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Introduction
The discovery of X-rays in 1895 by Röntgen [Rön98] had a great impact on many
fields of research. The ability to visualize internal structures with X-rays without
destroying the studied object, paved the way for a variety of applications in material
sciences, biological and medical imaging.

Conventional X-ray imaging is based on absorption effects due to the interaction
of electromagnetic radiation with matter. It enables visualizing differences in the
matter-specific linear attenuation coefficients and path lengths in matter. The
attenuation coefficient is connected with the imaginary part β of the refractive
index n = 1 − δ + iβ. By measuring the intensity of the transmitted radiation
directly with a detector, β and thus, the linear attenuation coefficient can be
deduced. The decrement δ of the real part of the refractive index is responsible
for the phase shift that is imprinted onto the electromagnetic wavefront when it
passes through matter. In particular, for light elements δ is significantly larger
than β [AM11]. Imaging techniques which use the information carried by δ enable
an enhanced soft tissue contrast for biological samples [Fit00; Mom03]. To measure
the refractive properties of materials, special phase-sensitive imaging techniques
based on interferometric principles are required. The first X-ray interferometer
was presented by U. Bonse and M. Hart in 1965 [BH65a]. It uses three crystal
blocks, a beam-splitter crystal, a transmission-mirror crystal and an analyser crys-
tal to be sensitive to small phase shifts in a material. Besides these so-called
crystal-based phase-contrast imaging methods, propagation-based [Sni95; Clo97],
edge-illumination [Oli01] and grating-based [Dav02; Mom03; Wei05] phase-contrast
methods are in use.

This work focuses on grating-based X-ray phase-contrast imaging. In the 1980s
Patorski et al. [Pat83; Pat89] studied the Talbot effect, which was first described in
1836 [Tal36] in connection with a Talbot interferometer in the visible light regime.
This knowledge was utilised to build a grating-based X-ray Talbot interferometer
in 2003 by Momose et al. [Mom03] applying synchrotron radiation.
However, with regard to clinical and industrial applications the use of a high
brilliant synchrotron X-ray source is not favourable. Hence, in 2004 and in 2005
[MKK04; Wei05] results were published demonstrating that grating-based X-ray
phase-contrast imaging can be performed with polychromatic radiation sources
featuring small focal spot sizes. This enabled for the first time the usage of compact
X-ray sources like an X-ray tube for grating-based X-ray imaging techniques. In
2006 Pfeiffer et al. [Pfe06] implemented a grating-based X-ray phase-contrast setup
working with a large focal spot X-ray source. An additional grating placed directly
in front of the X-ray source (source grating) exploits the Lau effect [Lau48] and
compensates the incoherence of the large focal spot size. The first published results
presented the differential phase image in addition to the conventional attenuation
image.
The third possible image type was introduced later as dark-field image in 2008
[Pfe08]. It is sensitive to scattering at structures which are smaller than the resolu-
tion of the imaging system. The grating-based X-ray phase-contrast and dark-field
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imaging method is also called Talbot-Lau imaging since the Talbot effect and the
Lau effect are the basis for this grating-based imaging technique.

The application fields for Talbot-Lau imaging are extended over several medical
research areas [Yar14]. Applying X-ray dark-field imaging to mammography showed
for example promising results [Sta11; Ant13]. Moreover, the detection of foreign
body remains consisting of wood, fabric or glass particles is significantly improved
by X-ray phase-contrast and dark-field imaging [Bra18; Hel18b]. Finally, the diag-
nosis of lung diseases has turned out to be another potential field of application for
X-ray dark-field imaging [Yar13; Hel16; Hel17].

In non-destructive testing particularly the dark-field raises interesting potential
applications due to the sensitivity of dark-field signals to porous, granular and
fibrous structures [Rev11; KPR12]. Carbon fibre reinforced plastics or polymers
(CFRP), which are widely used e.g. in aerospace or automotive industries, often
lack contrast in attenuation imaging. The X-ray dark-field, however, shows good
contrast because of the fibrous structure. Cracks, air inclusions and structural
defects lead to significant dark-field signatures [Sar15; Sen18]. The detection of
foreign bodies is also of interest, e.g. in the field of food control [Nie13]. Further
investigations of consistency and quality of food were realised applying X-ray
Talbot-Lau imaging [Mik15]. Finally, cultural heritage sciences make use of X-ray
phase-contrast, e.g. by revealing letters in Herculaneum papyrus rolls [Moc15].

Furthermore, the dark-field image shows a directional dependence due to the used
unidirectional gratings. A measurable signal only occurs in case of scattering
perpendicular to the grating bars [Jen10b]. Directional X-ray dark-field imaging,
which is also denoted as X-ray vector radiography [Jen10a; Pot12], utilises this
effect. The reconstruction of fibre alignments that are not directly resolvable is
possible by acquiring several dark-field images at different rotation angles of the
sample to the grating bar orientation. The special property of the X-ray dark-field
is usable both in medical imaging e.g. for the analysis of bones [Egg14; Sch14] and
in non-destructive testing, e.g. for the analysis of carbon fibre reinforced polymers
[Rev13].

Another upcoming potential application field is high energy density physics as part
of laboratory astrophysics. The aim of laboratory astrophysics is the visualization
and investigation of astrophysical phenomena in a well known laboratory environ-
ment with controllable conditions. For a high energy density plasma which consists
of low-Z matter conventional X-ray attenuation imaging lacks contrast. Hence,
X-ray phase-contrast imaging might be a promising imaging tool. Single-shot moiré
deflectometry was already implemented [Res94; VSF14] and first measurements
with an X-ray backlighter source were performed [Val16].

To raise X-ray Talbot-Lau imaging to a standard imaging method in medicine
or non-destructive testing, some limitations have to be addressed. Initially, the
fabrication of the gratings is challenging [MS15]. On the one hand, high aspect
ratios are necessary for absorption gratings to increase image quality. On the other
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hand, the grating size is limited due to the fabrication process by X-ray lithography
which is one major problem to approach. Here, stitching processes are one idea
[Mei16], but this is not easily applicable.
Furthermore, the conventional image acquisition scheme uses a phase-stepping
process [Wei05] with several exposures needed to extract the images. In combination
with the limited size of the gratings and thus a limited field of view, a large number
of small images has to be taken to obtain images of larger objects like a human
knee [Hor17]. The time consuming process results in image artefacts and too high
deposited dose in the investigated tissue. This is intolerable in medical imaging since
the dose is an important factor to consider. In this regard, also the disadvantage of
using an absorption grating which is located behind the patient and thus reduces
photon statistics, should be compensated. A significant additional value has to be
gained by the differential phase and the dark-field image and the Talbot-Lau setups
have to be optimised such that the dose requirement is comparable to conventional
X-ray imaging.
Large fields of view are also needed in many non-destructive testing applications.
The dose is not relevant here, but the long acquisition times are mostly not
acceptable.
The mentioned limitations of the limited field of view, the slow acquisition and
the associated higher dose required are also obstructive regarding a reasonable
implementation of X-ray phase-contrast and dark-field computed tomography. All-
together, a fast imaging system covering a large field of view and with low demands
on grating fabrication is desirable.

In this work, on the one hand possible application fields for X-ray phase-contrast
and dark-field imaging are evaluated and on the other hand the mentioned chal-
lenges are addressed by optimising the alignment procedure for a Talbot(-Lau)
interferometer and the image acquisition with the aim of developing a helical X-ray
phase-contrast and dark-field tomography system.

Promising application fields for non-destructive testing (chapter 2) with special
focus on carbon fibre reinforced plastics (chapter 2.2) and archaeological findings
(chapter 2.3) as well as medical X-ray dark-field lung imaging (chapter 3) are
presented.
Furthermore, in chapter 3 different Talbot-Lau interferometer setups are inves-
tigated with regard to the sensitivity in lung imaging. A conclusion is drawn
about the needed sensitivity and the important interplay of visibility and required
dose to obtain sufficient image information. The investigations demonstrate which
considerations have to be taken into account to design a purpose-built X-ray grating
interferometer with preferably low technical demands.

In chapter 4 the design and optimisation of an interferometer setup concerning
stability and robustness is demonstrated. Moreover, an alignment method for
Talbot(-Lau) setups is proposed. This method is recommended for measurements
at sources where only single shots over a large time scale are available, like at
an X-ray backlighter. In medical and industrial implementations, this alignment
method is a very helpful tool to simplify the process of adjusting the single X-ray
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interferometer components. An easy exchange of different grating sets and automa-
tion is conceivable.

One solution regarding time and field of view limitations is given by X-ray Talbot-
Lau scanners [Sei19; Wil18]. A scanning setup is built by gratings which are large
in just one dimension and thus enables imaging within a large field of view in a
short time. The standard scanning method takes advantage of the movement of
the sample below the gratings and needs a certain alignment of the interferometer
over the complete grating area. Thereby, the standard scanning method does not
allow the direct extension of the 2D scanning method to a 3D helical tomography
acquisition scheme.
In chapter 5.2 a new scanning method is therefore presented which opens the
possibility for a 3D scan with Talbot-Lau scanners. The method is based on
the continuous source grating movement employing the classical phase-stepping
approach used in Talbot-Lau imaging [Wei05]. For image reconstruction the sliding
window method [Zan12] is applied. This continuous phase-sampling scanning
method results in images of the same quality as the standard scanning method.
Additionally, the new method shows advantages, e.g. in the alignment require-
ments of the gratings. An adjusted Talbot-Lau setup leads to a moiré pattern in
the detector read-out. While the standard scanning method requires a specific
appearance of the occurring moiré pattern obtainable by a slight misalignment of
the gratings, the continuous phase-sampling scanning method is independent of
the shape of the moiré stripes. A comparison of both scanning methods is drawn
in chapter 5.3.
Moreover, for the new scanning method an algorithm was developed to determine
the correct source grating position at each acquisition. It is mandatory to know
that position to reconstruct attenuation, differential phase and dark-field images
correctly. In chapter 5.4 it is demonstrated that the new algorithm also works as
an optimisation method to correct artefact afflicted image reconstructions.
Finally, the developed continuous phase-sampling scanning method is applied to
acquire helical computed tomography data in chapter 5.5.

1 Fundamentals and methods
1.1 X-ray wave propagation and complex refractive index
X-rays are part of the electromagnetic spectrum with wave lengths in the region of
10−12 m to 10−8 m. Medical X-ray imaging uses X-ray spectra with wave lengths in
the range of about 50 · 10−12 m and 8 · 10−12 m which corresponds to energies of
about 25 keV to 150 keV. In materials testing energies up to 500 keV are utilised
[Kra07]. X-rays in this regime easily pass matter which would not be transparent
for visible light (< 5 eV). If an electromagnetic wave propagates through matter
interaction processes influence amplitude and phase of the incoming wave. A
detailed description of the wave propagation theory and interaction of X-rays with
matter can be read for example in Paganin [Pag06].
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In conventional X-ray imaging only the attenuation of radiation is employed. The
relation between the matter properties and the amount of absorbed intensity I is
described by the Beer-Lambert law:

I(z, E) = I(0, E) · exp
(
−
∫ d

0
µ(z, E) dz

)
. (1)

The linear attenuation coefficient µ depends on material properties like density and
atomic number along the direction of propagation z within the object of thickness
d for a certain photon energy E.
The typical interaction processes causing the attenuation of radiation are the
photoelectric effect, Compton scattering and pair production while the last process
does not occur in the applied energy range of X-ray Talbot-Lau imaging. The pho-
toelectric effect describes the absorption of photons in matter. A photon transfers
its energy to a shell electron which then leaves the atomic shell with the energy
difference of photon energy and binding energy. The Compton effect describes
the scattering of a photon with a shell electron resulting in a partial transfer of
momentum and energy to the electron. In consequence, the photon direction can
change and there is an energy loss depending on the scattering angle.

The matter-specific influence on X-ray photons can be traced back to the mathe-
matical description of an electromagnetic wave by the Maxwell equations, see e.g.
[Gre08].
X-ray photons of frequency ω propagating through matter can be described by a
plane wave Ψ(~r, t) at position ~r in space and at time t with initial amplitude Ψ0:

Ψ(~r, t) = Ψ0 · exp
(
i(~k~r − ωt)

)
. (2)

The wave vector ~k depends on material properties via the dispersion relation:

|~k|2 = n2ω
2

c2 (3)

with the refractive index n = √εrµr, relative permittivity εr and relative perme-
ability µr and the speed of light c.
When electromagnetic radiation passes matter, the medium described by the param-
eters εr and µr gets polarised with a frequency-dependent dielectric constant εr(ω).
The complex refractive index is connected to εr and can be written as [Gre08]:

n = 1− δ + iβ (4)

where δ is the refractive index decrement and β the imaginary part of the refractive
index. The real part of the refractive index is defined as 1− δ due to very small
values of δ, typically of order 10−5 or 10−6 for X-rays [Pag06]. This results in
a refractive index Re(n) slightly less than unity. The absorption of radiation is
described by β as it will be shown in the following.
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Replacing the vacuum wave vector ~k in equation 2 by the wave vector in a medium
~kn = n~k and assuming the propagation in z-direction results in:

Ψ(z, t) = Ψ0 · exp ( i kzz (1− δ + iβ)− iωt) (5)
= Ψ0 · exp (i (kzz − ωt))︸ ︷︷ ︸

vacuum propagation

· exp (−iδkzz)︸ ︷︷ ︸
phase shift

· exp (−βkzz)︸ ︷︷ ︸
attenuation

. (6)

The complex refractive index therefore causes an attenuation due to the exponential
damping term determined by β and a phase shift due to δ.
The intensity measured with a detector in an experiment is the squared amplitude
of the propagating wave Ψ(z, t):

I(z) = Ψ2
0 · exp

(
−2ωβ

c
z

)
. (7)

This leads to the relation of β and the linear attenuation coefficient µ of the
Beer-Lambert law in equation 1 [Pag06]:

µ = 2ωβ
c

. (8)

In today’s conventional X-ray imaging the intensity is measured by a position
sensitive detector in order to obtain a 2D image of the specimen by resolving
differences in the attenuation of the radiation. The decrement δ of the real part
of the complex refractive index describes the phase shift of the propagating wave.
Because of the small values of δ the refraction effects of X-rays on matter are very
small. Therefore, it is not possible to resolve the slight phase shifts directly. In case
of a long propagation distance propagation-based methods [Sni95; Clo97] provide
reconstruction techniques to obtain the phase information. Apart from that, other
possible solutions for getting access to the tiny phase variations exist. In this work,
grating-based imaging methods are utilised. Employing a high flux rotating anode
X-ray tube in a laboratory setup, a Talbot-Lau interferometer is used for extracting
differential phase shifts which will be introduced in the next chapter.

1.2 Principles of Talbot-Lau interferometry
On the basis of the Talbot and the Lau effect a grating-based X-ray Talbot-Lau
interferometer can be designed. It allows not only for visualizing the attenuation
of X-rays in matter, but also for visualizing the differential phase shift the X-
ray wavefront experiences in matter. Hence, the full information of the complex
refractive index (equation 4) is accessible by X-ray Talbot-Lau imaging.

1.2.1 Talbot effect

The Talbot effect is named after H. F. Talbot who observed this optical phenomenon
first in 1836 [Tal36]. In his experiments about diffraction, he directed a ray of
sun light on an equidistant grating with vertical lines and watched the appearance
behind the grating. He noticed alternating green and red bands which were parallel
to the grating bars. At different distances behind the grating the pattern changed
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gradually in colour to blue and yellow lines and back to red and green. He also
recognized that the diameter of the ray has to be very small to obtain the wave
length dependent self-images of the periodic structure of the grating [Tal36].
The distances where an intensity pattern as a self-image of the periodic structure
occurs are called Talbot distances. In 1881 Lord Rayleigh published an approach
for a mathematical description of this phenomenon. He mentioned the experimental
observation that for one wavelength the pattern of the periodic structure, e.g. a
grating, is reproduced in equal distances d behind the periodic structure. The
distance where the self-image occurs is related to the period p of the grating
structure and the wave length λ by d = p2/λ except for a lateral shift by p/2. The
pattern is exactly reproduced in multiples of one Talbot distance dT1:

dT1 = 2p2

λ
. (9)

It should be noted that this relation is valid in first order for a small wave length λ
in comparison to the grating period p [Ray81].

Later, the Talbot effect was further examined and additional so-called fractal and
fractional distances were calculated at which also Talbot images occur but which are
not perfectly sharp [BK96]. The reduced intensities at fractional Talbot distances
were discussed by Cloetens et al. [Clo97]. At the distance of dT1/2 the intensity
is identical to that at the actual Talbot distance but shifted by p/2 matching
Rayleigh’s observation.
Instead of an absorption grating, different types of phase gratings can be used,
which lead to a phase shift of the incoming wave and do not attenuate the radiation,
given the ideal case. For phase-gratings, intensity patterns which reproduce the
grating structure occur at other fractions of dT1 than for an absorption grating.
The fractional distances depend on the phase shift caused by the grating and its
duty cycle which is defined as D = w/p with w the width of one grating bar and p
the grating period.
It is possible to combine the fractional Talbot distances for the use of an absorption
grating, π- and π/2-shifting grating with duty cycle D = 0.5 by the following
formula:

dfT = j

η2 ·
p2

2λ = j

η2 ·
1
4dT1 . (10)

Depending on the used grating type with the grating intrinsic parameter η, self-
images of the grating shape occur for specific (fractional) Talbot orders m:

absorption grating : η = 1 ∧ j = 2m ⇒ 1
2 mdT1 (11)

π/2-shifting grating : η = 1 ∧ j = 2m− 1 ⇒ 1
4 (2m− 1) dT1 (12)

π-shifting grating : η = 2 ∧ j = 2m− 1 ⇒ 1
16 (2m− 1) dT1 (13)

where m ∈ N [YWL15]. The factor η differentiates between absorption grating or
π/2-shifting grating where η = 1 and a π-shifting grating that causes a so-called
frequency doubling which is expressed by η = 2 [Sul97]. As a consequence, also the
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period pT of the Talbot pattern depends on η according to pT = p/η. Hence, for
a π-shifting grating the period of the Talbot pattern matches half of the actual
grating period.
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Figure 1: Talbot carpets for an absorption grating (left), a π/2-shifting grating (middle)
and a π-shifting grating (right). The intensity patterns of a monochromatic plain wave
of 25 keV interacting with the grating positioned at z = 0 are simulated for different
distances behind the grating. The distance where the first self-image of the grating occurs
(fractional Talbot order m = 1) is marked with an orange line. The π-shifting grating
shows frequency doubling.

In figure 1 the intensity patterns at different distances behind an absorption grating
(left), a π/2-shifting grating (middle) and a π-shifting grating (right) are shown
as so-called Talbot carpets for an incoming monochromatic plain wave. The first
fractional Talbot order, i.e. the first occurrence of a self-image of the grating shape,
is marked with an orange line. The absorption grating leads to an attenuation
at the position of the grating bars, while the phase-gratings show no measurable
intensity variation at z = 0. The first self-images occur at dT1/16 for the π-shifting
grating, at dT1/4 for the π/2-shifting grating and dT1/2 for the absorption grating.
Further self-images are visible following equation 10.

In case of a polychromatic X-ray source, no explicit Talbot distance exists, since
the Talbot distance is energy dependent. The occurring Talbot carpet behind
the grating is a superposition of many single Talbot carpets generated by the
contributing energies of the X-ray spectrum. In figure 2 the simulated Talbot
carpets are shown for a 40 kVp tungsten spectrum with the dominating energy at
25 keV. The Talbot carpets now are blurred versions of the Talbot carpets obtained
by the monochromatic X-ray energy of 25 keV. The contrast of the pattern is
reduced. Assuming additionally an extended focal spot, but which is still small
enough to maintain sufficient spatial coherence, the measurable intensity pattern of
the rectangular periodic grating structure at different distances z > 0 finally results
in a sinusoidal shaped intensity curve. For employing a Talbot imaging method,
the gratings should be positioned at a z-distance where the measured intensity
pattern reaches highest contrast.
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Figure 2: Talbot carpets for an absorption grating (left), a π/2-shifting grating (middle)
and a π-shifting grating (right). The intensity patterns of a polychromatic plain wave
resulting from a peak voltage of 40 kVp interacting with the grating positioned at z = 0
are simulated for different distances behind the grating. The distance where the first
self-image of the grating occurs for the spectrum-dominating energy of 25 keV (fractional
Talbot order m = 1) is marked with an orange line. The π-shifting grating shows
frequency doubling.

1.2.2 Lau effect

In 1948 Ernst Lau published his results about diffraction phenomena with two
gratings [Lau48]. He observed that one grating which is positioned behind another
similar grating is reproduced in different distances downstream. In contrast to
the experiments featuring the Talbot effect an extended polychromatic source is
used. The first grating acts as a spatially coherent source built of many single
line-sources. With the help of diffraction theory the necessary distance between
the two gratings can be calculated [Lau48]. The result is an interference pattern at
infinity for one specific wave length for each single slit of the first grating while
all produced interference fringes coincide. In 1979, Jahns and Lohmann [JL79]
described this so-called Lau effect by means of diffraction theory and showed the
similarities to the Talbot effect.

A spatially extended light source consists of many single point sources and each
will generate a Talbot pattern of the second grating. The maximum extent of the
focal spot size to get a measurable intensity variation in the overlap of all single
self-images is limited by geometry (figure 3).
If the size exceeds a limit of

s = pT · d1

2 dT
, (14)

the superposition of the single self-images results in a destructive interference of
the fringe patterns.
That is why the first grating is needed. It causes vividly spoken many single
slit sources each sufficiently spatially coherent ([JL79] used the same approach).
For each slit source a self-image of the second grating occurs. If the grating
parameters are chosen reasonably, the superposition of all self-images will generate
a similar periodic structure like it would occur by illuminating it with just one single
point light source. The relation between the grating period of the first grating p0
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Figure 3: Principle of Lau effect: An extended source consists of many single point
sources. Each point source produces a Talbot pattern I(x) of G1 in the distance dT. The
grating G0 blocks out those contributions which would overlap destructively.

positioned in a distance d1 from the second grating and the period of the self-image
pT visible in the Talbot distance dT is based on the intercept theorem:

p0

pT
= d1

dT
. (15)

If the condition is fulfilled the destructively overlapping contributions of the ex-
tended source are suppressed.

1.2.3 X-ray Talbot-Lau interferometer

A Talbot-Lau interferometer uses the Talbot effect to get access to the full complex
refractive index. The deformation of the Talbot pattern contains information about
the attenuation and the phase shift of the incoming X-ray wavefront by an object.
In figure 4 a sketch of an X-ray Talbot-Lau interferometer is shown. The setup
consists of an X-ray source S, the source grating G0, the phase grating G1, the
analyser grating G2 and the detector D.
A common medical X-ray source has a focal spot size which is too large to fulfil
the condition of spatial coherence. By use of a source grating G0 the Lau effect
is applied. Parts of the extended source are blocked out in order to get only the
contributions of the X-ray focal spot whose self images add up constructively as it
has been shown in figure 3 in chapter 1.2.2 [Pfe06].
The wavefront propagates through an object and impinges on a phase grating
G1. Especially in medical imaging, the use of a phase grating is important as no
unnecessary loss in dose behind the patient is caused. Furthermore, the use of
a π-shifting grating is often preferred because Talbot patterns occur in smaller
distances behind the grating due to frequency doubling (compare chapter 1.2.1).
The (fractional) Talbot distances displayed in equation 9 and equation 10 are valid
for a parallel beam geometry. Hence, for realistic applications in a cone beam
geometry a factor for the magnification M has to be taken into account. Adapting
equation 10, the resulting magnified fractional Talbot distance

dfTM = dfT ·M = dfT ·
d1

d1 − dfT
(16)
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Figure 4: Sketch of a Talbot-Lau interferometer with X-ray source S, source grating
G0, phase grating G1, analyser grating G2 and detector D.

depends on the distance d1 between grating G0 and grating G1.
The resulting fringe pattern is also multiplied by the factor for magnification:

pT = M · p1

η
. (17)

The grating periods are of size of a few microns while a detector pixel is several
tens of microns in size. The obtained Talbot pattern can therefore not be spatially
resolved except at very high magnification. In consequence, the fringe pattern has
to be sampled to resolve it. For that purpose, another grating G2 is used which is
called the analyser grating [Wei05]. The period of the grating has to match the
period of the intensity pattern at the selected Talbot distance: p2 = pT = M · p1/η.
In case of using a π-shifting grating with η = 2 and under usual setup conditions
with d1 > dT a grating period of G2 smaller than the phase grating itself is often
used.
By superposition of the Talbot pattern and the grating G2 usually a so-called moiré
pattern occurs. This phenomenon helps adjusting the interferometer in practice
(see chapter 4). A moiré pattern appears when two periodical patterns superpose
which differ slightly in period or in tilting angle or both [Ami09]. Moiré period pM
and angle ϕM depend on the periods p2 and pT of the interfering structures (valid
for p2 ≈ pT) and the relative tilting angle α = θ2 − θT between the two patterns
(figure 5 (a)):

pM = p2 pT√
p2

2 + p2
T − 2 p2 pT cosα

(18)

ϕM = arctan
(
pT · sin θ2 − p2 sin θT

pT · cos θ2 − p2 cos θT

)
(19)

The greater the differences between the superposing structures are, the higher is
the moiré pattern frequency [Ami09]. The aim of adjustment of a Talbot-Lau
interferometer is to obtain a low frequent symmetrical moiré pattern. The better
the G2 grating matches the Talbot pattern, the better works the sampling process,
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Figure 5: Occurrence of a moiré pattern. The superposition of two periodic linear
structures with different periods pT and p2 and differing in angle α = |θT − θ2|, result in
a further periodic structure of another period pM and angle θM (a). In (b) a detector
raw image shows the moiré pattern, which occurs due to the overlap of the grating G2
and the Talbot pattern. A perfect match of both linear structures is in practice hardly
possible. The aim of alignment is a low frequent symmetrical moiré pattern to match the
Talbot pattern with the grating G2 as good as possible to obtain a high contrast of the
pattern.

which is further explained in chapter 1.3. However, a perfect matching in practice
is hardly possible. The gratings are always slightly tilted around x- and y-axis
and the gratings do not perfectly match the curvature of the cone beam. The last
aspect results in shadowing artefacts. Due to the high aspect ratios of the planar
absorption gratings, the outer grating bar structure appears as a distorted Talbot
pattern with reduced contrast. A bending of the gratings solves this problem.
Finally, imperfections of the gratings have an influence on the occurring moiré
pattern. In sum, this leads to deviations in angle and period of the moiré pattern
over the whole grating area when the Talbot pattern interferes with the G2 grating.
Small regions of the grating area match perfectly with the Talbot pattern, while at
the outer regions a slightly higher moiré frequency occurs (figure 5 (b)). However,
the differences are small enough to obtain similar contrast of the moiré pattern
over the full grating area, which is important for high quality X-ray Talbot-Lau
imaging.

1.3 Image acquisition and reconstruction
To reconstruct images from the Talbot pattern’s information, the pattern is sampled
by the G2 analyser grating. The acquired data enables the reconstruction of three
images: attenuation, differential phase and dark-field image.

1.3.1 Sampling the Talbot pattern by phase-stepping

For sampling the Talbot pattern, the G2 grating is shifted along the Talbot fringes
within at least one grating period p2. The grating is moved in several equidistant
steps in fractions of one grating period of G2. For each so-called phase-step one
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image is acquired. The measured intensity values are plotted as a function of the
phase-step position for each pixel. In case of a perfect rectangular grating and
a monochromatic X-ray point source the phase-stepping curve follows a triangle
function. However, a polychromatic extended X-ray source leads to a blurring of
the Talbot pattern and consequently blurs the phase-stepping curve to a sinusoidal
curve (figure 6). The described phase-stepping procedure is performed once with the
object (object measurement) and once without the object (reference measurement).
The parameters of the two phase-stepping curves contain the image information.

G0 G1 G2source detector

Iobj(x)

object

phase-step position

object
measurement

reference
measurement
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.

ΔΦ

Aref

Aobj

Îref
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z

x

1 2 3 4 5

Figure 6: Principle of phase-stepping procedure: The analyser grating G2 is shifted
along the intensity pattern in x direction. For each grating position one image is acquired
and the resulting intensity values are plotted over the appropriate phase-step positions
for every pixel. This process is applied once for a measurement with object and once
without which leads to two sinusoidal curves. The images are extracted from the curve
parameters in each pixel.

1.3.2 Attenuation, differential phase and dark-field image

A sinusoidal intensity curve

I(x) = A · sin
(

2πx
p2

+ Φ
)

+ Î (20)

is fitted to the object (obj) and reference (ref) phase-stepping curves depending
on the grating position x respectively phase position 2πx/p2. With the gained
parameters mean intensity Î, amplitude A and phase Φ (figure 6) the images are
extracted:

Γ = − ln
(
Îobj

Îref

)
(attenuation) (21)

∆Φ = (Φref − Φobj)(mod 2π) (differential phase) (22)

Σ = − ln
(
Vobj

Vref

)
= − ln

(
Aobj · Îref

Îobj · Aref

)
(dark-field) (23)
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with the visibility V defined as contrast:

V = Imax − Imin

Imax + Imin
= A

Î
. (24)

Attenuation image

The attenuation image is defined as known from clinical X-ray imaging and repre-
sents the damping of the X-ray wave (see. equation 7). It depends on the imaginary
part β of the complex refractive index. Bright areas in an attenuation image depict
highly absorbing regions. High contrast in attenuation images is obtained if the
material shows variable thickness or high absorbing matter (e.g. bone) next to low
absorbing matter (e.g. soft tissue). Figure 7 shows the attenuation image of a set of
test samples consisting of a little branch, a blade of grass, two carbon fibre rods and
a metallic needle fixed with hot glue. Since the attenuation of X-rays is measured,
the signal strength in an attenuation image depends on the material thickness and
the attenuation coefficient which has usually a greater influence. Metal is more
absorbent in comparison to lower Z-materials like wood, grass or carbon fibres in
the image. Hot glue consists of many chemical compounds which also leads to a
stronger attenuation. Hence, the needle and the hot glue are best visible, wood
and carbon fibre rods show lower contrast, the blade of grass is not visible.
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Figure 7: Attenuation image of a little branch, a blade of grass, two carbon fibre rods
and a metallic needle fixed with hot glue. The metal and the hot glue absorb most, thus,
they are brightest in the image. Wood and carbon are visible with lower contrast. The
blade of grass is not recognizable.
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Differential phase image

The difference of the obtained phases of object to reference phase-stepping curve
(equation 22) visualizes the differential phase shift of the X-ray wave in phase-
stepping direction caused by the object. It is connected with the decrement δ of
the real part of the complex refractive index. In figure 8, the occurring phase shift
of an X-ray wave passing matter is depicted.

Iref(x)

Iobj(x)

k k θ

G1wedge

Δx

Δz

ts,abs

pT

dT ΔΦ

ts

θ
0

intensity

phase-steps

α

k

k

Figure 8: Origin of the differential phase shift due to a wedge sloped with an angle α.
The direction of propagation is shown by ~k. Because of different path lengths through
the wedge the direction is changed which leads to a shifted Talbot pattern at the distance
dT behind the grating G1 by ts,abs. This results effectively in a phase shift ts with respect
to the period pT of the pattern. Hence, a phase shift ∆Φ in the measured phase-stepping
curve is caused.

