase
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ABS

DPC

DC

Figure 8.5: Radiographic scans of an electronic chip at 100 keV design energy. Soldering points, which are mostly covered by resistors and only hardly visible in the
absorption image, show up in the DPC image. The zoomed region shows, that the
phase image reveals differences in the shape of the soldering point. This information may be useful for chip failure analyses.

and dark-field image at such high energies and to improve the performance
of the imaging process. In particular, measurements at different design energies, Talbot orders and filter configurations must be performed to systematically study image formation. Another important step to be addressed will
be tomographic imaging. Furthermore, a broader range of samples have to
be examined to explore potential applications of the phase and scattering
signal in the high diagnostic energy range.
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Chapter 9

Conclusions

9.1

Achieved goals

The aims of this work were to find and develop methods for the implementation of X-ray grating interferometry on compact systems, the development
of optimization strategies, the realization of imaging experiments and the
development of a method which enables the access to the entire diagnostic
energy range.
The successful development of curved gratings enabled the application of
grating interferometry on compact micro CT systems. The field of view,
which was dramatically reduced with standard gratings, could efficiently be
recovered with the new gratings. For a system with a source-to-detector distance of 250 mm, the field of view on the detector plane with planar gratings
is reduced to 20 mm, whereas for curved gratings, it is only limited by the
grating size. For a typical grating size of 60 mm, the increase in field of view
is 200%. Although the curved arrangement introduces some additional geometrical constraints, the alignment of the gratings is not much more complicated than for planar gratings. The post processing of radiographic as well
as tomographic data is identical to standard analysis.
Based on the new grating technology, a demonstrator and a prototype micro
CT scanner were built. The demonstrator allows high flexibility in terms of
geometry, whereas the prototype scanner has strict constraints. Based on the
theoretical optimization, different Talbot and Talbot-Lau configurations have
been implemented on the demonstrator. A major issue for tomographic data
acquisition was the occurrence of drift, originating from the source or the
gratings. However, drift could be efficiently corrected by subtracting a linear
phase map from the projections and by interpolating multiple flat fields
that were acquired between tomographic projections. It was found that the
experimental visibility is extremely repeatable for a given grating set, but
behaves rather randomly for different gratings. This indicates that there is
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still plenty of room for improving reproducibility in grating fabrication.
In general, the performance of the prototype micro CT scanner was good.
The visibility was approximately 20% and the exposure times were reasonable (few seconds). Based on the imaging results, an increased CNR for
certain materials or tissues was observed in the phase image; however other
structures (e.g., bone) had higher contrast in absorption.
The analytical optimization of the sensitivity of a grating interferometer has
been demonstrated by using the object-independent noise standard deviation of the refraction angle. In general, the sensitivity is optimized for smallest grating pitches, indicating that the limitation is given by the fabrication
technology. For the Talbot interferometer, it was shown that there exists an
optimum grating pitch for the phase grating for a given pitch of the analyzer
grating (preferably minimum) and given source size. For the Talbot-Lau interferometer, the sensitivity is optimized for a minimum sum of p0 and p2 ,
yielding optimum conditions for a symmetric arrangement (l = d = s/2).
The optimum duty cycle for the analyzer grating depends on its transmission factor τ2 . For τ2 = 0, the optimum duty cycle is κ2 = 0.371. The source
grating of a Talbot-Lau interferometer has the same optimum, κ0 = 0.371, if
the aim is to maximize the SNR per time. For an optimization of the SNR
per dose, κ0 has to be minimized using a constraint for maximum allowed
scan time.
The polychromatic performance of the grating interferometer was studied
quantitatively by analytically deriving the relationship between interference
fringe amplitude (fringe contrast) and photon energy. The spectral acceptance, defined as the width of the spectrum between the two zero crossings of the fringe contrast around the design energy, is an indicator for the
polychromatic performance. It is mainly dependent on the Talbot order m,
whereas small Talbot orders are preferable. For a typical grating interferometer with a π-shift phase grating at a design energy of 40 keV and a spectral
bandwidth (FWHM) of the beam of 20 keV, the visibility compared to the
monochromatic case is reduced by 15% for m = 1, 34% for m = 3 and
44% for m = 5. Regarding the type of phase grating, the polychromatic
visibility with a π-shift phase grating is higher than with a π/2-shift phase
grating for m ≥ 3 and thus it has higher polychromatic performance. This
gain increases dramatically at higher Talbot orders. One exception occurs at
m = 1, where the π/2-shift phase grating has a slightly better performance,
however the maximum gain is marginal (< 5%).
Apart from the main source of error originating from photon statistics (shot
noise), two further sources of errors have been analyzed. The relative error
from aliasing in the sampled phase-stepping curve depends on the number
of phase steps, the actual phase shift, the interferometer type and the visibility. The error is in general higher for a Talbot-Lau interferometer compared
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to a Talbot interferometer with similar coherence properties. For the Talbot
interferometer, the error can be neglected. For a Talbot-Lau interferometer,
it is recommended to acquire at least 7 steps to keep the error below 1%. For
both types, it is recommended to acquire an odd number of steps, since this
reduces the error in any case.
The second source of error is the saturation of the noise variance of the
differential phase signal, which occurs because the fringe shift can only be
measured modulo 2π (i.e., in the interval
[−π, π ]). If the noise standard
√
deviation approaches the value π/ 3, which predominantly happens for
low detector counts, an irreversible breakdown of the information transfer
occurs. A threshold for the required number of counts has been derived,
which is only dependent on the characteristic detector parameter (χdet ) and
the measured visibility.
