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Misura ciò che è misurabile, e rendi misurabile ciò che non lo è.

[Measure what is measurable, and make measurable what is not so.]

G. Galilei





Ce qui importe c’est la cohérence.

[What matters is coherence.]

A. Camus





Abstract

This thesis in on X-ray grating interferometry: an imaging technique demonstrated a
few years ago which yields high-sensitivity phase and dark-field images of the investigated
specimen and bears tremendous potential for visualization of features producing low absorp-
tion contrast. During this thesis, a grating interferometer has been installed at the beamline
ID19 of the European Synchrotron Radiation Facility in Grenoble, France, where its excel-
lent performance has been demonstrated on a large variety of soft-tissue biological samples.
Moreover, the imaging technique itself has been significantly improved with the demon-
stration of advanced schemes for grating-based tomography which allow to substantially
reduce the dose delivered to the sample, and with the development of a two-dimensional
interferometer which gives image signals in multiple directions of the image plane.
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Chapter 1

Introduction

Since the discovery of X rays by W. C. Röntgen in 1895, their property to penetrate opaque
matter has been used to take images of inner structures in objects with important application
in medical diagnostics, non-destructive testing, security screening and many other fields.

Conventional X-ray absorption imaging consists in illuminating the investigated object
with X rays and in measuring, with an area detector placed close behind the object, the
two-dimensional profile of the intensity transmitted by the sample. At a given X-ray photon
energy, the absorption depends on the density and the elemental composition of the features
in the object: features with high density differences produce in general high X-ray absorption
contrast. Since the first radiographs in history, bones, which contain calcium (an element
with a high atomic number compared to soft tissue), can be clearly distinguished from the
surrounding soft tissue whose density is very similar to that of water. However, despite
more than a century of advances in X-ray imaging systems and several decades of existence
and evolution of digital image processing, absorption contrast may still be insufficient to
distinguish different types of soft tissue which have very similar densities. This is, for
example, the case of pathological tissue in mammography.

Contrast by details with similar densities has been significantly improved with the devel-
opment of X-ray phase-contrast imaging techniques which use the phase of the transmitted
X-ray wave for generating contrast. In the X-ray energy range used for imaging, phase
contrast can be much higher than absorption contrast because the phase-shift cross section
is up to three orders of magnitude larger than the absorption cross section. Exploiting this
fact, several phase-sensitive imaging techniques have been developed in the last two decades.
The techniques differ in the mechanisms used to transform the phase shift produced by the
object into an intensity modulation that can be revealed by the detector.

The most recently developed of these techniques is X-ray grating interferometry, which
is the subject of this PhD thesis. In its standard implementation, an X-ray grating inter-
ferometer consists of two line gratings placed at a distance of several centimetres in the
X-ray path between the sample and the detector. The first grating introduces a periodic
modulation in the incoming wavefront and generates a periodic intensity pattern at partic-
ular distances along the optical axis. This intensity pattern is modified by the presence of
the sample and is analyzed by the second grating. The analysis of the intensity pattern
yields high-sensitivity differential phase images of the specimen; in these images the signal
is proportional to the angle at which X rays are refracted in the direction perpendicular to
the grating lines. Moreover, as discovered a few years ago, scattering (or ‘dark-field’) im-
ages of the investigated object can also be retrieved from the analysis of the same intensity
pattern. It has since been demonstrated that phase-contrast and dark-field images provided
by the X-ray grating interferometer allow the visualization of object features which can not
be accessed with conventional absorption contrast.
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Unlike other phase-sensitive imaging techniques, X-ray grating interferometry has been
proved to work well also at laboratory X-ray generators, which raises hopes for its future
implementation in clinical practice. Unique possibilities for the exploitation of this new
technique can be found at synchrotron beamlines which provide a large X-ray beam with
high spatial coherence and high photon flux.

Figure 1.1: Top-left: Schematic representation of an X-ray grating interferometer. G1 and G2 are

the two gratings forming the interferometer. Absorption (a), differential phase (b) and dark-field

(c) images of a slice of a human tooth measured with the grating interferometer at ID19.

During this PhD thesis an X-ray grating interferometer has been installed, characterized
and made available to users at the beamline ID19 of the European Synchrotron Radiation
Facility in Grenoble, France. In the past two years, this instrument has been employed to
produce high-sensitivity phase-contrast images of soft-tissue biological samples and direc-
tional dark-field images of flat specimens.

This thesis is structured as follows. After this introduction, Chapter 2 outlines the
fundamentals of X-ray imaging and give an overview of the most common phase-contrast
imaging techniques.

Chapters 3-5 describe of the principles of X-ray grating interferometry and grating-based
tomography.
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Chapter 6 gives a review of recent developments in grating interferometry. These include
works by other groups as well as improvements to which the author of this thesis has
contributed significantly but not in the leading role. These results have been obtained not
only with the device installed at ID19, but also with a laboratory X-ray generator.

Chapter 7 is devoted to instrumentation. It describes the characteristics of the device
installed at ID19 with technical details of the interferometer and the procedure commonly
used to align the instrument. The last sections of this chapter give information on the data
acquisition and analysis systems currently in use.

The main contributions of this PhD project are presented in Chapters 8-11. The principal
section of each chapter consists in one or more publication(s) in peer-reviewed journals in
which the author of this thesis is the leading author. Other sections, when present, give
complementary information or report recent developments, inherent to the topic of the
chapter, and not yet published elsewhere.

Chapter 8 reports on the characterization of the X-ray grating interferometer at ID19
through measurements of absorption and phase tomographies of a phantom sample made
of known materials. A section of this chapter is dedicated to the description of the phase-
wrapping phenomenon and to the analysis, with both experimental results and numerical
simulations, of its effects on phase tomography.

Chapter 9 highlights the potential of X-ray grating interferometry in its main application
area up to this day, i.e., phase tomographies of soft-tissue biological specimens. Two exam-
ples, phase tomographies of a human cerebellum and of the testis of a rat, are presented
in this chapter. These results show that grating interferometry provides information which
can not be accessed with any other non-destructive technique.

Chapter 10 presents new methods for acquiring and analyzing phase-stepping tomog-
raphy scans. These methods can reduce the dose delivered to the sample and improve
tomography reconstructions. The potential of the new phase-stepping tomography methods
is demonstrated with numerical simulations and experimental data.

Chapter 11 reports on the design, implementation and characterization of a two-dimensional
(2D) X-ray grating interferometer. This device uses 2D gratings instead of line gratings and,
in this way, yields differential-phase and scattering contrast images along multiple directions
instead of only along the direction perpendicular to the grating lines as in the standard
device. The potential of the 2D grating interferometer for optics characterization and wave-
front sensing is demonstrated in the last section of this chapter with a study on parabolic
refractive lenses.

Conclusions and perspectives are discussed in Chapter 12.
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Introduction en français

Depuis la découverte des rayons X par W. C. Röntgen en 1895, leur propriété de pénétrer la

matière opaque a été utilisée pour produire des images de la structure interne de divers objets,

avec des applications importantes pour les diagnostics médicaux, les essais non destructifs,

la sécurité et de nombreux autres domaines. L’imagerie conventionnelle d’absorption par

rayons X consiste à irradier l’échantillon avec des rayons X et de mesurer, à l’aide d’un

détecteur bidimensionnel placé juste derrière l’objet, le profil de l’intensité transmise par

l’échantillon. L’absorption des photons dépend de la densité et de la composition élémentaire

de l’objet: les structures avec des grandes différences en densité produisent en général un

fort contraste en absorption aux rayons X.

La premiére radiographie de l’histoire montrait les os de la main. Cette observation est

associèe à leur contenu en calcium, un élément avec un numéro atomique élevé par rapport

aux tissus mous environnants dont la densité est très similaire à celle de l’eau et dont les

éléments constitutifs ont des numéros atomiques beaucoup plus faibles. Cependant, en dépit

d’un siècle de recherche dans le domaine et plusieurs décennies de progrès en ce qui con-

cerne le traitement d’images numériques, le contraste d’absorption reste encore insuffisant

pour distinguer les différents types de tissus mous, qui ont des propriétés d’absorption très

similaires. C’est, par exemple, le cas des tissus pathologiques en mammographie.

Le contraste pour des détails de densité similaire s’est nettement amélioré avec le développe-

ment des techniques d’imagerie à rayons X à contraste de phase qui utilisent la phase du

faisceau transmis par les rayons X pour produire un contraste. Dans la gamme d’énergies des

rayons X utilisée pour l’imagerie, le contraste de phase peut être beaucoup plus important que

le contraste d’absorption, car la section efficace associée à la phase est jusqu’à trois ordres

de grandeur plus élevée que celle associée à l’absorption. Plusieurs techniques d’imagerie

sensibles à la phase ont été développées dans les deux derniéres décennies en exploitant cette

caractéristique. Les techniques se différencient par les mécanismes utilisés pour transformer

la variation de phase produite par la traversée de l’objet en une modulation d’intensité qui

peut être mise en évidence par le détecteur.