An X-ray wavefront, which is the plane with equal phase ϕ(~r), propagates through
a homogeneous wedge sloped with an angle α. Due to increasing thickness along
the slope an increasing phase shift occurs compared to the original wavefront.
The interaction of X-rays and matter shows a refractive index smaller than n = 1
[Pag06]. This leads to an increase in wave length while propagating through
matter. Hence, the phase hurries ahead with increasing wedge thickness along the
x-axis. The wavefront has therefore changed the direction of propagation behind
the wedge. The angle θ between the propagation direction behind the wedge
and the direction of the original wavefront depends directly on the slope angle
α of the wedge and on the material properties. In comparison with the Talbot
pattern obtained by the original wavefront, the tilted wavefront causes a shift of
the Talbot pattern. Assuming that the wedge is a very low absorbing object the
phase-stepping curve with wedge shows the same measured intensity values as
the reference phase-stepping curve but shifted (figure 8, right plot). The steeper
the wedge, the more the direction of the wave vector ~k changes compared to the
reference wavefront. A relation between the differential phase ∆Φ and the real
part δ of the complex refractive index can be derived by means of geometrical
relations (figure 8). First, the absolute lateral shift ts,abs = m · pT + ts (with m the
number of full periods pT covered) along the phase-stepping direction is related
to the absolute differential phase ∆Φabs = m · 2π + ∆Φ (where ∆Φ means the
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resolvable shift from reference to object intensity curve, see graph in figure 8) by

ts,abs = ∆Φabs

2π pT ⇔ ts = ∆Φ
2π pT . (25)

The phase shift ∆ϕ between a wave propagating through media compared with a
wave propagating in free space is linked to

∆z = vΦ · τ = ω

k
· ∆ϕ
ω

= ∆ϕ
k

(26)

with vΦ the phase velocity and τ the time of propagation. Using the geometrical
relations, it results in

ts,abs

dT
= tan θ = ∆z

∆x = ∆ϕ
k∆x . (27)

Using equation 25 the differential phase measured by the shift of the phase-stepping
curves can be described as:

∆Φabs = 2πdT

pT
· 1
k
· ∆ϕ

∆x . (28)

Moreover, the shifted phase ∆ϕ can be defined as integral over all index decrements
δ(z) along the beam direction from z = 0 to z = s with s the path length in matter
[AS16]:

∆ϕ =
∫ s

0
k δ(z) dz . (29)

By inserting ∆ϕ in equation 28 and putting down ∆x to the derivative in the
phase-stepping direction it follows:

∆Φabs ≈
2πdT

pT
· ∂x

∫ s

0
δ(z) dz . (30)

This equation shows that the reconstructed differential phase ∆Φ can be interpreted
as integral of the decrement δ of the real part of the complex refractive index
n = 1−δ+ iβ which is then differentiated in the stepping direction x. A differential
phase image thus is sensitive to edges in particular and regions with differently phase
shifting structures. The refractive index decrement δ shows a higher sensitivity to
slight variations between low-Z materials than the imaginary part β. Moreover, the
index decrement δ is, like β, connected to the electron density of matter [Pag06].
Thus, the differential phase image enables a deeper insight into the structural
properties of an object and leads to further information additionally to the common
attenuation image.
In figure 9, the differential phase image of the set of test samples is shown. The
transition air–sample and sample–air leads to a clearly measurable phase shift of
the X-ray wavefront. The differential phase image enhances material transitions. In
contrast to the attenuation image, the pith of the little branch is discernable. The
pith is finer structured than the surrounding wood and leads to jumping differential
phase values. Furthermore, the blade of grass is now slightly visible due to the
transition from air to grass and vice versa. Note, that the set of test samples was
larger than the available grating area. Hence, several images were acquired and
the tiles stitched together afterwards. The borders of the tiles are slightly visible.
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Figure 9: Differential phase image of a little branch, a blade of grass, two carbon fibre
rods and a metallic needle fixed with hot glue. In particular, the edges are enhanced and
fine structural deviations in the material are visible. All samples are recognizable.

Visibility and dark-field image

In Talbot-Lau imaging the reference visibility (equation 24) is an important quality
parameter. For the dark-field image which is defined by the ratio of visibilities of
object to reference measurement (equation 23), a high reference visibility enables a
better detection of small variations in object visibility. Moreover, a low reference
visibility means a higher uncertainty in fitting a sine curve to the phase-stepping
curve. This results in inaccurate reconstructed phase differences and hence in a
lower differential phase image quality as well [Web11].
The reduction in object visibility is related to the occurrence of micro-structures.
A mathematical description is given by [Yas10] and links the variations in object
visibility to the spatial fluctuations of the wavefront which occur because of unre-
solvable small structures.

The dark-field image therefore provides information about how strong the intensity
Talbot pattern of the phase grating G1 is disturbed, i.e the contrast of the pattern
decreased. Dark-field signals occur in particular due to ultra-small-angle scattering
[Pfe08; Yas10]. This scattering is caused by structures smaller than the spatial
resolution of the imaging system. The more edges, fibrous or granular structures
are located in a specimen, the stronger is the dark-field signal. Furthermore, if
hardly any attenuation occurs there could nevertheless be a dark-field signal. The
mean intensities of reference and object measurement could be similar, while the
corresponding amplitudes differ a lot.
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This great advantage of the dark-field image is particularly interesting in medical
imaging, e.g. mammography where small microcalcifications cause a strong dark-
field signal but no attenuation signal [Mic13]. Diagnosis of lung diseases is another
very promising field of application for Talbot-Lau imaging. The alveoli of the lung
cause a strong dark-field signal. In case of lung diseases which show a change
in the alveolar structure, X-ray dark-field imaging is advantageous compared to
conventional chest radiography [Sch12; Hel16; Hel17; Hel18a].
Furthermore, dark-field imaging yields great potential in non-destructive testing
[KPR12; Rev13; Pra17], e.g. locating cracks or air voids in materials, see chapter
2.2. In particular for non-destructive testing, another property of the dark-field
image yields further structural information about a sample. The dark-field image
shows a directionality caused by the one dimensional structure of the line gratings,
see the following chapter 1.4.
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Figure 10: Dark-field image of a little branch, a blade of grass, two carbon fibre rods
and a metallic needle fixed with hot glue. The image is shown for a larger value range
(left) to depict the branch structures and for a smaller value range (right) for better
visualization of the other test samples. Except for the hot glue all samples are visible.

In figure 9 the dark-field image of the set of test samples is shown. In contrast to
the attenuation image, the little branch and the pith are the brightest samples in
the image. Since the substructure of the pith is not directly resolvable and the edges
lead to jumps in the differential phase image, it results also in a strong dark-field
signal. The surrounding wood consists of micrometre sized wood fibres which cause
unresolvable phase shifts by ultra-small-angle scattering. The hot glue seems to
have no microstructure, it yields no dark-field signal. The blade of grass consists of
plant fibres and the carbon rods consist of micrometre sized carbon fibres. Hence,
both are visible in the dark-field but with lower contrast than the branch due to
the thickness of the samples. The origin of the dark-field signals is scattering at
fibrous and porous structures. However, a dark-field signal of the metallic needle is
measurable. It is reasoned in beam hardening. Highly absorbing materials cut the
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lower energies of the X-ray spectrum. Since the visibility depends strongly on the
contributing energies in a spectrum, both a decrease and an increase in visibility in
comparison with the reference visibility is possible [YVM15]. Thus, high absorbing
materials independent of the inner structure are visible in dark-field images. This is
not always desired since the dark-field is used to get additional information about
the inner structure of a sample. With the help of the attenuation image, beam
hardening effects can be detected and suppressed [Pel16].

1.4 Directional X-ray dark-field imaging
A typical Talbot-Lau interferometer consists of unidirectional gratings. Scattering
of an incoming X-ray wavefront at micrometre-sized structures in a sample leads
to a local destruction of the wavefront. The Talbot pattern reproduces the unidi-
rectional shape of the grating bars. In consequence, the pattern is only sensitive to
the wavefront gradient in the direction perpendicular to the grating bars. Thus,
a dark-field signal occurs only for scattering contributions in that direction. The
parallel scattering contributions do not have an influence on the shift (differential
phase image) or the contrast of the Talbot pattern (figure 11).

scattering
direction

sensitivity
direction

dark-field
image

Talbot
pattern

x

y

z

Figure 11: Principle of directional dark-field imaging. Scattering which occurs in
sensitivity direction (perpendicular to the grating bars), leads to a measurable change
in the contrast of the Talbot pattern (bottom part of fibrous T-shape and edges of top
part). In case of scattering which is perpendicular to the sensitivity direction, the Talbot
pattern is not reduced in contrast (top part of fibrous T-shape).

Directional dark-field imaging allows a separation in isotropic and anisotropic
dark-field signals [Jen10a; Bay13; Mal14b]. It enables a reconstruction of fibre ori-
entations and a degree of anisotropy, usable for further structural analysis [Mal14a],
in particular for non-destructive testing [Jen10b; Sch14; Pra17] (see chapter 2).
The directionality of the dark-field is also interesting for a directional dependent
reconstruction of X-ray dark-field tomography data [Bay14; Mal14b; Bau15; Sha16;
Fel19].
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The strength of the dark-field signal depends on the scattering direction with
respect to the grating bar orientation. A sample which contains fibres of different
orientation, but with one dominant main fibre orientation Φα, leads to a variation
in dark-field strength when rotating the sample by α around the z-axis:

Σ(α) = Aα · cos(2 · (α + Φα)) + Iα . (31)

The obtainable parameters are the anisotropic part of the scattering strength Aα,
the main fibre orientation Φα at α = 0, the average scattering strength Iα and the de-
gree of anisotropy or strength of directional dependence Vα = Aα/Iα [Sch14; Pra17].
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Figure 12: Dark-field images at different angular orientations (-90◦, -70◦, -45◦, -25◦
and 0◦) of six carbon fibre rods with respect to the grating bars. The six carbon fibre
rods (three with diameter 1.8mm and three with diameter 2.5mm) are enclosed by two
metallic Allen keys.

Figure 12 shows three carbon rods with diameter 1.8mm and three carbon rods
with diameter 2.5mm enclosed by two metallic Allen keys at five different angular
rotations α+ Φα with respect to the grating bar orientation. The measurements
were performed at 40 kVp, 40mA with 9 phase-steps and 3 s acquisition time per
phase-step. The grating bars in the images are oriented vertically. Each carbon rod
consists of single carbon fibres with a diameter of a few microns. Due to directional
dependent scattering at this fibre arrangement, the dark-field signal for the carbon
rods changes clearly from almost no signal (left image) to a maximum dark-field
signal when the carbon fibre rods are parallel to the grating bars (right image). At
maximum signal the scattering direction is perpendicular to the grating bars which
means the scattering has greatest influence on the Talbot pattern. The contrast is
maximally reduced, a high dark-field signal is the consequence. The metallic Allen
keys enclosing the carbon rods do not consist of fibrous structures. Hence, there
is no variation in the dark-field values for the different angular orientations. The
dark-field signal here is caused by beam hardening.
The maximum dark-field value depends on the number of local oriented struc-
tures in beam direction being parallel to the grating bars. Thus, the variation of
dark-field signal reaches higher dark-field values for the carbon rods with larger
diameter (figure 13). Nevertheless, the degree of anisotropy for both rods is almost
1, which means the carbon fibres are perfectly aligned and no additional isotropic
scattering contribution exists. For comparison, the plot in figure 13 also shows
the corresponding attenuation values for both rod diameters which do not show a
directionality.
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Figure 13: Averaged dark-field and attenuation signal strength are plotted versus the
angular orientation of the carbon fibre rods with respect to the grating bars. The averaged
values are obtained for the red (big rod) and blue (small rod) marked regions of interest
in the small inset dark-field images.

By means of equation 31 the reconstruction of fibre orientations and the degree
of anisotropy is possible. In Potdevin et al. [Pot12] the directional dark-field
imaging method is called X-ray vector radiography. A determination of local
fibre orientations over the whole dark-field image is visualized by lines pointing
in the direction of the main fibre orientation. The directional dark-field imaging
method requires the acquisition of several images of the sample at different angular
orientations with respect to the grating bars. For that purpose, we placed the
sample on a stage that rotates around the z-axis. At each angular position, the
phase-stepping procedure for data acquisition is done. The three images attenuation,
differential phase and dark-field image are extracted from the obtained data.
For a further blockwise analysis all acquired dark-field images are rotated and
translated such that the sample matches the orientation and position of the first
image. Hereby, also the exact angular orientations α with respect to the first image
are obtained. The analysis of local fibre orientations is done in blocks of size nb×nb
pixels. A pixelwise analysis is not reasonable since the matching of the sample
over all images is too inaccurate. For each block, the dark-field value is plotted
versus the angle α. A least-squares fit yields the local main orientation Φα and the
strength of directional dependence Vα for each block.

In figure 14 and 15 the method is shown at the example of a human metacarpal
bone and two T-shaped carbon fibre rods. The images were acquired as part of a
Bachelor thesis [Fri16] which was supervised by the author and the data further
analysed. The directional dependence of bone and carbon fibre rods is demonstrated
in figure 14 by plotting the averaged dark-field and attenuation values of a region of
interest in the bone versus the sample’s orientation. Additionally, the inset images
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show the bone and the carbon fibre rods at three different sample orientations with
respect to the grating bars. The dark-field values vary while the attenuation values
are approximately constant. The small variations in the averaged attenuation
signals result from the rotation of the object. Since the samples are rotated relative
to the pixel grid of the detector, the examined regions are not exactly congruent.
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Figure 14: Directional dependence of a human metacarpal bone and two T-shaped
carbon fibre rods of diameter 1.8mm. The averaged values of a region of interest in the
bone are plotted for the attenuation (blue) and the dark-field (red) versus the angle.
The angle denotes the object orientation with respect to the object orientation at the
first taken image. The region of interest is marked by an orange rectangle in the inset
dark-field images.

The analysis for directional dependent dark-field imaging is done by splitting the
dark-field images of each object orientation into pixel blocks of size 5 × 5. For
each block the strength of directional dependence and the main fibre orientation is
obtained. The result is depicted in figure 15. The colour code of the shown image
depicts the strength of directional dependence. The white colour, however, means
no analysis was done in the pixel block, either because it is background region or
the fit of the sine curve was not meaningful (too large fit error). The main fibre
orientation is visualized by red lines. The more fibres are pointing in the same
direction, the higher is the strength of directional dependence. The carbon fibres
show a strong directionality, while the bone shows only a slight directionality. Here,
one aspect to mention is the thickness of the bone. The method works best for flat
samples with few layers of aligned structures overlapping. Otherwise, the same
amount of scattering in all directions can occur and no main fibre direction can be
determined.

Another example of a more flat bone sample is shown in figure 16. The directional
dark-field imaging method is applied to the slice of a femoral head. Attenuation,
dark-field and differential phase image indicate an oriented trabecular bone struc-
ture. The parallel lines which are visible at the bottom left in the images are
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Figure 15: Demonstration of directional dependent dark-field imaging of a human
metacarpal bone and two T-shaped carbon fibre rods of diameter 1.8mm. The recon-
structed fibre orientations for each block of size 5× 5 pixels are visualized by red lines
and plotted on the colour-coded strength of directional dependence image. The white
colour means, no (successful) analysis was done in this pixel block.

caused by a so-called corcscrew. It is used to remove the femoral head from the
acetabulum [MH14]. The visualization of main fibre orientations and the strength
of directional dependence are shown in figure 17. Similar fibre orientations are
obvious in three main regions. Here, the strength of directional dependence is high.
The red lines show that the bone microstructure is mainly oriented radially, which
is reasonable regarding the stability of a femoral head. The strength of directional
dependence could be a helpful tool in e.g. osteoporosis diagnostics analysing bone
structure and orientation of the trabecular structures without the need of high
resolution [Pot12].

The shown measurements of the human metacarpal bone and the human femoral
head were performed as a feasibility study for directional dependent dark-field
imaging. The femoral head has been stored in a formaldehyde solution to conserve
it. All experiments were performed in accordance with relevant guidelines and
regulations.
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Figure 16: Attenuation, differential phase image and dark-field (here depicted as
1 − Vobj/Vref for better visualization) of a slice of a human femoral head. Above the
images a photography (left) of the sample with the shown region marked by a black
rectangle and a sketch (right) of the cut lines to get the femoral head sample is shown.
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Figure 17: Strength of directional dependence of a femoral head slice. The red lines
mark the dominating bone structure alignment. The analysis was done for blocks of size
5× 5 pixels.

1.5 Sensitivity and correlation length
A Talbot-Lau interferometer is designed with respect to two main parameters
which influence the image quality. The first important parameter is the visibility,
described in chapter 1.3.2. The second parameter is sensitivity. The term sensitivity
aims at how well small deviations in the wavefront are detectable.
Following equation 25 and equation 27 applying small angle approximation tan θ ≈
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θ, and referring to Weitkamp et al. [Wei05], the measured lateral phase shift ∆Φ
can be traced back to the refraction angle θ that the X-ray wavefront experiences
by passing matter and to the corresponding differential phase shift ∆ϕ/∆x of the
wavefront:

∆Φ = 2πdT

pT
· θ = 2πdT

pT
· 1
k

∆ϕ
∆x . (32)

The refraction angle θ depends on setup specific parameters like grating periods
and distances between the gratings. A sensitive setup enables the detection of
very small refraction angles by measuring the lateral shift ∆Φ of the pattern.
However, this measurable shift is limited, e.g. by setup stability or noise occurrence.
Additionally, the magnification of the sample on the phase grating Ms = d1

d1−ds
with d1 the distance from the source grating G0 to the phase grating G1 and ds
the distance from the sample to the phase grating G1 plays a role. In literature
ambiguous definitions of sensitivity exist. Modregger et al. [Mod11], Thuering
and Stampanoni et al. [TS14] and Birnbacher et al. [Bir16] use the term angular
sensitivity for the minimum resolvable refraction angle

θmin = pT

2πdT

d1

d1 − ds
σΦ , (33)

where σΦ denotes the standard deviation of the lateral shift ∆Φ of the interference
pattern with respect to a reference measurement. It is associable with the minimum
detectable electron density variation [Mod11] and depends on the photon counts and
the measured visibility [Bir16]. Here, a high angular sensitivity means the minimum
resolvable refraction angle is small. Another definition of angular sensitivity is
given by Donath et al. [Don09]. They derived by pure geometrical considerations
the corresponding formula for the refraction angle

θ = pT

2πdT

d1

d1 − ds
∆Φ , (34)

where the influence of the sample-to-grating distance ds in case of a sample-grating
configuration is addressed. The term sample-grating configuration refers to the
sample’s position between the source and the phase grating G1. It is evident that
the interferometer reaches smallest refraction angles for ds = 0, which leads to the
already known equation 32. Donath et al. [Don09] define the angular sensitivity S
for an interferometer as the ratio of the measured phase shift of the phase-stepping
curve ∆Φ to the refraction angle θ:

S := 1
2π

∆Φ
θ

=
(

1− ds

d1

)
dT

pT
. (35)

This definition of sensitivity means, a setup is sensitive when small refraction angles
result in large phase shifts.

The consideration about sensitivity refers to the differential phase image. To detect
fine electron density variations which are encoded in the differential phase image, a
high angular sensitivity is desirable. Similar considerations focus on the sensitivity
of the dark-field. The origin of the dark-field image is widely discussed [Yas10;
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Lyn11; Rev11; Gko16; Koe16]. Often dark-field signals are described as unresolved
phase shift. Hence, a similar connection to the setup parameters like for the angular
sensitivity is expected. Lynch et al. [Lyn11] introduced an autocorrelation distance

ξ = λLs

pT
, (36)

with λ the X-ray wavelength and Ls the distance between sample and the anal-
yser grating G2 in a grating-sample configuration. In case of a sample-grating
configuration the distance Ls changes to [Str14]:

L′s = (d1 + dT − Ls) ·
dT

d1
. (37)

Replacing ds = Ls − dT the correlation length becomes

ξ = λdT

pT

(
1− ds

d1

)
(38)

for a sample-grating configuration. The correlation length, also called dark-field
length in Strobl et al. [Str16], connects the dark-field with the real space correlation
function and a macroscopic scattering cross section. Strobl et al. [Str14; Str16]
demonstrated that the variation of correlation length is usable as an analysis
method to quantitatively characterise scattering structures of different size, shape
and volume fraction [Str14; Str16].
Comparing the definition of the correlation length (equation 38) with the definition
of angular sensitivity (equation 35) by Donath et al. [Don09] and the minimum
resolvable refraction angle (equation 33) one finds

ξ = S λ ∝ 1/θmin . (39)

The simplest method to tune the sensitivity for both images is to change the distance
ds between the sample and the phase grating G1. The maximum sensitivity, however,
is given by the period of the Talbot pattern and the chosen Talbot distance dT.
In a polychromatic Talbot-Lau setup the distance dT is mainly defined by the
magnification of grating G1 in the plane of grating G2. The period of the Talbot
pattern has to be equal to the grating period p2 = pT. With the object as close as
possible to the G1 grating, i.e. ds = 0, the setup-specific maximum sensitivity is:

Smax = dT

p2
. (40)

The distance dT, however, also influences the visibility. Depending on the appli-
cation, a compromise between the desired sensitivity, a high visibility and length
limitations of the setup has to be found.
One example for the connection of correlation length and dark-field is shown in
figure 18. Images of a block of expanded polystyrene were acquired at different
sample-to-G1 distances ds in a sample-grating configuration to obtain X-ray dark-
field images for different correlation lengths. The assumed wave length to calculate
the correlation length, following equation 38, was the dominating (centre of mass)
energy of the spectrum. Due to the varying structure over the polystyrene block a
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large region of interest (black rectangle) was chosen for calculating a mean dark-field
value. The background region, marked with a white rectangle, was subtracted to
correct slight offsets. In the accessible value range of the correlation length, the
dark-field value of the extruded polystyrene increases linearly with an increasing
correlation length as shown by the plot in figure 18. Additionally, a dependence on
the X-ray spectrum is visible by comparing measurements using energy spectra of
peak energies 60 kVp, 80 kVp and 100 kVp and calculating the correlation length
with the respective dominating energy.
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Figure 18: Dependence of the dark-field signal and the correlation length (plot) shown
for a polystyrene block (dark-field image on the right). Mean dark-field values were
obtained for X-ray spectra of peak energies 60 kVp, 80 kVp and 100 kVp and for different
sample-to-G1 distances ds. The mean dark-field value of the black marked region of
interest is corrected by the background mean value of the white marked region of interest
and plotted versus the corresponding calculated correlation length.
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2 Non-destructive testing with grating-based X-ray
phase-contrast and dark-field imaging

2.1 Introduction
X-ray imaging is a common method for revealing the interior of materials non-
destructively. The extension to X-ray phase-contrast and dark-field imaging offers
further information about structural details and material composition which are
not obtainable by conventional X-ray attenuation imaging. In particular, the X-ray
dark-field image includes signals generated by structures on scales below the spatial
resolution of the imaging system. This enables the visualization of micrometre
sized structures which are not directly resolvable and do not cause a recognizable
contrast in common attenuation imaging.
Furthermore, the dark-field image shows a directional dependence due to the used
line gratings (see chapter 1.4). The reconstruction of the orientation of fibres which
are not directly resolvable leads to further interesting application possibilities.
These properties of X-ray phase-contrast and dark-field imaging are perfectly usable
for non-destructive testing. Various application possibilities are demonstrated in
literature, reaching from analysis of lightweight composites to food control and
cultural heritage science.

Carbon fibre reinforced plastics or polymers (CFRP) are widely used in sports,
automotive, aerospace and further industries because of their light weight and
reliability in stiffness. Due to the composition of low-Z materials in CFRP com-
ponents, the testing with X-ray phase-contrast and dark-field imaging is a good
choice. The imaging method allows for example the detection of fine defects
as well as the characterisation of microcracks and delamination in lightweight
CFRP [Sen18]. X-ray differential phase-contrast was also applied to different fibre
reinforced polymer systems made of carbon and glass fibre reinforced polymers
[Gus18]. X-ray phase-contrast and dark-field imaging was proposed for the analysis
of pearls to separate natural pearls form cultured ones [RHK16]. Detection of
print defects and voids in additively manufactured polymer objects [Kio18] was
successfully done by X-ray dark-field imaging and its property of directional de-
pendence. The directional dependent dark-field imaging also referred to as X-ray
vector radiography was realised for investigation of fibre orientations in carbon fibre
reinforced polymers [Rev13; Pra17] and for orientation-selective X-ray dark-field
imaging [Rev12]. Applications on porous materials like concrete and composite
materials showed interesting results [Sar15], e.g. with regard to water transport in
porous materials [Yan14]. Even a project about the requirements of the aeronautics
industry approaches the comparison of X-ray phase-contrast imaging and several
other methods for non-destructive testing [HFU08]. The authors showed promising
results for the quantification of the level of porosity in lightweight carbon fibre
composites by phase-contrast imaging. Furthermore, in their study only phase-
contrast imaging enabled the detection of cracks induced in the analysed structures.
Challenges, difficulties and benefits concerning the application of grating-based
X-ray imaging in industry are discussed in detail in [Kas19].
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Non-destructive testing employing X-ray phase-contrast and dark-field imaging
also showed promising results in food control. The detection of foreign particles
in food [Nie13; Ein16], the visualization of the inner structure of fruits [Wan16]
and the separation of frozen to defrosted fruits [NCF14] or quantitative studies
about heat induced structural changes in meat [Mik15] are interesting application
examples.
In the field of cultural heritage investigations of e.g. old parchments by laminogra-
phy based on Talbot interferometry [Alt12] or X-ray phase-contrast tomography of
extremely fragile papryus rolls to virtually unroll them were carried out [Moc15;
Buk16; Buk19].

In this work, CFRP seatposts were analysed regarding structural defects to prove
the application potential of X-ray dark-field imaging for non-destructive testing in
chapter 2.2. Bike composites made of carbon fibre reinforced plastics are interesting
samples to be investigated by Talbot-Lau imaging. The attenuation of carbon-based
materials is weak and defects like delamination, fine cracks and other structural
defects are hard to recognize via conventional X-ray imaging.

The other potential field of application we considered for Talbot-Lau imaging is
archaeological science. Archaeological findings are the remaining traces of human
history. The investigation of these ancient remnants reveals details about our past,
the daily life and human habits. The primary objective is the preservation of the
ancient remnants. Investigations have to be carried out very carefully and non-
destructively [Gas13; Now13]. X-ray imaging is a favourable examination method in
particular for fragile archaeological findings. In this context, we studied the potential
of the scattering-sensitive dark-field and the phase shift sensitive differential phase
image to analyse archaeological findings. The focus of the following publication
in chapter 2.3 lies on organic remnants. Usually, organic materials vanish due to
decomposition in a short time. The shape and the organic structures, however,
are often preserved by mineralisation and penetration of corrosion products. We
analysed archaeological findings by applying Talbot-Lau imaging. Combining
information from the attenuation and the dark-field image in a normalised scatter
image, following Wang et al. [WS13], the separation of structural properties is
possible. We demonstrated the significance of the normalised scatter image using
the example of fabric remnants on an ancient metallic remnant. Furthermore, we
successfully applied directional dark-field imaging to woven fabric remnants to
reconstruct sub-pixel sized fibre orientations.

2.2 Non-destructive testing of carbon fibre bike composites
In this work, two CFRP seatposts which were provided by all ahead composites
GmbH, Veitshöchheim [GR], were examined. The seatposts are fabricated by
layering and agglutinating many carbon fibre mats which consist of long single
carbon fibres woven to one mat [Kel12]. It consists of a head part where the saddle
is mounted and a tube part which is attached to the bike. One of the seatposts
shows a fine crack and probably carbon fibre layers are delaminated, at least around
the crack.
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Both seatposts are examined by X-ray dark-field and phase-contrast imaging to
demonstrate the potential of Talbot-Lau imaging for non-destructive testing of
CFRP composites. Furthermore, the seatposts are imaged at different orientations
with respect to the grating bar orientation to analyse the anisotropy of the CFRP
composites. The available field of view was not sufficient to cover the seatposts,
completely. Hence, several images were taken and stitched together afterwards.

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.2

0.1

0

-0.1

-0.2

-0.3

0.3

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Photography

fine crack

cracked seatpostintact seatpost

1cm

Figure 19: Two seatposts (photography first row) are shown in attenuation, dark-field
(here depicted as 1−Vobj/Vref for better visualization) and differential phase image (second
to forth row). The seatpost on the right has a crack which is visible in the dark-field and
differential phase image. The images were acquired with 32mA, an acquisition time of
0.37 s per phase-step and 11 phase-steps using a 60 kVp spectrum.

In figure 19 a photography, the attenuation, the dark-field and the differential
phase image of the intact seatpost (left column) and the seatpost with crack (right
column), in the following referred to as cracked seatpost, are shown. Small cracks of
the right seatpost are visible by thin lines around the middle seam in the dark-field
image. Also the differential phase image reveals fine deviations by the edges of the
cracks. However, the cracks seem to be too thin to cause a noticeable change in
the attenuation image.
In figure 20 the attenuation and dark-field images of both seatposts measured at
two orientations, parallel and vertical to the grating bars, are shown. While the
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Figure 20: The attenuation images (top row) and dark-field (here depicted as 1−Vobj/Vref
for better visualization) images (bottom row) of the intact seatpost (four left images)
and of the cracked seatpost (four right images) are depicted at different orientations to
the grating bars. The orientation of the grating bars is visualized by the white lines. For
the red marked region of interest the mean value (mean) and the standard deviation
(std) are noted as mean ± std. The images were acquired with 32mA, an acquisition
time of 0.37 s per phase-step and 11 phase-steps using a 60 kVp spectrum.

attenuation image results look similar, the dark-field images differ significantly
at different orientations. The mean values of the cracked seatpost seem to be
slightly higher than for the intact seatpost. The reason could be delamination due
to slightly higher scattering at small gaps between different carbon layers. The
examination of a larger quantity of seatposts would be needed to confirm this
assumption. Both, the dark-field signal strength and the orientation-dependent
analysis might be helpful in terms of quality checks of CFRP composites.
Furthermore, images of the seatposts are taken at two further energy spectra,
40 and 70 kVp, to benefit from different sensitivities (see chapter 1.5). A side
view of both seatposts is shown in figure 21. At 40 kVp the head parts of the
seatpost are attenuating much which leads to saturating signals, in particular in the
dark-field and the differential phase image. The tube part (everything below the
head part) leads to distinguishable signals mainly obtained by surface structures.
The carbon fibre mats’ structure is recognizable in all three image modalities.
However, little defects, scrapes and surface patterns are most clearly apparent in
the dark-field and differential phase images. Small cracks and scrapes are well
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visible and appear very bright in the dark-field image. At 70 kVp less interaction
with the thin tube part of the seatpost occurs. Now, the interesting image in-
formation lies in the head of the seatpost where the saddle is attached to. The
cracked seatpost shows structures like single delaminated layers, particularly in the
dark-field image. Typically the carbon fibres fatigue over time and the composite
deforms slightly which is visible by comparing both seatpost dark-field images.
The upper part of the cracked seatpost shows a drilled hole for mounting the saddle.

The results demonstrate the great potential for the application of Talbot-Lau
imaging in the field of non-destructive testing, especially for low-Z materials like
carbon fibre reinforced plastics.

cracked seatpostintact seatpost
70kVp40kVp

cracked seatpost

1cm1cm

drilled hole

Figure 21: Attenuation, dark-field and differential phase image of the cracked seatpost
obtained with a 40 kVp spectrum are depicted (left three) and the three images for both
seatposts at 70 kVp are compared (six images on the right). The shown value range
of each image type is the same. The dark-field is depicted as 1 − Vobj/Vref for better
visualization. The images at 40 kVp are acquired with 50mA, an acquisition time of 1 s
per phase-steps and 11 phase-steps. The images at 70 kVp were acquired with 28mA, an
acquisition time of 0.15 s per phase-step and 11 phase-steps.

2.3 Publication: Non-Destructive Testing of Archaeological
Findings by Grating-Based X-Ray Phase-Contrast and
Dark-Field Imaging

The investigation of archaeological findings was carried out in cooperation with the
Bavarian State Office for Heritage Management, Bamberg (BLfD, Bayerisches Lan-
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desamt für Denkmalpflege). Several archaeological findings of different materials,
which also show fabric remnants, were provided for investigation with our X-ray
Talbot-Lau interferometer. Different analysis methods were applied to the images
of the samples. An iron fibula was analysed by means of the normalised scatter
image which combines the information of the attenuation image and the dark-field
image. Different parts of materials and their transitions could be revealed. A
strap-end showed further details in the dark-field and the normalised scatter image.
Finally, mineralised textile remains attached to a bird fibula showed clear directional
dependent dark-field images. The fabric remnants demonstrated a directionality of
the woven structure. The following publication proves the potential of Talbot-Lau
imaging for the investigation of archaeological findings.

The article was published as “Non-Destructive Testing of Archaeological Findings
by Grating-Based X-Ray Phase-Contrast and Dark-Field Imaging” by Veronika
Ludwig, Maria Seifert, Tracy Niepold, Georg Pelzer, Jens Rieger, Julia Ziegler,
Thilo Michel and Gisela Anton in Journal of Imaging, volume 4, number 4 in 2018
(DOI: 10.3390/jimaging4040058).