A simulation tool was implemented for the numerical simulation of the signal and noise propagation in grating interferometry. Numerical simulations
provide a more realistic insight into the performance of the grating interferometer, as they can take into account real grating materials, divergent
beams, X-ray tube spectra, filters, etc. Several performance aspects could
be addressed by numerical simulations, including the position of maximum
interference for a beam of low spatial coherence, the reduction of the field
of view for highly divergent beam geometries or the noise behavior of the
differential phase signals.
Non-linear regularized phase retrieval has been implemented to obtain the
quantitative line integral of the refractive index decrement in DPC images.
Although the method applies a general a priori constraint, which minimizes
the total variation, phase retrieval could be significantly improved for a large
variety of samples, ranging from numerical phantoms to medical images. In
numerical and experimental phantom images, the CNR could be increased
by a factor of 2-3 compared to direct integration. An additional regularization parameter must be selected, which determines the weight between data
fidelity and regularization term. However, the CNR of the images is, for
many samples, not very sensitive to this parameter, which simplifies the selection. The algorithm is a valuable tool for any application which requires
the line integral of the phase shift or of δ. Since the method does not require
additional dose, it could also be of high relevance for medical radiography.
In the following, a more general comment about compact grating interferometers is given. In principle, short source-to-detector lengths (< 1 m) are
favorable for high resolution applications, where microfocus sources are necessary. The system length must be short due to the low flux of those tubes.
Talbot and Talbot-Lau type interferometers are both feasible configurations
for such an arrangement. An inherent problem of compact systems emerges
from the typically small space between source and phase grating and the ob130
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ject position dependent sensitivity (see Sec. 4.6). In the extreme case, where
the distance between G0 and G1 is comparable to the sample size, the position dependent sensitivity in the sample ranges from σα = ∞ (at source)
to σα,min (at beam splitter grating). This problem vanishes for longer sourceto-detector lengths and if the sample size is much smaller than the distance
between source and beam splitter grating. A long arrangement (> 1 m) normally requires a source with high output power and consequently with a
larger focal spot, and thus, only Talbot-Lau configurations are feasible. The
sensitivity of long arrangements with high power sources is usually higher
than the sensitivity of compact arrangements with low power sources, because the power is typically increased by around three orders of magnitude
(i.e., from W to kW), whereas the square of the distance increases by maximally two orders (i.e., from cm2 to m2 ). For a given source and detector
system, it remains the best strategy in terms of sensitivity to make the system as short possible with smallest grating pitches.
Advanced imaging techniques have been introduced, which discussed system optimization by using new source and detector technologies. Energy
resolved detectors with sensors of high absorption efficiency, such as cadmium telluride (CdTe), can significantly improve the performance of grating
interferometry. An appropriate bandwidth limitation can increase the efficiency by approximately 30% in acquiring a phase-contrast image. Energy
resolved detection also enables the reconstruction of images in different energy bands, which is referred to as energy resolved imaging. Furthermore,
it enables the measurement of the spectrum and thus allows the characterization of the spectral response of the gratings, like their energy resolved
beam attenuation. Knowing the exact shape of the spectrum can be used to
design appropriate filters for the minimization of dose.
A liquid-metal-jet source provides significantly increased brightness of the
beam, which directly translates into an improved sensitivity of the grating
interferometer. The experimental increase in brightness compared to conventional microfocus sources was approximately a factor of 6. An increase
in SNR by a factor of approximately 3.5 was observed in CT images.
A pioneering approach enabling X-ray phase-contrast imaging at high diagnostic energies (e.g. at around 100 keV) has been developed. The grating
design was non-standard and required a sophisticated mask design. Gratings were manufactured by using X-ray lithography. The novel approach,
which is based on the edge-on illumination of gratings and the curved alignment of the grating lines, overcomes the limitations of high aspect ratios for
standard gratings and the limitation in field of view when using glancing angles [108]. A demonstrator has been set up in single slice fan-beam geometry
and was operated at a design energy of 100 keV, enabling the recording of
phase- and dark-field contrast images on a conventional X-ray tube at such
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high energy for the first time. The method is not restricted to single slice
imaging, it allows 2D radiographic and 3D tomographic imaging in scanning mode. Although results are preliminary, the imaging results showed
that the arrangement performs very well and can be used to visualize materials of higher Z values, like electronic chips or metals, in all three contrasts.
In the future, the principle could potentially also be applied to medical CT,
which requires energies above 100 keV. However, other challenging issues
like grating size or the resolution limited performance will have to be addressed to reach this goal.
The potential impact of grating interferometry for biomedical imaging in
the lower diagnostic energy range has been demonstrated with a case study
for human hand radiography. In this study, clinical relevance of the dark
field image for the visualization of microcalcifications in the joint space of
a human hand has been found by two readers, using three samples. An
image fusion approach was proposed, which may be useful for the radiologist to ease image evaluation. To test clinical relevance of such image fusion
approaches would require further investigations.
The achieved goals in this PhD thesis have all contributed to develop and
improve grating interferometry on compact arrangements and for the entire diagnostic energy range. An efficient retrieval of phase and dark-field
images for a variety of samples has been achieved by introducing theoretical aspects, advanced image processing methods and new instrumentation.
Grating interferometry is currently the most promising technique among
phase-sensitive methods in terms of industrial applicability and the transfer
into industry by developing commercial products has already started.