Parmi ces techniques, la plus récemment développée est l’interférométrie X à réseaux.

Cette derniére fait l’objet de cette thèse. Dans son implantation standard, un interféromètre

X à réseaux est constitué de deux grilles placées à une distance de plusieurs centimètres de

l’échantillon. La premiére grille introduit une modulation périodique dans le front d’onde

entrant et génère une modulation d’intensité périodique à des distances particulières (dites

‘distances de Talbot’) le long de l’axe optique. Ce profil d’intensité est modifié par la présence

de l’échantillon, et est analysé par la deuxiéme grille. L’analyse de la modulation du dia-

gramme d’intensité conduit à des images de phase différentielles de l’échantillon, de haute

sensibilité, dans laquelle le signal est proportionnel à l’angle de réfraction. Par ailleurs,

comme cela a déjà été mis en évidence, les images de diffusion (ou ‘dark-field’) de l’objet

peuvent également être extraites de l’analyse du même diagramme d’intensité. Nous avons,

de plus, montré que les images en contraste de phase et les images de diffusion fournies par

l’interféromètre X à réseaux permettent la visualisation d’aspects de l’objet qui ne peuvent

être obtenus avec un contraste d’absorption conventionnel.

Contrairement aux autres techniques d’imagerie de phase, l’interféromètrie X à réseaux
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a aussi donné de bons résultats avec des générateurs de rayons X de laboratoire, ce qui

donne des espoirs pour sa future application dans la pratique clinique. D’un autre côté,

les synchrotrons qui fournissent un large faisceau de rayons X avec une haute cohérence

spatiale et un flux de photons élevé offrent des possibilités uniques pour l’exploitation de

cette nouvelle technique.

Pendant les travaux menant à cette thèse, un interféromètre X à réseaux a été installé,

caractérisé et mis à la disposition des utilisateurs sur la ligne de lumiére ID19 du European

Synchrotron Radiation Facility à Grenoble, France. Au cours des deux dernières années,

cet instrument a été employé pour produire des images en contraste de phase à haute sen-

sibilité des tissus mous d’échantillons biologiques et d’images de diffusion directionnelle de

spécimens plats.

Cette thèse est structurée comme suit. Après cette introduction, le Chapitre 2 expose

les principes de l’imagerie par rayons X et donne un aperçu de la plupart des techniques

d’imagerie sensibles à la phase.

Les chapitres 3-5 sont consacrés à la description des principes de l’interférométrie X à

réseaux et la tomographie basée sur des grilles.

Le Chapitre 6 donne une revue des améliorations récentes de l’interférométrie à réseaux.

Il s’agit notamment du travail produit par d’autres groupes, mais aussi des améliorations

auxquelles l’auteur de cette thèse a contribué de manière significative. Ces résultats ont été

obtenus non seulement avec l’appareil installé à ID19, mais aussi avec un générateur du

rayons X de laboratoire.

Le Chapitre 7 est consacré à l’instrumentation. Il décrit les caractéristiques de l’interféromètre

à réseaux installé à ID19 avec des détails sur les moteurs, les grilles, la procédure d’alignement

ainsi que les systèmes d’acquisition et d’analyse de données actuellement en usage.

Les partie principale de cette thèse est présentée dans les chapitres 8-11. La sec-

tion principale de chaque chapitre comprend une ou plusieurs publications dans des revues

scientifiques, dans lesquelles l’auteur de cette thèse est l’auteur principal. D’autres sec-

tions, lorsqu’elles sont présentes, donnent des informations complémentaires ou incluent

des développements récents, liés au sujet du chapitre, et qui n’ont pas encore été publiés.

Le Chapitre 8 donne la procédure et les résultats de la caractérisation de l’interféromètre

X à réseaux sur ID19, au moyen de tomographies d’absorption et de phase sur un fantôme

fait avec des matériaux connus. Une section de ce chapitre est consacrée à la description et

l’analyse du phénomène de d’enroulement de phase ( ‘phase wrapping’) sur la tomographie

de phase. Pour cela, des résultats expérimentaux et des simulations numériques sont utilisés.

Le Chapitre 9 met en évidence les potentialités de l’interférométrie à réseaux dans son

domaine d’application principal jusqu’à ce jour, c’est-à-dire, la tomographie de phase de

tissus mous dans des spécimens biologiques. Pour illustrer ces potentialités, deux exemples

sont présentés : la tomographie de phase d’un cervelet humain et d’un testicule de rat. Ces

résultats montrent que l’interférométrie à réseaux fournit des informations qui ne peuvent

être obtenues avec une autre technique non-destructive.

Le Chapitre 10 présente de nouvelles méthodes d’acquisition et d’analyse de tomogra-

phie en utilisant un nouveau mode de balayage, le interlaced phase stepping. Cette nouvelle

approche est susceptible de réduire la dose déposée dans l’échantillon et d’améliorer les re-
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constructions en tomographie locale. Le potentiel des nouvelles méthodes de tomographie en

phase stepping est démontré par des simulations numériques et par des données expérimen-

tales.

Le Chapitre 11 expose la conception, la mise en œuvre et la caractérisation d’un inter-

féromètre X à réseaux à deux dimensions (2D). Cet appareil utilise des grilles 2D au lieu

de grilles linéaires. De cette façon, les contrastes de phase différentiels et de diffusion sont

obtenus sur des directions multiples (et non seulement dans la direction perpendiculaire aux

lignes du réseau comme dans le dispositif standard) sans déplacement de l’échantillon ou ro-

tation du réseaux. La dernière section de ce chapitre présente des résultats de recherche sur

des lentilles réfractives paraboliques, ceci montrant comment les interféromètres à réseaux

2D peuvent être utilisés pour la caractérisation optique et pour la détection de fronts d’ondes.

Les conclusions et perspectives sont données au chapitre 12.



Chapter 2

X-ray imaging

Contents

2.1 X-ray interactions with matter . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Attenuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.2 Phase shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.3 The transmission function . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.4 From phase shift to refraction . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Absorption versus phase shift . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Phase-sensitive X-ray imaging techniques . . . . . . . . . . . . . . . 14

2.3.1 Crystal interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.2 Propagation-based imaging . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.3 Analyzer-based imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.4 Grating interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Dark-field X-ray imaging techniques . . . . . . . . . . . . . . . . . . 19

X-ray radiographic imaging consists in recording, in the near field, the intensity of an X-
ray beam after it has propagated through an investigated object and, possibly, one or more
X-ray optical elements. During the propagation through matter, X rays can be absorbed
and/or scattered. Both effects can be used for generating contrast in the final X-ray image.
However, while absorption has been used to generate image contrast in radiography since
the discovery of X rays in 1895, scattering only started to be actually investigated for X-ray
imaging one century later with the availability of third-generation coherent X-ray sources.
These sources delivered, for the first time, beams with a substantial degree of transverse
coherence.

Phase-contrast imaging has since been receiving great interest, especially for potential
applications in the medical field and in materials science. In the past decades, several phase-

contrast imaging techniques have been developed and demonstrated on soft-tissue biological
specimens. Moreover, during the development of these techniques, it was noticed that some
of these methods not only provide phase-contrast images but also dark-field maps of the
sample.

This chapter presents the theory of X-ray interactions with matter and shows how they
can be used for multimodal imaging. The last sections give an overview of the most common
phase and dark-field X-ray imaging techniques.
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2.1 X-ray interactions with matter

This section presents the fundamental aspects of the theory of X-ray interaction with mat-
ter that are needed to explain the principles of X-ray imaging. An exhaustive treatment
of this topic can be found in several books, for example, in Refs. [Paganin 2006] and
[Als-Nielsen & McMorrow 2010].

The interactions between X rays and matter depend on the properties of the radiation
and the characteristics of the object. In the following, we assume that the X rays 1 are not
polarized and we treat the case of a monochromatic plane wave with frequency ω.

Propagation of electromagnetic waves is in general described by Maxwell’s equations.
However, under the hypotheses above, and for the boundary conditions of X-ray imaging,
Maxwell’s equations can be reduced to simpler equations of the scalar wavefield Epx, y, zq
such as the Helmholtz equations.

In order to study interactions of X rays with matter, let us consider waves EA and
EB shown in Fig. 2.1. Wave EA travels in free space and wave EB propagates through
a homogeneous block of length L. While EA remains unperturbed, wave EB is modified
during the passage through matter. In particular, the amplitude of EB is reduced and the
wavelength becomes larger. These changes can be described by the complex-valued refractive
index nωpx, y, zq:

nωpx, y, zq “ 1 ´ δωpx, y, zq ` iβωpx, y, zq . (2.1)

Figure 2.1: Waves EA and EB are part of a monochromatic plane wavefront. While EA propagates

in vacuum and remains unperturbed, wave EB passes through a block of length L with refractive

index nωpx, y, zq. The amplitude and wavelength of EB are modified during the passage through

matter.