First author’s contributions:

• idea for publication

• conceiving and conducting the experiments

• implementing the analysis methods

• analysing the data

• discussion of the methods and results

• writing the publication

Co-authors’ contributions:

• designing the interferometer setup

• preparing the samples

• conducting experiments

• discussion of the methods and results

• providing the simulation framework

• writing part of the introduction about archaeological findings

• archaeological interpretation of the results

• support in writing the publication
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Abstract: The analysis of archaeological findings reveals the remaining secrets of human
history. However, it is a challenging task to investigate and simultaneously preserve the unique
remains. Available non-destructive examination methods are limited and often insufficient. Thus,
we considered X-ray grating interferometry as a non-destructive and advanced X-ray imaging
method to retrieve more information about archaeological findings. In addition to the conventional
attenuation image, the differential phase and the dark-field image are obtained. We studied the
potential of the scattering-sensitive dark-field and the phase-shift sensitive differential phase image
to analyse archaeological findings. Hereby, the focus lies on organic remnants. Usually, the organic
materials have vanished due to decomposition processes, but the structures are often preserved
by mineralisation and penetration of corrosion products. We proved that the combination of the
attenuation and the dark-field image in particular, enables a separation of structural properties for
fabric remnants. Furthermore, we achieved promising results for the reconstruction of sub-pixel
sized fibre orientations of woven fabric remnants by employing the directional dark-field imaging
method. We conclude from our results that a further application of X-ray dark-field imaging on
wet organic findings and on the distinction of different types of organic remnants at archaeological
findings is promising.

Keywords: archaeological findings; non-destructive materials testing; X-ray phase-contrast
imaging; Talbot-Lau interferometry; directional dark-field imaging; sub-pixel fibre orientation;
organic remnants; fabric remnants

1. Introduction

Archaeological findings are the remaining traces of human history. By investigation of these
ancient objects we get an insight in the daily life and human habits of bygone eras. As long as the
archaeological findings are embedded in their original environment, they constitute unique evidence
of the past. The discovery of archaeological sites, e.g., due to building projects, initiates a process
of recovery, conservation and restoration. The primary objective is the preservation of the ancient
remnants of cultural heritage. Cultural heritage management plays an important role in managing
the care of archaeological sites, supporting excavations and the following conservation process of
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archaeological findings. In addition to the importance as man-made artefacts, archaeological findings
may reveal answers concerning dating, provenance, the way of deposition, the context of other
findings and the former surrounding like ritual wrapping with textiles or contact to clothes of the
deceased. After excavation, archaeological findings remain as unique witnesses of the archaeological
site. Thus, one of the tasks of archaeological and conservation science is to investigate these remains
very carefully and non-destructively [1,2]. Therefore, X-ray imaging is a favoured analysis method.
The application of X-rays on archaeological findings already happens by digital radiography, computed
tomography [3,4], X-ray fluorescence or X-ray diffraction methods [5]. Investigating metal artefacts
by X-ray imaging is a common way to get information about the material, the dimension and the
preservation status of the enclosed finding. This method plays an important role if artefacts are
lifted with the surrounding soil (block excavation) due to a fragile preservation status or in case
of assumed organic remains. We propose the application of X-ray differential phase-contrast and
dark-field imaging on archaeological findings as an extended X-ray imaging method.

The grating-based Talbot-Lau interferometer setup for phase-contrast imaging was introduced in
2006 by Pfeiffer et al. [6]. An enhancement of the conventional X-ray imaging is given by the access to
the real part of the complex refractive index of an object material. The method enables us to get more
information about the inner structure and material properties by providing two additional images: the
differential phase image and the dark-field image. The differential phase image reveals gradients in the
real part of the refractive index, which shows better contrast for imaging light elements [7]. In addition,
the X-ray dark-field image can be used for the inspection of porosity [8] and visualisation of structures
below the spatial resolution of the detector [9]. The dark-field signal is mainly based on small angle
X-ray scattering (SAXS) caused by variations in the electron density of an inhomogeneous sample
[10,11]. As a further analysis tool, directional X-ray dark-field imaging is used in order to reconstruct
fibre orientations of micrometer-sized aligned structures which are not resolvable directly [12–14].
The method is applicable for the analysis of bones [15–17] or the characterisation of fibre alignments in
polymers [18–20]. An extension of directional dark-field imaging to a 3D analysis of fibre orientations
is done by tensor tomography [21–23].

Applying this novel interferometric X-ray imaging method on archaeological findings could
improve the non-destructive analysis compared to conventional X-ray imaging. In this paper the
investigation of archaeological findings by grating-based X-ray phase-contrast and dark-field imaging
with a high-energy setup is presented. In particular, X-ray dark-field imaging proved to be a promising
examination method for archaeological findings. First, we analyse X-ray differential phase-contrast
and dark-field imaging regarding the differentiation of structural properties. In particular, the analysis
of mineralised organic remains will be addressed. Second, we examine the influence of soil particles
adhered to archaeological findings. In this regard, we additionally evaluate the applicability of X-ray
phase-contrast imaging as an extended X-ray prospection method to obtain more information on
enclosed findings in block excavations, especially with the focus on detecting mineralised organic
remnants. Third, we employ the directional dependence of the X-ray dark-field to reveal fibrous
structures and to reconstruct structure orientations in samples containing mineralised fabric remnants.
Finally, we discuss the advantages and occurring problems of applying X-ray grating interferometry
on archaeological findings.

2. Materials and Methods

2.1. Grating-Based X-ray Phase-Contrast Imaging

X-ray phase-contrast imaging provides access to both the imaginary and the real part of the
complex refractive index

n = 1 − δ + iβ . (1)

In common X-ray imaging, the attenuation coefficient µ = 4πβ/λ, with λ being the wavelength
of the interacting photons, comprises the complete image information. By use of a so-called Talbot-Lau
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interferometer also the phase shift Φ = 2πδ/λ is accessible. The setup of a Talbot-Lau interferometer
is sketched in Figure 1. In this work we used a setup which consists of a conventional X-ray tube of low
brilliance, two absorption gratings, one phase grating and a flat-panel X-ray detector. The basic concept
relies on the Talbot effect. The phase grating G1 imprints a phase-shift onto the incoming wavefront.
In certain so-called fractional Talbot distances behind the grating, an intensity pattern with maximal
contrast can be measured, which reproduces the periodic structure of G1 [24,25]. Due to the extended
focal spot of the X-ray source, a source grating G0 is needed. The idea is to generate many mutually
incoherent slit sources, such that the resulting intensity patterns created by each single slit overlap
constructively [6]. As the detector pixel size is larger than the period of the interference pattern, it is
not possible to resolve the pattern directly. The third grating G2 with absorbing lamellae has the same
period as the Talbot pattern and is placed at the position of its appearance. By laterally shifting G2
perpendicular to the beam path and to the grating lines, the intensity modulation is sampled. Thereby,
the G2 grating is moved in fractions of its period p2. This process is called phase-stepping. At every
phase-step, an image is acquired, which leads to a sinusoidal intensity curve in each pixel as a function
of the phase-step position [7]. This phase-stepping curve is measured once for a reference and once for
an object measurement. The intensity variation I for different phase-step positions x is given by

I(x) = I0 + A · sin
(

2π

p2
x + ϕ

)
. (2)

The curve parameters mean intensity I0, amplitude A and phase ϕ are reconstructed for each
pixel either by Fourier analysis or least-square fit. The contrast or visibility of the curve is defined as
V = A/I0. The obtained parameters of the measured reference curve and object curve are used to
calculate the three mentioned images attenuation Γ, differential phase ∆Φ and dark-field Σ:

Γ := − ln
( I0,obj

I0,ref

)
, ∆Φ := ϕobj − ϕref , Σ := − ln

(Vobj

Vref

)
. (3)

The conventional attenuation image reveals the amount of photons absorbed by passing through
the sample. The differential phase image describes the first derivative of the phase shift that the
sample adds to the incoming X-ray wave front. Thus, edges are enhanced and differences between
light elements get apparent [26]. The dark-field image originates from the reduction of contrast in the
Talbot pattern. Hereby, a visualisation of structures below the spatial resolution of the imaging system
is achieveable [9,10]. Additionally, we introduce the normalised scatter image, which follows the
definition of the R-value [27]: R = Σ/Γ. The normalised scatter image is independent of the thickness
and particularly enhances scattering properties. In this regard, plotting the dark-field values pixelwise
over the attenuation values in a so-called scatter plot enables a differentiation of materials by both
attenuation and scattering properties [28].

G0 G1 G2S D

Talbot distance

object

Figure 1. Sketch of a Talbot-Lau interferometer with an X-ray source S, the source grating G0, an object,
the phase grating G1, the analyser grating G2 and a flat-panel X-ray detector D. The pattern in front of
G2 illustrates the Talbot intensity pattern, which is produced by G1 and distorted by the object.
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2.2. Directional X-ray Dark-Field Imaging

Dark-field images include signals which occur due to scattering at micrometer-sized structures,
which can not be resolved directly [10,29,30]. A typical Talbot-Lau interferometer uses line gratings,
which generates sensitivity to the wave front gradient in the direction perpendicular to the grating
bars. Thus, scattering and phase shifts along the direction of the grating lines have no influence on the
contrast of the Talbot pattern. The directional dependence of the dark-field image holds the capability
of retrieving information about the angular variations of the local scattering power of a sample [12,14].
For that purpose, the object is rotated around the beam axis and at least three images at different
angular orientations of the object are acquired. The periodical variation of the dark-field signal Σ
depending on the angular orientation α of the sample with respect to the grating bars follows [12]

Σ = Aα · cos(2 · (α + Φα)) + Iα . (4)

By extracting the parameters Aα, Φα and Iα information about the main fibre orientation α = Φα,
the average scattering strength Iα, the anisotropic part of the scattering strength Aα and the degree of
anisotropy Vα = Aα/Iα is obtainable [16,20].

2.3. The Experimental Setup

The measurements of the archaeological findings were performed using a laboratory-based X-ray
phase-contrast setup with a MEGALIX CAT Plus 125 medical X-ray tube (Siemens, Munich, Germany).
X-ray spectra of maximum peak voltages from 60 to 120 kVp were generated by a tungsten anode and
0.3 mm copper filtration. For all measurements, nine phase-steps over one period were acquired with
a Dexela 1512 X-ray flat panel detector (PerkinElmer, Waltham, MA, USA) with 74.8µm pixel size in
2 × 2 binning mode. The grating parameters and further setup details are comprised in Table 1. The
used grating set is a result of an optimisation process, published in [31]. The gratings are made of
gold and are fabricated by the Karlsruhe Nano Micro Facility/Karlsruhe Institute of Technology using
deep X-ray lithography [32]. The archaeological findings were fixed to a rotation plate in order to
retrieve images at different angular positions by rotating the sample around the beam axis. In addition,
the sample tray could be moved in the object plane to cover larger samples and to acquire reference
images.

In Figure 2 on the left-hand side the (monochromatic) simulated visibilities, achievable for the
used setup parameters (grating details and distances, see Table 1) for energies between 25 to 120 keV,
are shown in a so-called visibility curve. Further details about the used wave-field simulation can
be found in [33]. The energy spectra for 60 and 120 kVp (provided by [34]) are overlaid to the same
plot. Additionally, the shown spectra include a 0.3 mm copper filtration and the detection efficiency of
600 µm CsI. On the right-hand side the measured reference visibilities in each pixel are depicted in a
visibility map for the applied spectra of 60, 80, 100 and 120 kVp. Since the visibility measured by using
a broad X-ray spectrum is a weighted average of the contributing monoenergetic visibilities, the shape
of the spectrum is significant. Therefore, the spectrum must fit well to the monoenergetic visibility
curve depicted in Figure 2 in blue in order to achieve a high reference visibility in the polychromatic
case. We obtain the best visibilities for energies around 45 keV, leading to a high measured reference
visibility of about 37 % for the 60 kVp spectrum. For the further applied spectra of 80, 100 and 120 kVp
the reference visibility drops to 22%, 18% and 16%, respectively. For the dark-field image the resulting
object visibility compared to the reference visibility is decisive. In case of highly absorbing materials in
a sample, beam hardening effects also play an important role for the dark-field signal generation [35,36].
Cutting the lower energies of the spectrum, even higher object visibilities than reference visibilities can
be reached in some cases.
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Table 1. Parameters of the used gratings (left) and distances (right). In this configuration a magnification
factor of 1.87 is obtained.

Grating Period (µm) Height (µm) Duty Cycle Distances (cm)

G0 13.31 200 0.5 dG0-G1 90 dfocus-G0 16
G1 5.71 6.3 0.3 dG1-G2 68 dG0-object 79.5
G2 10 200 0.5 dG2-detector 6.1
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Figure 2. Simulated visibility (left) shown in blue for the used setup for energies from 25 to 120 keV,
referring to the left vertical axis. The dashed lines represent the applied 60 kVp (red) and 120 kVp
(black) spectrum, filtered with 0.3 mm copper and an included detection efficiency of 600 µm CsI,
referring to the right axis. The measured reference visibility maps are shown for 60, 80, 100 and 120 kVp
spectra (right). The retrieved average visibility of the polychromatic measurement is denoted in the
brackets.

2.4. Details about the Examined Test and Archaeological Samples

The test samples and the archaeological findings were provided by the Bavarian State Office for
Heritage Management (BLfD, “Bayerisches Landesamt für Denkmalpflege”). A photography of the
test samples is shown in Figure 3. The test samples consist of different types of fabric, comprising
woven linen and hemp, single woolen threads dyed with different natural dyestuffs, a piece of cowhide
leather and a replicated, non-ferrous metal fibula featuring a bird motif with some woolen threads tied
to it. The organic test samples are typical materials expected to occur in a mineralised form attached to
metallic findings.

Moreover, we analysed archaeological findings chosen from two early medieval cemeteries
(Regensburg-Burgweinting and Baar-Oberbaar) which date back to the sixth century after Christ.
The buried persons were pagans to whom the relatives gave their personal belongings for representing
their status in the beyond. Therefore, a variety of metal artefacts — weaponry, cloth fasteners or metal
applications — is preserved. Metallic parts of findings are preserved due to the processes of corrosion
organic materials. Normally, organic materials would have vanished because of decomposition.
However, if organic substances are adherent to metallic materials, they are penetrated by soluble
corrosion products. A partial or full transformation of the organic material or a negative imprint of
the organic structure in the corrosion layer follows. This enables an analysis of textiles and other
organic materials which are important for context-related information, e.g., on cultural history or on
trade links.

In this work we investigated an iron fibula, an iron strap-end and a bird fibula which are depicted
in Figure 4. The iron fibula and the strap-end have a prominent iron core. The bird fibula is made
of non-ferrous metal and is gold-plated. The samples represent typical findings of different metals
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and mineralised organic remains at different stages of processing. The iron fibula shows a fragment
of mineralised linen fabrics at the inner side. The nearer the fabric remnants are to the iron parts,
the higher is the proportion of metallic elements in the fabric part. Investigations shall be undertaken
to determine whether it is feasible to separate different states of mineralised fabrics by the dark-field
and the normalised scatter image. While the fibulas are fully exposed, the iron strap-end differs from
the other samples by demonstrating soil remnants on the outer parts. Below the layer of soil, organic
remnants are presumed. It is necessary to evaluate how much soil particles affect the analysis of
X-ray phase-contrast and dark-field images. The bird fibula also represents an interesting sample
regarding mineralised fabric remnants, which are visible around the pin. The question is raised as
to whether spinning directions in mineralised fabrics are reconstructable. This may be enabled by
applying directional X-ray dark-field imaging.

Figure 3. Photography of the examined test samples. Two different types of woven fabrics made of
linen and hemp are shown in the top left corner. On the right side lies a piece of cowhide leather.
Between the cloth and the leather, a replicated bird fibula is placed. The bottom row shows strands of
dyed wool.

Iron fibula

Bird fibula

scale bar [1cm]

scale bar [1cm]

1mm

scale bar [1cm]

Strap-end

Figure 4. Photography of the examined archaeological findings: Iron fibula, strap-end and bird fibula.
Photographies provided by the Bavarian State Office for Heritage Management (BLfD), Tracy Niepold,
Julia Ziegler, Helmut Voss.
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3. Results

3.1. Pre-Measurements on Test Samples

One aim of the investigation of archaeological findings is the detection and analysis of mineralised
fabric remnants. These are potentially visible by dark-field imaging due to their scattering properties
compared with non-fibrous materials. In order to test the potential of dark-field and differential phase
images for visualisation of organic materials, different test samples (photography Figure 3) are imaged.
In Figure 5, the results of the attenuation, differential phase, dark-field and normalised scatter image
are shown. In the bottom row, a detailed view of the woven fabrics and some threads is given for the
chosen region of interest which is marked by a red rectangle. The applied energy spectrum for the
reference materials was 60 kVp and the images were acquired with 7.5 mAs per phase-step. A lower
energy spectrum would be more suitable for these reference materials. However, the choice for the used
(higher) energy spectrum is motivated by the aspect of imaging iron-based archaeological findings
with attached fabric remnants. Because of the low attenuation of woven materials at these energies,
the contrast in the attenuation image is quite weak. The differential phase image shows the texture
of the woven fabrics fairly well. This is better visible in the detailed view, which reveals the threads.
However, the contrast is low. The periodic structure over the whole differential phase image occurs
due to Moiré artefacts which can occur due to slight mechanical instabilities during the phase-stepping
procedure. These get more obvious due to the small range of depicted differential phase values from
−0.06 to 0.06. In the following analysis we will particularly focus on the dark-field image and the
normalised scatter image, which offer the best contrast for organic materials, even at the chosen
60 kVp energy spectrum. All types of fabrics of the test samples are clearly visible, including structural
information. A defect in the piece of leather on the right side is revealed. Some lines presenting cracks
on the surface of the leather are also apparent. The dark-field shows each sling of the threads even those
lying on the leather or the woven fabrics. Hence, in particular, the dark-field image and the normalised
scatter image have the potential for investigating organic remains in archaeological findings.
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Figure 5. From left to right: Attenuation, differential phase, dark-field image and normalised scatter
image of the test samples from Figure 3, taken at 60 kVp and 7.5 mAs per phase-step. The region
marked by a red square is shown in detail in the bottom row.

3.2. X-ray Phase-Contrast Imaging of Archaeological Findings

3.2.1. Normalised Scatter Image and Scatter Plot of an Iron Fibula

In Figure 6 attenuation, differential-phase and dark-field images of the iron fibula are shown.
The images were acquired at 80 kVp and 22.5 mAs per phase-step. The highly absorbing part,
clearly visible in the attenuation image, represents the iron-based bow of the fibula. Due to beam
hardening the mean energy of the spectrum is strongly shifted to higher energies resulting in this case
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in a lower visibility. In addition, the highly absorbing object regions lead to low photon statistics and a
noise level surpassing the visibility of the phase-stepping curve. This leads to saturated dark-field
values and no reasonable reconstruction of phase information in the iron part of the fibula is possible.
Between the pin rest and iron bow of the fibula, some mineralised fabric remains are preserved.
These are better visualised in the dark-field and the differential phase image. The structure of the
mineralised textile is clearly enhanced by dark-field imaging. Thus, interferometric X-ray imaging can
be utilized for further analysis of archaeological findings, especially for non-metal parts of a sample.
The differential phase image enhances edges.
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Figure 6. Attenuation (left), differential phase (middle) and dark-field image (right) of the iron fibula
from Figure 4, taken at 80 kVp and 22.5 mAs per phase-step.

To enhance the scattering parts in the iron fibula, the thickness-independent normalised scatter
image is viewed (Figure 7, left). The fabric remnants at the inner side of the fibula and also at the
outer bottom side are highlighted. The iron part shows sharper contours and a uniform surface in
separated segments. Next to the normalised scatter image, the scatter plot for the iron fibula is depicted
in Figure 7. The coloured regions in the plot were chosen manually by searching frequent occurrences
of certain Σ-Γ-values. The chosen colours in the plot refer to different regions, which are shown in the
image on the right. Blue, green and yellow illustrate the mineralised fabrics, which are clearly enhanced
by the normalised scatter image. In red and orange the iron part of the fibula and the transitions
from iron to mineralised fabric are visible. The fabric remnants nearest to the strong iron core (orange
and yellow) reach higher attenuation values than the blue and green region. In particular, the high
dark-field values and the low attenuation values are characteristic for the blue area. The degree of
mineralisation might be at its lowest, or the kind of fabric differs from the surrounding fabric remains.
The appropriate dark-field and attenuation pairs lie on a straight line (blue) on the left-hand side in
the scatter plot, indicating similar structural and material properties of the blue region. This shows
that analysing the normalised scattering image and the scatter plot might be a helpful tool to examine
archaeological findings, in particular, regarding organic remains.

Figure 7. Normalised scatter image of the iron fibula, acquired at 80 kVp and 22.5 mAs per phase-step
(left). The scatter plot and image (right) show the abundance of measured Γ- and Σ-values for the iron
fibula with the colours referring to different regions in the Γ-Σ-plain, respectively in the fibula image
on the right.
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3.2.2. Influence of Soil on Dark-Field Images of a Strap-End

Soil leftovers are usually present, even if the archaeological finding was not taken out by a block
excavation. Therefore, we examined how differential phase-contrast and dark-field imaging deals with
scattering signals caused by soil particles. This is an important aspect for the applicability regarding
the prospection of block excavations.

As a preliminary investigation, a sponge, which causes a clear dark-field signal due to the
air-sponge boundaries, is imaged while being placed on varying heights of dry soil. The averaged
resulting attenuation and dark-field signals with and without a sponge placed on an increasing
amount of soil particles are plotted in Figure 8 on the left-hand side. Note that the thickness of
soil shown on the x-axis in the plot has been roughly estimated by the resulting attenuation images.
For that purpose the absorption coefficient of concrete obtained from NIST [37] has been assumed.
The approximately measured thicknesses for each soil layer was about twice the value in the plot,
but was taken to be imprecise because of the unknown degree of compression and variable soil
components. Thus, the shown soil layer heights in the plot do not represent quantitative values,
but qualitatively demonstrate the influence of the increasing amount of soil particles. The sponge
itself (without soil) causes a clear dark-field signal. By adding soil, the contrast between sponge
structure and soil particles decreases rapidly. Even a small layer of soil already results in high
enough dark-field signals to conceal the signal caused by the sponge. From a soil thickness of around
5 mm and over, a differentiation of soil and soil with sponge is hardly possible. Moreover, the
dark-field signal saturates quite fast with increasing soil layer height. This makes it impossible to
gain information about objects which are covered by soil. The plot on the right in Figure 8 shows the
effect of adding water to the soil. Due to additional attenuation by the water, the attenuation signal
increases. However, the dark-field signal clearly decreases. The scattering properties are reduced,
because of less scattering at water-soil-boundaries compared to scattering at air-soil-boundaries. Thus,
the influence of disturbing soil particles could be reduced slightly by moisturising covering soil layers.
However, for the investigation of archaeological findings, moisturising the surrounding soil is no
applicable technique. The moisture may increase corroding processes and may cause harmful swelling
and shrinkage processes to the adhered organic materials. We conclude that X-ray phase-contrast
imaging is not feasible for an analysis of block excavations. However, small remaining layers of soil on
an almost fully exposed sample could possibly be handled.
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Figure 8. Attenuation (red) and dark-field values (blue) obtained by different heights of soil with two
sponges (plus) and without (circle) are plotted over the thickness of soil (left). The first plus signs
(soil thickness equal to zero) represent the dark-field and attenuation signal that the sponges generate.
The effect on the attenuation (red) and dark-field values (blue) of dry soil (circle) and wet soil (filled
circle) is compared for increasing heights of soil (right).

Thus, the strap-end, shown in the photograph in Figure 4, is examined. It is mainly composed
of iron and, in addition, leftovers of soil cover the bottom and the lower part of the archaeological
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finding. Below the layer of soil, organic remains are presumed. As shown before, soil particles induce
scattering and hence, a strong dark-field signal, which rapidly saturates and conceals further structures.
The resulting attenuation, differential phase, dark-field and the normalised scattering image of the
strap-end are presented in Figure 9. Here, 60 mAs were used at a 60 kVp spectrum with the highest
reference visibility of 37 %. The use of a higher energy spectrum (up to 120 kVp) has been tested.
The results are comparable; only slight differences are recognisable with the images at 60 kVp providing
little more detail. As a result of the existing soil particles in combination with the occurrence of iron,
high dark-field values are caused, especially in the lower part of the strap-end, probably hiding the
subjacent structures. The attenuation image indicates a relatively homogeneous material composition
with a high percentage of metal. In contrast to the attenuation image, the middle part differs from the
upper and lower part of the strap-end in the dark-field image. Assuming a similar influence of the
metal over the whole strap-end, the remaining soil particles are responsible for the high dark-field
values in the lower part of the strap-end. The higher amount of scattering particles, covering many
parts of the strap-end, is also apparent by comparing the differential phase image of the here shown
strap-end with the result for the iron fibula of Figure 6. More regions of the strap-end look noisy in the
differential phase image, which is caused by scattering to a larger degree than by beam hardening.
This is especially observable on the bottom left and on the outer bottom part of the strap-end. Here,
the attenuation is comparably small, but the differential phase shows a noisy behaviour, nevertheless.
Due to the soil particles, the visibility is reduced to such a large degree that the phase retrieval is not
possible. In the normalised scatter image, a circular structure emerges more clearly. We assume it
could be a rivet, which is common at strap-ends. At the edges and in particular in the lower outer
region on the left, mainly soil remnants are present, which lead to a strong normalised scatter signal.
In the lower region of the strap-end, which is covered by soil, some slight variations are recognisable
in the normalised scatter image. The further analysis after removing the soil layer from the lower part
of the strap-end revealed a piece of leather without further structuring. Whether the signal variations
occur due to this organic remnant could not be verified.
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Figure 9. From left to right: Attenuation, differential phase, dark-field and normalised scatter image of
the strap-end from Figure 3, acquired at 60 kVp and 60 mAs per phase-step.

3.2.3. Directional X-ray Dark-Field Imaging of a Bird Fibula

In a process of corrosion, the original organic-based textiles vanish by decomposition, but their
structure is mainly preserved in the resulting mineralised remnants of the fabrics. This enables
an orientation-dependent analysis by directional dark-field imaging. In Figure 10, the obtained
attenuation, differential phase, dark-field and normalised scatter image of the bird fibula from Figure 4
are presented. The images were acquired at 120 kVp and 2 mAs per phase-step. On the backside of the
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fibula, some mineralised textile remains are preserved next to the pin rest. These are visible, particularly
in the dark-field image and even more enhanced in the normalised scatter image. The contrast in
the attenuation image of this region is rather low. In the differential phase image, a slightly visible
structure is recognisable. Images were acquired at four different orientations of the fibula by rotation
around the beam axis. The resulting images are used to apply the directional dark-field imaging
method by a pixelwise analysis. The resulting degree of anisotropy and fibre orientation is depicted in
Figure 11. The preferred fibre orientations Φα are presented as lines, pointing in the direction of the
main structure alignment and printed on the colour-coded degree of anisotropy, which indicates the
amount of aligned fibres with orientation Φα. The part containing fabric remnants demonstrates a clear
directional dependence caused by the mineralised woven material around the pin on the backside
of the fibula (compare detailed view in Figure 4). The eye and the tail of the bird also seem to show
a directional dependence. In this case, the variation of the dark-field signal during rotation in one
analysed pixel probably occurs due to notches and edges. In the process of matching the images of
each angular position, it is not possible to obtain a perfect pixelwise overlap. Therefore, in combination
with the small number of angular positions, edges create the impression of a similar variation in the
dark-field signal strength during rotation as that which would be caused be true fibre alignments.
Those variations, however, are casual and could be excluded by measuring a higher number of angular
positions of the sample. The analysis of directional dark-field imaging proved here to be a successful
method for investigating mineralised fibre structures. An alignment of fibrous structures, which are
not visible in any of the three images, could be revealed.
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Figure 10. From left to right: Bird fibula shown in attenuation, differential phase, dark-field and
normalised scatter image, acquired at 120 kVp and 2 mAs per phase-step.

Figure 11. Reconstruction of fibre orientations (left) caused by the mineralised textile structures at the
pin of the bird fibula (photography in Figure 4). A zoom on the region in the left figure marked with a
black rectangle is shown (right). The red lines point in the main direction of aligned structures and are
plotted on the colour-coded degree of anisotropy.
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4. Discussion and Conclusions

We employed X-ray differential phase-contrast and dark-field imaging, providing an extended
X-ray imaging method, on the non-destructive investigation of archaeological findings. The high
amount of metallic parts and soil remains proved to be the main problems in the analysis of the
examined samples. However, we obtained additional information for fully exposed findings by the
dark-field and normalised scatter image. Moreover, we achieved promising results for the analysis
of sub-pixel sized fibre orientations of mineralised fabric remnants by directional X-ray dark-field
imaging. Our pre-measurements on test samples of different organic materials demonstrated such
that the dark-field image and the normalised scatter image are suitable to visualise fabrics and leather
better than the conventional attenuation image. The investigated archaeological findings comprised
an iron fibula with mineralised fabric remnants, a strap-end partly covered with soil remains and a
bird fibula with well preserved mineralised woven textile structures.

One problem we faced in the analysis of the archaeological findings is the high percentage of
metallic parts. High absorbing materials cause beam hardening, which we have obtained in the results
of the differential phase and dark-field image of the iron fibula and the strap-end. Higher spectrum
energies could be helpful to reduce the influence, but for that purpose, optimised setups have to be
developed. The main challenge here is given by obtaining high reference visibilities for high photon
energies, which is mainly limited by the achievable height of the analyser grating.

Nevertheless, we demonstrated that an investigation of fully exposed archaeological findings
with X-ray dark-field imaging provides additional information, in particular regarding fabric remnants.
We showed that it is feasible to separate different materials due to thickness-independent scattering
properties. For that purpose, we employed the normalised scatter image and the scatter plot in order to
differentiate regions of different degrees of mineralisation and iron parts of the iron fibula. A mapping
of regions differing in the degree of mineralisation proved feasible.

Furthermore, we showed that even small layers of soil disturb the obtainable dark-field signals
significantly. A differentiation between scattering structures and the occurrence of scattering due to
soil particles is hardly possible. This means that X-ray dark-field imaging is not a preferable imaging
method for analysing block excavations as an extended X-ray prospection method. A better analysis
of partly exposed samples might be possible by reducing the sensitivity of the setup. This could,
for example, be simply realised by increasing the distance from the sample to the phase-grating [38].
A smaller sensitivity leads to a reduced dark-field signal. The amount of reduction depends on the size
and shape of the scattering structures [39]. There might be a chance to suppress the influence of soil
particles, partially in order to reveal scattering structures of quite different sizes than the soil particles.
Here, further investigations are necessary.

Finally, we employed the directional dark-field imaging method on a bird fibula showing
mineralised woven textile structures. We successfully reconstructed sub-pixel information about
the main fibre orientation of the fabric remnants. Therefore, the directional imaging method proved
feasible as an additional analysis tool for the examination of organic remains on archaeological findings.
We found that X-ray dark-field imaging is useful in particular regarding the examination and
discrimination of fabric remnants attached to archaeological findings. We propose a further application
of this technique in particular on wet organic archaeological findings, where the textiles themselves
are preserved. The distinction of different types of (mineralised) fibre-based materials, such as fabric
remnants, wood, ivory or horn could be another promising application. Furthermore, the analysis of
samples concealing internal structures, which are not visible from the outside, could be feasible by
directional X-ray dark-field imaging. For further analysis, X-ray phase-contrast computed tomography
should be considered. In this regard, the application of dual-energy methods seems a possible
technique for the separation of different materials [40,41] in archaeological findings. Furthermore,
the application of X-ray dark-field tomography is worth considering [42]. Here, tensor tomography
extends the directional dark-field imaging to a 3D analysis of isotropic and anisotropic scattering
contributions [21,22,43]. In conclusion, we found that especially X-ray dark-field imaging enables
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access to several additional analysis methods for the investigation of archaeological findings regarding
material composition and structure, even at sub-pixel sized length scales.
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3 Exploration of different X-ray Talbot–Lau setups
for dark-field lung imaging examined in a porcine
lung

3.1 Introduction
X-ray Talbot-Lau imaging is very suitable for non-destructive testing of weakly
absorbing materials like carbon fibre composites as shown in the preceding chapter.
Applications in medical imaging are the second main field of research. Examples
are bone analysis, mammography, foreign particle detection and lung imaging. The
main achievements in recent years and the future of X-ray Talbot-Lau imaging for
different medical application possibilities are addressed in Yaroshenko et al. [Yar14].