9.2

Perspectives

Imaging with a grating interferometer has high potential for a variety of
applications in life science and materials science. While phase contrast is
already a well established modality in microscopic applications, the transfer
into the most popular field, which is medical imaging, still faces some limitations. It has recently been demonstrated, that the expected gain in CNR
compared to absorption imaging is strongly dependent on the spatial resolution, whereas phase contrast is preferentially used for higher resolutions and
absorption contrast usually outperforms phase at lower resolutions [88, 102].
This originates from the fact, that the differential phase signal is, other than
the absorption image, dominated by high spatial frequencies. Therefore, the
noise power spectra (NPS) of the two signals are fundamentally different,
because the NPS of phase images is accentuated at lower spatial frequencies and vice versa. Consequently, at low spatial resolution (as in medical
imaging), the CNR ratio of phase and absorption is much smaller than in
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microscopy, and it can even be below 1. The break-even point where this
ratio becomes 1 depends on virtually all parameters of the imaging system
(source, detector and interferometer). To enable the transfer of grating interferometry into the medical field, this break-even point must be pushed
towards even lower spatial resolutions.
The problem of the resolution dependent performance is probably going to
be one of the major issues to be addressed in the future for any application
using grating interferometry. Since the CNR-ratio of the phase and absorption signal has shown to be proportional to Vd/p2 [88], there is still room
for improvement in maximizing this factor. The strategies for the optimization of this factor are equivalent to the optimization of the SNR, which has
also been presented in this thesis. Essentially, this involves an optimization
of the geometry, which requires fabrication of even smaller grating periods
and with even higher aspect ratios, sources of higher brightness and energy
resolving detectors. Advanced methods as for instance edge-on illuminated
grating interferometry can further support the transfer of this technology
towards medical imaging.
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Appendix A

Energy dependent fringe visibility

A.1

Transmission function of G1

G1 is a periodic phase grating. Therefore, the transmission function is also
periodic and can be expressed by


nx
T1,λ ( x ) = ∑ T̂1,λ [n] exp −2πi
,
(A.1)
p1
n ∈Z
where T̂1,λ [n] are the discrete Fourier coefficients of T1,λ ( x ), λ is the wavelength and p1 the period of G1. Using the wavelength dependent phase shift
generated by G1, denoted by ϕ(λ), the Fourier coefficients are given by
Z 0


1
nx
T̂1,λ [n] =
exp (iϕ(λ)) · exp −2πi
dx
p1 − p1 /2
p1

 
Z p1 /2
nx
+
1 · exp −2πi
dx
p1
0
exp (iϕ(λ)) (exp (inπ ) − 1) + (1 − exp (−inπ ))
=
.
2πin

1+exp(iϕ(λ))

,
n=0

2
0,
n even
=
(A.2)

 1−exp(iϕ(λ))
,
n odd
iπn
Using the relation in Eq. 4.33 for the wavelength dependent phase shift, ϕ(λ),
these coefficients become

1+exp(i π2 η λλ )

0

,
n=0

2
0,
n even ,
T̂1,λ [n] =
(A.3)


 1−exp(i π2 η λλ0 )
,
n odd
iπn
where λ0 is the design wavelength of the grating interferometer.
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A.2

Wavelength dependent interference pattern

This section contains the mathematical derivation of Eqs. (4.36). For the sake
of simplicity, this derivation is done for the parallel beam case, however it
is also valid for a divergent beam when using the appropriate geometric
scaling. According to Eqs. (4.34) and (4.35), the calculation of the wavelength
dependent Fourier coefficients of the period intensity pattern, Îz,λ [n], require
a convolution in the Fourier domain:
∗
Îz,λ [n] = ψ̂z,λ [n] ∗ ψ̂z,λ
[n]
∞

∑
0

=

n =−∞

∗
ψ̂z,λ [n0 ] · ψ̂z,λ
[ n 0 − n ].

(A.4)

where ψ̂z,λ [n] are the Fourier coefficients of the wavelength dependent complex wavefield, ψz,λ ( x ), at the propagation distance z after G1. Since the
standard data analysis protocol in grating interferometry, i.e. the phase stepping approach, requires only the zeroth (n = 0) and the first (n = η) Fourier
coefficients, it is not necessary to compute the full analytical convolution of
Eq. (A.4). In the following, the convolution is evaluated for n ∈ {0, 1, 2}.
First, an the analytical form of ψ̂z,λ [n] is required, which can be achieved by
ψ̂z,λ [n] = T̂1,λ [n] · P̂z,λ [n].

(A.5)

This represents the Fresnel propagation of the transmission function of G1
(T1,λ ( x )) in the Fourier domain by using the Fresnel propagator P̂z,λ (ν)
(Eq. (4.30)), sampled at the frequencies ν = n/p1 :
n2
P̂z,λ [n] = exp −iπλz 2
p1



.

(A.6)

Using Eq. (A.3) for T̂1,λ [n], Eq. (A.5) becomes

ψ̂z,λ [n] =
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Zeroth Fourier coefficient (n = 0)
The zeroth Fourier coefficient is given by
∞
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which is equivalent to Eq. (4.36a).

First Fourier coefficient (n = 1)
The first Fourier coefficient is given by
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Evaluating this equation at the fractional Talbot order distances of a parallel
2
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which is equivalent to Eq. (4.36b).

Second Fourier coefficient (n = 2)
The second Fourier coefficient is given by
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The second factor has been assigned the function g( x ) with x = 4πλz p12 ,
1

which is given by
g( x ) = tanh−1 (exp(−ix )) − tanh−1 (exp(ix ))

−i π2 ,
n · 2π < x < n · 2π + π
=
,
π
i2,
n · 2π + π < x < n · 2π + 2π, n ∈ R

(A.13)
(A.14)

and the multiplication sin( x ) g( x ) can be expressed by
sin( x ) g( x ) = −i

π
|sin( x )|
2

(A.15)

Using this relation to replace the sum in Eq. (A.11) and again evaluating
Îz,λ [2] at the fractional Talbot order distances yields
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which is equivalent to Eq. (4.36c).