In Eq. (2.1), δω and βω are real-valued quantities that depend on the material and on the
frequency ω of the radiation. This definition of the refractive index implies that δω, the
decrement of the refractive index, is related to the phase-shift and βω, the imaginary part

1The theory can be extended to polychromatic beams by considering the polychromatic beam as super-

position of monochromatic beams.
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of the refractive index, is related to the attenuation of the X rays. The refractive index of
vacuum is unity, i.e. δω “ βω “ 0.

If the wavefield E0px, y, zq propagating along z impinges at z “ 0 on a homogeneous
object with refractive index nωpx, y, zq and length L, the wavefield inside and directly down-
stream of the object can be calculated with the following equation:

Epx, y, zq “ E0px, y, 0qeik
ş
z

0
nωpx,y,zqdz “ E0px, y, 0qeik

ş
z

0
r1´δωpx,y,zqsdze´

ş
z

0
βωpx,y,zqdz , (2.2)

where k is the wave number k “ 2π{λ and λ is the wavelength of the radiation. The above
equation holds for 0 ď z ď L assuming that the object is infinitely extended along x and y.
The wavefield for z ą L is calculated with the formalism outlined in Sec. 3.1.

2.1.1 Attenuation

Attenuation of X rays is related to the loss in amplitude of the wave. The physical processes
that cause attenuation are described in Sec. 2.2.

The intensity Ipx, y, zq of the beam is given by Ipx, y, zq “ |Epx, y, zq|2 and the trans-
mission Bpx, y, zq is

Bpx, y, zq “ Ipx, y, zq
Ipx, y, 0q “ |Epx, y, zq|2

|Epx, y, 0q|2 “ e´2k
ş
βωpx,y,zqdz . (2.3)

The attenuation is Apx, y, zq “ 1 ´ Bpx, y, zq.
Equation 2.3 states the exponential dependence of the transmitted radiation from an

object on the imaginary part of its refractive index integrated along the beam path. This
equation can be written as the Lambert-Beer formula

Bpx, y, zq “ e´
ş
µωpx,y,zqdz , (2.4)

where the quantity µωpx, y, zq,

µωpx, y, zq “ 2kβωpx, y, zq, (2.5)

is the linear attenuation coefficient.
If the object is a block of homogeneous material with linear attenuation coefficient µω

and length L as the one represented in Fig. 2.1, the transmission is:

Bpx, y, Lq “ e´µωL . (2.6)

2.1.2 Phase shift

The change in wavelength of the X rays inside the object is described by the decrement of
the refractive index δω and corresponds to a phase shift ∆φ which X rays undergo while
passing through matter. The phase shift is measured with respect to the X rays that did
not pass through the object
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∆φpx, y, zq “ k

ż
δωpx, y, zqdz . (2.7)

The phase shift by a homogeneous block of thickness L (see Fig. 2.1) is

∆φpx, y, Lq “ kδωL . (2.8)

2.1.3 The transmission function

Equation (2.2) shows that the wavefield propagating through matter is obtained as a mul-
tiplication of the incident wavefield E0px, y, 0q with a function of the refractive index of the
object. This function is the so-called object transmission function and will be indicated
in the following with T px, yq. Using the transmission function T px, yq, Eq. (2.2) can be
written as

Epx, y, zq “ E0px, y, 0qT px, y, zq (2.9)

where, using the relations of Eqs. (2.4) and (2.7),

T px, y, zq “ Bpx, y, zq expr´i∆φpx, y, zqs . (2.10)

2.1.4 From phase shift to refraction

In the previous sections, propagation of X rays in matter has been treated in the projection

approximation which assumes that X rays change negligibly their propagation direction
while passing through the object. In this approximation, X rays are assumed to propagate
through matter along paths corresponding to those that would have existed if matter was
replaced by vacuum.2 Although the changes in propagation direction are usually very tiny
(with respect to the size of the detector elements), the scattered X rays impinging on the
detector provide the phase and dark-field image signals.

In this section we concentrate on the phenomenon of refraction. The refraction angle is
the quantity directly measured by some phase-contrast imaging techniques, one of those is
grating interferometry.

Let us consider a plane wave propagating along the z axis and impinging on a prism of
homogeneous material and refractive index nω. Since absorption does not affect refraction,
we can safely assume that the prism is a non-absorbing phase object but the results of our
considerations will be valid for absorbing objects too. The refractive index of a phase object
can be written as nω “ 1´ δω. Let θ, substantially smaller than unity, be the angle that the
face PQ of the prism in Fig. 2.2 forms with the x axis. In the same figure, X rays impinging
on the prism are represented with the waves A to E. These X rays undergo a different phase
shift depending on the position along the x axis at which they imping on the prism. Since

2Any effect originated from structures in the object on length scales comparable to the wavelength of the

of the X rays, e.g. diffraction on crystal lattices, but also fluorescence and inelastic scattering are neglected

in the projection approximation.
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Figure 2.2: Schematic representation of the phenomenon of refraction by a prism. For more

explanations, see text.

the phase shift increases with the thickness of the object (see Eq. (2.8)), X rays impinging
on the prism at the bottom will undergo a larger phase shift than the X rays impinging on
the prism at the top.

According to Eq. (2.8), the phase shift ∆φ at which the X rays undergo is

∆φpxq “ ´kδωtpxq “ ´kδωx tanpθq for 0 ď x ď H (2.11)

where tpxq “ x tanpθq is the projected thickness of the prism.
Downstream of the prism, the lines connecting the crests of the phase-shifted waves form

an angle α with the x axis. The vector orthogonal to this line (red bold arrow in Fig. 2.2)
indicates the propagation direction of the X rays downstream the object. The angle at which
X rays are refracted by the prism is equal to α.

The refraction angle α can be derived with geometrical considerations from Fig. 2.2, see
for example Ref. [Paganin 2006]. With the approximation sinpαq « α, the refraction angle
is

α « θδω “ 2π

λ

Bφpxq
Bx . (2.12)

More generally, if a plane wave propagates along the z axis through an object with
refractive index nωpx, y, zq and φpx, yq is the phase of the wavefront at the observation
plane downstream the object, the refraction angles along x and y, αxpx, yq and αypx, yq
respectively, can be calculated as

αxpx, yq “ 2π

λ

Bφpx, yq
Bx “ B

Bx

ż
δωpx, y, zqdz (2.13)

αypx, yq “ 2π

λ

Bφpx, yq
By “ B

By

ż
δωpx, y, zqdz . (2.14)
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2.2 Absorption versus phase shift

In the previous section we have related the absorption and phase shifting properties of
the sample with its complex-valued refractive index. In this section, we discover the typical
magnitudes of δ and β3 for hard X rays in the energy range typically used in imaging (10-150
kev) and we relate these numbers with the absorption and phase signals in the radiographic
images.

Let σa and σp be the atomic attenuation and phase-shift cross sections respectively. The
imaginary and real parts of the refractive index can be expressed in terms of σa and σp as
[Momose et al. 2009c]:

β “ λ

4π

ÿ

l

Nlσ
a
l and (2.15)

δ “ r0λ
2

2π

ÿ

l

NlpZl ` f 1
l q “ λ

2π

ÿ

l

Nlσ
p
l , (2.16)

where σ
p
l “ r0λpZl ` f 1

l q and r0 is the classical electron radius r0 “ 2.82 ˆ 10´5Å. In the
above equations Nl is the atomic number density, Zl is the atomic number and f 1

l is the real
part of the anomalous atomic scattering cross section of the element l. The quantity f 1

l is
relevant only near to the absorption edges of the material. Far from the absorption edges,
f 1
l can be considered zero.

The attenuation cross section σa
l is given by the sum of the cross sections of three

contributing processes:

1. the photoelectric effect (pure absorption);

2. Rayleigh (elastic) scattering;

3. Compton (inelastic) scattering:

σa
l “ σ

photoelectric
l ` σ

Rayleigh
l ` σ

Compton
l . (2.17)

These processes are thoroughly described and their cross sections are calculated elsewhere,
see for example Ref. [Als-Nielsen & McMorrow 2010]. For light materials such as water and
at low photon energies below 30-50 keV, the photoelectric effect is the dominant process.
For the same type of materials and above 50 keV, Compton scattering is the process with
the largest cross section.

The photoelectric effect cross section has a strong dependency on both the energy E of
the X-ray photons and atomic number Zl of the material [Wang 2007]:

σ
photoelectric
l 9 Z5

l

E3.5
. (2.18)

Far from the absorption edges, the phase-shift cross section increases linearly with the
wavelength of the radiation and with Zl (see Eq. (2.16)):

3In this section, in order to lighten notation, we eliminate the subscript ω from δ and β.
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σ
p
l 9Zl

E
(2.19)

At the low photon energies used for imaging light materials, the cross section for the at-
tenuation process, which is dominated by the photoelectric effect, drops down more rapidly
with the energy than the phase-shift cross section (cf. Eq. (2.18) and (2.19)). This means
that slightly increasing the X-ray energy significantly reduces the absorption in the sample
without causing a dramatic reduction of phase contrast; this aspect makes phase-contrast
methods attractive for imaging low-Z dose-sensitive samples.4 Another advantage of phase-
contrast imaging versus absorption-contrast imaging is the much larger cross section of the
phase shift process respect to the attenuation process. This is discussed in more detail in
the following.
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Figure 2.3: Phase and attenuation cross sections for three low-Z materials: C, Si and Ca calculated

in the energy range 15-100 keV.