Bone analysis uses the scattering properties of the bone structure. Several publica-
tions investigate the bone micro-architecture by using the directional dependence
of the dark-field denoted as X-ray vector radiography [Pot12; Sch14]. X-ray vector
radiography can also be a helpful tool in diagnosing osteoporosis [Bau15] and
in analysing the stability of bone by determination of the bone mineral density
[Egg14]. Human hand radiography was done with a two-directional scanning ap-
proach [Thü13], i.e. two images were acquired at 0◦ and 90◦ sample orientation
with respect to the grating bars [Kot07a]. The authors additionally demonstrated
an image fusion method to combine the information of the differential phase and
the dark-field image. X-ray phase-contrast and dark-field imaging also enables the
detection of fine fractures in bone [Hau18a].

One of the first fields of application with great potential for grating-based X-ray
dark-field imaging has been mammography [Sta11; Mic13]. The occurrence of
microcalcifications in breast tissue can be an indicator for breast cancer. The
identification of such calcification clusters is important for the early detection
of malignant lesions [You11]. Tiny calcifications embedded in the surrounding
breast tissue show hardly any contrast in conventional attenuation imaging. The
scattering sensitive dark-field, however, leads to strong signals, helping to recognize
the existence and to classify microcalcifications [Wan14; Sch16]. Approaches have
been done to get X-ray dark-field mammography into clinical routine [Roe14;
Sch15a; Arb17]. A grating-based interferometer was successfully implemented into
an existing slit-scanning mammography system [Koe15]. Recently, dose studies
showed that X-ray dark-field mammography is a reasonable extension to existing
attenuation-based screening [Egg18].
In particular, the X-ray dark-field image is very suitable to detect foreign particles
which differ strongly in structure from the surrounding material. In chapter 2 the
advantage for food control was mentioned. The detection of retained foreign bodies
in medical imaging is also of great importance. In case of glass or wood common ra-
diography is not sufficiently reliable [Lev08]. In contrast, X-ray phase-contrast and
dark-field imaging is very sensitive to scattering at glass particles and fibrous wooden
splinters [Rie17; Hel18b; Bra18]. Hence, Talbot-Lau imaging is a very promising
extension to conventional radiography for the detection of foreign particles in tissue.

51



The probably most promising field of application for X-ray Talbot-Lau imaging is
the diagnosis of lung diseases. X-ray dark-field lung imaging proves to be a helpful
tool in pulmonary diagnostics where common X-ray radiographs lack contrast. The
lung structure consisting of hardly distinguishable air-filled alveoli and surrounding
tissue is predestinated for the application of dark-field imaging. The sensitivity
of a Talbot-Lau interferometer to scattering at fine structured tissue leads to a
high dark-field signal [Web12]. Several publications showed great potential for
X-ray dark-field lung imaging at the example of animal studies regarding different
lung diseases like pulmonary emphysema, lung cancer and pneuomothorax [Ein15;
Hel16; Hel17; Hel18c]. The first preclinical achievements were the in-vivo dark-field
chest radiography of a pig [Gro17] and the successful X-ray dark-field imaging of a
human lung of a deceased body [Wil18; Fin19].

A successful implementation of grating-based X-ray phase-contrast and dark-field
imaging not only in clinical routine but also for industrial applications is still
restricted by some limitations which will be approached here and in the following
chapters. In summary, the main limitations are the limited field of view, image
artefacts due to the stability of a setup and an adequate grating design featuring
high visibility as well as application-related sensitivity at an approved dose with
suitable dimensions of the setup.

In the following publication, we focused on the requirements of a Talbot-Lau setup
for lung imaging in particular with regard to sensitivity.
Designing an interferometer setup is usually done with the focus on a high visibility
and a high sensitivity [Rie16; Mod11]. The design of a grating set for medical
usage should also be developed with respect to the desired energy spectrum, the
available total length and the needed radiation dose. Related to lung imaging,
photon energies up to 120 kVp [Wil18] are necessary to penetrate the full thorax.
High energies require thick absorption gratings to ensure a large visibility.
To reach a high sensitivity, the grating periods should be small (equation 35). How-
ever, the fabrication process is quite challenging regarding the required high aspect
ratios, i.e. small grating periods and large grating thickness, for the absorption
gratings [Moh12; Naz15; MS15]. A high sensitivity is also obtainable by increasing
the Talbot distance which is restricted by the available space for a setup.
We demonstrated that a high sensitivity is not necessary for lung imaging. This
means, gratings with larger grating period can be used which result in lower
technical demands on grating fabrication and higher grating bars are achievable.
Hence, for higher energies large visibilities are obtainable. The optimisation of an
existing lung setup or the design of a new grating set explicitly for lung imaging is
not restricted by sensitivity.
The publication explores three grating sets, where the analyser grating period
varies from 2.4µm to 4.8µm and 10µm. Images of a porcine lung are acquired
for each setup. The detection system, magnification and X-ray source remain
unchanged. We analysed the obtained X-ray dark-field images of the pig’s lung
for each grating set with regard to visibility, correlation length, contrast-to-noise
ratio and reduced dose levels. The analysis showed, that a too high sensitivity
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can even be disadvantageous. Since the alveoli of the lung cause strong dark-field
signals, there is a risk of saturation which leads to a loss of information. Most
important for reliable diagnosis is a high visibility which significantly influences
the occurrence of noise [Rev10; Web11] and enables a reduction in dose.

3.2 Publication: Exploration of different X-ray Talbot–Lau
setups for dark-field lung imaging examined in a porcine
lung

The article was published as “Exploration of different x-ray Talbot–Lau setups for
dark-field lung imaging examined in a porcine lung” by Veronika Ludwig, Maria
Seifert, Christian Hauke, Katharina Hellbach, Florian Horn, Georg Pelzer, Mar-
cus Radicke, Jens Rieger, Sven-Martin Sutter, Thilo Michel and Gisela Anton in
Physics in Medicine and Biology, volume 64, number 6 in 2019 (DOI: 10.1088/1361-
6560/ab051c).

First author’s contributions:

• idea for publication

• implementing the analysis methods

• analysing the data

• discussion of the methods and results

• writing the publication

Co-authors’ contributions:

• conceiving and conducting the experiments

• preparing the porcine lung

• discussion of the methods and results

• providing the simulation framework

• support in writing the publication
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1. Introduction

Contrast in clinical x-ray imaging is based on differences of the attenuation coefficient of the imaged materials. 
The attenuation coefficient is proportional to the imaginary part of the complex refractive index. It depends 
mainly on the atomic number Z of the corresponding material (Als-Nielsen and McMorrow 2011). Hence, a 
high contrast, e.g. between bone and surrounding soft tissue can be observed. Whereas, the composition of light 
elements of similar density leads to a poor contrast in conventional x-ray radiography.

On that account, phase-sensitive imaging techniques are advantageous (Fitzgerald 2000). As mentionend, 
the attenuation of x-rays is described by the imaginary part of the complex refractive index. The real part pro-
vides information about refraction of an electromagnetic wave within matter which can be inferred from the 
phase-contrast image. It enhances differences between light elements and therefore, enables a better soft tissue 
contrast (Momose 1995). Different methods of phase-sensitive imaging techniques with x-rays have been devel-
oped employing various approaches (Bonse and Hart 1965, Snigirev et al 1995, Momose et al 1996, Chapman 
et al 1997, Olivo et al 2001, David et al 2002, Weitkamp et al 2005).

In 2003 the grating-based Talbot interferometry was employed for x-ray imaging by using synchrotron radia-
tion (Momose et al 2003). In order to enable the usage of x-ray phase-contrast imaging for clinical applications, 
first results were published in Weitkamp et al (2005) demonstrating that broad polychromatic x-ray spectra are 
usable. Conventional laboratory x-ray sources with a large focal spot are applicable due to the condition of Lau 
(1948) by inserting a source grating into the grating-based setup (Pfeiffer et al 2006). By using such a setup, the 
differential phase image and the dark-field image which was introduced in Pfeiffer et al (2008), are obtainable 
simultaneously to the conventional attenuation image. Thus, extended information about a sample is gained 
with the help of a laboratory Talbot–Lau interferometer, leading to a variety of application possibilites for non-
destructive testing (Kastner et al 2012, Nielsen et al 2013, Prade et al 2017, Ludwig et al 2018) and medical imag-
ing.

In particular, x-ray dark-field imaging is sensitive to small porous or fibrous structures even at sub-pixel 
scales (Revol et al 2011). This opens up new possibilities for improved diagnosis in medical imaging. In 
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Abstract
X-ray dark-field imaging is a promising technique for lung diagnosis. Due to the alveolar structure of 
lung tissue, a higher contrast is obtained by the dark-field image compared to the attenuation image. 
Animal studies indicate an enhancement regarding the detection of lung diseases in early stages. In 
this publication, we focus on the influence of different Talbot–Lau interferometer specifications 
while maintaining the x-ray source, sample magnification and detector system. By imaging the same 
porcine lung with three different grating sets, we analyze the contrast-to-noise ratio of the obtained 
dark-field images with respect to visibility and correlation length. We demonstrate that relatively 
large grating periods of the phase and of the analyzer grating are sufficient for high quality lung 
imaging at reasonable dose levels.
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Yaroshenko et al (2014) an overview about recent results and promising applications in biomedical imaging for 
x-ray dark-field imaging is given. Investigations in mammography (Stampanoni et al 2011, Michel et al 2013) 
demonstrated that dark-field imaging is a promising field of application. Furthermore, the detectability of for-
eign particles, e.g. a wooden splinter in a pork trotter (Rieger et al 2017), is considerably enhanced by means of 
the strong dark-field signal occurring due to the fibrous wooden structure.

Moreover, lung imaging seems to be one of the most promising applications for x-ray dark-field imaging 
(Weber et al 2012, Einarsdóttir et al 2015, Hellbach et al 2017). Since imaging of lungs requires a differentiation 
of different soft tissue types which only slightly differ with respect to the attenuation coefficients, the detection of 
lung diseases by conventional attenuation radiography is challenging. However, the air-tissue boundaries of the 
lung alveoli generate a strong dark-field signal. The loss in alveoli structure because of some lung disease enables 
the detection of destroyed tissue by a significantly decreased dark-field signal earlier than in attenuation imaging 
as the dark-field signal is more sensitive to slight changes of the alveoli structure.

Investigations of in vivo lung imaging (Bech et al 2013, Hellbach et al 2015) and diagnosis of lung cancer in 
mice (Gromann et al 2017b, Scherer et al 2017) have been shown in several publications. In order to investigate 
the feasibility of clinical applicability, images of an ex vivo pig’s lung followed (Gromann et al 2017b). Recently, 
also results about Talbot–Lau imaging of an in vivo pig’s lung (Gromann et al 2017a) and the first x-ray dark-field 
images of in situ human lungs in a deceased body (Willer et al 2018) were published.

Up to now x-ray dark-field imaging shows advantages for the detection of pulmonary emphysema (Schleede 
et al 2012, Yaroshenko et al 2013, Meinel et al 2014, Hellbach et al 2015), the diagnosis of pneumothorax  
(Hellbach et al 2016, Hauke et al 2018, Hellbach et al 2018a, Seifert et al 2018) and the early detection of pulmo-
nary fibrosis (Hellbach et al 2017). Furthermore, the results on the diagnosis of neonatal injuries (Yaroshenko 
et al 2016) and the observation of the stage of lung inflammation (Hellbach et al 2018b) have been reported.

With regard to the clinical applicability of pulmonary x-ray dark-field imaging, we investigate the influence 
of the interferometer specifications regarding the dark-field signatures of lung tissue. Therefore, a porcine lung 
has been imaged by applying three different grating sets, where the analyzer grating period varies from 2.4 µm  
to 4.8 µm  and 10 µm . We analyze the obtained dark-field images of the porcine lung for each setup by looking 
at visibility, correlation length, contrast-to-noise ratio and reduced dose levels. By comparison of the obtained 
dark-field images we could show which requirements an x-ray dark-field lung imaging setup has to fulfill. Our 
results give an idea of designing a purpose-built optimized grating set with relatively large grating periods. This 
is of great importance since lower technical demands on grating fabrication could enhance the applicability in 
clinical routine.

2. Materials and methods

2.1. X-ray grating-based phase-contrast and dark-field imaging
Grating-based x-ray imaging provides access to both the imaginary part β and the real part δ of the complex 
refractive index n of a material

n = 1 − δ + iβ. (1)

In common x-ray imaging the well-known attenuation coefficient µ = 4πβ/λ with λ being the wavelength of 
the interacting photons, comprises the image information. Using a Talbot–Lau interferometer also the phase 
shift Φ = 2πδ/λ is accessible. Hence, the full material and structural information, contained in the complexe 
refractive index n, is available. In this work we used three Talbot–Lau interferometers differing by the employed 
grating sets, which is sketched in figure 1. A standard lab-based setup consists of a conventional medical x-ray 
tube of low brilliance, two absorption gratings G0 and G2, one phase grating G1 and a flat-panel x-ray detector. 
The basic concept relies on the Talbot effect (Talbot 1836). The phase grating G1 imprints a phase-shift pattern 
onto the incoming wavefront. Further downstream, at certain so-called Talbot distances, an intensity pattern 
with maximum contrast can be measured, which reproduces the periodic structure of G1 (Arrizón and López-
Olazagasti 1995, Suleski 1997). Due to the extended focal spot of the x-ray source, a source grating G0 is necessary. 
This leads to a generation of many mutually incoherent slit sources, such that the resulting intensity patterns, 
created by each single slit, overlap constructively at the plane of G2 (Pfeiffer et al 2006). The detector pixel size is 
larger than the period of the interference pattern. Hence, the pattern is not resolved. The third grating G2 with 
absorbing lamellae has the same period as the Talbot pattern and is placed at the position of its appearance. The 
intensity modulation is sampled by laterally shifting G2 perpendicular to the beam direction and to the grating 
lines. The G2 grating, therefore, is moved in fractions of its period p 2. This process is called phase-stepping. At 
every G2 grating position an image is acquired. It leads to a sinusoidal intensity modulation in each pixel as a 
function of the phase-step position (Weitkamp et al 2005). This phase-stepping curve is acquired for a reference 
measurement without a sample and for a measurement with sample. The intensity I for different phase-step 
positions x is described by
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I(x) = I0 + A · sin

!
2 π

p2
x + ϕ

"
. (2)

The curve parameters mean intensity I0, amplitude A and phase ϕ are reconstructed for each pixel either by 
Fourier transform or a least-square fit. The contrast or visibility of the curve is defined as V = I0/A. The obtained 
parameters of both curves, differentiated by the subindices s and r for sample measurement and reference 
measurement, respectively, are used to calculate the three mentioned images, namely attenuation Γ, differential 
phase ∆ϕ and dark-field Σ:

Γ := − ln

!
I0,s

I0,r

"
, ∆ϕ := (ϕs − ϕr) (mod 2 π) , Σ := − ln

!
Vs

Vr

"
. (3)

The conventional attenuation image reveals the amount of photons absorbed by passing through the sample. 
The differential phase image describes the first derivative of the phase shift which is added by the sample to 
the incoming x-ray wave front. Thus, edges are enhanced and differences between light elements get apparent 
(Fitzgerald 2000). The dark-field image originates from the reduction of contrast in the Talbot pattern. Hereby, a 
visualization of structures below the spatial resolution of the imaging system can be achieved (Pfeiffer et al 2008, 
Yashiro et al 2010).

Additionally, we introduce the normalized scatter image, which follows the definition of the R-value (Wang 
and Stampanoni 2013):

R =
Σ

Γ
=

µd

µa
, (4)

where µa denotes the absorption coefficient and µd the dark-field extinction coefficient (Lynch et al 2011). Both 
coefficients describe a property of the material. While µa depends on the chemical composition of the material 
and the x-ray energy only, the scattering coefficient µd in addition depends on the structure size in the material—
like alveoli in the lung—and on parameters of the Talbot–Lau setup like the grating periods and grating distances. 
The normalized scatter image is independent of the thickness of the sample and particularly enhances scattering 
properties (Ludwig et al 2018).

2.2. Sensitivity, correlation length and minimal detectable refraction angle
The differential phase signal can be traced back to the refraction angle α the x-ray wave front experiences by 
passing matter caused by the gradient of the refractive index decrement δ. The refraction angle α of the x-ray 
beam is interrelated with the differential phase shift ∂Φ/∂x of the x-ray wave caused by a sample (Donath et al 
2009):

α =
λ

2 π

∂Φ

∂x
. (5)

Figure 1. Sketch of the three employed grating sets of a Talbot–Lau interferometer which consists in a conventional medical x-ray 
tube, the source grating G0, the sample, the phase grating G1, the analyzer grating G2 and the flat-panel x-ray detector. The distance 
between G0 and G1 is denoted as l and the Talbot distance as d. The position of x-ray tube, sample and detector are fixed for all 
measurements. The source grating ensures spatial coherence despite the large focal spot size of the medical x-ray tube. The Talbot 
pattern is produced by G1 and is distorted if a sample is present. The information about the pattern is gained from a sampling 
process by G2.
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The connection to the measured lateral phase shift ∆ϕ in the phase-stepping curves, referring to Weitkamp 
et al (2005), is given by:

∆ϕ = 2πα
d
pT

 (6)

where d is the distance between the phase grating G1 and the analyzer grating G2 and pT is denoted as the period 
of the Talbot pattern, which is equal to the period p 2 of G2.

Donath et al (2009) address the influence of the sample-to-grating distance for different interferometer 
geometries. They derive the dependence of the displacement of the Talbot pattern with respect to the sample’s 
position along the beam path and the refraction angle α by pure geometrical considerations. This leads to the 
relation

α =
p2

2 πd
l

l − ds
∆ϕ, (7)

in case of a sample-grating configuration, meaning the sample is positioned between the source and the phase 
grating G1. If the distance between sample and phase grating ds is assumed as being approximately zero, the 
original formula of equation (6) is retrieved again. In that special case the interferometer has its maximum 
angular sensitivity. The angular sensitivity S for an interferometer is according to Donath et al (2009) defined as 
the relation of the measured phase shift of the phase-stepping curve ∆ϕ and the refraction angle α:

S :=
1

2 π

∆ϕ

α
=

!
1 − ds

l

"
d
p2

. (8)

Note, that the term sensitivity is used ambiguous in literature. In Modregger et al (2011), Thuering and Stam-
panoni (2014) and Birnbacher et al (2016) angular sensitivity is defined as the minimum resolvable refraction 
angle

αmin =
p2

2 πd
l

l − ds
σϕ, (9)

where σϕ denotes the standard deviation of the lateral shift of the interference pattern. It depends on the 
measured visibility as well as on the photon counts and can be associated with the minimum detectable electron 
density variation (Modregger et al 2011).

The preceding descriptions focus on the analysis of the differential phase image. The angular sensitivity as 
well as the minimum resolvable refraction angle characterize an interferometer setup regarding the obtainable 
contrast of small electron density variations. The origin of dark-field signal is treated in several publications 
(Yashiro et al 2010, Lynch et al 2011, Revol et al 2011, Gkoumas et al 2016, Koenig et al 2016). In Lynch et al (2011) 
a parameter describing the behavior of the dark-field signal is introduced as autocorrelation distance

ξ =
λLs

p2
, (10)

with λ the x-ray wavelength and Ls the distance between sample and the analyzer grating G2. However, this 
formula is valid for samples placed between phase and analyzer grating (grating-sample configuration). In Strobl 
(2014) the parameter ξ is introduced as correlation length also for the case of a sample-grating configuration 
where a modified distance

L′
s = (l + d − Ls) · d

l
 (11)

is required. Using the distance between sample and phase grating G1 as ds = Ls − d for a sample-grating 
configuration the correlation length becomes

ξ =
λd
p2

!
1 − ds

l

"
. (12)

In Strobl et al (2016) the correlation length ξ is also called dark-field length connecting the dark-field value with 
the real space correlation function and a macroscopic scattering cross section. By varying the correlation length 
in a significant range of values, it is possible to get a full and quantitative characterization for scattering structures 
of different size, shape and volume fraction (Strobl 2014, Strobl et al 2016). Therefore, an optimization of the 
setup parameters regarding the correlation length should be considered for different tasks.

Comparing the definition of the correlation length (equation (12)) with the definition of angular sensitivity 
(equation (8)) by Donath et al (2009) and the minimum resolvable refraction angle (equation (9)) one finds

ξ = S λ ∝ 1 /αmin. (13)
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Hence, there is a connection between the minimum resolvable refraction angle and sensitivity, visible in the 
differential phase image, and the dark-field image, which is represented by the correlation length.

2.3. Specification of the compared setups
The measurements of an ex vivo porcine lung were performed with a Siemens MEGALIX CAT Plus 125/40/90-
125GW medical x-ray tube using a tungsten anode with focal spot size of 0.3 (IEC 60336), respectively 0.4 mm 
× 0.65 mm (H × V) at 15% of the maximum value. The used x-ray flat panel detector was a PerkinElmer Dexela 
1512 with 74.8µm pixel pitch running in 2 × 2 binning mode for processing a faster read-out resulting in a  
150 µm  pixel pitch. We used three different grating sets while the periods of the analyzer grating G2 varies from 
2.4 µm  (grating set A) and 4.8 µm  (set B) to our optimized setup (Rieger et al 2017) with a comparatively large 
period for G2 of 10 µm  (set C). The parameters for each setup are summarized in table 1 for the distances and 
in table 2 for the grating properties. The source-detector distance was kept constant at 193 cm. Also, the sample 
position remained unchanged at a distance of about 83 cm to the x-ray source. Hence, the magnification for all 
measurements was M  =  2.3. This yields an effective pixel size of about 65 µm  in the sample plane for the 2 × 2 
binning mode. We applied an 80 kVp x-ray spectrum, filtered by 0.3 mm copper in order to suppress low x-ray 
energies. The images for grating set A were acquired for each phase-step with 3.6 mAs and the images for set B 
and C with 3.0 mAs. Overall, 12 phase-steps were performed. The applied dose (air kerma) was about 0.98 mGy 
for grating set A, 0.22 mGy for grating set B and 0.32 mGy for grating set C. The dose has been measured during a 
free-field measurement in sample plane by a DC300 ionization chamber of IBA dosimetry. The gratings for each 
setup have an area of about (5 × 5) cm2. The measured region in the sample plane is reduced in accordance to 
the magnification factor. The largest area of (21 × 26) mm2 in the sample plane is covered by grating set A, while 

grating set B covers about (13 × 28) mm2 and grating set C covers a field of view of about (22 × 20) mm2.
All gratings were fabricated by the Karlsruhe Nano Micro Facility/Karlsruhe Institute of Technology (KNMF/

KIT) using deep x-ray lithography (Meyer and Schulz 2015).

2.4. Sample preparation
The freshly dissected porcine lung was provided by the local slaughter house. For the particular purpose of our 
studies, no animal has been harmed. The lung has been fixed in an artifical thorax (Biederer and Heller 2003). The 
artificial thorax represents a chest phantom with shape and size of an actual porcine thorax. The half shells were 
closed hermetically while the trachea was connected with the environment via an inserted tube. By evacuating the 
inner pleural space of the chest phantom during the whole measuring time, the lung has been passively inflated 
inside the entire chest phantom. The bottom side is equipped with the shape of an artificial diaphragm.

3. Results

3.1. Visibilities
The three setups are optimized for different spectra. A wave-field simulation (Ritter et al 2014) is used to calculate 
the expected reference visibilities Vr  for each grating set at different monochromatic photon energies. The 
resulting visibility spectra are shown in figure 2 on the left-hand side. The energy spectrum for 80 kVp (provided 
by Siemens.com (2019)) which includes a 0.3 mm copper filtration and the detection efficiency of 600 µm CsI 
is overlaid to the same plot. The visibility spectra of setup B and C match the course of the spectral density 
distribution quite well, while setup A is more suitable for a spectral density distribution of lower peak voltage. 
Setup A demonstrates a visibility spectrum distributed around lower energies with a maximum visibility of 40% 

Table 1. Grating distances for each setup. The distances source-sample and source-detector were held constant at 83 and 193 cm, 
respectively, leading to a magnification of M  =  2.3.

Setup l (G0 to G1) (cm) d (G1 to G2) (cm)

A 125.0 12.3

B 97.0 40.3

C 97.0 72.8

Table 2. Grating parameters for the three setups. The duty cycle is defined as grating bar width to period. All gratings are made of gold.

Setup A B C

Gratingtype G0 G1 G2 G0 G1 G2 G0 G1 G2

Period(µm) 24.39 2.19 2.40 11.54 3.39 4.80 13.31 5.71 10.00

Dutycycle 0.50 0.66 0.50 0.50 0.50 0.50 0.66 0.30 0.50

Gratingheight(µm) 150.00 4.40 90.00 270.00 6.40 180.00 200.00 6.30 200.00
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at 40 keV, dropping quickly to small visibility values at higher energies. The energy range with visibility values 
higher than 20% is comparatively narrow. Setup B represents a grating set optimized for higher energies. Over a 
large range of higher energies a sufficient reference visibility is gained. However, the maximal obtained visibilities 
are in comparison with the other grating sets rather low. Setup C reaches a maximum of 67% at 45 keV and 
achieves high reference visibilities over a broad range of energies. Hence, the optimized grating set is usable for 
lower and for higher energy spectra.

In figure 2 on the right-hand side the actual measured reference visibilities in each pixel for the applied 80 kVp 
spectrum for all three grating sets are depicted as visibility maps. The recognizable features, showing reduced vis-
ibility, occur due to grating defects. The variation in reference visibility over the whole field of view is caused by 
inhomogeneities of the gratings. As the visibility spectra have already shown, grating set A is more optimized for 
lower energy spectra, suitable for e.g. mammography, which has been demonstrated with a comparable setup in 
Michel et al (2013). Thus, the averaged reference visibility VA

mean = (9.0 ± 0.9)% for the filtered 80 kVp spectrum 
is rather low. The error is given as standard deviation of the measured visibility in all detector pixels. Grating set B 
was built as a high energy setup for the implementation of a Talbot–Lau interferometer in a C-arm setup (Horn 
et al 2018). Here, it leads to a reference visibility of VB

mean = (17.5 ± 2.4)%. Rieger et al (2017) investigated the 
influence of different grating parameters such as duty cycle and grating bar height by wave-field simulation and 
experiment. A duty cycle of 0.3 for the phase grating G1 proved to raise visibility in some cases as shown in Rieger 
et al (2016). For the best combination of grating parameters gained from these studies we built an optimized 
high-energy setup, which is here used as third grating set C. In Horn et al (2017) the setup was already applied to 
knee measurements at 70 kVp, with the only difference of employing a G0 grating with a duty cycle of 0.5 instead 
of 0.66, resulting in an averaged visibility of 28%. In this work, applying a higher energy spectrum of 80 kVp, the 
obtained visibility for the optimized setup C shows homogeneous values over all pixels distributed around the 
mean value of VC

mean = (26.1 ± 1.1)%.

3.2. Porcine lung images
As mentioned in section 2.3 only small fields of view are covered at the sample tray surface due to the limited 
size of the gratings. Therefore, a large number of single images hat to be acquired to cover the porcine lung. After 
extracting the attenuation, differential phase and dark-field images, the single image tiles were stitched together. 
A correction of phase drifts in the reference phase over the measurement time were applied to the differential 
phase images based on Käppler et al (2014). The attenuation and dark-field images were not filtered afterwards 
to not influence the following analysis. Using the same focal spot size, the same detector pixel size and the same 
magnification factor the effects discussed in Koenig et al (2016) do not influence the obtained dark-field values. 
Thus, we concentrate our analysis on the parameters correlation length ξ and reference visibility Vr  with respect 
to the different grating and geometry parameters.

Figure 3 shows the resulting attenuation, differential phase and dark-field images of the porcine lung for 
each grating set. The attenuation images are adjusted to the signal strength of the lung. In the bottom part of the 
images the artificial diaphragm is visible as rounded shape. The heart consists of muscle tissue and blood, while 
the lung is mainly composed of air filled alveoli. Thus, the incoming x-rays are much less attenuated by the lung 
tissue than by the denser heart tissue. On the contrary, the dark-field image especially emphasizes the lung tissue. 
For a quantitative comparison of the contrast between lung tissue and background for dark-field and attenua-
tion, the Michelson contrast CM is evaluated. It is defined as:

Figure 2. In the left plot the simulated visibilities, calculated for monochromatic energies between 24 and 90 keV, referring to  
the left vertical axis, are shown. The different visibility spectra for each setup demonstrate the energy ranges leading to the setup-
specific best visibilities. The black dashed line displays the copper-filtered 80 kVp x-ray spectrum including a detection efficiency 
of 600 µm CsI, referring to the right vertical axis. On the right-hand side the visibility maps of the three grating sets are shown with 
the obtained averaged reference visibilities and standard deviations noted above each map. The visible features occur due to grating 
defects and inhomogeneities.
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CM =
µsig − µback

µsig + µback
 (14)

where µsig and µback  denote the mean values of the considered signal and background region. In table 3 the 
calculated Michelson contrast for attenuation and dark-field is listed for each setup. The Michelson contrast 
obtained for the dark-field images is much higher than for the attenuation image. The heart does not consist of 
a porous microstructure and appears almost black in the dark-field images, which means no dark-field signal 
occurs unless it is partly covered by lung tissue. The differential phase image in particular enhances the edges of 
the heart and larger vessels. The lung region, however, just looks kind of noisy in the differential phase image and 
shows no strong contrast to the surrounding tissue. In this publication the focus lies on the comparison of the 
dark-field images, thus, attenuation and differential phase image will not be considered in detail any further in 
the following.

Figure 3. Attenuation Γ (top), dark-field Σ (middle) and differential phase image ∆ϕ (bottom) of a porcine lung in an artificial 
thorax obtained with grating set A (left), B (middle) and C (right).
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Table 4. The mean dark-field values for the region of interest shown in figure 6 as black rectangle and the calculated correlation lengths for 
each setup are displayed. A low correlation length results in a low dark-field signal. The error of the averaged dark-field values is in the order 
of 10−3 and thus, has been omitted.

Setup Dark-field Σ Correlation length ξ ( µm)

A 1.57 0.62 ± 0.03

B 1.98 1.31 ± 0.06

C 1.94 1.14 ± 0.05

Because the very same lung was used for all measurements, a shrinking of the lung volume is visible from C 
to B to A. The first measurement with grating set C started directly after the passive ventilating of the full lung 
volume. The acquisition of the images shown in figure 3 took about 90 min. Between two measurements a break 
of about two hours was needed for the exchange of the grating sets. Although the vacuum was maintained over 
the whole time, the inflated lung lost air over several hours from the measurement with grating set C to set A. This 
effects in a shrinking of the left and right lung, visible in size and shape of the complete porcine lung. In figure 4 a 
line plot through the lung and heart region for the dark-field values is shown. While the course of the dark-field 
signal is similar for grating set B and C, it differs clearly for grating set A. The contrast between lung and heart tis-
sue is much lower. Nevertheless, the noticeable features, like small dips and peaks in the lung and heart tissue are 
still identifiable.

In figure 5 the thickness independent normalized scatter image is depicted. Heart and lung are even better 
distinguishable in the normalized scatter image R = Σ

Γ  than in the dark-field image Σ alone. Additionally, the 
image comprises also information about the course of blood vessels, obtained by attenuation.

3.3. Correlation lengths
There are two parameters which are often discussed in Talbot–Lau imaging aiming at image quality: visibility 
and sensitivity. The former is addressed in section 3.1, the latter will be treated in the following by looking at the 
correlation length as introduced in section 2.2 for the x-ray dark-field. Referring to equation (13), sensitivity is 
directly connected to the correlation length by the wavelength.