138

Appendix B

Human hand radiography using
X-ray differential phase contrast
combined with dark-field imaging

Reprinted publication: Thomas Thüring, Roman Guggenberger, Hatem Alkadhi, Jürg Hodler, Magdalena Vich, Zhentian Wang, Christian David and
Marco Stampanoni, Skeletal radiology 42(6), 827-835, 2013.

B.1

Abstract

B.1.1

Objective

Show the feasibility of differential phase-contrast (PC) and dark-field-contrast
(DC) imaging of the entire adult human hand and provide a potential application tool for integrating the information from PC and DC imaging into
conventional absorption radiography.

B.1.2

Materials and Methods

Three adult human cadaver hands were imaged with X-ray grating interferometry, providing two contrast modes in addition to the standard absorption radiograph. Conventional absorption, differential PC-, and DC images
were generated. In addition, color-coded PC images were fused with either
absorption or DC-images using different weighting factors. The quality of
visualization of various anatomical structures was evaluated and quantified
by two independent and blinded radiologists.

B.1.3

Results

Inter-reader agreement for visualization was moderate for all structures in
conventional radiography (Kappa = 0.42–0.44, p = 0.057–0.13), while being
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substantial and significant for all structures in PC and for subchondral bone
and joint space in DC images (0.70–0.88, p < 0.05). Soft tissue visualization
was rated higher in PC compared to both absorption and DC images (p <
0.05), whereas subchondral bone and joint space could be better assessed
in pure absorption and DC images (p < 0.001). Joint space visualization
was rated significantly higher in DC images than conventional radiography
(p < 0.05). Calcifications of periarticular soft tissue and of the triangulofibrocartilage complex were depicted with better quality on DC images as
compared to PC and conventional radiography. Both radiologists found the
fused absorption and PC images to yield higher contrast between soft tissue
and bones while fusion of PC and DC images further enhanced visualization
of bones. In the fused images, the adjustment of a weighting factor provides
a method to control the contrast between soft tissue and bones. The system
has not yet been optimized in terms of dose, but it can be shown that the
entrance dose could be kept below a few mGy by optimizing the detection
efficiency.

B.1.4

Conclusion

PC and DC imaging of the entire adult human hand on an X-ray tube system is feasible and improves the image quality of bone and soft tissue as
compared to conventional radiography. Early evidence suggests that soft
tissue calcifications can be depicted better on DC images. Image fusion of
PC/absorption or of PC/DC can further improve both, soft tissue and bone
evaluation simultaneously.

B.2

Introduction

Established X-ray-based imaging procedures such as conventional radiography and computed tomography (CT) rely on the interaction of photons
when passing through tissue, including the Compton scattering and the
photoelectric effect, which is influenced by the X-ray energy and the type
of matter. The resulting mean attenuation of X-rays can be measured and
depicted on images with different gray levels.
X-ray phase-contrast imaging (PCI) represents a relatively new imaging technique relying upon the refraction of X-rays. As such, PCI relies on a fundamentally different physical contrast mechanism compared to conventional,
absorption based X-ray imaging. In the energy range of diagnostic imaging
(10 – 120 keV), refraction is the dominant effect over absorption, but more
difficult to acquire. Previous studies have demonstrated that PCI can provide considerably higher contrast in soft tissue, giving rise to its application
in fields where conventional radiography and CT usually are limited.
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Among a variety of techniques to acquire phase-contrast images, grating interferometry [9] has recently gained high attention due to its compatibility
with conventional X-ray tubes [11, 65], which is the key prerequisite for the
clinical applicability. In addition, this technique provides a third contrast
mode along with absorption and phase contrast, which is the dark-field contrast [66]. Similarly, dark-field imaging again exploits a physically different
interaction mechanism and represents the intensity of the scattered X-rays
within the area of a single detector pixel. Image pixels with high gray values
indicate strong scattering.
Recent studies have investigated the performance of phase contrast (PC)
and dark-field contrast (DC) in imaging of female breast tissue, indicating
promising results for distinguishing micro calcifications and malignant conversion or the extension of carcinoma into normal breast tissue [74, 48]. Yet,
joint pathologies such as rheumatoid arthritis, crystal arthropathies and connective tissue diseases (e.g., scleroderma) are also associated with soft tissue
affection and occasional calcifications.
Conventional radiography of the hand is a cornerstone imaging study for
the detection and monitoring of joint diseases as subtle changes of joint
space and bones (narrowing and erosions or osteophytes) and – if perceivable – of soft tissue (including calcifications and fibrosis) [109, 110], indicating disease activity and/or progress. While tissue evaluation with conventional radiography is based on morphologic criteria that are reflected by
changes in X-ray attenuation, PC and DC images could provide additional
and/or complementary information regarding bone and soft tissue architecture and integrity.
Regarding musculoskeletal applications, experimental results using synchrotron
radiation and the crystal analyzer-based technique in tomographic mode
have shown structural cartilage matrix properties in human patellae samples in-vitro [111]. Further, PC and DC imaging with an X-ray tube setup
has been demonstrated on human finger joint radiographs (e.g., of tendon)
[112] and on infant hand tomographs [50] to study soft tissue contrast compared to the standard absorption based imaging.
Here, grating-based PC and DC radiography of the entire adult human hand
including the wrist is demonstrated. A bi-directional acquisition scheme
[113, 14] was applied to extend the sensitivity of the PC and DC measurements to two dimensions. For the data post-processing, a practical method
for the efficient fusion of the different contrast modalities was implemented.
It is hypothesized that image information based on PC and DC imaging of
the human hand in combination with the presented acquisition and image
fusion methods may increase visualization of soft tissue and/or bones compared to conventional radiography. Using an interface where the amount
of fusion of the PC image can be interactively changed on-site from none
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to maximal, the radiologist can produce and graphically depict image information in an additional dimension. Hence, the purpose of this study was
to show the feasibility and evaluate the visualization of subchondral bones
and soft tissues in PC and DC images of the entire adult human hand, and
to provide a potential application tool for integrating this new information
into conventional radiography.