The theoretical values of the cross sections are usually obtained from tabulated values.
Several databases are available for this purpose, most of them are included in the XOP
software [Sanchez del Rio & Dejus 2004].

In order to estimate the difference in magnitude of the absorption and phase shift cross
sections, we calculated, with XOP and the XCOM database, σa

l and σ
p
l for three different

materials: carbon (Z=6), silicon (Z=14) and calcium (Z=20) over an energy range from
15 keV to 100 keV. The results are shown in Fig. 2.3. The values of σp

l exceed those of σa
l

by two or three orders of magnitude. Thus, if the phase information is used to produce the
image contrast, the image signal can be increased by up to a thousand times.

Values of β and δ, calculated, from the results plotted in Fig. 2.3, with Eq. (2.15) and
Eq. (2.16), are shown in Fig. 2.4. These values can be used to calculate absorption and
phase shift produced by simple objects. For example, a silicon particle of 20 µm diameter
in an aluminium matrix (as might be observed in an Al-Si composite material) will give

4For a detailed treatment of the dose see, for example, Ref. [Attix 1986].
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absorption contrast of only 0.2% but the difference in phase shift between the aluminium
and the silicon particle is 0.1 π, i.e., 5% of the X-ray wavelength. For a polymer blend of
acrylic glass and polystyrene (PMMA/PS) with the same feature dimensions (20 µm), the
difference in phase shift between the two materials is still 3% of the X-ray wavelength, but
the absorption contrast is negligible, only 0.03%.
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Figure 2.4: Calculated values for δ and β for three low-Z materials: C, Si and Ca calculated in

the energy range 10-100 keV.

2.3 Phase-sensitive X-ray imaging techniques

In the previous sections we have seen that using phase shift rather than the absorption
information allows to significantly increase the image contrast. However, in conventional
absorption imaging, the detector, which records the intensity of the incoming wavefront, is
placed directly downstream of the sample and in this way any information on the phase
shift created by the sample is lost. This is because, the wavefield Epx, y, zq downstream of
the sample is given by Eq. (2.9) and the intensity is:

Ipx, y, zq “ |Epx, y, zq|2 “ |E0px, y, 0q|2|T px, y, zq|2

“ |E0px, y, 0q|2|Bpx, y, zq|2 . (2.20)

Phase-contrast imaging techniques use additional optical elements and/or exploit free-
space propagation (see Sec. 3.1) to transform phase shift caused by the sample into an
intensity modulation that can be revealed by the detector. The way in which this intensity
modulation is related to the phase shift is different for the different techniques.

In this section, we give an overview of the most common phase-contrast techniques. They
can be divided into four groups: (a) crystal interferometry, (b) propagation-based imaging,
(c) analyzer-based imaging and (d) grating interferometry, see Fig. 2.5. The latter is the
subject of this thesis and will be extensively described in the next chapters.
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Figure 2.5: Schematic representation of X-ray phase-contrast imaging techniques.

2.3.1 Crystal interferometry

The first implementation of an X-ray interferometer dates back to 1965 [Bonse & Hart 1965].
The crystal interferometer splits and recombine the X-ray beam as shown in Fig. 2.5 (a).
The sample is positioned in one of the beams, the interference pattern produced when the
two beams recombine contains the phase shift information.

This phase shift is usually retrieved with the phase-stepping technique: a phase shifter is
introduced, in the beam that does not go through the sample (the reference beam). Several
interference patterns are recorded for different shifts of the reference beam. The analysis
of these interference patterns yields the phase information modulo 2π (phase-wrapping ef-
fect). Phase-unwrapping techniques [Ghiglia & Pritt 1998] can be used to remove the phase
ambiguity if the phase jumps are on a scale larger than the spatial resolution.

The spatial frequency range that can be detected with the crystal interferometer is not
limited towards the low frequencies.

The high density resolution of this technique (a value of 4 mg/cm3 was reported in Ref.
[Momose et al. 1996]) makes this device well adapted for phase-contrast radiography and
tomography of biological and other low-density samples.

The beam requirements are not extreme: the division of the incident beam into a
diffracted and forward-diffracted beam acts a coherence filter since this process involves
monochromatization and collimation [Momose 2003]. However, coherence filtering also fil-
ters out most of the incoming radiation making the exposure times very long (e.g. 18 s per
phase map with synchrotron radiation in Ref. [Momose et al. 2000]).
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Mechanical stability is the most difficult aspect of crystal interferometry. The path
length difference between the two beams should be constant and of the same order of the
wavelength of the X rays (subangstrom stability). Although this remains a very delicate
task, it is easier to fulfil stability and alignment constraints when the interferometer is
obtained from a single Si ingot. However, the field of view of the monolithic interferometer
is limited from the size of the ingot itself. Crystal interferometers with two independent
blocks that permit to increase the field of view in both transversal directions were realized,
see for example [Becker & Bonse 1974]. They require laborious procedures to obtain the
desired mechanical stability and rigidity of the system.

The spatial resolution is affected by the blurring in the analyzer lamella downstream the
sample originated by the X rays refracted by the object [Momose 2003]. This blurring can be
reduced by thinning down the analyzer crystal as reported in Ref. [Hirano & Momose 1999]
where the authors calculate that, with an analyzer lamella thinner than 100 µm, a spatial
resolution of about 10 µm can be achieved.

2.3.2 Propagation-based imaging

Phase-sensitive imaging methods which do not require any optical element in the beam
path except the sample and the detector are called “propagation-based” [Snigirev et al. 1995,
Cloetens et al. 1996, Nugent et al. 1996], see Fig. 2.5 (b). This techniques are based on the
detection of the Fresnel diffraction pattern produced when the object is illuminated by
spatially coherent radiation. The radiation can be polychromatic and propagation-based
imaging can be applied to laboratory X-ray generators [Wilkins et al. 1996].

In order to detect the interference fringes, the detector should be a high-resolution detec-
tor. Since there are no optical elements in the beam, the spatial resolution, which is limited
by blurring introduced by the presence of the interference fringes, can be very high: it can
reach values of the order of the micron or less [Cloetens et al. 2006].

The image contrast in the near field is proportional to the second derivative of the phase
of the wavefront. Therefore this technique is mainly sensitive to abrupt variations of the
decrement of the refractive index (edge-enhancement).

Images exhibiting edge-enhancement already provide qualitative phase-contrast infor-
mation and can be used as they are, without any further processing. If the object is ho-
mogeneous, the three-dimensional distribution of δ can be obtained as a solution of the
transport of intensity equation [Paganin et al. 2002]. The formula proposed by Paganin et
al. is simple and easy to implement. For this reason, this method is used also with in-
homogeneous materials to produce an “artificial” and non-quantitative phase map of the
object which often makes the sample features information easier to visualize and segment
[Weitkamp et al. 2011].

In holotomography [Cloetens et al. 1999], tomographies taken with monochromatic ra-
diation at different sample-to-detector distances are combined together. In this way, the
quantitative δ tomogram of the investigated object, even if it is composed of multiple mate-
rials, can be extracted. The defocusing distances are chosen in order to map all the accessible
spatial frequencies on the observation plane. However, low frequencies are imaged with less
contrast than higher frequencies (the zero frequency is not accessible) and it remains difficult
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to retrieve them. Low-frequency artifacts can be reduced in holotomography with the use of
more sophisticated phase retrieval algorithms [Langer 2008]. Unlike crystal interferometry,
free-space propagation does not suffer from the phase-wrapping effect.

2.3.3 Analyzer-based imaging

As crystal interferometry, analyzer-based imaging (also known as diffraction-enhanced imag-
ing) uses a crystal, placed between the sample and the detector, see Fig. 2.5 (c) [Förster et al. 1980,
Ingal & Beliaevskaya 1995, Davis et al. 1995]. The sample is illuminated by a monochro-
matic collimated beam usually produced by a double crystal monochromator. The analyzer
crystal is positioned in Bragg geometry and is used as an angular selector; it accepts or
rejects photons refracted or scattered by the sample. In fact, only the photons satisfying
the Bragg condition reach the detector and contribute to the image formation. The typical
angular acceptance of an analyzer-based imaging system, which is from few microradians
to tens of microradians, is related to the full width at half maximum of the rocking curves
of the crystals. The crystals used in an analyzer-based imaging setup have less stability
requirements than the crystals used in crystal interferometry. However, the analyzer crystal
in an analyzer-based imaging setup needs to be flat and the beam needs to be parallel so that
the whole field of view is at the same point of the rocking curve. This constraint effectively
limits the field of view.