The exact specification of a correlation length ξ by equation (12) is hardly feasible as we are using a polychro-
matic x-ray spectrum. To get a value for the correlation length, anyway, λ = 23 pm is chosen which is the mean 
wavelength of the filtered 80 kVp spectrum including the detection efficiency, gained from the simulated course 
in figure 2. Further on, the distance from different sample regions to the phase grating varies up to 20 cm depend-
ing on the thickness of the lung. Thus, a mean distance of the selected region of interest has been chosen for the 
calculation of the correlation length. However, there is no strong influence of these aspects on the following com-
parison of the dark-field images, because they were acquired with the same spectrum and the same lung region at 
the same G0-sample-distance is analyzed.

Setup A has a larger sample to G1 distance than the other two setups. In addition, the ratio of Talbot distance 
and grating period G2 are similar for setup B and C and differs more for setup A. Thus, the resulting correlation 
lengths are quite similar for setup B and C with ξ = (1.31 ± 0.06) and ξ = (1.14 ± 0.05) µm , respectively, while 
the correlation length for setup A yields ξ = (0.62 ± 0.03) µm . In table 4 the dark-field values obtained for the 
regions marked in figure 6 as black rectangle are shown together with the correlation length values for each setup. 
It is obvious that a small correlation length leads to a smaller dark-field value caused by the lung tissue. The pre-
sented dependence is observable over the whole lung region in the dark-field images in figure 3 as well as in the 

normalized scatter images in figure 5.

3.4. Contrast-to-noise ratios
In the following the contrast-to-noise ratios are compared. Here, the contrast-to-noise ratio (CNR) is denoted as

CNR =

!!µsig − µback

!!
σback

 (15)

Table 3. The Michelson contrast CM is calculated for attenuation Γ and dark-field Σ for the region of interests shown in figure 6 as 
black rectangle (lung) and white rectangle (background). The Michelson contrast is much higher for the dark-field values than for the 
attenuation values. The error of the averaged Michelson contrast values are in the order of 10−3 and thus, has been omitted.

Setup CM(Γ) CM(Σ)

A 0.33 0.88

B 0.34 0.96

C 0.33 0.97
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with µsig and µback  the mean values of the considered signal and background region and the appropriate standard 
deviation for the background region σback. The CNR values are calculated for the regions of interest marked as 
black (lung tissue) and white (background) rectangles in the dark-field images above the graph in figure 6. The 
averaged contrast-to-noise ratios normalized by the square root of dose CNRd = CNR/

√
D  are plotted for each 

setup for the dark-field in figure 6. Setup A leads to the smallest CNRd, while C reaches the highest value.

3.5. Varying dose levels
The normalized contrast-to-noise ratios CNRd in the x-ray dark-field images are quite high for lung tissue. Thus, 
the question arises how high the applied dose has to be in order to receive diagnostic relevant information from 
the dark-field images. Actually, our data shows no distinctive lung diseases and the results are restricted to this 
specific study imaging a porcine lung in a chest phantom. Hence, our statements give rather a rough estimation 
of the expected order of magnitude for required dose levels in x-ray dark-field lung imaging. However, we want to 
visualize the influence of the investigated grating sets on the behavior of contrast-to-noise ratio to dose.

On this account, the raw data obtained by setup A and by the optimized setup C were analyzed once again for 
reduced dose levels by using less phase-steps for the image extraction. As the CNRd value for setup B lies between 
the values for setup A and C, this analysis has been omitted for setup B for clarity. Since three phase-steps are 
theoretically sufficient for getting the necessary parameters of the phase-stepping curve (Weitkamp et al 2005), 
a reconstruction with one quarter, one third, and one half of the full dose of 0.32 mGy air kerma were done for 
setup C. In the case of setup A three single acquisitions of the lung were performed. Therefore, the extraction of 
dark-field images at lower dose levels starting from 1

12 of the full applied dose of 0.98 mGy air kerma are feasible. 

Figure 4. The bottom plot shows a line plot through left lung, heart and right lung. The dark-field images above the plot display a 
selection of the lung for each setup A (top), B (middle) and C (bottom) including the marked regions for the line plot.

Figure 5. The thickness independent normalized scatter image for grating set A (left), B (middle) and C (right) is shown. The 
combination of dark-field and attenuation image is another way of illustration aiming at lung diagnostics.
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Actually, the reconstruction with only three phase-steps lead to moiré artifacts for setup A and for this reason, 
was omitted in the subsequent analysis.

In figure 7 the CNR values for setup A (blue curve) and C (red curve) are plotted over the applied dose and 
show the typical square root behavior regarding the dose. Grating set A reaches a lower normalized contrast 

to noise ratio of CNRd = 39 (mGy)−0.5 than grating set C with CNRd = 154(mGy)−0.5. Nevertheless, a strong 
dark-field signal above the noise level occurs for the lung tissue in both cases, even at a lower dose. The data at 

the lowest reconstructable dose level for setup A still contains sufficient information, which is visible in figure 7 
by comparing the shown images at lowest and highest applied dose. The lower dose, of course, results in a higher 
noise level. Nevertheless, in our study, heart and lung region are clearly separable and also the morphology of the 
lung is preserved at reasonable dose regarding clinical applications.

4. Discussion

We acquired images of a porcine lung by using different grating sets with the focus on the comparison of the 
obtained x-ray dark-field images. Firstly, we demonstrated that for lung tissue a significantly higher Michelson 
contrast is obtained by dark-field than by attenuation valid for all used grating sets. For that reason, x-ray dark-
field imaging is a very promising method for an improved diagnosis of lung diseases, as already shown in many 
publications.

Additionally, we proposed the normalized scatter image as an alternative depiction of lung images with 
regard to diagnostic purposes. It comprises thickness independent information about scattering properties as 
well as attenuation properties. Hence, in further studies an analysis of the normalized scatter image regarding 
lung diseases should be considered.

While the dark-field image of the porcine lung is quite similar for setup B and C, it differs clearly for setup A. 
The dark-field signal of the lung tissue is lower for setup A. Simultaneously, the image shows a higher dark-field 
for the heart tissue, visible in the line plot in figure 4. This comparatively lower contrast between lung and heart 
for setup A could be explained by the spectrum energies the grating set is optimized for. As seen in the simulated 
visibility spectrum for setup A (figure 2) the visibility drops for higher energies, quickly. Thus, beam hardening 
effects carry more weight. The heart region tends to cut the lower part of the spectrum. The measured visibil-
ity is a weighted average of the contributing monoenergetic visibilities. Thus, the spectrum weighted visibility 
decreases for setup A in the heart region due to the missing spectrum parts, which would contribute to higher 
visibility values. This results in a stronger dark-field signal in the heart region. The reduced dark-field in the lung 
region, on the contrary, can be explained by the low correlation length (section 3.3) which is mainly caused by the 
large distance from the porcine lung to the phase grating.

Figure 6. The normalized contrast to noise ratios CNRd are shown for the grating sets A, B and C. The dark-field images on top 
show the selected regions of interest marked with black (lung) and white (background) rectangles for the calculation of the averaged 
CNRd displayed in the graph. The error of the CNRd values is neglectable and thus, has been omitted.
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The connection of correlation length and dark-field also influences the obtained CNRd values depicted in 
figure 6. In addition, a low visibility, which results in higher noise occurrence in dark-field images (Revol et al 
2010), also contributes to the CNRd results. Because setup C reaches the highest reference visibility and shows a 
high contrast between lung tissue and background, it leads to the highest CNRd. The lowest CNRd is gained for 
setup A, featuring the lowest visibility and the lowest dark-field for the lung tissue. The minimal higher contrast 
retrieved for setup B in comparison to setup C carries less weight compared to the influence of lower visibility 
causing a higher standard deviation in the considered regions of interest due to noise.

Still, all setups gain quite high CNRd values for lung tissue. In this regard, the extraction of dark-field images 
for different dose levels comparing the grating sets has been evaluated. For setup A the lowest CNR = 13 is 
reached for a dose of about 0.1 mGy, where the morphology is sufficiently preserved. The obtained CNR values 
for setup C are much higher than for setup A. The maximum applied dose of 0.32 mGy, here, leads to a CNR = 85. 
Hence, a dose of 5 µGy (resulting in an estimated CNR = 11) is regarded as sufficient to image a porcine lung in 
an artificial thorax with our optimized setup C. Note, that the finding is restricted to the presented study since a 
human body undoubtedly requires a higher amount of dose. However, in Hauke et al (2018) a reader study was 
performed to evaluate the impact of dose reduction regarding diagnostics. The authors mentioned 0.3 mGy 
air kerma as sufficient for a full body imaging of a living pig, while the results were obtained with a grating set 
similar to grating set B. Hence, our results indicate, that an optimized setup like our presented setup C featuring 
high visibility and correlation length could further reduce the necessary dose level. However, the recognizability 
of conspicuous features in noisier dark-field images should be evaluated in more details in further studies on 
human bodies.

In this study, small fields of view were acquired in a time consuming measuring process. The single tiles were 
then stitched together in a post-processing step. Thus, a grating set optimized in particular for lung imaging may 
be designed as a scanning device for faster acquisition and a larger field view regarding the implementation in a 
clinical routine. The aspect of an extended medical x-ray imaging system has already been published for different 
approaches (Astolfo et al 2017, Bachche et al 2017, Gromann et al 2017a). Furthermore, in a living body moving 
artifacts induced by heart beating or breathing during the phase-stepping procedure could be problematic. Here, 
single-shot moiré imaging, which enables a faster acquisition, already showed promising results for lung imaging 
(Seifert et al 2018).

Finally, our results show that lung imaging is feasible as long as visibility and correlation length are suffi-
ciently high. These findings are not directly restricted by the need of small grating periods because x-ray dark-
field lung imaging has not to be sensitive to small structural changes in a very localized manner. In this regard, we 
demonstrated that high contrast-to-noise ratios are achievable with the presented optimized setup C, featuring a 
relatively large analyzer grating period of 10 µm  and a moderate setup length of about 2 m. Large grating periods 
are an advantage regarding the fabrication of the absorption gratings with high aspect-ratios. These are necessary 
for imaging a human thorax at typical energies of 60–90 keV. Hence, it is more probable that such gratings can be 
produced for a clinical lung imaging setup.

5. Conclusion

X-ray dark-field imaging has great potential for the clinical applicability regarding lung imaging. In this 
publication we compared three different grating sets regarding x-ray dark-field imaging of a porcine lung. The 
grating periods of the analyzer grating G2 varied from 2.4 to 4.8 and 10 µm . X-ray tube, magnification of the 
sample and the detector were the same for all measurements. Thus, the compared results of the dark-field images 

Figure 7. The CNR of the dark-field Σ is plotted over dose D for setup A and C for the same lung and background regions as in 
figure 6, also marked in the depicted images, here. The images show the extracted dark-field images for lowest and highest applied 
dose for setup A. The error of the CNR values is in the order of 10−5 and thus, has been omitted.
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only depend on the interferometer specifications. Setup C, featuring the largest analyzer grating period, is the 
result of an optimization procedure. It leads to an averaged reference visibility of 26% and a correlation length of 
ξ = (1.14 ± 0.05) µm  for a 80 kVp x-ray spectrum. The lung tissue causes a strong dark-field signal with the 
highest normalized contrast-to-noise ratio by using setup C compared to setup A and B.

For the presented study a dose of 5 µGy air kerma is regarded as sufficient in order to preserve the occurring 
lung signatures acquired by grating set C featuring the highest visibility and a high correlation length. The results 
are an indication of how little dose is needed for x-ray dark-field imaging of lung tissue.

In conclusion, our study demonstrates that a sufficiently high dark-field signal for healthy lung tissue is 
obtainable with larger grating periods at moderate grating distances. This simplifies the design of an x-ray dark-
field lung imaging setup. Lung imaging needs high x-ray energies which require relatively thick analyzer gratings 
G2. As the aspect ratio for grating thickness to grating period is limited by the production process our solution 
with a relatively large G2 grating period of 10 µm shows the right way to clinical lung imaging.
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4 A fast alignment method for grating-based X-ray
phase-contrast imaging systems

4.1 Introduction
We showed that larger grating periods are fully sufficient for lung imaging. A high
sensitivity for visualizing the structures of the lung is not necessary.
Another aspect to consider for X-ray Talbot-Lau systems is the stability and ro-
bustness to mechanical instabilities. Small variations in the positioning of the
gratings during the phase-stepping procedure lead to reconstruction failure and
image artefacts like moiré artefacts [Hau17]. A jitter of the gratings could reduce or
even destroy the Talbot pattern contrast during a single acquisition. The visibility
is decreased and noise is increased [Rev10; Mar18]. In a clinical environment,
it is of great importance to ensure vibration free movements [Hau18b; Hor18].
Furthermore, both for industrial and for medical applications compact and easy
exchangeable Talbot-Lau interferometers are desirable. For different applications,
specifically optimized grating sets should be selectable.

We built a setup which is transportable and very robust. For fast alignment we
developed a method which uses the moiré effect. The alignment of a Talbot-Lau
interferometer requires a precise adjustment of distances and angles between the
gratings. The Talbot pattern has to match approximately the G2 grating period
and angle. Due to the superposition of both periodical structures, a moiré pattern
occurs (see equation 18 and figure 5). Usually, several alignment steps are per-
formed to obtain the desired moiré pattern. Applying the phase-stepping procedure,
the optimum grating constellation is achieved when a symmetrical moiré pattern
with low frequency and high visibility appears. In an ideal case the moiré pattern
would vanish completely. If a single-shot acquisition scheme is performed, the moiré
pattern frequency has to fulfil certain conditions to apply Fourier imaging [Sei18].
A slight misalignment between the Talbot pattern and the G2 grating period is
necessary to get a higher frequent moiré pattern which also results in a slight
visibility loss [Sei17]. In the following publication, we demonstrate an alignment
method based on a comprehensive set of reference images taken at several grating
distances and angles. The resulting images are summarized in a so-called moiré
map and serve as look-up table for a fast grating alignment within very few steps.

The idea for the fast alignment method originally arose from the challenge of
conducting experiments at an X-ray backlighter source. For such an X-ray source,
a petawatt laser typically hits a metal target, which generates a short (in the
regime of picoseconds) burst of X-rays by collisions of relativistic hot electrons
with the atoms of the target [Par08; Mad11]. The generated X-ray spectrum of
this laser-driven X-ray backlighter source consists of characteristic X-rays and
bremsstrahlung radiation up to past 1MeV [Mad11]. A repetition rate of one shot
every 90min is possible [Wag13]. Thus, the typical step-by-step adjustment of an
interferometer, where several images are taken, is not feasible within reasonable
time.
We performed first proof-of-principle experiments with the X-ray backlighter at the
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PHELIX laser facility at the GSI Helmholtzzentrum (Darmstadt). The measure-
ments were done with regard to applications in the upcoming field of high-energy-
density physics.
X-ray phase-contrast imaging allows the retrieval of areal electron density variations
integrated along the line of sight. In particular, a higher sensitivity to low-Z matter
is given by the real part δ of the complex refractive index [AM11]. Hence, laboratory
astrophysics, which analyses plasma shocks, is another interesting field of applica-
tion for X-ray phase-contrast imaging. X-rays emitted by a laser-driven backlighter
[Par08; Jar14] are usable for radiography to examine dense high-energy-density
matter like laser-driven shocks in solids [Pap10; Sch15b]. However, conventional
X-ray imaging of high-energy-density plasma which consists of low-Z matter, lacks
contrast. Here, X-ray phase-contrast imaging represents a promising diagnostic
tool [SF11; VSF14; Val16].

The developed alignment method is the basis for the investigation of plasma shocks
by grating-based X-ray phase-contrast imaging at an X-ray backlighter source.
However, also for non-destructive testing and medical imaging, the moiré map is
helpful for the alignment process of a ready-to-use system at the first start-up or
for re-alignment if the system has misaligned over time. Even a fast exchange of
application-dependent grating sets is conceivable. A moiré map can be provided
for each compact grating set. For medical or industrial applications, an easy and
fast alignment is enabled by glancing at the moiré map. An automated alignment
process could be implemented by comparing several taken images with the provided
moiré map.
For that reason, the following publication is of great importance for all fields of
application using grating-based X-ray phase-contrast imaging.

4.2 Publication: A fast alignment method for grating-based
X-ray phase-contrast imaging systems

The article was published as “A fast alignment method for grating-based X-ray
phase-contrast imaging systems” by Max Schuster, Veronika Ludwig, Bernhard
Akstaller, Maria Seifert, Andreas Wolf, Thilo Michel, Paul Neumayer, Stefan Funk
and Gisela Anton in Journal of Instrumentation, volume 14, number 8 in 2019
(DOI: 10.1088/1748-0221/14/08/P08003).

First and second author contributed equally. Contributions in detail:

First author’s (Max Schuster’s) contributions:

• concept of publication

• designing the setup

• support in conceiving and conducting the experiments at the home laboratory

• analysing the data and preparing the moiré map

• applying the alignment method at PHELIX, GSI
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• conceiving and conducting the experiments at PHELIX, GSI

• discussion of the methods and results

• creating figure 1 and figure 2

• writing the publication

Second author’s (Veronika Ludwig’s) contributions:

• idea of a moiré map as an alignment method

• concept of publication

• support in designing the setup

• conceiving and conducting the experiments at the home laboratory

• analysing the data and preparing the moiré map

• applying the alignment method at PHELIX, GSI

• conceiving and conducting the experiments at PHELIX, GSI

• discussion of the methods and results

• creating figure 3, figure 4 and figure 5

• support in writing the publication

Co-authors’ contributions:

• support in designing the setup

• conceiving and conducting the experiments at PHELIX, GSI

• discussion of the methods and results

• support in writing the publication
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1 Introduction

X-ray phase-contrast imaging is based on the refraction of X-rays while passing through an object [1].
In comparison to conventional attenuation imaging, here, the contrast is generated by the real part
� of the complex refractive index n = 1 � � + i� [1]. For low-Z matter, � is typically around three
orders of magnitude larger than � [1], implying a higher sensitivity to density variations in the
observed sample. For X-ray energies far from absorption edges, i.e. where dispersion corrections
can be neglected, � is directly proportional to the electron density [1]. This allows to measure the
areal electron density integrated along the lines of sight by phase-contrast imaging.

To date, various methods for X-ray phase-contrast imaging exist, which are able to image
samples with high spatial resolution and high sensitivity. These are e.g. methods based on crystal-
interferometers [2, 3], di�raction enhanced imaging [4], propagation-based techniques [5, 6], edge-
illumination [7–9] or grating-based phase-contrast [10–12].

An upcoming field of application for X-ray phase-contrast imaging is in the field of high-
energy-density (HED) physics. Here, experiments are particularly challenging due to the short
length scales of the processes involved and their rapid temporal dynamics. Examples are the study
of compressed fuel capsules in inertial confinement fusion experiments [13, 14] or the imaging
of laser-driven shocks in solids [15, 16]. Radiography using X-rays emitted by a laser-driven
backlighter [17, 18] provides a conceptionally simple density diagnostic tool to probe dense HED
matter. For HED plasma consisting of low-Z matter, though, absorption-based X-ray imaging
retrieving the imaginary part of the refractive index of the sample often lacks contrast.

The application of X-ray phase-contrast imaging turns out to be a candidate solution to overcome
this issue. Due to the rapid temporal dynamics of HED experiments, single-shot techniques of
phase-contrast imaging, like Fourier imaging [19–21] for the grating-based approach, are the means
of choice. In a HED environment, the technique, also known as moiré deflectometry, has first
been implemented using soft X-rays [22]. After the development of the method to higher X-ray
energies — a progress mainly driven by the field of medical imaging [23] — the application
of moiré deflectometry has been investigated conceptionally and via simulations by Stutman and
Finkenthal [24]. The same group has published benchmarks of setups adapted to typical HED
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samples by using laboratory X-ray tubes [25] as well as first measurements of static test samples
with an X-ray backlighter on the multi-Terawatt laser at the Laboratory for Laser Energetics [26].

However, a setup built of gratings and suitable for these kinds of experiments requires fine
adjustment and has to satisfy high stability demands on the level of sub-micrometer.

For petawatt high-energy laser facilities like the PHELIX laser facility at the GSI Helmholtzzen-
trum (Darmstadt), the time between two single laser shots on the backlighter source wire, that creates
the short X-ray pulse for probing, is on the scale of hours [27]. Even if the backlighter laser had a
higher repetition rate, one would still need a similar time to change the backlighter wire and wait
for the pump process for su�cient vacuum conditions inside the target chamber.

The alignment of grating-based X-ray phase-contrast setups is an iterative procedure which
requires numerous steps of relative shifting and tilting of the gratings on the scale of micrometers
and microradians. For each alignment step an image is taken to evaluate the detected intensity
signature and optimize the resulting moiré pattern. Thus, a large number of images has to be
acquired for the entire alignment process. As a consequence, the alignment of the grating setup at
X-ray backlighter sources is not feasible within reasonable time. Hence, a stable and transportable
setup in combination with a fast and reliable alignment method is needed for such experiments.

Here, we report on the development of a ready-to-use X-ray grating-based phase-contrast
imaging setup. It was designed in such a way that after the alignment procedure at a continuous
X-ray source it is transportable to another location and still remains adjusted. Due to a prepared map
of moiré images for di�erent adjustment parameters at the home laboratory utilized as a look-up
table, it is ready to use within very few alignment steps. The requirements and demands it has to
fulfill, its alignment procedure as well as its performance in terms of stability, transportability and
robustness demonstrated by measurements at both, the home laboratory and at an X-ray backlighter
source shall be addressed.

2 Materials and methods

Talbot imaging is based on the analysis of the Talbot pattern, which is a self-image of a periodic
structure, in this case of a grating G1, occurring at certain distances from the grating [11, 28, 29]. If
the pattern is directly resolvable, the extraction of images is obtained by e.g. Fourier imaging [19].
For many applications, the pattern is smaller than the pixel pitch of the detector. Hence, a second
grating G2 is introduced in order to sample the Talbot pattern [30]. Alternatively, the moiré fringes
which are created due to the superposition of the second grating with the intensity signature of the
first grating, are usable for Fourier imaging. These moiré fringes can be tuned to have a period large
enough to be resolved by the X-ray detector [31, 32]. The period or orientation of the resolvable
moiré structure is tunable by either tilting both gratings relative to each other or changing their
periods. The latter can be realized via a di�erent relative distance which leads to di�erent projected
periods in a magnifying setup. This predictable appearance of the moiré fringes is utilized for the
alignment procedure of the gratings and enables their readjustment without a continuous beam.
This procedure is depicted in the following section.

The basic setup for all measurements consisted of two gratings. The first grating G1 was
designed to serve as an X-ray phase grating with negligible absorption. It had a period of 4.37 µm.
For the energy for which G1 imprints a ⇡-phaseshift on the impinging X-ray wavefront, the period
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Figure 1. 3D sketch of the stable and transportable two-grating X-ray phase-contrast setup (to scale). The
phase grating G1 (5) is mounted firmly. The absorption grating G2 (4) is mounted on a linear stage (1)
to adjust the distance between both gratings. The linear actuator (6) and a tilting and rotating platform (3)
ensure the rotation of G2 around the z- and y-axis, respectively. A removable box (2) impermeable to light
enables the mounting and transporting of imaging plates.

of its self-image is halved, i.e. its frequency is doubled in the Talbot distances [31, 33]. Taking the
magnification M = 1.10 into account, the magnified frequency-doubled period of G1 at the plane
of the absorption grating G2 amounts to 2.40 µm which equals the G2 period.

A 3D sketch of the portable setup is displayed in figure 1 with an enumeration of its key
components described below. For a precise adjustment of the distance between both gratings, the
grating G2 (4) was mounted on a linear stage (1), M-403 (Physik Instrumente, Karlsruhe, Germany),
with sub-micron precision. Its travel range amounts to 100 mm. The adjustment of the relative
angle between both gratings was realized with a high-resolution linear actuator (6), M-227 (Physik
Instrumente, Karlsruhe, Germany), which enabled the rotation of G2 around the z-axis. To avoid
shadowing e�ects of the absorption grating G2, it was mounted in a bent grating holder as well
as on a tilting and rotating platform (3), which enabled its rotation around the y-axis to better
match the given orientation of G1 relative to the corresponding axis. G1 (5) was firmly mounted
to avoid additional degrees of freedom and to adjust the moiré pattern only by moving G2 along
and tilting it around the z-axis. Fuji BAS type SR imaging plates, which resolution was measured
to be ⇠ 109 µm [34], were used for the detection of X-rays at the X-ray backlighter. Further
specifications of the imaging plates can be found in [35]. For their mounting and transporting to a
read-out scanner, a removable box (2) impermeable to light was placed behind G2. The distance
between the box and G1 is 265.5 mm.

At the home laboratory two di�erent types of X-ray sources were used. A YXLON Feinfokus
FXE-160.51 microfocus X-ray tube with a tungsten transmission target as well as a Siemens
MEGALIX Cat Plus 125/40/90-125GW (Siemens, Munich, Germany) medical X-ray tube with a
tungsten rotating anode. The latter has more than two orders of magnitude higher power compared
to the microfocus tube and is therefore referred to in the following as the high-power tube. Both
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Figure 2. a) Setup at the X-ray backlighter and microfocus tube. Here, the small source size is su�cient
for Talbot imaging. b) Setup at the high-power tube. A source grating G0 is added to achieve the necessary
partially spatial coherence for the Talbot e�ect to occur.

tubes were operated with an acceleration voltage of 40 kV. No further filtering was applied so
that the center-of-mass energy was approximately 26 keV [36, 37]. For the measurements in the
home laboratory, the imaging plate box was removed and the Teledyne Dalsa Shad-o-Box (Teledyne
DALSA, Waterloo, ON, Canada) with a pixel pitch of 50 µm was used as detector at the microfocus
tube and the Dexela 1512 X-ray flat panel detector (PerkinElmer, Waltham, MA, U.S.A.) with
74.8 µm pixel size in a 2 ⇥ 2 binning mode at the high-power X-ray tube, respectively. The
backlighter measurements took place at the PHELIX laser facility at the GSI Helmholtzzentrum
(Darmstadt). Tungsten wires with a diameter of 5 µm [38] were used as source wires. The
backligher spectrum is dominated by bremsstrahlung with most of the flux in the energy regime
below 50 keV. Gaining a more precise and detailed knowledge about the spectrum is subject of
current and ongoing investigations.

Figure 2 a) illustrates the setup for the X-ray backlighter at PHELIX and the microfocus X-ray
tube, both with source sizes below 10 µm. The source size of the high-power tube was approximately
500 µm and thus more than an order of magnitude larger compared to the latter two sources. In
this case, an additional absorption grating G0 in front of the extended X-ray source is necessary to
allow for su�cient coherence so that Talbot imaging is possible [12], see figure 2 b). It had a period
of 24.39 µm.

3 Measurements, results and discussions

The aim of the experiments at the home laboratory was to align the portable setup, to examine
its stability and robustness as well as to ensure its adjustment at PHELIX/GSI within very few
backlighter shots. In addition, the tolerance of the setup with respect to its distance to the X-ray
source was investigated, since it could not be ensured that the distance from the source to G1 at
PHELIX matches the source-G1-distance at the home laboratory with sub-millimeter precision. To
take this into account, the optimized source-G1-distance was only roughly adjusted with a precision
of approximately ±5 mm around the optimized value of 80 cm during the preparatory measurements
in the home laboratory.
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Moiré patterns at the high-power tube: 
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Figure 3. Moiré patterns acquired at the high-power tube and at the microfocus tube for di�erent G1-
G2-distances. These correspond to the z-positions of G2, since the position of the fixed G1 was set to
z = 0 mm.

The setup was initially aligned at the high-power tube. The first row in figure 3 shows the
measured moiré patterns for di�erent distances between G1 and G2. These correspond to the
z-positions of the G2 translation stage, since the position of G1 was fixed at z = 0 mm. The G2
position where the moiré pattern has the largest period and almost vanishes is z = 78.72 mm. For
that G1-G2-distance the period of G2 matches the magnified Talbot pattern of G1 best and the moiré
fringe period is at its maximum [32]. The envisaged single-shot imaging approach, Fourier imaging,
depends on the quality and structure of the moiré stripes which encode the object’s phase shift. To
ensure high quality and resolution of the phase retrieval via Fourier imaging, a fine moiré fringe
pattern is favorable which period is still large enough to be adequately resolved by the detection
system [39, 40]. Such sought-after moiré patterns are depicted in the outer fields of figure 3 and
motivate the performed z-scan of G2.

To test the stability and robustness of the portable setup, it was carried to the microfocus
X-ray tube to check for possible changes in the observed moiré patterns due to the transport. The
measured moiré patterns are displayed in the second row of figure 3. The fringe contrast (visibility)
for the measurements at both X-ray tubes amounts to 15–20% depending on the period of the moiré
fringes. A shift of the moiré patterns compared with the ones above measured at the high-power
tube is discernible. For instance, the pattern with the largest period is now measured at the G2
z-position of 79.22 mm. To measure the corresponding moiré fringes at the microfocus tube, a
change in the G2 z-position by �d = 0.50 mm is necessary. Owing to the property of the linear
translation axis to maintain the set position extremely accurately, the distance between the fixed
G1 and the G2 on the linear stage is considered as stable. This implies that the necessary change
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by �d = 0.50 mm in the distance between both gratings originates from the only roughly adjusted
distance of the portable setup to the X-ray source. According to the intercept theorem, a variation
in the source to G1 distance of about 5 mm results in the necessary change �d = 0.50 mm of the
z-position of G2 to observe corresponding moiré fringes. This deviation in the source-G1-distance
of both setups is in good agreement with the aforementioned envisaged precision.

Furthermore, when comparing the moiré patterns acquired at the high-power tube with the
corresponding ones at the microfocus tube, i.e. with the ones at G1-G2-distances shifted by �d =
0.50 mm, a slight change of the period and inclination of the moiré stripes is visible. This change
can originate from two e�ects. On the one hand, the geometric magnification of the G1 pattern into
the G2 plane plays a role. Di�erent distances from the source to the setup can only be compensated
within the precision of the chosen stepwidth of the z-scan of G2 which amounts to 0.25 mm.
Resulting di�erences lead to a di�erent magnified period of the G1 fringe pattern projected into the
G2 plane which then has a discernible influence on both, the inclination and the period of the moiré
fringes [32]. On the other hand, a change in the relative angle of both gratings during the transport
can not be excluded which leads to similar observations.

To quantify the influence of changes in the relative angle between both gratings, moiré patterns
for di�erent inclination angles of G2 were measured at di�erent distances between G1 and G2
realized by changing the G2 z-position. Figure 4 shows the acquired moiré patterns for variations
in angle and distance, in the following denoted as moiré map, which results from the scans at
the high-power (left) and at the microfocus tube (right). For both maps the abscissa denotes the
deviations �d in the distance between both gratings from the distance d for which the moiré pattern
has the largest period and almost vanishes. The deviations �↵ from the corresponding angles are
denoted by the ordinate. In other words, the moiré pattern with the largest period was centered
at �d = 0.00 mm and �↵ = 0.00 mrad for both configurations. The stepwidth of the ordinate of
approximately 0.32 mrad results from a vertical shift of the linear actuator by 0.05 mm.

The slight di�erences in the periods and inclination of the corresponding moiré stripes observed
for �↵ = 0.00 mrad in figure 3 are also discernible in the moiré maps of figure 4 at further relative
angles between G1 and G2. Besides that, both moiré maps show an overall good agreement. This
demonstrates the achieved stability and robustness of the portable setup. Discernible di�erences
in contrast and noise of both maps can be related to the properties of the imaging system, i.e. the
di�erent X-ray sources and detectors.

The orange boxes in the left moiré map of figure 4 labeled with A, B, C and D mark the ranges
of distances and angles that were realized at the GSI experiment. After transporting it over 220 km
from the home laboratory in Erlangen to GSI/Darmstadt, the alignment process of the portable
setup at PHELIX within the very first shots by utilizing the moiré maps depicted in figure 4 as a
look-up table is illustrated in figure 5 and will be described in the following.