B.3

Materials and Methods

B.3.1

Human cadaver hand specimen

A total of three human cadaver hands of a 54-, 65-, and 73-year-old man
(cause of death unknown) were resected 3 cm proximal to the radiocarpal
joint. Prior to imaging, the hand was perfused with Thiel-solution according to standard procedures to preserve soft tissue integrity and architecture
[114]. Cadaver hands were used in accordance with institutional ethical laws
and regulations after prior approvement by the department of anatomy.

B.3.2

Imaging setup

A schematic drawing of the technical setup is shown in Fig. B.1a. Along with
an X-ray source (Seifert ID 3000 tube) and a pixel detector (Hamamatsu flatpanel C9732DK, 50 × 50 µm2 pixel size), which are standard components in
conventional radiography, three optical devices, referred to as gratings, are
arranged at predefined positions between source and detector. The structures of the gratings resemble lamellaes (Fig. B.1b) having periodicities in
the order of micrometers. Their fabrication requires advanced lithographic
processes [56, 57]. The arrangement of the three gratings is called grating
interferometer, the technique itself is referred to as X-ray grating interferometry. More details about the technique and the retrieval of absorption, PC
and DC image are given in the supplemental materials section. The technical specifications of the grating interferometer setup used in this experiment
are listed in Table B.1 . The X-ray source was operated at an acceleration voltage of 40 kV and a current of 25 mA and the design energy of the grating
interferometer was 28 keV.

B.3.3

Data acquisition

Due to the limitation of the field of view (FOV) by the size of the gratings
and the geometric magnification of the sample to an area of 50 × 50 mm2 , a
mesh scan (4 × 5 mesh) had to be performed to cover the entire sample.
Other than the conventional absorption image, the PC and DC images are
sensitive to object orientation. Refraction or scattering of X-rays can occur in
all directions in the image plane, whereas the grating interferometer is only
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(a)

(b)

Figure B.1: (a) Schematic drawing of a grating interferometer setup. The X-ray
source depicts the point where the accelerated electrons hit the target in the tube.
Immediately after the source, the source grating (G0) is placed, splitting the beam
into an array of small sources, which is necessary for the interference formation.
Further downstream, the beam splitter grating (G1) generates a periodic interference pattern (fringes) with a maximum intensity modulation at G2. G2 itself is
the analyzer grating, used to sense changes of the interference fringes, which were
caused by attenuation, refraction or scattering of the X-rays by the sample. (b) Scanning electron microscope images of the grating structures of a phase grating made
with silicon lines (top) and an absorption grating of gold lines (bottom).

Table B.1: Parameters of the setup geometry and the gratings

Parameter
Design Energy
Distance source-to-G0
Distance G0-to-G1
Distance G1-to-G2
Distance G2-to-detector
G0-pitch
G0-height
G1-pitch
G1-height
G2-pitch
G2-height
G2 active area

Value
28 keV
2 mm
1400 mm
200 mm
10 mm
14.2 µm
50 µm
3.51 µm
36 µm
2.0 µm
25 µm
64 × 64 mm2
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sensitive in one direction (i.e., in direction perpendicular to the grating lines).
If there is, for instance, an interface of two materials which is horizontally
oriented, refraction occurs only in the vertical direction. This interface will
not be recorded if the grating interferometer is sensitive in the horizontal
direction only (i.e. with vertical grating lines). Therefore, a bi-directional
scanning approach was used, which solves this limitation by acquiring two
scans where the sample for the second scan is rotated by 90 degrees with
respect to the first scan [113]. In order to precisely rotate the sample by
90 degrees after the first scan, the samples were fixed on a ground plate,
which was mounted on a rotating axis around the z-axis. Alternatively, bidirectional sensitivity could also be obtained without rotating the sample by
using two-dimensional checkerboard (G1) and mesh gratings [67].

B.3.4

Postprocessing and image fusion

In a first step of this study, the raw images of each contrast mode, namely
absorption, PC and DC image, have been evaluated as gray scale images.
Since the bi-directional scanning approach yields two images, which differ
in the PC and the DC mode, they have been processed into a single image
by using the following operations:
q
2 + P2
Pi = Px,i
y,i
Di =

1
( Dx,i + Dy,i ).
2

(B.1)

Px and Dx are the PC and DC images, respectively, from the first scan,
whereas Py and Dy are the images obtained from the second scan with the
sample rotated by 90 degrees. The index i represents the pixel index and
indicates that image processing is performed independently in each pixel.
In a second step, the PC image was overlaid by the absorption or the DC
image to simultaneous display the different contrast modalities. Details of
the used image fusion method are discussed in section S2 of the supplemental material. While DC and absorption images reveal higher contrast for
bones, and the PC image mainly contains soft tissue features, the fusion of
the PC image with either of the two other contrasts includes both. By further
color coding the PC image, the superposed images can still be easily distinguished. A main feature of this type of fusion is the control of the opacity
of the PC image, which can be continuously adjusted by the user.