The contrast in the image is associated to the angle at which rays are refracted by the
sample and therefore to the differential phase of the incoming wavefront. Differently than
crystal interferometry and propagation-based imaging, analyzer-based imaging provides the
phase information only in one direction, i.e., the diffraction direction. It is thus not sensitive
to angular deviations on the plane perpendicular to the diffraction plane.

Being a differential phase technique, analyzer-based imaging is not as sensitive as crystal
interferometry to low spatial frequencies.

As in crystal interferometry, the spatial resolution in the final image is limited by the
passage through the analyzer crystal and depends on the properties of the crystal. The
blurring due to the analyzer element is explained by the dynamical theory of diffraction and
amounts to a few micrometers.

A single image, taken for a single position of the analyzer crystal, gives a qualitative
information of the refraction properties of the sample. The quantitative differential phase
information can be retrieved by recording images for different detuning positions of the
analyzer crystal on the rocking curve. Several algorithms can be used to extract information
for the rocking curve. These algorithms, not only give the refraction angle information but
they also provide the scattering signal [Pagot et al. 2003].

The first analyzer-based tomography is reported in Ref. [Dilmanian et al. 2000].

2.3.4 Grating interferometry

Grating interferometry is the most recently developed X-ray phase-contrast imaging tech-
nique first reported in 2002-2003 [David et al. 2002, Momose et al. 2003], see Fig. 2.5 (d).
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This technique is also known as “Talbot interferometry” because the principle on which it
is based, the self-imaging phenomenon, was discovered by H. F. Talbot in 1836 [Talbot 1836].

The standard and so far most widely-used X-ray grating interferometer (also used in
this thesis) is the one described in Ref. [Momose et al. 2003, Weitkamp et al. 2005a] and
shown in Fig. 2.5. Variations in the technique and/or phase-extraction methods have been
implemented in the past years. They will be discussed in Chap. 6.

The main optical element of the grating interferometer is a phase grating which acts as
a beam splitter. The beams departing from the phase grating (+1 and -1 diffraction orders)
are separated by less than a milliradian and practically remain superimposed until they reach
the observation plane. The pattern formed by the interference of the two beams is distorted,
blurred and attenuated by the presence of the sample which can be placed either upstream or
downstream of the phase grating. The interference pattern thus modified contains, besides
the conventional absorption information, the differential phase and scattering signals in the
direction perpendicular to the grating lines.

The period of this interference pattern is usually a few micrometers which can not be
conveniently resolved by most image detectors (for further explanation see Sec. 4.1). This
is why an absorption grating is used as analyzer. The analyzer grating is placed at one of
the positions along the optical axis at which the fringes show maximum contrast.

The interferometer can operate in two different modes: the image signals can be extracted
by analyzing the moiré fringes (see Sec. 4.4) formed by a slight rotation of one of the two
gratings around the optical axis or with the phase-stepping technique. The latter method
provides higher spatial resolution in the final images but requires multiple exposures recorded
for different transverse positions of one of the two gratings to obtain the final images.
The moiré technique allows to perform high-speed tomography (0.5 s for tomography scan
[Momose et al. 2009b]) and single-shot radiography with spatial resolution in the diffraction
direction limited by the period of the moiré fringes. The spatial resolution obtained with the
phase-stepping technique is related to the grating period and to the distance between the
two gratings; in parallel beam geometry, it is typically is of the order of few micrometers.

The density sensitivity of grating interferometry, calculated from the standard deviation
of a region of constant phase in the phase tomogram, is extremely high: for example, a
density sensitivity value of 0.5 mg/mm3 was measured, for aqueous specimens, with the
interferometer built in the present PhD thesis, see Chap. 9. For this reason, this technique
is extremely attractive for X-ray imaging of soft-tissue biological samples.

The interferometer needs a high-precision translation stage for the scan of the stepped
grating, the mechanical stability and rigidity of the device should be good enough to guar-
antee the alignment of the two gratings with a precision of a few tenth of nanometers. The
parameters of the interferometer installed at a synchrotron beamline during this PhD project
are reported in Chap. 7.

Grating interferometry, as crystal interferometry, measures the phase shift modulo 2π.
As analyzer-based imaging, grating interferometry has a limited sensitivity to the low spatial
frequencies. The sensitivity to this frequencies is in any case better than in propagation-
based imaging which measures the Laplacian of the phase shift.
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2.4 Dark-field X-ray imaging techniques

Phase-contrast imaging techniques measure, as described in the previous sections, phase
shift from structures which are larger than the spatial resolution of the imaging system.

Sample features which cannot be resolved by the imaging system (typically in the mi-
crometer or nanometer range) still affect the image signal in many phase-sensitive imaging
techniques. However, the signal produced by unresolvable features can not be easily related
to their optical or physical properties. This signal is usually associated with a local loss in
coherence of the X-ray beam [Nesterets 2008] and is called “scattering contrast” or “dark-
field imaging” [Pfeiffer et al. 2008a]. The term “dark-field” comes from light and electron
microscopy and indicates that the unscattered beam does not produce image signal.

As mentioned in the previous sections, analyzer-based and grating-based imaging allow,
in most of the cases, to measure the scattering contribution from the unresolvable features
in the sample and separate it from phase and absorption information.

In analyzer-based imaging, the scattering information is extracted by measuring the
width of the rocking curve of the analyzer crystal which is broadened by the presence of
scattering features [Pagot et al. 2003].

In grating interferometry, the dark-field signal is accessed by measuring the local loss in
visibility of the interference pattern produced by the phase grating [Pfeiffer et al. 2008a].

Both techniques yield images of the component of the scattering signal in the direction
parallel to the diffraction vector.

Analyzer-based and grating-based methods are the most common among the full-field,
parallel beam X-ray scatter-imaging techniques. Other scattering-contrast techniques such
as small (or ultrasmall) angle X-ray scattering use a pencil beam and a scanning-based setup
to measure, in the far field, the scattering signal produced in the interactions between X
rays and different areas of the specimen, see, for example, Ref. [Bunk et al. 2009]. These
scanning techniques have the advantage that they provide resolution in momentum transfer
(i.e., scattering angle), which gives selectivity in the size of the scattering structures. On
the other hand, despite the recent advances in detector technology, they remain much slower
than full-field techniques.
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The principles of X-ray grating interferometry are often explained on the basis of the
Talbot effect: a self-imaging phenomenon reported for the first time in 1836 by Henry Fox
Talbot [Talbot 1836] (in the following the terms ‘Talbot effect’ and ‘self-imaging effect’ will
be used equivalently). Talbot observed that an absorbing periodic object illuminated by
spatially coherent radiation produces self images at different distances along the optical
axis. He wrote that: “It was very curious to observe that though the grating was greatly

out of the focus of the lens, yet the appearance of the bands was perfectly distinct and well

defined” [Talbot 1836]. The Talbot effect was analytically explained by Lord Rayleigh in
1881 [Rayleigh 1881] who showed that the self-imaging phenomenon is a consequence of
Fresnel diffraction. He calculated that, for a plane wave, the distances Dm at which the self-
imaging phenomenon occurs (the so-called Talbot distances) are proportional to the square
of the period p of the object and inversely proportional to the wavelength λ of the radiation:

Dm “ m
2p2

λ
where m “ 1, 2, 3, ... (3.1)

The first observation of the Talbot effect with hard X rays was reported in 1997, see Ref.
[Cloetens et al. 1997]. Cloetens et al. used the Talbot effect to measure the coherence of
a synchrotron X-ray beam in a way that will be described in Sec. 3.3.2.3. Instead of using
an absorbing periodic object, Cloetens et al. used a phase grating, i.e., a grating whose
lines only negligibly absorb X rays, but induce a substantial phase shift. The self-imaging
phenomenon for phase objects resembles to the self-imaging phenomenon for absorbing ob-
jects. The periodic phase shift induced by the object is transformed into a periodic intensity
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modulation at particular distances along the optical axis. These distances, which are given
in the following sections, are fractions of the Talbot distances Dm calculated for absorbing
objects. For this reason, the self-imaging phenomenon from phase objects, is usually called
fractional Talbot effect.

In an X-ray grating interferometer, the fractional Talbot effect from a line phase grating
is used to obtain a high-contrast periodic intensity pattern at several centimetres from the
grating. The distortions of this intensity pattern caused by a sample placed close to the
grating gives information on the optical properties of the specimen. Image formation in
grating interferometry is the subject of the next chapter.

The following sections present the theory of the Talbot effect under coherent plane-wave
illumination and discuss the effects of the partial coherence of radiation and of a spherical
wavefront on the Talbot images generated by gratings. Understanding the properties of the
intensity pattern generated by a line grating and the effects caused by an imperfect beam is
fundamental to understand the performances of the grating interferometer under different
illumination conditions.