Before transporting the portable setup to GSI/Darmstadt, the relative angle and distance be-
tween both gratings were chosen such that the largest period of the moiré fringes is realized, cf.
figure 4 at �d = 0.00 mm and �↵ = 0.00 mrad. The setup was transported by car in a wooden box
lined with polystyrene. After the transport, the portable setup was positioned at the PHELIX back-
lighter source as shown in figure 5 a). For the alignment by means of the moiré map, the distance
of G1 to the source wire has to match the corresponding source-G1-distance that was realized for
the measurement of the moiré map at the home laboratory, i.e. approximately 80 cm ideally with
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Figure 4. Moiré maps obtained from the acquisition of moiré patterns at di�erent relative distances and
angles between G1 and G2. The left map was measured at the high-power tube and with a source grating
G0. The orange boxes therein labeled with A, B, C and D mark the ranges of relative distances and angles
for moiré patterns that were realized at the GSI experiment. The right map was measured at the microfocus
tube without a source grating. For both maps the abscissa denotes the deviations �d in the distance between
both gratings from the distance d for which the moiré pattern has the largest period and almost vanishes. The
deviations �↵ from the corresponding angles are denoted by the ordinate. Accordingly, the moiré pattern
with the largest period was centered at �↵ = 0.00 mrad and �d = 0.00 mm for both configurations.

the envisaged precision of ±5 mm. Moreover, it was important to ensure that the optical axis of the
setup is aligned with the position of the backlighter source to prevent shadowing by G2. The image
of the first shot at PHELIX is depicted in figure 5 b). A moiré pattern with a relatively large period
is clearly visible.

In the next step of the adjustment at the backlighter source, a comparison of the first shot with
the moiré map has to be performed, see figure 5 c). Looking at the moiré maps depicted in figure 4,
one can deduce that the first shot at the backlighter shows a similar structure compared to the upper
moiré pattern marked with the orange rectangle A. The observed finer period of the first shot at
PHELIX compared with the adjusted position at the home laboratory before transport stems from
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b) First shot

setup at BL

10 cm

G2 G1imaging 
plates

object 
stage

tungsten source
wire (Ø 5µm)

vacuum chamber

80 cm

Setup at PHELIX (to scale)

a) Positioning of the setup. Ensure   

c) Find on moiré map

setup at HPT

setup at BL A B

setup at HPT

setup at BL C

setup at HPT

setup at BL D

setup at HPT

setup at BL
d) Move to further positions on moiré map

a source-G1-distance of  ~ 80 cm
& a radial alignment with the source 

Figure 5. Scheme of the adjustment process at GSI/PHELIX. First, the portable setup has to be aligned.
Its orientation and positioning at the PHELIX backlighter source (BL) is displayed to scale in a). Next, the
acquisition of the moiré pattern of the first shot shown in b) was compared with the corresponding excerpt
of the moiré map lookup-table acquired at the high-power tube (HPT), cf. figure 4, as illustrated in c). For
each shot at the backlighter, two corresponding measurements at the high-power tube are shown. As the
measurements of the moiré map have been taken for discrete G1-G2-distances and angles, the measurement at
GSI can lie in between. The moiré pattern adjusted right before the transport is represented by the filled green
rectangle in the moiré map grid. The estimated deviation of the first shot at PHELIX therefrom is denoted
by the filled orange rectangle. Further comparisons are depicted in d) for di�erent sought out positions on
the moiré map.

a deviation in the distance of the portable setup to the source since the inter-grating distance is
considered as stable as previously discussed. With application of the intercept theorem, it turns out
that a di�erence in the source-G1-distance between the finally adjusted setup at the home laboratory
right before transport and the setup at PHELIX of about 2.5 mm causes the observed finer periods
that were measured for a deviation �d = �0.25 mm at the home laboratory.

The inclination of the moiré stripes for the moiré pattern of the first shot at PHELIX di�ers
slightly from the top moiré pattern in rectangle A, with a tendency towards the lower moiré pattern
in rectangle A, observable in figure 5 c). With reference to the moiré maps in figure 4, the lower
moiré pattern can be realized by the smallest measured negative rotation �↵ = �0.32 mrad. As
the moiré stripes from the first shot at the backlighter look much more like the moiré stripes of
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the upper moiré pattern in rectangle A, only a slight change in the angle between both gratings by
|�↵ | ⌧ 0.32 mrad is necessary to obtain identical patterns. This again underlines the stability of
the portable setup.

The filled green rectangle in the moiré map grid of figure 5 c) represents the distance and angle
between both gratings which were adjusted at the home laboratory before the transport to PHELIX.
The filled orange rectangle indicates the estimated position of the first GSI shot in the moiré map.
The deviation is caused by a di�erent distance from the source to G1 as well as by changes in the
relative angle of both gratings during the transport. In other words, the orange rectangle provides
information on the changes in the angle and distance between G1 and G2 necessary not only to
get the moiré pattern that was previously adjusted at the home laboratory, but also to realize other
desired appearances of the moiré fringes as demonstrated in figure 5 d).

The grating defects visible as parallel scratches in the upper left corner of the moiré patterns
were useful for the directional allocation of the pattern and also revealed the smaller field-of-view
of the imaging plates used at PHELIX compared with the images of the X-ray detectors at the
home laboratory.

The consequences of altering either the inter-grating distance or angle for the portable setup
are predictable within the precision of the moiré map look-up table.

4 Conclusion

We developed a fast alignment method for grating-based X-ray phase-contrast imaging systems
employing a moiré map look-up table. By assigning the first taken image to a given image on
the moiré map, the necessary tuning of parameters in order to obtain a desired moiré pattern, i.e.
the inter-grating distances and angles, can easily be read o� from the moiré map look-up table.
This is in particular relevant for single-shot phase retrieval techniques that benefit from a specific
arrangement of the moiré fringes like Fourier imaging where fine moiré stripes are needed [39, 40].

Furthermore, we designed a portable setup, especially for measurements at an X-ray backlighter,
which was adjusted there within the very first shots by means of a moiré map that had been acquired
at the home laboratory. The proven stability and transportability of the portable setup in combination
with the presented fast alignment method is crucial for its usage at sources where the time between
two X-ray shots is on the scale of hours. In addition, also systems at common X-ray sources benefit
from the alignment method since it enables a fast, reliable and predictable adjustment within very
few steps.
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5 Towards a Talbot-Lau helical tomography system
5.1 Introduction
The preceding chapters demonstrated interesting possible applications of X-ray
phase-contrast imaging in the field of non-destructive testing (chapter 2) and
medical imaging, in particular lung imaging (chapter 3). Additionally, laboratory
astrophysics was mentioned as potential field of application for grating-based X-ray
phase-contrast imaging (chapter 4). Part of this work was the improvement of the
imaging technique to get an applicable analysis tool for all application fields.
With regard to lung imaging we showed that the requirements on the gratings are
not too high with regard to sensitivity. Thus, a grating set can be designed which
is usable for high energies and leads to a good reference visibility which is the
most important quality parameter for X-ray phase-contrast imaging. Furthermore,
we showed that a robust and transportable setup can be designed which is not
influenced by outer vibrations and mechanical movements, e.g. by a patient table.
For fast and simple alignment we developed a method based on the occurring moiré
pattern by summarizing a lot of reference images in a moiré map serving as look-up
table.

These developments are important steps to bring the X-ray Talbot-Lau imaging
technique into clinic or industry. An aspect which has not been considered so
far is the fast acquisition of large samples within a large field of view. Since the
extension of the grating area is still quite challenging [Mei16; Sch17b], a possible
solution is a scanning system. In Seifert et al. [Sei19], we presented such an X-ray
Talbot-Lau scanner. The analyser grating G2 and the phase grating G1 consist
of ten grating stripes of size (1 × 5) cm2 each. The stripes are stitched together
such that the grating bars are parallel to the long side of the gratings to prevent
shadowing artefacts (figure 22).

5cm

50cm

Figure 22: Sketch of the manual stitching process of a scanner grating. A quadratic
grating with the typical size of (5× 5) cm2 (shown as photography with drawn cut lines)
is cut to (1 × 5) cm2 stripes with the grating bar orientation parallel to the long side.
The single stripes are manually placed into the grating holder. Below the sketch a
photography of a (1× 50) cm2 G1 scanner grating is shown.
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Two scanning X-ray detectors of slim size with an active area of (228× 6.5) mm2

(2304 × 68 pixels) each are used. The scanner enables a fast acquisition with a
maximum scanning speed of 71.7mm/s and an increased field of view covering an
area of (17.5 × 150) cm2 [Sei19]. The scanning setup is well applicable to both,
medical imaging and non-destructive testing. The principle of reconstruction is
based on the movement of the sample through a moiré pattern which is spread over
several detector columns (a slight misalignment of the gratings is needed). The
acquisition time and the forward speed are respectively chosen to get a forward feed
of multiples of one detector column per acquisition. Each column bears another
phase information decoded in the occurring moiré stripes the sample passes. The
information is used to generate phase-stepping curves and reconstruct the three
images. This acquisition scheme is perfectly usable for implementing large field
of view X-ray Talbot-Lau scanners for medical applications or for non-destructive
testing of samples moving on a conveyor belt.

The next step of development is the extension of the 2D X-ray Talbot-Lau scanning
system to a 3D computed tomography system.
The historical progress from two dimensional projective radiograms to a three
dimensional visualization of several taken 2D acquisitions started with Sir Godfrey
Hounsfield in the late 1960s. He developed the principle of computed tomography
(CT) and considered the mathematics necessary for the three dimensional recon-
struction of the acquired data [Hou73] by means of the decisive mathematical basis
provided by Allan McLeod Cormack [Cor63]. In 1972 Hounsfield’s first prototyp of
a CT head scanner was brought to clinic and delivered the first success by imaging
and locating a tumour in the patient’s head [Ish05]. Initially, a dual-row detector
was used. Only twelve slices were acquired, each slice of 13mm width, and the
scan took place gradually. As a consequence the duration of examination was
large. Therefore, the first CT device was solely suitable for scans of smaller and
motionless body parts like the head [UF09].

The next big step was the introduction of helical computed tomography in 1989 by
Kalender et al. [KSV89; Kal90] which was enabled by great technical developments.
A continuous rotating X-ray source and detection system, called gantry, rotates
around the patient while the patient table moves along the rotation axis. The
sample voxels follow a helical trajectory which explains the expression helical or
spiral computed tomography. In comparable short time a large field of view is
covered.

However, the technique of single-slice spiral CT showed disadvantages regarding
volume coverage and spatial resolution in the table moving direction. This problem
was approached by developing a four-slice CT in 1999. The slice width of the outer
slices increases due to the cone beam of the X-ray source while the rotation time is
500ms [Kli99]. This was the beginning of multisliced CT. Now it was possible to
scan several slices at a time in a fast helical scan which opened the 3D scanning
method for the whole human body.

Using an X-ray interferometer as it has been developed by U. Bonse and M. Hart
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in 1965 [BH65a; BH65b], Momose et al. [Mom96] were among the first to pub-
lish results about imaging biological soft tissues using phase-contrast tomography
with a synchrotron X-ray source. The technique of grating-based phase-contrast
tomography was later enabled for biological imaging with synchrotron radiation
by Momose et al. in 2006 [Mom06] and soon afterwards also by use of a standard
low-brilliance X-ray source [Wei06; Pfe07a].

The extension of 2D X-ray phase-contrast imaging to the 3D CT scans raised several
challenges. The limited grating size restricts the application of phase-contrast CT
to small samples [Pfe07b]. Another drawback is the used acquisition scheme of the
typical phase-stepping procedure. In case of CT a large amount of data is acquired
in a time consuming process and with significantly higher dose. Several images are
taken in a stepwise process of the repeating rotate–phase-stepping–rotate progress.
A solution to accelerate the procedure is proposed by Zanette et al. [Zan12]. The
interlaced phase-stepping or sliding window method distributes the single phase-
steps over several rotation steps. The idea of helical CT without phase-stepping
was realised by Marschner et al. [Mar16]. The extension of the field of view in
one dimension has been enabled, simultaneously with the possibility of continuous
rotation of the sample.

With the development of a Talbot-Lau scanner, it is feasible to extend the field of
view in the second dimension, too. The standard scanning method introduced by
Kottler et al. [Kot07b] and implemented in our Talbot-Lau scanning setup [Sei19],
however, does not directly enable the extension of the scanning system to a helical
computed tomography system. A slight modification of the method as proposed by
Marschner et al. enables a helical CT acquisition scheme. The object moves and
rotates through different phase positions of the respectively adjusted moiré pattern,
such that different phase positions are reached after each 360◦-rotation. Several
rotations are performed to generate the phase-stepping curves for each viewing
angle. The number of available detector columns has to be large enough to resolve
the needed moiré stripes which should additionally show a similar shape over the
whole detector area.
Another idea for realising helical computed tomography with our scanning setup
could be single-shot moiré imaging computed tomography [Bev11]. The attenuation,
differential phase and dark-field image are obtained by Fourier analysis of the visible
moiré stripes [Ben10]. This is independent of the number of detector columns. To
get the method working properly, moiré stripes of a specific shape and frequency
are mandatory [Sei17].
Since the single grating tiles of our Talbot-Lau scanner differ slightly in their
alignment to each other, it is very difficult to obtain suitable moiré stripes over the
full stitched grating area. Hence, neither the helical CT method from Marschner et
al., nor moiré imaging is well applicable.

To solve the mentioned issues and to allow for helical computed tomography with
our Talbot-Lau scanning setup and independent of the moiré pattern shape, we
developed the continuous phase-sampling scanning method. It is based on the
classical phase-stepping approach (chapter 1.3.1). During acquisition and forward
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feed of the sample, the source grating G0 is laterally shifted in a continuous back
and forth movement for phase-sampling [HUY16]. The phase information varies
from acquisition to acquisition. In the following, the flat field corrected detector
image acquisition is referred to as detector read-out. For data analysis we apply
the sliding window method originally introduced for dark-field tomography by
Zanette et al. [Zan12]. For each detector read-out several consecutive acquisitions
are gathered to obtain phase-stepping curves in each pixel. One great advantage
in comparison to moiré imaging and to the standard scanning method is that
no misalignment of the setup is necessary. The new scanning acquisition scheme
proved to be fully competitive with the existing standard scanning method. To
the best of our knowledge, this is the first time a grating is moved continuously
back and forth for phase-sampling while the sample is in linear motion during
acquisition. The continuous phase-sampling scanning method is presented in detail
in the following publication in chapter 5.2.

In addition to the publication which presents the continuous phase-sampling scan-
ning method, measurements were performed in this work to compare the new
scanning method with the existing standard scanning method. The standard
scanning method requires a forward feed of the object tray by one pixel length
(or multiples of pixel lengths) in the object plane. The consequence is that a
precisely adjusted scanning speed with respect to the magnification is needed. An
object which extends beyond the optimal object plane could lead to reconstruction
artefacts. The results of the comparison of both scanning methods are shown in
chapter 5.3.

Furthermore, a method to retrieve the needed phase positions for each detector
read-out is mentioned in the publication. This is important for the reconstruction
of the images. Otherwise no correct phase-stepping curve can be generated and
moiré artefacts would occur [Hau17]. We developed a simple method by exploiting
the moiré pattern to overcome this issue. The position of the moiré fringes is
correlated with the position of the grating. We use this information to determine
the correct phase position and to compose phase-stepping curves suitable for image
reconstruction. This method of determination of correct phase positions is also
applicable on usual acquired phase-stepping data. Hence, this work demonstrates
the successful implementation of the method as a correction algorithm for moiré
artefacts which occurred due to falsely assumed phase-step positions in chapter 5.4.

Finally, the continuous phase-sampling scanning method is used according to its
original purpose, enabling helical CT with our Talbot-Lau scanner. We applied the
method to obtain a helical CT of a test sample as proof-of-principle measurement
in chapter 5.5.
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5.2 Publication: A phase-sampling method for an X-ray
Talbot-Lau scanner with continuous grating movement

The article was published as “A phase-sampling method for an X-ray Talbot-Lau
scanner with continuous grating movement” by Veronika Ludwig, Bernhard Ak-
staller, Max Schuster, Maria Seifert, Andreas Wolf, Thilo Michel and Gisela Anton
in Journal of Instrumentation, volume 15, number 1 in 2020 (DOI: 10.1088/1748-
0221/15/01/P01010).

First author’s contributions:

• idea and development of the scanning method

• concept of publication

• implementing the scanning method

• conceiving and conducting the experiments

• development and implementation of the reconstruction algorithm

• analysing the results

• discussion of the methods and results

• writing the publication

Co-authors’ contributions:

• maintenance of the interferometer setup

• discussion of the methods and results

• support in analysing the results

• support in writing the publication
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1 Introduction

X-ray phase-contrast and dark-field imaging is an extended X-ray imaging technique to retrieve
information about both, the object’s attenuation properties and the object’s refractive properties [1].
It allows for an enhanced contrast between light elements of similar density [2–4] and enables
a visualization of scattering structures which are smaller than the resolution of the detection
system [5–7]. Various approaches of phase-sensitive imaging techniques with X-rays have been
explored [8–13]. A compact laboratory-based setup for X-ray phase-contrast imaging is represented
by the Talbot-Lau interferometer (see figure 1). Employing a medical X-ray source, three gratings
are inserted into a usual X-ray imaging setup [14]. This grating-based technique provides two
further images in addition to the usual attenuation image, namely the di�erential phase-contrast
and the dark-field image. For over a decade, many fields of possible applications in medical
imaging [15–22], non-destructive testing and food control [23–26] have been investigated.

One main challenge for this grating-based X-ray imaging method is to enlarge the available
field of view which is limited by the size of the gratings. The gratings are fabricated with high aspect
ratios by the deep X-ray LIGA process [27]. To realize full-field Talbot-Lau imaging, one solution
is a tiled grating structure where a large grating area is obtained by stitching several small gratings
together [28, 29]. Since the gratings of a Talbot-Lau interferometer have to be aligned precisely,
more individual tiles lead to a higher e�ort in constructing such a full-field X-ray phase-contrast
imaging system. Furthermore, shadowing artefacts require a bending of the large-area grating. In
order to avoid these problems, scanning systems were developed by several groups [30–36] to achieve
a larger field of view. The extension of the grating area is only necessary in one dimension which
simplifies the alignment of the grating tiles relative to each other. Shadowing artefacts are prevented
by aligning the grating bars parallel to the long side of the stitched grating as shown in figure 1.

As a standard scanning method for X-ray Talbot-Lau scanning systems the idea presented
by Kottler et al. [30] and Koehler et al. [32] is used. For that purpose, a slight detuning of the
interferometer is required to get appropriate moiré stripes in the detector image. The scanning speed
is adjusted with the acquisition time such that a sample moves in multiples of the pixel width in
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the object plane per acquisition. As a result, phase-stepping curves are obtained due to the sample
movement through di�erent phase positions spread over all pixels in scanning direction. Hence, no
traditional phase-stepping procedure [12] by laterally shifting a grating is performed.

We developed an alternative scanning method for X-ray phase-contrast and dark-field imaging
which is virtually independent of the moiré pattern shape and set scanning speed. The method
is based on a special continuous phase-stepping procedure. A similar idea was used for a fast
tomography scan process based on continuous G2 grating movement in a zigzag scanning mode
by Hoshino et al. [37]. During our scanning process, the source grating G0 is continuously shifted
back and forth perpendicular to the grating bars to perform a phase-sampling (see figure 1) while
the object traverses in linear and constant motion the detector’s field of view. The scanning speed
of the object is a fraction of one pixel length per acquired detector read-out. For reconstruction we
utilize the sliding window phase-stepping method originally introduced for X-ray phase-contrast
and dark-field tomography by Zanette et al. [38].

For each pixel, the detected intensity as a function of the G0 grating position delivers a
phase-stepping curve. To reconstruct di�erential phase-contrast and dark-field images from a
phase-stepping curve, it is mandatory to know the correct phase-step position for each intensity
value in the curve. In this regard, di�erent approaches have already been published that focus
on removing moiré artefacts which occur due to mechanical instabilities and inexact phase-step
positions [39–42]. We developed a di�erent and simple approach for our scanning method to
retrieve the correct phase-step positions. Hereby, we exploit the occurring moiré pattern in a small
region of the raw data images. With this method we are in principle able to reconstruct the images
from data acquired at arbitrarily distributed and a priori unknown phase-step positions.

We present this continuous phase-sampling scanning method employing our scanning setup
for low energies. To the best of our knowledge, the continuous back and forth movement of the G0
grating for phase-sampling during a projective scan procedure has not been published before. The
main advantage of our scanning method compared to other scanning acquisition schemes [32, 43]
is its independence from the occurring moiré pattern shape. This independence allows for an
optimal alignment of the grating interferometer. Furthermore, the continuous movement of all
needed elements enables fast and robust image acquisition of large samples compared to standard
phase-stepping procedures. Therewith, the method has the potential to be extended to a fast helical
tomography system. In section 2 we introduce the scanning method and present the method for
retrieving the correct phase positions for the source grating G0. Resulting images are shown
in section 3 and are compared with measurements performed with the standard phase-stepping
procedure [12] without any object motion. Finally, the advantages and disadvantages of the method
are discussed in section 4 and concluded in section 5.

2 Materials and methods

X-ray Talbot-Lau scanning setup. The presented Talbot-Lau interferometer is built similarly
to our high-energy scanning setup published by Seifert et al. [36] and shows high stability and
robustness which is essential to operate the continuous phase-sampling scanning method. The
setup consists of a Siemens MEGALIX CAT Plus 125/40/90-125GW medical X-ray tube with a
tungsten anode, three gratings and a Teledyne Dalsa Xineos-2301 scanning X-ray detector with
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Figure 1. Sketch of the scanning setup. The source grating G0 is shifted in x-direction perpendicular to the
grating bars for phase-stepping. The object table is also moved in x-direction. The grating bars are oriented
in y-direction, i.e. parallel to the long side of the gratings. The detectors’ rows are aligned in x-direction, the
columns in y-direction. The beam points in z-direction. Not to scale.

99 µm pixel pitch and an active area of (228 ⇥ 6.5)mm2 (2304 ⇥ 68) pixels. In figure 1 the setup is
depicted. The gratings are designed for a 40 kVp energy spectrum. The G1 and the G2 gratings are
each (250 ⇥ 10)mm2 large. One grating consists of five single (50 ⇥ 10)mm2 gratings, manually
stitched together and fixed to the grating holder with clamps. The grating bars are parallel to the long
side of the gratings to prevent shadowing artefacts (see figure 1). The source grating G0 is shifted
for phase-sampling by a P-621.1CD piezo linear precision positioner of PI (Physik Instrumente).
The grating parameters and distances are summarized in table 1. With the given distances the object
magnification in the detector plane amounts to 1.28. Thus, the maximal field of view in the object
plane is of size (178⇥ 300)mm2, in width limited by the detector’s length and in scanning direction
by the travel range of the object table.

Table 1. Grating parameters and distances. All gratings are made of gold. The full distance from source to
detector is 1146 mm and the distance from source to object is 896 mm. Hence, there is an object magnification
M = 1.28.

grating period in µm height of bars in µm duty cycle distance from source in mm

G0 24.39 180 0.50 140
G1 2.19 4.4 0.66 1045
G2 2.40 80 0.50 1134

X-ray Talbot-Lau imaging is based on the analysis of the Talbot pattern, generated by the
phase-grating G1. Since the period of this pattern is too small to be resolved directly, it has to
be sampled by shifting one of the three gratings laterally (i.e. in x-direction) by fractions of the
corresponding grating period p. In the presented study, G0 is moved. The acquisitions at di�erent
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grating positions x respectively phase positions 2⇡x
p lead to intensity changes in each pixel, which

is called phase-stepping curve [12]. For each pixel, the reconstruction of attenuation �, di�erential
phase �' and dark-field ⌃

� := � ln
✓

I0,obj

I0,ref

◆
, �' :=

�
'obj � 'ref

� (mod (2⇡)) , ⌃ := � ln
✓
Vobj

Vref

◆
(2.1)

is achieved by a least-squares fit I(x) = I0 + A · sin
⇣

2⇡x
p + '

⌘
to the phase-stepping curve. Hereby,

the parameters mean intensity I0, amplitude A and phase ' of the phase-stepping curve are obtained
for a reference measurement (ref) without object and an object measurement (obj). The contrast or
visibility of the phase-stepping curve is denoted as V = A/I0.

Continuous phase-sampling scanning method. The data is acquired continuously during con-
tinuous linear movement of the object and continuous lateral back and forth movement of the
G0 grating for phase-stepping. The subsequent generation of phase-stepping curves follows the
basic principle of the sliding window method introduced for X-ray phase-contrast tomography by
Zanette et al. [38]. We perform N acquisitions during one scan. The flat field corrected detector
image acquisition is denoted as detector read-out in the following. Each detector read-out R is taken
at a di�erent phase position of G0. For each pixel of the n-th detector read-out Rn the phase-stepping
curve Pn with number of phase-steps N is gained by using the preceding and following detector
read-outs:

Pn = [Rn�a, . . . , Rn, . . . , Rn+b] for

(
a = b = (N � 1)/2 if N odd
a = N/2 � 1, b = N/2 if N even

(2.2)

The G0 grating is shifted laterally by a piezo linear precision positioner in step sizes of fractions
of the grating period. The stepping speed vpiezo is related to the detector frame rate fs, the grating
period pG0 of the G0 grating, the number k of covered grating periods and the number of detector
read-outs npx acquired while the object moves by one pixel length:

vpiezo =
fs · pG0 · k

npx
. (2.3)

The travel range of the piezo stepper in our case is limited to four times the grating period. Thus,
the G0 movement goes back and forth over a length of 4pG0 = 97.56 µm. At the end of the travel
range, the piezo stepper changes the direction of stepping. To prevent blurring over several pixels in
scanning direction, the number of detector read-outs per pixel npx should be equal to the favoured
number of phase-steps N used for reconstruction. Hence, the object scanning speed is set to:

vtrans =
fs · wpx

npx · M
=

fs · wpx

N · M
, (2.4)

where wpx/M is one pixel length in the object plane with the magnification M . However, it is still
possible to use a di�erent number of phase-steps N for reconstruction. In the case of N > npx, the
final images are blurred by N/npx pixels in scanning direction. Using less phase-steps N < npx
reduces the range of the sine curve comprised in the phase-stepping curve. The chosen number k
of covered grating periods within one pixel length determines how well the phase-stepping curve
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is sampled. In the following we denote the phase region, i.e. the phase range of the sine curve used
for the fit of the phase-stepping curve as phase coverage. A too small phase coverage could lead to
more artefacts due to noise and insu�cient information about the sine curve. It also has to be kept
in mind, that at the turning points, where the stepping direction changes, just ⇡ k/2 of the phase
coverage is available. Therefore, it is recommended to choose k � 1 to sample a large enough range
of phase positions.

The object traverses the detector columns with increasing detector read-out number n. By
plotting the intensity of one detector column x versus the detector read-out number n we obtain
an image, which we designate as raw data image in the following. For each detector read-out
R, attenuation, dark-field and di�erential phase image are extracted from the raw data images.
Since npx detector read-outs are acquired per pixel length in the object plane, the resulting images
are rebinned over npx images, i.e. the applied binning factor is equal to npx. Additionally, the
object moves through Nc detector columns. Hence, the reconstruction leads to Nc images. For
the final attenuation, di�erential phase and dark-field image these Nc single images are averaged,
respectively. An o�set correction is applied to all final images by subtracting a simple linear fit to
each row. Object regions are excluded for the fit.

Retrieving the correct phase position by exploiting the moiré e�ect. In Talbot-Lau imaging,
for the phase-stepping procedure one grating is shifted perpendicular to the beam direction in
equidistant steps of fractions of its period. The known phase-steps are used for the reconstruction
of the images [12]. Slight deviations from the correct phase-step position result in moiré artefacts
in the reconstructed images. Thus, the phase-step positions have to be known precisely. Applying
the continuous phase-sampling scanning method, the change in phase-stepping direction and me-
chanical instabilities lead to inaccuracies in the phase positions. We developed a simple method to
obtain the correct phase position without any a priori knowledge of the G0 grating position.

For that purpose, we utilize the moiré e�ect [44] occurring in the detector read-outs. The
moiré fringes move in accordance with the movement of the G0 grating. If the grating is shifted
by one period, the moiré pattern shifts by one moiré pattern period, respectively. Thus, the grating
position can be extrapolated from the position of the moiré fringes. In order to determine the G0
position an object-free part of one detector column (along y-direction) which covers a few moiré
fringes is chosen. The selected detector column line should show an evenly varying moiré pattern
without moiré pattern transitions between di�erent grating tiles. In case of too many grating defects
or imperfections in the chosen region, the determination of the grating positions could fail. As
a result, the phase-stepping curves for further image extraction would be destroyed. At the same
position in all N detector read-outs R this one reasonably chosen line shows a sinusoidal intensity
variation of the moiré pattern which shifts in correspondence with the G0 grating movement. A
least-squares fit is performed to each of these N moiré patterns. The extracted phases are the actual
G0 positions relative to the position of G0 at the first detector read-out R1.

In figure 2 the principle of the continuous phase-sampling scanning method is illustrated. The
detector read-out R300 shows moiré stripes (a). Since the single grating tiles were stitched manually,
the grating tiles are not perfectly aligned with each other. Thus, the moiré stripes look di�erent in
each sector of the stitched grating pieces. A line plot of the orange marked column at x = 25 in (a)
is drawn in (b). The same column is also marked in (c). Here, one raw data image is displayed, i.e.
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the pixels in y-direction for this specific column at x = 25 are shown for all N detector read-outs.
Thus, the image reveals the scanned objects which passed through the considered detector row
with increasing detector read-outs number n. The red marked region in (c) is a (stretched) part
of a Siemens star (d). It visualizes the zigzag pattern caused by the continuous phase-sampling
procedure and based on the moiré stripes appearance. The turning point in the pattern represents
the change of the phase-sampling direction of G0. One travel range comprises the length of four
G0 grating periods where the G0 grating moves in one direction before changing the direction of
movement. Three consecutive full travel ranges are depicted as a line plot (f). A phase position of G0
is obtained for each detector read-out by retrieving the phase from the corresponding chosen short
line covering a few moiré fringes in an object-free region. The obtained phase positions of the G0
grating are plotted for the shown section of detector read-outs in grey (f). The curve reproduces the
zigzag pattern. Using these phase positions, correct phase-stepping curves can be constructed. The
intensity values of the three marked full travel ranges are plotted versus the obtained position of the
G0 grating (g). Hence, for each detector read-out the neighbouring read-outs can be utilized to built
a phase-stepping curve in each pixel. From these phase-stepping curves attenuation, di�erential
phase and dark-field image are reconstructed for all N detector read-outs.

Note, that the here presented determination of the phase-step positions also works for con-
ventional stepwise phase-stepping as a correction and optimization method to get rid of moiré
artefacts.
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Figure 2. Illustration of the concept of the continuous phase-sampling scanning method. The detector read-
out R300 is shown in (a) with a line plot (orange) of one detector column at x = 25 in (b). The intensity in the
same detector column for all read-outs shows the raw data image (c) with the scanned objects which traverse
completely through each detector column. The objects are a small fish skeleton in a tube, a Siemens star and
a peanut (from top to bottom). The red marked region is depicted enlarged in (d). Due to the continuous
phase-sampling a zigzag intensity pattern caused by the di�erent moiré stripes is visible. A further zoom into
the zigzag pattern (e) with the corresponding intensity line plots (f) of three consecutive full travel ranges of
G0 is displayed. The change of stepping direction results in the turning point in the zigzag pattern. For each
detector read-out a phase position of G0 is obtained by extracting the phase of the moiré pattern along the
y-direction in a region outside the object. The result is plotted as grey zigzag line (f) and is referring to the
right axis. The same line plot intensities are plotted versus the correct phase positions in (g).
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Image acquisition. For the continuous phase-sampling scanning method we acquired npx = 20
detector read-outs per pixel with a frame rate of fs = 20 fps, which leads to an object scanning
speed of vtrans = 77 µm/s and stepping speed of vpiezo = 24 µm/s covering k = 1 grating periods
while the object moves across one pixel.

All measurements were performed at 40 kVp and 50 mA. The reference measurements were
done by standard phase-stepping with 20 fps. The images are calculated following equation (2.1).
The duration of the object measurements presented in the next section was between 5 to 15 minutes
per scan.

3 Results

In the following section, images obtained by the continuous phase-sampling scanning method are
presented. The results are compared to images acquired by the standard phase-stepping procedure
without any object motion, where several single image tiles were gained and stitched together.
Furthermore, the influence of the number of phase-steps and of the phase coverage on the image
quality for the continuous phase-sampling scanning method are analysed.