B.3.5

Image interpretation

Two experienced radiologists (with 5 and 10 years of experience) blinded to
each other subjectively evaluated visualization of subchondral bone(depiction
quality of microtrabeculae, subchondral cysts and erosions if present), joint
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(a)

(b)

(c)

Figure B.2: Images of a human cadaver hand in the three contrast modes, acquired
with the grating interferometer: (a) standard absorption contrast, (b) PC and (c) DC
image. The PC image encodes the refraction of the X-rays inside the sample, the
DC image the scattering intensity, into gray value images.

space (including periarticular calcifications if present) and soft tissues (depiction quality of soft tissue septae) on absorption plain radiographs, differential PC and DC images (Fig. B.2). A 4-point Likert scale was used (0 =
not visible or bad visualization, 1 = probably visible with moderate visualization, 2 = visible with good visualization, 3 = clearly visible with perfect
visualization). It was developed as a trade-off between best characterizations
of different joint compartments using a single graduation scale on the one
hand and established scoring methods for plain radiographs on the other
hand. The scale was therefore based on the widely used Sharp/van der
Heijde and Kellgren/Lawrence scales [115, 116] for quantification of bone
erosions, osteophytes, sclerosis, joint space narrowing and joint subluxation,
however adapted to a mere visualization aspect of joint components, i.e.
subchondral bone, joint space and soft tissues. The three joint components
were evaluated for the radiocarpal, carpal, metacarpo-phalangeal, proximal
interphalangeal and distal interphalangeal joint groups of each hand. Eventually, fused PC/absorption and fused PC/DC images were evaluated in
consensus by both readers at different opacity levels of the PC image, and
visualization of joint structures was assessed.

145

B.4. Results
Table B.2: Image quality ratings of both readers for all image types
Image type

Absorption

PC

DC

Structure

Subchondral bone
Joint space
Soft tissue
Subchondral bone
Joint space
Soft tissue
Subchondral bone
Joint space
Soft tissue

Reader 1

Reader 2

Mean

Median

± SD

Mean

Median

± SD

2.2
2.1
1.9
0.2
0.5
2.3
2.3
1.7
1.7

2
2
2
0
0
2
2
2
2

0.44
0.28
0.28
0.44
0.66
0.48
0.75
0.75
0.48

2.3
2.2
1.8
0.3
0.4
2.3
2.2
1.7
1.8

2
2
2
0
0
2
2
2
2

0.48
0.44
0.44
0.48
0.51
0.63
0.73
0.75
0.44

Kappa

p value

0.42
0.44
0.44
0.81
0.71
0.70
0.88
0.72
0.42

0.130
0.057
0.057
<0.050
<0.050
<0.050
<0.001
<0.001
0.125

PC = phase-contrast image; DC = dark-field-contrast image; ± SD = ± standard deviation

B.3.6

Statistical Analysis

Data analysis was performed using commercially available software (IBM
SPSS Statistics Version 20, release 20.0.0, Chicago, IL, USA). Statistical significance was inferred at a p-value below 0.05. Continuous variables are
expressed as mean ± standard deviation. Inter-reader agreement was determined by weighted kappa-statistics. A kappa value from 0.41 to 0.60 was
interpreted as moderate, 0.61 to 0.80 as substantial, and 0.81 to 1 as almost
perfect agreement. Differences of ratings between images were assessed by
paired Wilcoxon signed-rank tests with Bonferroni corrections for multiple
comparisons, using a corrected p-value of < 0.017 to indicate statistical significance.

B.4

Results

B.4.1

Inter-reader agreement

Descriptive data (i.e. mean and median ratings with standard deviations,
kappa- and p-values) for both readers, image types, and joint structures are
listed in Table B.2. Inter-reader agreement for visualization was moderate
for all structures in conventional radiography and for soft tissue in DC images ranging between 0.42 and 0.44 (p=0.057-0.13), while being substantial
and significant for all structures in PC, and for subchondral bone and joint
space in DC images (0.70-0.88, p<0.05).

B.4.2

Image quality and imaging findings

Significant differences of visualization ratings were found between the various image types. Soft tissue visualization was rated higher in PC compared
to both absorption and DC images (p<0.017), whereas subchondral bone and
joint space could be better assessed in absorption and DC images (p<0.001).
Joint space visualization was rated significantly higher in DC images than
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(a)

(b)

(c)

Figure B.3: On the absorption radiograph image (a), one of the hands revealed
calcifications in the triangulo-fibrocartilage complex (TFCC) of the radiocarpal joint
(arrow). Soft tissue was better depicted on the PC image, however, differentiation of
TFCC calcifications (arrow) were less clear (b). Visualization of TFCC calcifications
(arrow) was best on DC images (c).

conventional radiography (p<0.017), while visualization of other structures
did not differ significantly.
The absorption, PC and DC images of the human hand were separately
depicted as gray value images in Fig. B.2. The difference and the complementary information content can already be identified from the unprocessed
(or unfused), raw contrast modalities.
Both radiologists found the gray value PC images to generally enhance contrast for soft tissue. The DC image, on the other hand, shows enhanced
contrast of bone edges versus soft tissue with better visualization of joint
space and bone margins as compared to conventional radiography.
On conventional radiography, one of the cadaver hands revealed coarse calcifications in the triangulo-fibrocartilage complex of the radiocarpal joint. Visualization of this finding was markedly increased in DC images (Fig. B.3).
Another calcification adjacent to the distal interphalangeal joint could be
only depicted in DC images but not in conventional radiography and the
PC images (Fig. B.4).