3.1 Propagation of X rays in free space

In Sec. 2.1 we have seen what happens to a non-polarized and monochromatic X-ray plane
wave that passes through a homogeneous object. In particular, we have derived the wavefront
immediately downstream of the object as a function of the transmission function T px, yq of
the sample (Eq. (2.9) (page 10)). We have seen that the phase information is not accessed
when the detector is placed immediately downstream of the object (Eq. (2.20) (page 14)) and
we have said that propagation of X rays between the sample and the detector is fundamental
for retrieving the phase information. In the following, we outline the theory of free-space
propagation and we use this theory to explain the self-imaging phenomenon by periodic
objects.

Let E0px0, y0q be the wavefield at the aperture plane z “ z0 and let E1px, yq be the
wavefield at the observation plane z “ z1. The wavefield E1px, yq can be calculated from
E0px0, y0q with the Huygens-Fresnel principle by superposition of spherical waves originated
from each point of the aperture plane [Born & Wolf 1998]:

E1px, yq “ 1

iλ

ż ż
E0px0, y0q

exppikrq
r

cospn, rqdx0dy0 . (3.2)

In the above equation, known as the Fresnel-Kirchhoff diffraction formula, cospn, rq, the
so-called obliquity factor, is the cosine of the angle between the propagation direction n and
the vector r, see Fig. 3.1. For hard X rays, this angle is often very small (on the order of the
microradian or less) and the obliquity factor can be neglected, i.e. cospn, rq « 1. Under the
same assumption of very tiny diffraction angles (this approximation is called small-angle or

paraxial approximation), the quantity r, which is rigorously equal to

r “
a
ζ2 ` px ´ x0q2 ` py ´ y0q2 (3.3)
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Figure 3.1: Geometry used for describing the free-space propagation theory. The quantities

indicated in this figure are used in the formalism reported in the main text. Figure adapted from

Ref. [Weitkamp 2002].

where the inter-plane distance, ζ “ z1 ´z0, can be approximated in both the numerator and
the denominator of the fraction in Eq. (3.2). In the denominator, r can be considered equal
to ζ and taken out of the integral. In the exponent at the numerator we can substitute r

with the first term of the binomial expansion,

r « ζ ` px ´ x0q2 ` py ´ y0q2
2ζ

, (3.4)

so that Eq. (3.2) can be re-written as:

E1px, yq “ eikζ

iλζ

ż ż
E0px0, y0q exp

„
iπ

px ´ x0q2 ` py ´ y0q2
λζ


dx0dy0 . (3.5)

Equation (3.5) can be seen as a real-space convolution (the convolution operator will be
indicated with the symbol “‹”) of the initial wavefield E0px0, y0q with a propagator function
Pζpx, yq:

E1px, yq “ E0px0, y0q ‹ Pζpx ´ x0, y ´ y0q , (3.6)

where

Pζpx, yq “ 1

iλζ
exp

„
i
π

λζ
px2 ` y2q


. (3.7)

The phase factor exppikζq in Eq. (3.7) has been dropped since it disappears when calculating
the intensity.
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Using the convolution theorem, Eq. (3.6) can be re-written as:

E1px, yq “ FT
´1 tFT rE0px0, y0qs ˆ FT rPζpx, yqsu (3.8)

where FT is the Fourier transform, FT
´1 is the inverse Fourier transform and FT rPζpx, yqs

is given by:
FT rPζpx, yqs “ ĂPζpf, gq “ exp

“
´iπλζpf 2 ` g2q

‰
. (3.9)

3.1.1 Simulation

Equations (3.8) and (3.9) are of practical interest for numerical calculations of wavefront
propagation. These equations allow to calculate the final image produced by a relatively
complex imaging setup where a series of known objects are present in the beam path. The
objects are described by their transmission function (Sec. 2.1.3). A simulation of this kind
practically consists in a series of multiplications and Fourier transforms. As part of this
work, a simulation code based on the formalism presented in the previous section has been
written in Matlab and has been used for simulating grating interferometry setups. All the
wavefront simulations presented in this thesis have been obtained with this software.

3.2 The Talbot effect

The self-imaging phenomenon (or Talbot effect) is a consequence of the Fresnel diffraction on
a periodic wavefront generated, for example, by a periodic object. The theory of wavefront
propagation outlined in the previous section is used here to analytically describe the self-
imaging phenomenon.

3.2.1 The Talbot effect for absorption objects

In the following we consider an object periodic along x and we indicate with p its period.
We assume that the object is illuminated by a plane monochromatic wave with wavelength
λ travelling along z axis, perpendicular to x. Moreover, we make the hypothesis that the
period p of the object is much larger than the wavelength λ so that the beams are diffracted in
the forward direction. In this case, the wavefield at the aperture plane directly downstream
the object is given by the one-dimensional transmission function T pxq of the object which
can be written in a Fourier series as [Momose et al. 2003]:

T pxq “
ÿ

l

al exp

ˆ
i2π

lx

p

˙
, (3.10)

where al are the Fourier coefficients. For the one-dimensional wavefield at the aperture plane
E0px0q “ T px0q, Eq. (3.5) becomes:

Epx, zq “
ż
T px0q exp

„
iπ

px ´ x0q2
λz


dx0 . (3.11)
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It has been shown that, by substituting Eq. (3.10) into the above equation, the wave-
field Epx, zq at a distance z from the periodic object can be written as [Guigay 1971,
Momose et al. 2003]:

Epx, zq “
ÿ

l

al exp

ˆ
i2π

lx

p

˙
exp

ˆ
´iπ

l2zλ

p2

˙
. (3.12)

Equation 3.12 shows that:

(1) the wavefront is periodic along z with period 2p2{λ: Epx, zq “ Epx, z ` 2p2{λq;

(2) self images are generated at the distances of Eq. (3.1) predicted by Lord Rayleigh. At
these distances exp p´iπl2zλ{p2q “ 1 and the wavefield is equivalent to the transmission
function of the object;

(3) self images laterally shifted by p{2 are generated at integer multiples of the distance
z “ p2{λ. At the distances z “ p2{λ, exp p´iπl2zλ{p2q “ exp p´iπl2q and Epx, zq “
T px ` p{2q.

Points (2) and (3) above can be summarized by the following formula:

Epx,m1p2{λq “
#
T pxq, if m1 is even

T px ` p{2q, if m1 is odd.
(3.13)

Since the intensity at these particular distances is given by the modulus square of the trans-
mission function of the object, the self images of the object do not contain any information
on its phase profile. This means that a pure phase object produce no contrast at these
distances. In the following sections we show that periodic phase objects produce an in-
tensity modulation related to the phase profile at fractions of the distances z “ m1p2{λ
[Guigay 1971].

3.2.2 The fractional Talbot effect for phase objects

The intensity modulation generated by a phase object at the fractional Talbot distances is
not exactly the self image as meant for absorption objects because the intensity profile at
the fractional Talbot distances is different from that at the object plane and is also different,
in general, from the phase profile of the object.

In this section we derive, based on the results reported by Guigay [Guigay 1971], the
intensity profile generated by a phase periodic object at the fractional Talbot distances
and we see how this intensity pattern is related to the phase profile of the object. In the
following, the fractional Talbot distance will be indicated as Fm1,m2

:

Fm1,m2
“ m1

m2

D1 “ m1

m2

2p2

λ
, (3.14)

where m1 and m2 are integer numbers and D1 is the first Talbot distance defined in Eq.
(3.1)1. Guigay calculated that the wavefield Epx, Fm1,m2

q is a superposition of laterally
shifted replicas of the object [Guigay 1971]:

1We limit our calculation to D1 because D1 is the period of the wavefront along z.
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Epx, Fm1,m2
q “ C

ÿ

q“1,2,...,m1m2

T

ˆ
x ` q

p

m2

˙
exp

ˆ
iπq2

2m1m2

˙
r1 ` im1m2p´1qqs , (3.15)

where:

C “ expp2πiz{λ ´ iπ{4q?
2m1m2

. (3.16)

Guigay used Eq. (3.15) to show that a phase object with transmission function T pxq “
expriφpxqs, where φpxq is periodic with period p, produces a wavefield Epx, F1,4q given by 2:

Epx, F1,4q9T pxqe´iπ{4 ` T px ` p{2qeiπ{4 , (3.17)

The intensity distribution Ipx, F1,4q at this distance is:

Ipx, F1,4q “ |Epx, F1,4q|2 “ 1 ` sin rφpxq ´ φpx ` p{2qs . (3.18)

The above equation states that there is a simple relation between the phase profile of a
periodic phase object with period p and the intensity pattern generated by this object at
the distance F1,4. Note that these results are valid for any shape (e.g. triangular, rectan-
gular, sinusoidal, ...) of the periodic object and that, accordingly to Eq. 3.18, the intensity
distribution has not necessarily the same shape as the object transmission function.