Investigation of image quality. In figure 3 a peanut and a small fish skeleton are shown for the
standard phase-stepping and for the continuous phase-sampling scanning method. Looking at the
image details, e.g. the fine fish bones, which are shown in an enlarged view for both dark-field
images, no information seems to be lost. Fine structures are resolved and the images are hardly
distinguishable.

Since the images look quite similar and a good image quality is achieved, line plots of a region
of the peanut are evaluated for the scanning method and the standard phase-stepping in comparison.
The considered lines are drawn in figure 3 in the dark-field images and the values along the lines are
plotted for attenuation, di�erential phase and dark-field in figure 4 from left to right. In each plot the
corresponding line plot obtained by standard phase-stepping is shown in grey and the continuous
phase-sampling scanning method in orange. Note, that the compared rows for the line plot di�er by
about two pixels in the detector image due to a small vertical object displacement of about 150 µm
between both measurements. Slight deviations in the line plots probably occur due to this shift.
It is discernible, that the standard phase-stepping results reach higher values in regions with large
signal strength. The object motion during the scanning process leads for the scanning method to
the reduction of the signal especially at sharp edges due to motion blurs.

In the process of image extraction, a binning factor is applied (see figure 7). Thus, the chosen
scanning speed a�ects the resulting images indirectly, due to the occurring magnification. In
figure 5 two marker pens at di�erent z-layers are displayed. At z0 = 0 cm the scanning speed meets
the condition of acquiring npx = 20 while the object moves by one pixel length in this plane at a
magnification of M = 1.28. The second marker pen is 8 cm closer to the detector, which results
in a smaller magnification M = 1.17 of the object. Hence, the scanning speed should be higher
to obtain the same object forward feed of 1/20 pixel length per acquisition. Applying the binning
factor which corresponds to the higher magnification, leads to a blurring of the right marker pen,
visible in the detailed view of the dark-field image. Another aspect to mention is the used number
of phase-steps N for reconstruction which is chosen in dependence of the forward feed such that the
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Figure 3. Attenuation (a), di�erential phase (b) and dark-field image (c) of a peanut and a small fish skeleton
in a tube for the standard phase-stepping procedure (SPS, top) and for the continuous phase-sampling scanning
method (CPSM, bottom) are shown. A line plot through the peanut along the grey respectively orange line
in the dark-field images is shown in figure 4. A detailed view of the fish bones is depicted in (d) for both
dark-field images. The samples cover an area of about (1.5 ⇥ 3) cm2. The duration of measurement was
about 5 minutes for the peanut and 3 minutes for the fish skeleton.
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Figure 4. Line plots through the peanut along the grey respectively orange line in figure 3 are shown for
attenuation, di�erential phase and dark-field (from left to right). Each plot displays the line plots for the
standard phase-stepping (SPS, grey) and the continuous phase-sampling scanning method (CPSM, orange).

number of detector read-outs npx acquired while the object moves by one pixel length is equal to N.
However, small variations in N hardly a�ect the final images as long as there is a su�cient phase
coverage (see figure 6). Both, the binning factor and the number of phase-steps are set just for the
reconstruction and can therefore be easily adjusted if necessary. No additional measurements using
other scan parameters have to be performed. Consequently, an adaption of the reconstruction to the
z-layer z0 + 8 cm is carried out by adjusting the binning factor from 20 to 22 to match the condition
of lower magnification. The corrected dark-field image (e) shows comparable sharp edges as the
dark-field of the standard phase-stepping procedure without object motion (d).
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Figure 5. Attenuation (a), dark-field (b) and di�erential phase image (c) of two marker pens for the continuous
phase-sampling scanning method (CPSM). The left marker pen lies in the object plane at z0 = 0 cm and
is magnified by a factor M = 1.28 into the detector plane. The right marker is 8 cm closer to the detector,
which results in a magnification of M = 1.17. Thus, it looks slightly smaller. A zoom into the red marked
region of the dark-field image is shown below. In addition, the same region of interest of the dark-field image
obtained by standard phase-stepping (SPS) is depicted in (d) and obtained by the continuous phase-sampling
scanning method with the adjusted binning factor is shown in (e). The duration of measurement was about
14 minutes.

All image results taken together, it can be concluded that the continuous phase-sampling
scanning method is a valid scanning method for X-ray Talbot-Lau scanners.

Influence of the number of phase-steps and phase coverage. To analyse the influence of the
number of phase-steps N used for reconstruction and the number of detector read-outs npx acquired
while the object moves by one pixel length, the related dark-field and di�erential phase images are
analysed in more detail. For this purpose, two di�erent measurements of the continuous phase-
sampling scanning method with npx = 10 and npx = 20 are evaluated for varying numbers of
phase-steps between N = 7 and N = 40.

In figure 6 the dark-field signal of a foam and the di�erential phase signal of a homogeneous
plastic wedge are analysed. The chosen regions for signal (black rectangle) and background (white
rectangle) are shown in the images that are embedded in the plots. The respective mean value of
the signal region corrected by the value of the background region is plotted versus the ratio N/npx.
This ratio describes, on the one hand, the (fractional) number of pixels over which a blurring occurs
in the scanning direction and, on the other hand, the proportion of the sine curve that is covered in
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Figure 6. The dark-field signal of a foam (left) and the di�erential phase signal of a plastic wedge (right)
are evaluated for a measurement with npx = 10 (orange dots), npx = 20 (blue dots) and a standard phase-
stepping procedure without object motion (dark grey line with light grey shaded error bands). The mean
values obtained by the continuous phase-sampling scanning method are determined for di�erent numbers of
phase-steps N used for reconstruction and are plotted versus the ratio N/npx. The averaged values of the
signal regions marked with a black rectangle in the inset images are subtracted by the averaged values of the
background region marked with a white rectangle.

the phase-stepping curve. Additionally, a standard phase-stepping procedure without object motion
was performed. The corresponding dark-field and di�erential phase values are shown as dark grey
lines with light grey shaded error bands.

The object signals indicate in both plots dependencies on N/npx, but noticeable deviations
only occur in case of N/npx < 1. The results for npx = 10 and npx = 20 for N/npx � 1 lead to
similar results close to the values obtained by standard phase-stepping. Thus, provided that the
phase-stepping curve consists of a su�cient number of phase-steps, the signal values are mainly
influenced by the phase coverage. In case of a too small range of phase positions, especially at the
turning points, false reconstructed values are the result.

The influence of the phase coverage is visualized in the images of figure 7. The figure shows
the three steps of reconstruction exemplarily for a small section of the di�erential phase image for
npx = 20 and N = 20. First, the di�erential phase images are reconstructed for each acquired
detector read-out following equation (2.2). The zigzag pattern of the moiré stripes in the raw data
image that is the basis for the reconstruction is shown on the bottom left in figure 7. Looking at
the reconstructed image on the top left, it is visible that the reconstruction does not work properly
at the turning points of G0 where the direction of stepping is reversed. At the turning points only
half of the full phase range of 2⇡ · k is covered. In our case with k = 1 the phase-stepping curves
are generated by phase-steps describing the sine curve in the range of ⇡ at the turning point up to
2⇡ if no turning point occurs in the phase-stepping curve (see figure 7). The images in between
comprise fractions of the sine curve between ⇡ and 2⇡. Eventually, a too small phase coverage
causes slightly changed object signals in the final images like in figure 6 for N/npx = 0.5. The
influence in case of N/npx = 1 is small since only slightly visible in the first reconstruction step
for the detector read-outs at the turning point, marked with orange arrows in figure 7. Note, that
a remaining zigzag pattern from the phase-stepping process is visible at the edge transition. The
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Figure 7. Visualization of the influence of the phase coverage for npx = 20 and N = 20. The top left image
depicts the first reconstruction step of the di�erential phase �' for one detector column. For each detector
read-out the di�erential phase image is extracted by generating a phase-stepping curve from the raw data
image shown bottom left. At the turning points (marked with orange arrows) only k/2 of the sine curve is
covered. This leads to incorrect reconstruction. The next step is a rebinning over the npx = 20 generated
images per pixel. For each detector column such an image is obtained. Finally, all Nc (number of columns
of original detector read-out) images are averaged to the final image.

phase-shift is reconstructed from phase-stepping curves composed of the surrounding acquisitions.
At the edge transition the ratio of the steep edge contributing to the phase-shift of the curve changes
with each forward movement of the object. An additional measured shift with each acquisition is
the consequence. The zigzag pattern is reproduced.

Due to the two subsequent steps (displayed in figure 7) that lead to the final images the small
number of improperly reconstructed read-outs is negligible. The second step is a binning of the
npx sequential reconstructed images obtained per object pixel. By this averaging step the zigzag
pattern around the steep edge also cancels out. Since Nc images are obtained, one for each detector
column, the final images are gained in a third step by resorting and averaging over all Nc images.

In summary, the analysis of the influence of di�erent numbers of used phase-steps shows that
a su�ciently high stepping speed is most important. At least one grating period (k = 1) should be
covered while the object moves through one pixel length.

4 Discussion

For the proposed continuous phase-sampling scanning method several images are taken while the
object moves by one pixel length. The number of acquired detector read-outs npx per object shift
of one pixel length determines the number of phase-steps N used for generating the phase-stepping
curves in each pixel for each detector read-out if no blurring should occur. A minimum number of
phase-steps and phase coverage describing the phase-stepping curve is necessary.

We showed that the phase coverage of the phase-stepping curve is more important than the
number of available phase-steps. At least one grating period should be covered while the object
moves by one pixel length. The reason is the back and forth movement of the G0 grating stepping
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process. At the turning point only half of the range of phase positions covered per pixel comprises
the phase-stepping curve. In other words, the phase coverage and the number of acquired detector
read-outs per pixel npx are the relevant parameters.

In the process of reconstruction, a binning is performed to the results of several detector read-
outs which depends on the magnification. The applied binning factor, however, can be adjusted
easily in the process of reconstruction, if necessary for each z-layer to which the sample is extended.

As a consequence of acquiring several detector read-outs per pixel npx > 1 (unless a blurring
is acceptable), more data is produced for the continuous phase-sampling scanning method as for
the mentioned standard scanning method or single-shot methods like moiré imaging. This leads to
a longer computation time for image reconstruction. Furthermore, the duration of measurement for
the continuous phase-sampling scanning method depends not only on the maximum frame rate of
the detection system but also on the available maximum speed of the stepping motor. For stepping
we use a piezo positioner which could move much faster than in the presented measurements. Thus,
the limiting factor for faster scans is the frame rate of the detector just like for any other method.

Regarding image quality the continuous phase-sampling scanning method shows very similar
results compared to the standard phase-stepping procedure except from scanning-caused motion
blurring at sharp edges.

One advantage of the continuous phase-sampling scanning method is the independence of the
shape of the moiré stripes. For other methods like the standard scanning method or moiré imaging,
moiré stripes are needed which show a specific shape and frequency. Thus, the interferometer has
to be detuned slightly [32, 43]. In contrary, for the continuous phase-sampling scanning method an
overall better adjusted interferometer is usable enabling a higher reference visibility. Depending on
the use case this gain in visibility could be of advantage by decreasing noise and thus, improving
image quality [45, 46], e.g. to enable dose reduction in medical imaging [21]. For the continuous
phase-sampling scanning method, though, one aspect to mention is the needed small image region
outside the object showing clear moiré stripes for the retrieval of the reference phase positions.
The here presented setup shows di�erent moiré patterns over the whole grating area. The reason
is the manual stitching process, which is not precise enough to ensure perfectly aligned gratings.
Hence, some well aligned moiré fringes should be available for the determination of the phase-
step positions without detuning the interferometer explicitly. In case of perfectly aligned grating
tiles where probably no moiré stripes would be visible in an optimal adjusted setup [29, 35], it is
conceivable to detune just one outer grating tile minimally to enable the determination of phase
positions by the proposed method.

Second, an extra reference scan is not necessary for the continuous phase-sampling scanning
method. A small empty region in front or behind the object is su�cient to obtain the desired
reference measurement. To get a smooth image by polynomial fitting to the background values in
each image row, it is anyway recommended to leave some space around the object. Thus, enough
data is taken for extracting the reference values.

Third, the continuous phase-sampling scanning method could enable the realization of an X-ray
phase-contrast helical computed tomography scanner, next to helical CT acquisition schemes like
the one proposed by Marschner et al. [47]. Further ideas to implement a helical CT setup are based
on single-shot methods. An interesting approach could be statistical iterative reconstruction to
retrieve tomographic cross sections directly from single-phase-step projection data [48, 49]. This
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reconstruction principle might be applicable even if only a few detector columns with di�erent
phase positions are available. Another idea would be to use moiré imaging [50, 51] to get the
projections by single-shot imaging. However, here it is necessary that moiré stripes of appropriate
frequency [43] are available over the whole grating area. As single grating tiles are stitched together
in our interferometer, an appropriate moiré pattern cannot be ensured in all regions at the same
time. Here, the continuous phase-sampling scanning method could be one promising and easy to
implement method to use a scanning device for helical computed tomography.

Finally, it is conceivable to implement algorithms enabling super-resolution as it has been
proposed for X-ray phase-contrast CT recently [52]. The necessary oversampling (at least in
scanning direction) is already included in the continuous phase-sampling scanning method due to
the applied sliding window method. Hence, a super-resolution scan is some interesting aspect to
look at in further studies.

5 Conclusion

We developed a fast and robust continuous phase-sampling scanning method as a new approach for
X-ray phase-contrast and dark-field scanning. The technique is based on continuous phase-sampling
during the scanning process. Phase-stepping curves for each detector read-out are obtained by the
sliding window method originally introduced by Zanette et al. [38]. Due to the continuous back
and forth movement of the G0 grating for phase-sampling, we additionally introduced a method
to obtain the corresponding phase positions for each detector read-out. The method exploits the
moiré pattern occurring in the time ordered detector read-outs. Note, that this method also works
for traditional stepwise phase-stepping as a correction and optimization method to remove moiré
artefacts. Moreover, the presented principle of continuous grating movement for phase-sampling is
also applicable to usual Talbot-Lau imaging without object motion and larger fields of view. The
large frame rates of today’s X-ray detectors in combination with the continuous grating movement
enables an acceleration of the time consuming phase-stepping process. We compared our results
of the continuous phase-sampling scanning method with the standard phase-stepping procedure. In
summary, our continuous phase-sampling scanning method shows high image quality and similar
results to the images obtained without object motion. Our method works without the need of
detuning the interferometer. Finally, our scanning method is one possible method for providing the
basis for helical computed tomography with a Talbot-Lau scanner.

Acknowledgments

We would like to acknowledge the Karlsruhe Nano Micro Facility (KNMF), the Helmholtz Research
Infrastructure at Karlsruhe Institute of Technology (KIT) and microworks GmbH for fabricating
the gratings. We would like to acknowledge technical support of this work by Siemens Healthcare
GmbH. V.L. thanks the International Max Planck Research School — Physics of Light (IMPRS-
PL). This work was funded by the Deutsche Forschungsgemeinschaft (DFG) within the project
grant AN 257/21-1.

– 13 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
1
0
1
0

References

[1] U. Bonse and M. Hart, An X-ray interferometer, Appl. Phys. Lett. 6 (1965) 155.

[2] R. Fitzgerald, Phase-sensitive x-ray imaging, Phys. Today 53 (2000) 23.

[3] A. Momose, Demonstration of phase-contrast X-ray computed tomography using an X-ray
interferometer, Nucl. Instrum. Meth. A 352 (1995) 622.

[4] A. Momose, S. Kawamoto, I. Koyama, Y. Hamaishi, K. Takai and Y. Suzuki, Demonstration of X-ray
Talbot interferometry, Jap. J. Appl. Phys. 42 (2003) L866.

[5] F. Pfei�er et al., Hard-X-ray dark-field imaging using a grating interferometer, Nat. Mater. 7 (2008)
134.

[6] W. Yashiro, Y. Terui, K. Kawabata and A. Momose, On the origin of visibility contrast in x-ray Talbot
interferometry, Opt. Express 18 (2010) 16890.

[7] S.K. Lynch et al., Interpretation of dark-field contrast and particle-size selectivity in grating
interferometers, Appl. Opt. 50 (2011) 4310.

[8] A. Snigirev, I. Snigireva, V. Kohn, S. Kuznetsov and I. Schelokov, On the possibilities of x-ray phase
contrast microimaging by coherent high-energy synchrotron radiation, Rev. Sci. Instrum. 66 (1995)
5486.

[9] A. Momose, T. Takeda, Y. Itai and K. Hirano, Phase-contrast X-ray computed tomography for
observing biological soft tissues, Nat. Med. 2 (1996) 473.

[10] D. Chapman et al., Di�raction enhanced x-ray imaging, Phys. Med. Biol. 42 (1997) 2015.

[11] C. David, B. Nöhammer, H.H. Solak and E. Ziegler, Di�erential x-ray phase contrast imaging using a
shearing interferometer, Appl. Phys. Lett. 81 (2002) 3287.

[12] T. Weitkamp et al., X-ray phase imaging with a grating interferometer, Opt. Express 13 (2005) 6296.

[13] A. Olivo et al., An innovative digital imaging set-up allowing a low-dose approach to phase contrast
applications in the medical field, Med. Phys. 28 (2001) 1610.

[14] F. Pfei�er, T. Weitkamp, O. Bunk and C. David, Phase retrieval and di�erential phase-contrast
imaging with low-brilliance X-ray sources, Nat. Phys. 2 (2006) 258.

[15] M. Stampanoni et al., The first analysis and clinical evaluation of native breast tissue using
di�erential phase-contrast mammography, Invest. Radiol. 46 (2011) 801.

[16] T. Michel et al., On a dark-field signal generated by micrometer-sized calcifications in phase-contrast
mammography, Phys. Med. Biol. 58 (2013) 2713.

[17] A. Yaroshenko et al., Grating-based X-ray dark-field imaging: a new paradigm in radiography,
Current Radiology Reports 2 (2014) 57.

[18] K. Hellbach et al., Facilitated diagnosis of pneumothoraces in newborn mice using x-ray dark-field
radiography, Invest. Radiol. 51 (2016) 597.

[19] F. Horn et al., High-energy x-ray Talbot-Lau radiography of a human knee, Phys. Med. Biol. 62
(2017) 6729.

[20] M. Seifert et al., Single-shot Talbot-Lau x-ray dark-field imaging of a porcine lung applying the moiré
imaging approach, Phys. Med. Biol. 63 (2018) 185010.

[21] V. Ludwig et al., Exploration of di�erent x-ray Talbot-Lau setups for dark-field lung imaging
examined in a porcine lung, Phys. Med. Biol. 64 (2019) 065013.

– 14 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
1
0
1
0

[22] H. Han et al., Preliminary research on body composition measurement using X-ray phase contrast
imaging, Phys. Med. 52 (2018) 1.

[23] J. Kastner, B. Plank and G. Requena, Non-destructive characterisation of polymers and Al-alloys by
polychromatic cone-beam phase contrast tomography, Mater. Charact. 64 (2012) 79.

[24] V. Revol, B. Plank, R. Kaufmann, J. Kastner, C. Kottler and A. Neels, Laminate fibre structure
characterisation of carbon fibre-reinforced polymers by X-ray scatter dark field imaging with a
grating interferometer, NDT & E Int. 58 (2013) 64.

[25] M.S. Nielsen, T. Lauridsen, L.B. Christensen and R. Feidenhans, X-ray dark-field imaging for
detection of foreign bodies in food, Food Contr. 30 (2013) 531.

[26] V. Ludwig et al., Non-Destructive Testing of Archaeological Findings by Grating-Based X-Ray
Phase-Contrast and Dark-Field Imaging, J. Imaging 4 (2018) 58.

[27] P. Meyer and J. Schulz, Chapter 16 — Deep X-ray Lithography, in Micromanufacturing Engineering
and Technology (second edition), Y. Qin ed., Micro and Nano Technologies, pp. 365–391, William
Andrew Publishing, Boston (2015) [DOI].

[28] J. Meiser et al., Increasing the field of view in grating based X-ray phase contrast imaging using
stitched gratings, J. X-ray Sci. Technol. 24 (2016) 379.

[29] T.J. Schröter et al., Large field-of-view tiled grating structures for X-ray phase-contrast imaging,
Rev. Sci. Instrum. 88 (2017) 015104.

[30] C. Kottler, F. Pfei�er, O. Bunk, C. Grünzweig and C. David, Grating interferometer based scanning
setup for hard x-ray phase contrast imaging, Rev. Sci. Instrum. 78 (2007) 043710.

[31] C. Arboleda, Z. Wang and M. Stampanoni, Tilted-grating approach for scanning-mode X-ray phase
contrast imaging, Opt. Express 22 (2014) 15447.

[32] T. Koehler et al., Slit-scanning di�erential x-ray phase-contrast mammography: Proof-of-concept
experimental studies, Med. Phys. 42 (2015) 1959.

[33] S. Bachche et al., Laboratory-based X-ray phase-imaging scanner using Talbot-Lau interferometer
for non-destructive testing, Sci. Rep. 7 (2017) 6711.

[34] A. Astolfo et al., Large field of view, fast and low dose multimodal phase-contrast imaging at high
x-ray energy, Sci. Rep. 7 (2017) 2187.

[35] L.B. Gromann et al., In-vivo X-ray Dark-Field Chest Radiography of a Pig, Sci. Rep. 7 (2017) 4807.

[36] M. Seifert et al., Talbot-Lau x-ray phase-contrast setup for fast scanning of large samples, Sci. Rep. 9
(2019) 4199.

[37] M. Hoshino, K. Uesugi and N. Yagi, 4D x-ray phase contrast tomography for repeatable motion of
biological samples, Rev. Sci. Instrum. 87 (2016) 093705.

[38] I. Zanette et al., Trimodal low-dose X-ray tomography, Proc. Nat. Acad. Sci. 109 (2012) 10199.

[39] G. Pelzer et al., Reconstruction method for grating-based x-ray phase-contrast images without
knowledge of the grating positions, 2015 JINST 10 P12017.

[40] C. Hauke et al., Analytical and simulative investigations of moiré artefacts in Talbot-Lau X-ray
imaging, Opt. Express 25 (2017) 32897.

[41] F.D. Marco, M. Marschner, L. Birnbacher, P. Noël, J. Herzen and F. Pfei�er, Analysis and correction
of bias induced by phase stepping jitter in grating-based X-ray phase-contrast imaging, Opt. Express
26 (2018) 12707.

– 15 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
1
0
1
0

[42] J. Dittmann, A. Balles and S. Zabler, Optimization Based Evaluation of Grating Interferometric
Phase Stepping Series and Analysis of Mechanical Setup Instabilities, J. Imaging 4 (2018) 77.

[43] M. Seifert et al., Measurement and simulative proof concerning the visibility loss in x-ray Talbot-Lau
Moiré imaging, 2017 JINST 12 T12007.

[44] I. Amidror, The theory of the moiré phenomenon, No. LSP-BOOK-2000-001, Springer (2009).

[45] T. Weber et al., Noise in x-ray grating-based phase-contrast imaging, Med. Phys. 38 (2011) 4133.

[46] V. Revol, C. Kottler, R. Kaufmann, U. Straumann and C. Urban, Noise analysis of grating-based x-ray
di�erential phase contrast imaging, Rev. Sci. Instrum. 81 (2010) 073709.

[47] M. Marschner et al., Helical X-ray phase-contrast computed tomography without phase stepping,
Sci. Rep. 6 (2016) 23953.

[48] A. Ritter et al., Simultaneous maximum-likelihood reconstruction for x-ray grating based
phase-contrast tomography avoiding intermediate phase retrieval, arXiv:13�7.7912.

[49] M. von Teu�enbach et al., Grating-based phase-contrast and dark-field computed tomography: a
single-shot method, Sci. Rep. 7 (2017) 7476.

[50] A. Momose, W. Yashiro, H. Maikusa and Y. Takeda, High-speed X-ray phase imaging and X-ray
phase tomography with Talbot interferometer and white synchrotron radiation, Opt. Express 17
(2009) 12540.

[51] M. Seifert et al., Improved Reconstruction Technique for Moiré Imaging Using an X-Ray
Phase-Contrast Talbot-Lau Interferometer, J. Imaging 4 (2018) 62.

[52] M. Viermetz, L. Birnbacher, M. Willner, K. Achterhold, F. Pfei�er and J. Herzen, High resolution
laboratory grating-based X-ray phase-contrast CT, Sci. Rep. 8 (2018) 15884.

– 16 –





5.3 Comparison of the standard scanning method and the
continuous phase-sampling scanning method

In this chapter, the obtained images by the continuous phase-sampling scanning
method presented within the publication in the previous chapter are compared
with the corresponding attenuation, dark-field and differential phase images by the
standard scanning method.
In figure 23 the peanut and the small fish skeleton are shown in comparison for
both scanning methods. Looking at the image details, e.g. the fine fish bones which
are shown in an enlarged view for both scanning methods and for the standard
phase-stepping procedure, no information seems to be lost. Fine structures are
resolved and the images are hardly distinguishable.
Since for both scanning methods a good image quality is achieved, the line plot
of a region of the peanut is added to the line plots of the new scanning method
and the standard phase-stepping procedure to reveal differences. The line plots are
given for a line marked exemplarily in figure 23 in the dark-field images and are
plotted for attenuation, differential phase and dark-field in figure 24 from left to
right. Note, that a slight vertical displacement of the sample of about two pixels,
i.e. about 150µm, occurred during the different measurements. The corresponding
line plots of the same object region are chosen for the comparison in the plot.
In each plot the standard phase-stepping result is shown in grey, the standard
scanning method in blue and the continuous phase-sampling scanning method in
orange. The object motion during the scanning process leads for both scanning
methods to a visible reduction of the signal at sharp edges. The values obtained
for the scanning methods are quite similar with few deviations most likely caused
by typical measurement fluctuations between two identical scans due to mechanical
instabilities and the slight vertical displacement of the sample.

The standard scanning method depends on the scanning speed of the object. The
scanning speed has to be chosen such that exactly one pixel length (or multiples of
pixel lengths) in the object plane during one acquisition is covered. This condition
only holds true for one xy-plane (optimal z-layer) since the needed scanning speed,
following

vtrans = fs · wpx

M
, (41)

with fs the number of frames per pixel, wpx the pixel pitch of the detector and valid
for a forward feed of one pixel per detector read-out depends on the magnification
M in a cone beam geometry. In the following the terms ’extended object’ and
’objects extended in z-direction’ is used. Here, extended means that parts of the
object are located outside the (optimal) z-layer, e.g. an extensive hollow object.
It is not referred to ’thick’ objects, which consist of many layers of material and
superimposing structures in beam direction.
The continuous phase-sampling scanning method is not influenced by the magnifi-
cation in that sense. Only the binning factor is to be considered to prevent blurring
and distortion of the object. But, this does not influence the reconstruction itself.
Here, one aspect to mention is the used number of phase-steps N for reconstruction.
A reasonable number N is chosen such that the number of detector read-outs npx
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Figure 23: Attenuation, dark-field and differential phase image of a peanut and a small
fish skeleton in a tube from left to right for the standard scanning method (SSM, top) and
the continuous phase-sampling scanning method (CPSM, bottom) are shown. For the
orange and blue line in the peanut dark-field images, line plots are evaluated in figure 24.
On the far right, a detailed view of the fish bones is depicted for both scanning methods
and additionally, for the standard phase-stepping (SPS, middle right). The duration of
measurement was about 5 minutes for the peanut and 3 minutes for the fish skeleton.
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Figure 24: Line plots through the peanut along the blue and orange line in figure 23
are shown for attenuation, differential phase and dark-field (from left to right). Each plot
displays the line plots for the standard scanning method (SSM, blue), the continuous
phase-sampling scanning method (CPSM, orange) and the standard phase-stepping (SPS,
grey).

acquired while the object moves by one pixel length in the object plane matches
N. Both the binning factor and the number of phase-steps are set just for the
reconstruction and can be easily adjusted if necessary. For the standard scanning
method a corresponding correction would probably be more complicated and has
not been reported as far as the author knows.

In figure 25 the influence of two different magnifications is displayed by imaging
two marker pens at different z-layers. At z0 = 0 cm the scanning speed meets the
condition for the standard scanning method of moving the object by one pixel
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Figure 25: Attenuation (a), differential phase (b) and dark-field (c) of two marker
pens for the standard scanning method (SSM, top) and the continuous phase-sampling
scanning method (CPSM, bottom). The left marker pen is directly in the object plane
(z0 = 0 cm) and is magnified by a factor M = 1.28 into the detector plane. The right
marker is 8 cm closer to the detector, which results in a magnification of M = 1.17. Thus,
it looks slightly smaller. A zoom into the red marked regions of the dark-field images is
shown in (d). In addition, the same region of interest of the dark-field image obtained by
standard phase-stepping (SPS) and obtained by the continuous phase-sampling scanning
method with the adjusted binning factor is shown (e). The duration of measurement was
about 14 minutes.

length in this plane at a magnification of M = 1.28. The second marker pen is 8 cm
closer to the detector, which results in a smaller magnification M = 1.17 of the
marker pen. Hence, the optimal scanning speed should be higher for the standard
scanning method to match the condition of a forward feed of one pixel length.
The attenuation images do hardly suffer from the false scanning speed. However,
differential phase and dark-field image are affected noticeably. Artefacts visible as
ripples occur especially at the edges. Sharp edges in combination with a deviation
from the optimal object position in z-direction cause problems for extended objects
in the reconstruction. Additionally important for the standard scanning method is
the phase coverage along the scanning direction. The object has to move through
several phase positions which is given here by passing about two moiré fringe
periods. Moreover, high frequent moiré fringes could result in artefacts in case of
object movements during the scan [Gro17]. The visible rippling artefacts could
partly be caused by slight vibrations which is enhanced in case of a wrong scanning
speed.
The continuous phase-sampling scanning method images do not show such effects.
However, in the detailed views on the right it can be seen that the dark-field image
of the standard phase-stepping (figure 25 (e), top) is sharper than the zoomed
image of the continuous phase-sampling scanning method (figure 25 (d), bottom).
The reason for that is the binning factor which has been chosen for the higher
magnification of M = 1.28 and depends on how many frames are acquired per pixel
in the considered object plane. Consequently, an adaption of the reconstruction to
the z-layer z0 + 8 cm is carried out by adjusting the binning factor from 20 to 22 to
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match the condition of lower magnification. The resulting dark-field image (bottom
right) shows comparable sharp edges like the dark-field image of the standard
phase-stepping procedure. An adjustment of image sharpness by rebinning could as
well be applied to the standard scanning method images, but it would not remove
the rippling artefacts.

When imaging extended objects, the continuous phase-sampling scanning method
proves a slight advantage over the standard scanning method. The continuous
phase-sampling scanning method offers the possibility of getting sharp and artefact-
free images for each z-layer by adapting the reconstruction parameters with the
desired binning factor. However, it is still to be evaluated if the continuous phase-
sampling scanning method leads to better results in real applications, e.g. imaging
thick samples.
All results taken together, it can be concluded that the continuous phase-sampling
scanning method is an equivalent and competitive method to the standard scanning
method and to standard phase-stepping.

5.4 Removing moiré artefacts with a phase-step position
retrieving method based on the moiré effect

The developed continuous phase-sampling scanning method uses a moiré-effect-
based approach for finding the correct phase-step positions. In the publication it is
mentioned that this phase-step correction method also works for conventionally
obtained data, i.e. by stepwise phase-stepping and acquisition. The phase-step
positions have to be known precisely to retrieve correct phase-stepping curves. A
deviation from the correct phase-step position leads to moiré artefacts in the recon-
structed images. This is analytically described in Hauke et al. [Hau17]. Reasons
for the shift in the phase-step positions are mechanical instabilities or inaccuracies
of the positioning element which moves the grating. Several publications focus on
the correction of the phase-stepping curves in order to remove occurring moiré
artefacts from the images [Pel15; Hau17; DBZ18; Mar18].