B.4.3

Fused images

For the fusion of the PC image with the absorption or the DC image, respectively, the method described in S2 of the supplemental material has been
used. Fig. B.5 shows the fusion of the PC image with the absorption image and Fig. B.6 the fusion of the PC and the DC image. The opacity of
the PC image, coded in blue, can be continuously adjusted by a weighting
parameter αA (PC/absorption) and αD (PC/DC). In order to emphasize the
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(a)

(b)

(c)

Figure B.4: Soft tissue calcification adjacent to the distal interphalangeal joint of the
fourth finger (arrows) was not depicted on the absorption radiograph (a) and on
the PC image (b), but could be clearly seen on the DC image (c).

practical meaning of the weighting parameters αA and αD , both figures show
three different images with a varying α.
Both radiologists found the fused absorption and PC images to yield higher
contrast between soft tissue and bones as compared to standard absorption
radiographs. The visibility of soft-tissue features was enhanced by increasing the weighting parameter, yet slightly more obscuring bony microarchitecture.
Tissue contrast between soft tissue and bones was further enhanced by the
fusion of PC and DC images. As already seen on raw images, DC images
markedly enhanced visualization of bones. Increasing the weighting factor
of the fused images increased soft tissue contrast and simultaneously maintained the visibility of bony microarchitecture in the DC image.

B.4.4

Dose

The mean dose rate within the FOV was measured to be 0.7mGy/s. By
using 8 phase steps [13] and an exposure time of 9 seconds per step, the
total entrance dose delivered amounts to 0.7 mGy/s · 8 · 9s · 2 = 100.8 mGy.
The factor of two takes into account the bi-directional measurement. Unidirectional measurements could alternatively been used to reduce the dose,
however the sensitivity of the PC and DC images would then be reduced to
one direction.
The relatively high dose rate can partly be explained with the fact, that the
system has not been optimized for this purpose. After the sample, two
Plexiglas plates, used to protect the interferometer, attenuate the radiation
by approx. 40%, which represents a post-sample attenuation factor and reduces the detection efficiency. Furthermore, the X-ray detector is optimized
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(a)

(b)

(c)

Figure B.5: Fusion of the standard absorption radiograph with the PC image, using
different values for the fusion parameter alpha (see S2 of the supplemental material). (a) αA = 1, (b) αA = 3„ (c) αA = 6,. A small value for the fusion parameter
results in an image which is dominated by the absorption image, any soft tissue features provided by the PC image are invisible. By increasing the fusion parameter,
the visibility of those soft tissue features can be continuously enhanced.

for 17keV, while the interferometer’s design energy is 28keV. The corresponding loss in detection efficiency has been estimated to be about 4 fold. Also,
the spectrum has not been optimized, e.g., by using filters. By optimizing
the setup and thus the associated detection efficiency (see above), a dose reduction by a factor of approx. eight could be achieved, which would result
in an entrance dose of 12.6 mGy for a bi-directional measurement or 6.3mGy
for a uni-directional measurement.

B.5

Discussion

The herein presented experiments show a study on PC and DC imaging on
a large FOV for adult human hands and demonstrate the potential of this
technique to improving diagnosis. It was found that PC images significantly
improve the visualization of soft tissue of the hand (i.e., by highlighting
fibrous septa and interfaces), whereas DC images improve the image quality of bony edges and margins leading to increased visualization of bone
microarchitecture and joint spaces with periarticular calcifications. Image
fusion has been used for the simultaneous display of the different image
types, where the opacity of the overlaid color-coded PC image onto the ab149
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(a)

(b)

(c)

Figure B.6: Fusion of the mean scattering signal with the PC image, using different
values for the fusion parameter alpha (see S2 of the supplemental material). (a)
αD = 1, (b) αD = 3, (c) αD = 6. Again, a higher fusion parameter leads to a higher
visibility of the PC image and, therefore, of soft tissue features.