3.2.3 The Talbot effect for binary gratings

In this section we consider the Talbot effect for binary gratings in which absorbing and/or
phase shifting lines are alternated by clear parts with transmission function 1 (Fig. 3.2).
Line gratings of this type are the optical elements forming a grating interferometer; their
transmission function can be written as:

T pxq “
#
1, if 0 ď px mod pq ă γp

A expriφs, if γp ď px mod pq ă p ,
(3.19)

where “mod” denotes the modulo operation. In the above equation γ is the duty cycle
defined as the ratio between the width w of the grating lines and the period of the grating:
γ “ w{p (Fig. 3.2). In the following we will consider gratings with γ “ 0.5 except when
otherwise indicated.
Depending on the transmission function at the working energy, gratings can be classified as:

• absorption gratings if A ! 1;

• phase gratings if φ " |1 ´ A|.
2Note that, since m1m2 “ 4, the terms of the sum in Eq. 3.15 with q odd are zero.
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Figure 3.2: Transmission function of a binary grating with duty cycle γ.

3.2.3.1 The Talbot effect for absorption gratings

The grating lines of an ideal absorption grating are totally opaque structures. This kind of
grating produces self images at the distances z “ m1p2{λ with m1 “ 1, 2, 3, ... discussed on
Pag. 25. Fig. 3.3 (a) shows the intensity calculated at different positions along the optical
axis after an ideal absorption grating with p “ 2 µm illuminated by 20-keV X rays. Images
like the ones in Fig. 3.3, which display the evolution of the wavefront generated by a periodic
one-dimensional object, are usually called Talbot carpets. In the Talbot carpet of Fig. 3.3
(a), the first revival of the transmission function of the object is indicated by a dashed line.

3.2.3.2 The Talbot effect for phase gratings

The transmission function of a phase grating with period p, φ´shifting lines and γ “ 1{2
can be written as

T pxq “
#
1, if 0 ď px mod pq ă p{2
exppiφq, if p{2 ď px mod pq ă p .

(3.20)

According to Eq. (3.18), the image Ipx, F1,4q generated by this grating at the distance F1,4

is equal in shape to its phase profile: 3

Ipx, F1,4q “
#
1 ´ sinpφq, if 0 ď px mod pq ă p{2
1 ` sinpφq, if p{2 ď px mod pq ă p .

(3.21)

The contrast of the intensity pattern can be measured with the visibility v defined as

v “ Imax ´ Imin

Imax ` Imin

, (3.22)

where Imin and Imax are, respectively, the minimum and maximum values of the intensity
pattern.

The visibility of the intensity pattern generated by a phase grating at F1,4 depends on
the phase shift φ induced by the grating lines and is, according to Eqs. (3.21) and (3.22):

v “ sinpφq . (3.23)

The maximum visibility v “ 1 is observed in the interference pattern generated by a
π{2-shifting grating. A Talbot carpet generated from a phase grating with π{2-shifting lines

3The fractional Talbot distances for these gratings are also referred to as Lohmann distances and their

“self images” are also called Lohmann images [Suleski 1997].
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is shown in Fig. 3.3 (b); the dashed line indicates the position of the distance F1,4. Since
the amplitude of the wavefield at F1,4 is the same as the wavefield immediately after an
absorption grating with the same period, the Talbot carpet generated by the π{2-shifting
phase grating is analogous to the Talbot carpet generated by the absorption grating shifted
by F1,4 along the optical axis.4 An image identical to the one observed at F1,4, but laterally
shifted of p{2 is observed at the distance F3,4. This distance is indicated in Fig. 3.3 (b) by
a dotted line.

If the phase shift induced by the grating lines is a value different than π{2, Talbot
carpets similar to the one shown in Fig. 3.3 (b) are obtained. However, the visibility of the
image generated by these gratings at the fractional Talbot distances is smaller than 1. The
visibility goes to zero when φ “ 0,˘π. This means that a π´shifting phase grating does
not produce any contrast at F1,4.

A Talbot carpet generated by a π´shifting phase grating is displayed in Fig. 3.3 (c). It
can be calculated from Eq. (3.15) that a π´shifting grating produces images with a rect-
angular profile and visibility 1 at the distance F1,16 (Appendix A) and at its odd multiples.
The intensity profile after a π-shifting grating has half the period of the grating. Moreover,
it should be noted that, unlike for π{2 gratings, there is no contrast inversion between the
positions of maximum visibility along the optical axis.

Notation used in the following for describing the fractional Talbot distance of

a phase grating A phase grating is the main optical element of the X-ray grating in-
terferometer. Phase gratings are used because of their higher photon efficiency compared
to absorption gratings. Phase gratings with π{2´ or π´shifting lines are chosen because
they produce rectangular intensity patterns with maximum visibility. In the following, we
will refer to the phase grating as G1 and we will indicate with p1 its period. As discussed
in the previous sections, the fractional Talbot distances at which these gratings produce
rectangular profiles with visibility 1 depend on the phase shift induced by the grating lines,
i.e., odd multiples of F1,4 for a π{2´shifting phase grating and odd multiples of F1,16 for a
π´shifting phase grating.

In order to generalize notation, we introduce, following the scheme presented in Ref.
[Weitkamp et al. 2006], the parameter η and we write the fractional Talbot distances fn as:

fn “ n
p21

2η2λ
where η “

#
1, if φ “ π{2 ,

2, if φ “ π ,
(3.24)

where n “ 1, 3, 5, ... indicates the fractional Talbot order. Thus, for example, when we speak
of the third fractional Talbot distance, we mean the distance f3 “ 3p21{p2λq if the grating is
a π{2´shifting phase grating and f3 “ 3p21{p8λq if the grating is a π´shifting phase grating.
At the distances fn, the period of the interference pattern is p1{η.

Finite lateral dimensions of the gratings In the formalism and in the simulations
presented so far, the object has been considered to be infinitely extended along x, which

4Except for the photon efficiency: 100% of the incoming radiation is transmitted by the phase grating

and 50% is transmitted by the absorption grating.



3.2. The Talbot effect 29

Figure 3.3: Talbot carpets generated, up to the first Talbot distance 2p2{λ, by different types of

binary gratings with duty cycle 0.5 illuminated by a plane monochromatic wave with full transverse

coherence. The first positions along the optical axis at which the interference pattern is a rectangular

profile with period p or p{2 (the latter for a π´shifting grating) and visibility 1 are indicated with

dashed white lines. In panels (b) and (c), the second positions are indicated with dotted white

lines. Figure after Ref. [Weitkamp et al. 2006].
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obviously is not the case for real gratings. However, the gratings used in a grating interfe-
rometer have a high line density and they are extended for several thousand periods in the
x direction. At these conditions, the effect of the grating borders on the intensity pattern
can be neglected [Arrizón & Rojo-Velázquez 2001].

Two-dimensional Talbot effect The results presented so far can be easily extended to
wavefronts periodic not only along x, but also along y. In particular, if px is the period
along x and py “ kpx is the period along y, Talbot images are observed if k2 is a rational
number. Discussions about two-dimensional gratings with k “ 1 can be found in Chap. 11
and Ref. [Zanette et al. 2010a].

3.2.3.3 Phase grating as a beam splitter

The fractional Talbot effect can be seen also as the result of the interference between two
beams diffracted by the grating. In fact, the phase grating acts as a beam splitter which
divides the incoming beam mostly in the +1 and -1 diffraction orders. The angle θ1 at which
these beams are diffracted is [Paganin 2006]

θ1 “ λ

p1
. (3.25)

For λ “ 0.62 Å corresponding to 20-keV X rays and p1 “ 4 µm, the angle θ1 is approxi-
mately 16 µrad.

The separation distance sn of the two beams at the fractional Talbot distance fn is

sn “ 2fn
λ

p1
“ n

p1

η2
. (3.26)

If n “ 7, η “ 2 and p1 “ 4 µm, then s7 “ 7 µm. As we will see in the following (Sec.
4.3.1), the distance s may affect the spatial resolution of the final images in the diffraction
direction.

3.3 Effects of partial coherence and spherical wavefront

So far the Talbot effect has been described for coherent plane-wave illumination. However,
in a real experiment, the wavefront is never perfectly coherent and its curvature is always
finite. These effects cause deviations of the intensity patterns at the (fractional) Talbot
distances from the ideal profiles calculated in the previous sections.

In the following, we will discuss qualitatively and quantitatively the effects of the spheri-
cal wavefront, source size and polychromaticity of the X-ray beam on the interference pattern
generated by a phase grating G1.

3.3.1 Spherical wavefronts

The formalism outlined in the previous sections assumed a plane wave illumination produced,
for example, by an X-ray source positioned at infinite distance from the grating.
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When the source is situated at a distance R from the object plane, the one-dimensional
spherical wavefront incident on the object can be written as

E0pxq “ expriπx2{pλRqs . (3.27)

The effects of the spherical wavefronts, which can be rigorously obtained by inserting ex-
pression of Eq. (3.27) into Eq. (3.12), are to induce a magnification M in the interference
pattern and a modification in the (fractional) Talbot distances. The magnification M of the
pattern at a distance z from the object is [Cloetens 1999]

M “ R ` z

R
. (3.28)

This means that, at the distance z, the period of the interference pattern is not exactly
p{η but Mp{η. Moreover, the distances dn at which the magnified interference pattern is
observed are larger than the fractional Talbot distances fn for a plane wave and given by
[Cloetens 1999]

dn “ fn
R

R ´ fn
. (3.29)

At the beamline ID19 at European Synchrotron Radiation Facility in Grenoble, France
where most of the experimental part of the present thesis was carried out, the source-to-
G1 distance is R “ 150 m. The magnification at a distance z “ 500 mm is M “ 1.003

which, if p “ 4 µm and η “ 2, leads to a period of the interference pattern of 2.007 µm
instead of a period of 2.000 µm which would be obtained for plane wave illumination. Even
if this difference is very tiny, it should be taken into account for the design of the grating
interferometer in order to avoid artifacts in the final images. This aspect will become more
clear in the next chapters and in particular in Sec. 4.3.2 and Appendix B.