Our developed method for retrieving the correct phase-step positions exploits the
moiré pattern which is visible in the detector read-outs. The moiré pattern moves
in accordance with the movement of the gratings. If one grating is shifted laterally
by one period, the moiré pattern shifts by one moiré pattern period, respectively.
We take advantage of this behaviour to extrapolate the grating position from the
phase position of the moiré fringes. For that purpose, we choose in all detector
read-outs the same object-free region showing a few moiré fringes. A least-squares
fit is performed to each sinusoidal moiré pattern. The extracted phases are as-
signed to the grating positions relative to the grating position of the first detector
read-out. Thereby, the actual phase-step position is obtained for each detector
read-out. These phase-step positions are needed for a correct image reconstruction.
This method allows the extraction of attenuation, differential phase and dark-field
images from data acquired at unevenly distributed and a priori unknown phase-step
positions.
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Figure 26: The chosen region for retrieving the correct phase-step positions is shown
for two detector read-outs at different phase-step positions marked in red and green in
the left and the middle image. On the right, the intensity values of this chosen region
are shown for all detector read-outs taken at different phase-step positions.
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Figure 27: Phase-stepping curves for object measurement (left) and reference measure-
ment (right) with assumed equidistantly distributed phase-step positions (blue) and with
corrected phase-step positions (orange).

The method is tested at conventional stepwise acquired data of two wooden rods
as a correction approach to prevent moiré artefacts in the extracted images. The
measurement is performed at 60 kVp with N = 16 phase-steps which should be
distributed over one grating period at equidistant steps. However, the reconstruction
which assumes equidistant steps over 2π results in images showing moiré artefacts
(figure 28, top). Hence, the assumed phase-step positions are not correct.
The developed method for retrieving the grating position by the phase position
of the moiré stripes of each detector read-out is applied to the data. In figure
26 two detector read-outs at different phase-step positions are shown with the
marked region used for the determination of the correct phase-step positions. In
figure 27 the intensity values of one pixel for the detector read-outs of an object
and of a reference measurement are plotted over the assigned phase-step position
(phase-stepping curve), once with the assumed equidistantly distributed phase-step
positions, once with the actual phase-step positions obtained by the new method.
It is visible that the actual phase-step positions are not equidistantly distributed.
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Figure 28: Attenuation, dark-field and differential phase image (from left to right)
reconstructed with assumed equidistantly distributed phase-step positions (top) and with
corrected phase-step positions (bottom).

This explains the occurring moiré artefacts in the top images in figure 28. In con-
trast, the reconstruction with the correct phase-step positions leads to artefact-free
images (figure 28, bottom).

Hence, our developed method for retrieving the phase positions to get the continuous
phase-sampling scanning method working, is also a helpful tool to prevent the
occurrence of moiré artefacts in images obtained by standard phase-stepping
acquisitions.

5.5 Helical computed tomography with a Talbot-Lau scanner
The continuous phase-sampling scanning method was originally developed in order
to realise helical computed tomography, since existing methods are not well appli-
cable with manually stitched Talbot-Lau scanners due to hardly preventable slight
angle differences between the single tiles.
Marschner et al. [Mar16] propose a method for helical CT comparable to the stan-
dard scanning approach. Here, the object moves on the typical helical trajectory
through moiré stripes which are oriented perpendicular to the forward feed direction
of the object. The object has to rotate by 360◦ for several times. This ensures
that every object region is imaged at different phase positions for each viewing
angle. The number of full rotations determines the number of phase-steps in the
phase-stepping curves obtained per viewing angle. It is important for this method,
that the moiré stripes are of similar size and shape over the complete object re-
gion, such that a large enough phase coverage is ensured in all phase-stepping curves.
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Similar to moiré imaging where a certain moiré pattern frequency is necessary, the
method by Marschner et al. is not suitable for our Talbot-Lau scanner. It is hardly
possible to adjust an appropriate moiré pattern over the full grating area due to
slight angle differences between the grating tiles of the stitched scanner gratings.

Hence, another method is required to obtain dark-field and differential phase-
contrast projections. The developed principle of the continuous phase-sampling
scanning method (chapter 5.2) is one well working solution. The new scanning
method is based on continuous movement of the G0 grating for phase-sampling
during acquisition. Each detector read-out is therefore obtained at another phase
position of G0. Hence, phase-stepping curves are generated for each detector
read-out by collecting the surrounding acquisitions. This method would still work
with just one available single detector column. The continuous phase-sampling
scanning method can be transferred to helical computed tomography by adding a
rotational stage to the existing scanning setup (figure 29). The continuous rotation
of the sample is done simultaneously to the continuous back and forth movement of
the G0 grating for phase-sampling and the continuous forward feed of the object tray.

Rotation
stage

G2

G1

Detector

Linear
stage

Acquisition

Rotation

Phase-sampling

Forward feed

G0

X-ray
tube

Figure 29: Photography of the helical computed tomography setup.

For helical CT one important parameter is the pitch which means the table feed
per rotation divided by the width of the collimated beam. Here, the limiting factor
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is not the cone of the X-ray beam, but the collimation length scoll. The collimation
length is given by the pixel width wpx, the number of detector columns Nc passed
by the sample and the magnification M of the sample in the detector plane:

scoll = wpx ·Nc

M
. (42)

The rotational speed vrot, the translational speed vtrans and the stepping speed vpiezo
depend on the setup parameters (i.e. collimation scoll and G0 grating period p0)
frame rate fs, the number of phase-steps N and the number k of covered grating
periods for generating the phase-stepping curves, the number of full rotations (360◦)
mrot to cover and the number of projections NP per collimation scoll:

vrot = 360mrot · fs

NP
(43)

vtrans = scoll · fs

NP
(44)

vpiezo = p0 · fs · k
N

. (45)

In parallel-beam geometry the number of full rotations has to be at least mrot = 0.5
which is equivalent to a pitch of p = 1/mrot = 2. However, in practice a fan-beam
geometry is the usual case, thus a slightly larger rotation range is required to take
the magnification into account.

The following measurements of a marker pen (also scanned for the publication in
chapter 5.2) were acquired at 40 kVp and with an acquisition time per detector
read-out of 1 s. The setup parameters are the same as for the continuous phase-
sampling scanning measurements in chapter 5.2. The marker pen was positioned
slightly higher than the objects for the 2D scan, leading to a magnification of
M = 1.29. The stepping speed was set to vpiezo = 4.88µm/s, the forward speed
was vtrans = 2µm/s and the rotation speed was vrot = 0.1◦/s. This results in a
viewing angle coverage of about 200◦ with about 2000 acquired detector read-outs
per collimation. The chosen stepping speed leads to a phase coverage of one grating
period within five detector read-outs. The attenuation, differential phase and
dark-field projections are extracted according to the continuous phase-sampling
scanning method using N = 10. Within these 10 acquisitions the object rotates 1◦
further, travels the length of about 1/4 pixel width in the object plane and a phase
coverage of two grating periods (k = 2) is available.

Each projection data set has to be processed prior to tomographic slice reconstruc-
tion. The following processing steps can be read more detailed e.g. in Kalender
[Kal99]. Due to the helical path of the object through several detector columns,
actually measured data for the corresponding slice is just available for one viewing
angle α. The missing viewing angle data has to be completed such that a full
projection data set of the considered slice is formed. The reconstruction of each
tomographic slice is then carried out by the well known filtered backprojection
algorithm, leading to an object function g(x, y, z). More details can be found for
example in Kramme [Kra07]. The applied filter function in the reconstruction
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algorithm on the attenuation and dark-field projection data is the Ram-Lak filter.
For the phase-contrast slice reconstruction a Hilbert filter is necessary because the
differential phase image yields the partial derivative of the actual object function
instead of the object function itself [Pfe07a]. However, the integration during the
slice reconstruction does not work properly if the rotational axis is perpendicular
to the grating bar direction. The reason for that is the sensitivity direction which
has to be parallel to the considered slice. Otherwise, the integration during slice
reconstruction will not take place in the direction of the derivative of the differential
phase image. As a solution, the differential phase projection data is integrated
beforehand.
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Figure 30: Tomographic slices of a marker pen obtained from the attenuation projections
(attenuation coefficient µ), dark-field projections (diffusion coefficient ε) and integrated
differential phase-contrast projections (refractive index decrement δ). In the attenuation
image on the right the positions of the two slices are marked by the orange respectively
blue line.

A tomographic slice obtained from the attenuation projections shows the linear
attenuation coefficient µ (compare equation 1) with:

gΓ(x, y) = µ . (46)

For the reconstruction of a tomographic slice from the dark-field projections a linear
diffusion coefficient ε similar to the attenuation coefficient is introduced. Following
the definition of Bech et al. [Bec10], this leads to

gΣ(x, y) = 2π2d2
T

p2
T
· ε (47)

with dT the Talbot distance and pT the period of the occurring Talbot pattern at
the distance dT.
In equation 30, the refractive index decrement δ is linked to the difference between
object and reference phase-stepping curve, i.e. to the differential phase image.
Consequently, the resulting tomographic slices gained from the differential phase
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projections show the object function

gΦ(x, y) = 2πdT

pT
· δ . (48)

In figure 30, reconstructed tomographic slices obtained from the attenuation pro-
jections (attenuation coefficient µ), dark-field projections (diffusion coefficient ε)
and integrated differential phase-contrast projections (refractive index decrement
δ) are depicted. The results of the attenuation and the dark-field projections look
reasonable. The integration of the differential phase projections has to be optimised.
The reconstructed slices show artefacts and wrong negative δ-values occur.
The results show that helical computed tomography is possible with our scanning
setup by utilising the continuous phase-sampling scanning method. However,
further investigations are necessary to accelerate the data acquisition, to optimise
the CT reconstruction and compare this method with alternative approaches.
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Conclusion and outlook
X-ray Talbot-Lau imaging reveals additional information about the inner structure
of materials. It extends conventional X-ray imaging by two further images, the
differential phase image and the dark-field image. The main focus of this work was
on developments and optimisations concerning the realisation of X-ray Talbot-Lau
imaging systems for standardised use in biology, medicine, non-destructive testing,
food control and laboratory astrophysics. Further developments of the method
were presented. Moreover, interesting examples for possible application fields were
demonstrated in this work.

The publications of the last years showed the great potential of X-ray Talbot-Lau
imaging in non-destructive testing, e.g. Kastner et al. [Kas19]. The testing of
carbon fibre reinforced plastics and other composites, which are widely used in
aeronautics, automotive and similar industries, with X-ray phase-contrast and
dark-field imaging is very promising. In this work, an example of detecting a
fine crack in a CFRP seatpost was shown (chapter 2.2). The dark-field as well
as its property of directional dependence (chapter 1.4) extends the technique of
conventional X-ray imaging significantly. We demonstrated this at the example
of analysing archaeological findings which show corroded cloth remains (chapter 2.3).

In medical imaging, the diagnosis of lung diseases [Wil18] is one promising field
of application for Talbot-Lau imaging. We focused in particular on technical
demands in X-ray dark-field lung imaging (chapter 3). We compared different
grating sets regarding sensitivity, possible dose reduction and image quality. As
one main result, we found that no high sensitivity is required for lung imaging since
a strong dark-field signal is caused by the lung alveoli. More important, a high
visibility which reduces noise [Rev10] has to be reached. We showed that grating
sets which are optimised on visibility but not on sensitivity allow less applied dose
in lung imaging. Designing a grating set almost independently of the sensitivity
also reduces the fabrication demands on the gratings. Larger grating periods are
sufficient for lung imaging and allow thicker gratings. This is important to enable
high energy setups and to obtain a high visibility.

Another aspect concerning the transfer of the grating-based imaging method into
clinic and industry is an easy handling of a Talbot-Lau setup. The adjustment of a
grating-based setup requires much experience. We developed an alignment method
based on a look-up table which we called moiré map and which helps in adjusting
the interferometer easily and in few steps (chapter 4). For future X-ray Talbot-Lau
prototypes it is conceivable to add an individual moiré map to the instructions of
each imaging device. The easy startup operations of a Talbot-Lau interferometer
will work in two steps: First, the absolute distance of a compact grating set to
the source grating is adapted. Second, the fine adjustment is done by comparing
the first measured detector image, which shows a moiré pattern, with the moiré
map. By finding the corresponding moiré pattern, the relative changes in angle and
distance are selectable to get the desired moiré pattern appearance. Automation is
conceivable here.
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With regard to experiments in laboratory astrophysics, the developed alignment
method is mandatory for experiments at an X-ray backlighter. Here, only few
single X-ray shots per day with large breaks in between are possible. Hence, it is
important to adjust a Talbot interferometer with few single images. The applica-
bility of a Talbot interferometer for imaging astrophysical phenomena mimicked
in the laboratory, e.g. by laser-induced shocked plasmas, is subject of current
investigations. Future studies will show whether the X-ray dark-field image also
yields helpful information and if advantage is taken of the differential phase image.
The additional information could help to get a better understanding of astrophysical
phenomena.

One main limitation in grating-based X-ray phase-contrast and dark-field imaging
is the size of the gratings. The limited grating area prevents a reasonable use in
typical fields of X-ray imaging applications. One solution to overcome this problem
is the construction of a Talbot-Lau scanner [Kot07b; Koe15; Sei19]. The extension
of grating-based X-ray imaging to Talbot-Lau scanning setups increased the field of
view significantly. Additionally, the acquisition is much faster than before [Sei19].
The standard scanning method is based on the phase-stepping method [Wei05]
whereby the different phase positions for the same object region are achieved by
moving the object (or the imaging system) instead of moving a grating laterally.
The method shows some slight disadvantages, e.g. the requirement of a certain
moiré stripes appearance. This aspect is an obstacle for the implementation of
a helical CT acquisition scheme with a scanning setup consisting of narrow and
manually stitched gratings.
Hence, we developed the continuous phase-sampling scanning method to provide
one solution for acquiring helical CT data with our Talbot-Lau scanner. The
continuous phase-sampling scanning also fixes some disadvantages of the standard
scanning method (chapter 5.2). Additionally, for the first time, a continuous back
and forth movement of a grating is performed to sample the Talbot pattern while
the object is in linear motion. We showed that a continuous grating movement
enables a decoupling of phase-stepping and image acquisition. Our results prove
that simultaneous movements of several setup elements are possible and the stability
of the system is ensured. The Talbot pattern obtained by our Talbot-Lau scanner
setup remains stable due to a mechanical decoupling of all moving elements. An
additional damping of further external oscillations and vibrations prevents visibility
reduction and image artefact occurrences.
We resolved the remaining inaccuracies from the mechanical conditions of the G0
stepping process by a specifically developed method to determine the actual grating
position. The occurring moiré pattern is employed to deduce the actual grating
position. We demonstrated that this method can also correct wrong phase-stepping
curves and remove moiré artefacts from conventionally obtained phase-contrast and
dark-field images (chapter 5.4). The gained knowledge should be used to implement
a stable Talbot-Lau scanner in e.g. a clinical environment in future projects.
The preclinical analysis of the implementation of a Talbot-Lau system in a c-arm
was done by Horn et al. [Hor18]. One next step will be the implementation of a
Talbot-Lau scanner into a clinical computed tomography setup with rotating gantry.
The developed continuous phase-sampling scanning method presented in this work
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is a significant contribution to the implementation of a helical Talbot-Lau CT setup.
In chapter 5.5 first results showed that the method works to obtain helical CT data.
If the Talbot-Lau setup remains stable enough in a rotating gantry, our method
is a promising acquisition scheme to obtain X-ray phase-contrast and dark-field
computed tomography data for medical purposes, but also for non-destructive
testing applications.
Another aspect of helical CT is the realisation of directional CT, also known as
tensor tomography [Mal14b; Vog15]. The anisotropic sensitivity of the dark-field
signal can be used to reconstruct 3D fibre orientations from tomographic scans
[Bay13; Hu15; Sch17a; Wie18]. To reconstruct fibre orientations, it is necessary that
the relative orientation of the object fibres changes with respect to the grating bars
during the tomographic scan. A small angular range is automatically covered by
the helical trajectory. However, to obtain enough information, a more sophisticated
trajectory is needed. For this purpose, we are working on a 3D dark-field projection
model that allows the use of more complex trajectories. This model approach is
discussed in a publication by Felsner et al. [Fel19]. In future studies, the model
will be extended and applied to real helical dark-field CT data. The developed
continuous phase-sampling scanning method seems to be a promising acquisition
scheme to provide a basis for such a 3D helical directional CT as well. This is of
interest in X-ray imaging e.g. to analyse bone fibre orientations without resolving
the fibrous structure directly and will be helpful for diagnosing bone diseases at an
earlier stage [Pot12].

Overall, X-ray phase-contrast and dark-field imaging is a promising extension to
conventional X-ray imaging. With the additional images and their complementary
features a wide field of possible applications exists.
For a future application of Talbot-Lau imaging in medicine, the applied dose when
using an absorbing analyser grating G2, must be considered. A part of the applied
dose consists of X-ray photons, which traverse the patient unnecessarily, since these
X-ray photons remain behind the patient in the absorption grating and thus do not
contribute to the image formation. As an optimisation in this regard, dual-phase
grating setups are an interesting approach, which should not be left unmentioned
[Mia16; Kag17; Bop18]. In general, the gain of additional diagnostic information
by dark-field and differential phase image has to be large enough to justify the
usage of Talbot-Lau imaging. These expectations are well fulfilled for example in
the field of lung imaging, such that the diagnosis of lung diseases can be improved
in the future by X-ray dark-field examinations. Furthermore, the detection of
foreign bodies that are almost invisible in conventional X-ray images is a promising
application of Talbot-Lau imaging.
In non-destructive testing the deposited dose usually does not play any role.
An implementation of Talbot-Lau interferometers for industrial applications is
therefore rather conceivable. The detection of defects in carbon-based materials,
the investigation of material compositions or even the analysis of cultural heritage
could be improved in particular by the X-ray dark-field image and its directional
dependence.
Overcoming the last remaining difficulties, like they are described in this work,
there is nothing left to prevent a transfer from research to clinics and industry.
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Zusammenfassung
Die Talbot-Lau-Bildgebung liefert als eine Methode der interferometrischen Rönt-
genbilgebung zusätzliche Informationen über die innere Struktur von Materialien.
Sie erweitert die konventionelle Röntgenbildgebung um zwei weitere Bilder, das
differentielle Phasenbild und das Dunkelfeldbild. Der Schwerpunkt dieser Arbeit lag
auf der Entwicklung und Optimierung dieser Bildgebungsmethode hinsichtlich eines
allgemeinen, standardisierten Einsatzes in der Biologie, Medizin, zerstörungsfreien
Prüfung, Lebensmittelkontrolle und Laborastrophysik. Diverse Weiterentwicklun-
gen des Verfahrens in verschiedenen Bereichen wurden vorgestellt. Darüber hinaus
wurden in dieser Arbeit interessante Beispiele für mögliche Anwendungsgebiete
herausgestellt.

Die Veröffentlichungen der letzten Jahre beweisen das große Potential der Talbot-
Lau-Röntgenbildgebung in der zerstörungsfreien Prüfung, siehe z.B. Kastner et al.
[Kas19]. Die Überprüfung mittels Phasenkontrast- und Dunkelfeld-Bildgebung von
kohlenstofffaserverstärkten Kunststoffen (CFK) und ähnlichen Verbundwerkstoffen,
die in der Luft- und Raumfahrt, der Automobilindustrie und ähnlichen Industrien
eingesetzt werden, ist sehr vielversprechend. In dieser Arbeit wurde ein Beispiel
zur Erkennung eines feinen Risses in einer CFK-Sattelstütze gezeigt (Kapitel 2.2).
Das Dunkelfeld sowie seine Eigenschaft der Richtungsabhängigkeit (Kapitel 1.4)
erweitern die konventionelle Röntgenbildgebung erheblich. Wir demonstrierten dies
am Beispiel der Analyse archäologischer Funde, an denen korrodierte Gewebereste
anhaften (Kapitel 2.3).

In der medizinischen Bildgebung ist die Diagnose von Lungenerkrankungen ein
vielversprechendes Anwendungsfeld für die Talbot-Lau-Röntgenbildgebung. Hierbei
fokussierten wir uns im Besonderen auf die technischen Anforderungen an die
Röntgen-Dunkelfeldbildgebung bei der Darstellung von Lungengewebe (Kapitel 3).
In dieser Arbeit wurden verschiedene Gitterinterferometer hinsichtlich Sensitivität,
einer möglichen Dosisreduktion und der Bildqualität miteinander verglichen. Als ein
Hauptergebnis zeigte sich, dass für erfolgreiche Lungenbildgebung keine hohe Sensi-
tivität erforderlich ist, da die Lungenbläschen ohnehin ein starkes Dunkelfeldsignal
erzeugen. Viel wichtiger ist es, eine hohe Visibilität zu erreichen, die zu einem
verringerten Bildrauschen beiträgt [Rev10]. Daraus resultiert auch, dass Gitter-
sets, die auf eine hohe Visibilität, aber nicht auf eine hohe Sensitivität, optimiert
sind, eine geringere Strahlendosis in der Lungenbildgebung erlauben. Geringere
Anforderungen an die Sensitivität vereinfachen zudem die Gitterherstellung, da
die Fertigungsanforderungen an die Gitter sinken. Größere Gitterperioden sind für
die Lungenbildgebung ausreichend, sodass dickere Gitter gefertigt werden können.
Dies ist wichtig, um die Talbot-Lau-Gitterinterferometrie auch bei höheren Rönt-
genenergien zweckmäßig betreiben zu können und um zudem eine möglichst hohe
Visibilität zu erreichen.

Ein weiterer zu betrachtender Aspekt, um den Transfer des gitterbasierten Bildge-
bungsverfahrens in die Kliniken und in die Industrie zu vollziehen, ist die einfache
Handhabung eines Talbot-Lau-Gitterinterferometers. Die Justage eines gitter-
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basierten Aufbaus erfordert einiges an Erfahrung. In dieser Arbeit wurde daher
eine Justagemethode entwickelt, die auf einer als Moiré-Karte bezeichneten Nach-
schlagetabelle basiert. Damit wird die Ausrichtung der einzelnen Elemente des
Interferometers in nur wenigen Schritten ermöglicht (Kapitel 4). Für zukünftige
Talbot-Lau-Prototypen ist es denkbar, eine individuelle Moiré-Karte zu der Be-
triebsanleitung jedes einzelne Gitterinterferometers hinzuzufügen. Die einfache
Inbetriebnahme erfolgt in zwei Schritten: Als Erstes wird der absolute Abstand des
kompakten Gittersets zum Quellgitter angepasst. Als Zweites erfolgt die Feinein-
stellung durch Vergleich des ersten gemessenen Moiré-Musters mit der Moiré-Karte.
Durch das Finden des entsprechenden Moiré-Musters auf der Karte, können die
relativen Änderungen in Winkel und Abstand ausgewählt werden, die notwendig
sind, um das für die Bildgebung gewünschte Moiré-Muster zu erhalten. Eine
Automatisierung ist hierbei denkbar.
Für Experimente in der Laborastrophysik an einem Röntgen-Backlighter ist diese
entwickelte Justagemethode zwingend erforderlich. Hier sind nur wenige Einzelauf-
nahmen pro Tag mit langen Wartezeiten dazwischen möglich. Daher ist es wichtig,
das Gitterinterferometer mit wenigen Einzelbildern korrekt einstellen zu können.
Die Anwendbarkeit eines Gitterinterferometers zur Abbildung astrophysikalischer
Phänomene, die im Labor imitiert werden, z.B. durch laserinduzierte Schockplas-
men, ist derzeit Gegenstand aktueller Forschung. Zukünftige Studien werden zeigen,
ob auch das Röntgen-Dunkelfeldbild einen Mehrwert liefert und welche Vorteile
das differentielle Phasenbild bietet. Die zusätzlichen durch die gitterbasierte Rönt-
genbildgebung gewonnenen Informationen könnten helfen, ein besseres Verständnis
für astrophysikalische Phänomene zu entwickeln.

Eine wesentliche Einschränkung bei der gitterbasierten Phasenkontrast- und Dunkel-
feld-Röntgenbildgebung ist die Größe der Gitter. Die limitierte Gitterfläche verhin-
dert einen sinnvollen Einsatz in typischen Bereichen der Röntgenbildgebung. Eine
Lösung zur Überwindung dieses Problems ist die Konstruktion eines Talbot-Lau-
Scanners [Kot07b; Koe15; Sei19]. Die Modifikation der gitterbasierten Röntgen-
bildgebung hin zu einem Talbot-Lau-Scanner erhöht das Sichtfeld deutlich. Darüber
hinaus ist die Datenerfassung um ein Vielfaches schneller als bisher [Sei19].
Das Standard-Scanverfahren basiert auf dem Phasenschrittverfahren [Wei05], wobei
die unterschiedlichen Phasenpositionen für dieselbe Objektregion durch Bewegen
des Objekts (bzw. des Bildgebungssystems) erreicht werden anstelle durch das
laterale Verschieben eines Gitters. Diese Methode weist ein paar Nachteile auf, z.B.
die Erfordernis eines bestimmten Moiré-Streifenbildes. Dieser Aspekt ist hinderlich
für die Realisierung eines Spiral-CT-Aufnahmeschemas unter der Verwendung eines
Talbot-Lau-Scanners, der aus schmalen und manuell zusammengesetzten Gittern
besteht.
Daher entwickelten wir das kontinuierliche Phasenabtastungs-Scanverfahren, um
eine Lösung für die Aufnahme von Talbot-Lau Spiral-CT-Daten zu bieten. Der
kontinuierliche Phasenabtastungs-Scan behebt zudem einige Nachteile des Standard-
Scanverfahrens (Kapitel 5.2). Zusätzlich wird erstmals eine kontinuierliche Vor-
und Zurückbewegung eines Gitters durchgeführt, um das Talbot-Muster abzu-
tasten, während sich das Objekt linear bewegt. Wir konnten zeigen, dass eine
kontinuierliche Gitterbewegung eine Entkopplung von Phasenschrittverfahren und
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Bildaufnahme ermöglicht. So belegen unsere Ergebnisse, dass gleichzeitige Bewe-
gungen mehrerer Elemente des Gitterinterferometers möglich sind und die Stabilität
des Systems dennoch gewährleistet ist. Das Talbot-Muster, das mithilfe unseres
Talbot-Lau-Scanners erzeugt wurde, bleibt durch eine mechanische Entkopplung
aller beweglichen Elemente stabil. Eine zusätzliche Dämpfung weiterer externer
Schwingungen und Vibrationen verhindert einen Visibilitätsverlust und damit das
Auftreten von Bildartefakten.
Die verbleibenden Positionierungenauigkeiten durch die stetige Bewegung des Quell-
gitters G0 für das Phasenschrittverfahren wurde mit einer in dieser Arbeit speziell en-
twickelten Methode zur Bestimmung der tatsächlichen Gitterposition behoben. Aus
dem auftretenden Moiré-Muster wird die tatsächliche Gitterposition abgeleitet. Wir
konnten zeigen, dass diese Methode auch falsche Phasenschrittkurven korrigieren
und Moiré-Artefakte aus konventionell erhaltenen differentiellen Phasenkontrast-
und Dunkelfeldbildern entfernen kann (Kapitel 5.4). Die gewonnenen Erkenntnisse
sollen in zukünftigen Projekten genutzt werden, um einen stabilen Talbot-Lau-
Scanner, z.B. im klinischen Umfeld, zu implementieren.
Die präklinische Analyse der Realisierung eines Talbot-Lau-Systems in einem C-
Bogen wurde von Horn et al. durchgeführt [Hor18]. Ein nächster Schritt wird die
Implementierung eines Talbot-Lau-Scanners in einem klinischen Computertomo-
graphen mit rotierender Gantry sein.
Das in dieser Arbeit vorgestellte kontinuierliche Phasenabtastungs-Scanverfahren
ist ein wesentlicher Beitrag zur Realisierung eines Spiral-CT-Aufbaus. In Kapi-
tel 5.5 zeigten erste Ergebnisse, dass die Methode funktioniert, um Talbot-Lau
Spiral-CT-Daten aufzunehmen. Sobald die Stabilität des Talbot-Lau-Scanners
auch in einer Gantry gewährleistet ist, ist unsere Methode ein vielversprechendes
Aufnahmeschema, um Phasenkontrast- und Dunkelfeld-CT-Daten für medizinische
Zwecke zu generieren, ebenso wie für Materialprüfungs-Anwendungen.

Ein weiterer Aspekt der Spiral-CT ist die Umsetzbarkeit der richtungsabhängigen
Computertomographie, auch bekannt als Tensortomographie [Mal14b; Vog15]. Die
anisotrope Sensitivität des Dunkelfeldsignals kann zur Rekonstruktion von 3D-
Faserorientierungen aus tomographischen Scans verwendet werden [Bay13; Hu15;
Sch17a; Wie18].
Um Faserorientierungen zu rekonstruieren, ist es notwendig, dass sich die relative
Ausrichtung der Objektfasern in Bezug auf die Gitterstäbe während des tomo-
graphischen Scans ändert. Ein kleiner Winkelbereich wird hierbei automatisch
durch die spiralförmige Trajektorie abgedeckt. Um jedoch genügend Informationen
zu erhalten, ist eine komplexere Trajektorie erforderlich. Zu diesem Zweck arbeiten
wir an einem 3D-Dunkelfeldprojektionsmodell, das die Verwendung komplexerer
Trajektorien ermöglicht. Dieser Modellansatz wird in einer Veröffentlichung von
Felsner et al. behandelt [Fel19]. In zukünftigen Studien wird das Modell erweitert
und auf reale Spiral-Dunkelfeld-CT-Daten angewendet.
Das entwickelte kontinuierliche Phasenabtastungs-Scanverfahren scheint hierbei
ein vielversprechendes Aufnahmeschema zu sein, um auch für eine solche 3D
richtungsabhängige Spiral-CT eine Grundlage zu schaffen. Dies ist für die Rönt-
genbildgebung von Interesse, z.B. um Knochenfaserorientierungen zu analysieren,
ohne die Faserstruktur direkt aufzulösen, und kann bei der frühen Erkennung von
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Knochenerkrankungen hilfreich sein [Pot12].

Insgesamt zeigen die Ergebnisse dieser Arbeit, dass die Phasenkontrast- und
Dunkelfeld-Röntgenbildgebung eine vielversprechende Ergänzung zur konventionellen
Röntgenbildgebung sind. Mit den zusätzlichen Bildern und deren komplementären
Eigenschaften ergibt sich ein breites Anwendungsfeld.
Für eine zukünftige Anwendung der Talbot-Lau-Bildgebung in der Medizin muss
die applizierte Strahlendosis bei Verwendung eines absorbierenden Analysator-
gitters G2 berücksichtigt werden. Ein Teil der applizierten Dosis besteht aus
Röntgenphotonen, die den Patienten unnötigerweise durchqueren, da diese Röntgen-
photonen im Absorptionsgitter hinter dem Patienten absorbiert werden und somit
nicht zur Bilderzeugung beitragen. Als Optimierung in dieser Hinsicht ist ein
Zwei-Phasengitter-Interferometer ein interessanter Ansatz, der nicht unerwähnt
bleiben sollte [Mia16; Kag17; Bop18]. Im Allgemeinen muss der Gewinn zusätzlicher
diagnostischer Informationen durch Dunkelfeld- und differentiellem Phasenbild groß
genug sein, um den Einsatz von Talbot-Lau-Bildgebung zu rechtfertigen. Diese
Erwartung wird z.B. im Bereich der Lungenbildgebung erfüllt, sodass die Diagnose
von Lungenerkrankungen in Zukunft durch Röntgen-Dunkelfelduntersuchungen
verbessert werden kann. Weiterhin ist die Detektion von Fremdkörpern, die in
herkömmlichen Röntgenaufnahmen nahezu unsichtbar sind, eine vielversprechende
Anwendung der Talbot-Lau-Bildgebung.
Bei der zerstörungsfreien Prüfung spielt die deponierte Dosis in der Regel keine
Rolle. Eine Implementierung von Talbot-Lau-Gitterinterferometern für indus-
trielle Anwendungen ist daher leichter vorstellbar. Die Erkennung von Defekten
in kohlenstoffbasierten Materialien, die Untersuchung von Materialzusammenset-
zungen oder sogar die Analyse von Kulturgut könnten insbesondere durch das
Röntgen-Dunkelfeldbild und seine Richtungsabhängigkeit verbessert werden.
Nach Überwindung der letzten verbleibenden Hindernisse, wie sie in dieser Arbeit
beschrieben werden, steht einem Transfer aus der Forschung in die Kliniken und
die Industrie nichts mehr im Wege.
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