sorption or DC image could be changed manually and interactively by the
readers from none to maximal according to individual preferences. Both
radiologists found the fused absorption and PC images to yield higher contrast between soft tissue and bones as compared to conventional radiography. Further contrast increase of bone margins and microarchitecture was
achieved by the fusion of DC images with PC images. Although this is an
experimental study using a highly dedicated setup and cadaver hands, the
used image fusion method has, due to its interactive functionality of continuously changing the opacity of the PC image, potential to enter clinical
utility in daily routine, possibly finding a role in diagnosing and monitoring
rheumatologic and degenerative disease.
Conventional radiography since decades has been the cornerstone imaging
exam for diagnosis and monitoring of joint disease such as osteoarthritis or
rheumatoid arthritis and remains a valuable tool at present due to high resolution depiction of joint structures and associated diseases [117, 118]. However, in recent years magnetic resonance (MR) imaging and ultrasound have
gained increasing interest for monitoring disease evolution due to their potential to detect soft-tissue affection, such as synovial thickening, perfusion
or joint effusions at an earlier stage than plain radiography. Guidelines on
disease classification and treatment strategies have therefore integrated findings from MR and ultrasound imaging in order to facilitate earlier initiation
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or changes of therapeutic regimen [119]. However, MR imaging is rather
expensive, more limited in resolution and not always available. Although
ultrasound imaging has been widely introduced in the rheumatologic community, it is rather time consuming and its performance depends on the
user’s expertise. Plain radiography on the other hand can be performed
quickly at low costs with constant high quality, leaving little space for variance of acquisition quality although at the price of ionizing radiation dose.
Various attempts have been made to quantify joint disease by using standardized read-out schemes for conventional radiography, however, currently
there is no consensus on the preferred scale [116, 120, 121]. Although controversially discussed, the Kellgren and Lawrence approach [116] is widely
used as a tool for systematic reports of hand conventional radiography. This
algorithm is based on the assessment of typically affected joint structures in
osteoarthritis such as subchondral bone and joint space width. Therefore,
the visualization of subchondral bone, joint space, and, in addition, soft tissue structures in different joints of the hand to investigate the potential value
of the various image types for joint disease assessment, was evaluated.
Grating interferometry based PC and DC imaging must be considered one
of the most promising phase-contrast techniques in terms of clinical application, since it can be technically realized with conventional X-ray tubes.
The source-to-detector length of 1.6m in the system used for our study was
rather long, however, it has been demonstrated that the technique is also
compatible with more compact settings [100]. The geometry of the grating
interferometer is usually fixed for a given design energy, which makes it
less flexible than a standard absorption setup. Compared to the standard
acquisition protocol in absorption imaging which is based on a single snap
of the sample, grating interferometry requires a multi-snap acquisition protocol of typically 4-8 images. This can increase scan time due to the idle time
between the exposures, however, dose can be kept constant by reducing the
exposure time of the single snaps. In a clinical context, the increased scan
time might become a problem due to the occurrence of patient motion and
the associated image blurring. Another issue related to blurring is the intrinsic geometric magnification of phase-contrast images. Since the sample
is placed in front of the phase grating (middle grating), there is always a
certain distance between sample and detector. The finite focal spot size of
the source can cause a geometric unsharpness (penumbra), which appears
as blurring in the images. An absorption image acquired with a standard
setup would of course not be affected by such blurring. On the other hand,
this effect can be avoided by selecting an X-ray tube with a smaller focal
spot, allowing the required geometric magnification. The following study
limitations must be acknowledged. First, the ex-vivo approach has inherent
shortcomings. Second, there is no gold standard modality available for correlating findings from PC and DC images. Third, only three hands were
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included and evaluation of depiction quality did not focus on specific findings of a certain pathology, i.e. rheumatoid arthritis. Performance of PC
and DC images in clinical situations will have to be tested in further studies.
Finally, the experimental set-up is not yet ready for clinical use. On one
hand, the FOV of a single exposure is too small to cover the entire human
hand, such that multiple exposures, ideally with some overlapping space to
simplify the subsequent stitching of the scans, have to be acquired. On the
other hand, the system has not been optimized for the minimization of the
imparted dose.
PC and DC imaging of the human adult hand using a conventional X-ray
tube is feasible and provides advantages in the depiction of both bone and
soft tissue as compared to conventional radiography. Use of a fusion tool
has the potential of highlighting the individual value of each image type
deserving further evaluation. Finally, early evidence suggests that soft tissue
calcifications can be depicted with better quality on DC as compared to
conventional radiography images. Thus, once established in clinical routine,
PC and DC imaging may hold potential as an imaging tool for more accurate
diagnosis and monitoring of rheumatologic disease.
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B.7

Supplementary material

B.7.1

Imaging setup and data acquisition

A schematic of the imaging setup is shown in Fig. B.2a. The setup consists
of an X-ray source, a pixel detector and the grating interferometer. As the
name suggests, the principle of the grating interferometer is based on interference, exploiting the wave nature of X-rays. The first grating, referred to
as the source grating or G0, is positioned directly after the source. G0 is
an absorption grating, usually made of gold lines. Since gold is a strong
X-ray absorber (high atomic number), the source grating acts as an attenuation grid consisting of opaque and transmitting lines. Due to the finite
focal spot size of the source, the slits of G0 split the source into an array of
micron-sized sources. Such small sources are necessary for the generation
of constructive interference.
The second grating, referred to as the beam splitter grating or G1, is placed
between the source grating and the detector. G1 is a so-called phase grating,
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whose lines are typically made of low-absorbing silicon. These lines periodically introduce a phase shift of zero and π to the X-ray wave, generating
a so called periodic phase modulation. This phase modulation generates
interference, called a periodic intensity modulation, downstream of G1, appearing as fringes of high intensity. A sample placed in front of G1, which
refracts the beam, causes a transverse displacement of those fringes, which
can be measured. From the geometrical parameters of the system, the refraction angle caused by the sample can then be calculated. Since the refraction
angle is proportional to the first spatial derivative of the phase signal, the
refraction image is often referred to as the differential phase-contrast (DPC)
image.
The displacement of the interference fringes could most efficiently be measured by the pixel detector itself. However, since detector pixels are typically
larger than the spatial period of the fringes, a direct measurement of the
fringe-shift is impossible. This is solved by using a third grating, referred to
as the analyzer grating or G2. Similar to G0, it is an absorption grating (i.e.,
with gold lines) having the same periodicity as the interference fringes. It
acts as a mask which either attenuates (low intensity on pixel) or transmits
(high intensity on pixel) the fringes, hence encoding the mean fringe shift
within a detector pixel into an intensity value (DPC signal).
The retrieval of the DC image involves a slightly different analysis of the
interference fringes. Instead of a transverse fringe shift, scattering leads to
a reduction in amplitude of the intensity modulation, being the quantity to
be measured in this case.

B.7.2

Color coded image fusion

For the fusion of the PC image with the absorption or the DC image, a
color coded superposition of the images was applied. While absorption or
DC images are displayed in the conventional gray scales (identical values
for RGB), the overlaid PC image is displayed in a single RGB color channel
(here, the blue channel is used). By using a vector notation for the RGB
channels in a pixel, the image fusion can be expressed by

  
 
IA,R,i
Ai
0
 IA,G,i  =  Ai  + αA  0 
(B.2)
IA,B,i
Ai
Pi

  
 
ID,R,i
Di
0
 ID,G,i  =  Di  + αA  0 
(B.3)
ID,B,i
Di
Pi
The three vector components represent the RGB channels, indicated by subscripts in the fused image. Ai is the absorption signal, Di and Pi are given
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by Eq. (B.1) and αA and αD are tuning parameters, which control the opacity
of the PC and DC image, respectively, and can be continuously adjusted by
the user.
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