At conventional X-ray tubes, the source-to-G1 distance is much shorter than at syn-
chrotrons and the wavefront is strongly spherical. This strong curvature affects not only the
fractional Talbot distance and the period of the interference pattern but also the angle at
which X rays impinge on the grating lines. This will be discussed with more detail in Sec.
6.1.1.

3.3.2 Partial coherence

Besides the plane wave approximation, a second assumption that is usually unfulfilled is
that of a perfectly coherent wavefront. A coherent wavefront, such as the one produced by
a single electron, is a wavefront in which phase differences between all pairs of points have
definite values which are constant with time [Born & Wolf 1998].

Real X-ray sources, such as synchrotron radiation sources and conventional X-ray tubes,
are extended in space and each point of the source emits radiation independently of the
others. Moreover, they deliver polychromatic radiation. These characteristics decrease the
coherence of the radiation. The transverse coherence is related to the source size and the
longitudinal coherence is related to the polychromaticity of the beam.
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The partial coherence of the X-ray beam affects the visibility v of the interference pattern
(Eq. (3.22)): a smaller degree of coherence corresponds to a lower visibility and a totally
incoherent radiation will give v “ 0.

In the following sections we discuss the effects of the partial coherence on the shape and
visibility of the interference pattern generated by a phase grating at the fractional Talbot
distances. For a complete treatment of the optical coherence theory we refer to textbooks
such as Ref. [Born & Wolf 1998].

3.3.2.1 Partial transverse coherence

The transverse coherence of the radiation is related to the angular size of the X-ray source.
The radiation from an extended source can be described as a superposition of mutually
incoherent spherical waves from different points x in the source plane. If the distance
R between the source and G1 is much larger than the distance z between G1 and the
observation plane and than the source size, then the spherical waves can be approximated
by plane waves. The projected distribution of the source profile at the observation plane z

downstream of G1 is demagnified by a factor z{R. The distribution of the source profile at
the source plane gpxq can often be approximated by a Gaussian distribution

gpxq “ 1

σs

?
2π

exp

ˆ
´ x2

2σ2
s

˙
, (3.30)

where σs is the standard deviation of the intensity distribution. In this case, the projected
distribution of the source at the observation plane z becomes:

spxq “ 1

σo

?
2π

exp

ˆ
´ x2

2σ2
o

˙
, (3.31)

where the standard deviation σo is given by σo “ σsz{R.
The intensity Ispxq at the observation plane is given by the intensity pattern Ipxq that

would be obtained with a point source convoluted with the projected intensity distribution
of the source spxq:

Ispxq “ Ipxq ‹ spxq . (3.32)

This effect is shown in the Talbot carpet of Fig. 3.4 (a) which has been calculated for
typical conditions at ID19: a source size of σs “ 150 µm and a source-to-G1 distance of 150
m. The profiles shown in Fig. 3.4 (b) are taken at four different fractional Talbot distances
indicated by dashed lines in the Talbot carpet. At small values of σo, the intensity pattern
is very similar to the one that would be obtained with a fully coherent wavefront, i.e., at the
fractional distance it has a rectangular shape. By increasing the propagation distance, the
grating image is convoluted with a Gaussian of increasing width. This convolution makes
the shape of the intensity pattern similar to a sinusoidal function and reduces the visibility
of the intensity pattern. For very large values of σo, any intensity modulation will be washed
out.
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Figure 3.4: (a) Talbot carpet generated, up to the second Talbot distance, from a π´shifting

phase grating with period p1=2 µm illuminated by 20-keV X rays. In this simulation, a Gaussian

distribution of the source profile with a size of σs “ 150 µm and a source-to-G1 distance of 150

m have been considered. (b) Profiles extracted at the positions indicated by dashed lines in the

Talbot carpet of panel (a).

Bech, in his PhD thesis [Bech 2008], neglecting imperfections in the grating and assuming
a Gaussian source distribution, showed that, when σo{p1 ě 1{p2πq, the visibility decreases
exponentially with the projected source size:

vpσoq “ 8

π2
exp

«
´2π2

ˆ
σo

p1

˙2
ff

. (3.33)

A similar result has been obtained in Ref. [Weitkamp et al. 2006]. Bech further showed
that, for σo{p1 ă 1{p2πq, the visibility decays linearly with σo{p1.
Inverting Eq. (3.33), one can calculate the projected source size for a given required minimum
visibility v0:

σo ă p1

π

d
´1

2
ln

ˆ
π2

8
v0

˙
. (3.34)

Equation above holds for σo{p1 ě 1{p2πq. For example, in order to have a visibility of 20%
when p1 “ 4.8 µm, the projected source size should be smaller than 1.3 µm. This can be
easily obtained at ID19 where R “ 150 m and σs “ 150 µm. However, for typical parameters
at an X-ray tube, where the source size is usually larger than the one at the synchrotrons
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and the distance R is almost always much shorter (around 1 m), it is extremely difficult
to reach a projected source size as small as 1.3 µm. It is in practice possible to slit down
the source to a required minimum value but this would result in a significant loss of beam
intensity. This is why an alternative method, discussed in Sec. 6.1.1, has been proposed for
implementing grating interferometry at low-brilliance sources [Pfeiffer et al. 2006].

3.3.2.2 Partial longitudinal coherence

The degree of longitudinal coherence is another factor that can affect the visibility of the
intensity pattern generated by a binary phase grating. However, its effect is usually not as
dramatic as that of limited transverse coherence.

The visibility of the interference pattern obtained with a polychromatic X-ray beam
can be expressed as a weighted sum of the visibilities obtained with the monochromatic X
rays of the photon energy spectrum [Engelhardt et al. 2008]. Engelhardt et al. describes in
detail the effect of a broad spectral width. The authors show that that, provided sufficient
transverse coherence, the interference pattern shows acceptable fringe contrast even with a
polychromatic X-ray spectrum produced by an X-ray tube. The calculations of Engelhardt
et al. have been confirmed by experimental results, see, for example, Refs. [Bech 2008,
Donath et al. 2010, Rizzi et al. 2011].

The energy spread of a quasi-monochromatic beam (with ∆Eγ{Eγ « 10´2 or less, where
Eγ indicates the X-ray energy) obtained from a monochromator device at a synchrotron
beamline has negligible effect on the visibility of the interference pattern generated by the
grating. An example is given in Fig. 3.5. This figure shows intensity profiles generated by a
phase grating which gives a phase shift of π when it is illuminated by X rays with energy E0

γ .
The ideal profile at E0

γ (black solid line in Fig. 3.5) is plotted against the profile generated
by the same grating illuminated by X rays with energy E0

γ ` ∆Eγ where ∆Eγ “ 0.01E0
γ .

Since at this energy the phase shift caused by the grating lines is slightly different than
π, the signal of the fundamental harmonic, which corresponds to half of the period of the
grating, is disturbed by an oscillation which has the period of the grating itself (red dashed
line in Fig. 3.5). The difference in visibility between the two profiles is only 0.6%.

3.3.2.3 Measurement of the coherence of the X-ray beam with a binary grating

In Sec. 3.3.2.1, we have seen that the decrease of visibility in the interference pattern from
a phase grating along the optical axis is related to the projected source size. Measurements
of the visibility at several propagation distances can be used to retrieve the source size and
the spatial coherence properties of the X-ray beam without the need of knowing the grating
and detector properties. This was exploited for the first time in 1997 by Cloetens et al. who
measured the coherence of the X-ray beam at ID19 [Cloetens et al. 1997]. The author of this
thesis has contributed in a more recent experiment, in which the self-imaging phenomenon
has been used to measure the coherence after different types of multilayer monochromators
[Rack et al. 2010, Rack et al. 2011].
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Figure 3.5: Profile plots obtained from a phase grating with period p1 “ 2 µm at the 21st

fractional Talbot distance under the same conditions (source size and source-to-G1 distance) used

for the simulation shown in Fig. 3.4. The grating gives a phase shift of π at the energy E0
γ=20 keV.

The profile obtained at 20 keV is shown with a solid black line. The red dashed line shows the

profile obtained at the energy E0
γ ` 0.01E0
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X-ray grating interferometry
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This chapter presents the principles of X-ray grating interferometry. Sections 4.1 and
4.2 describe the function of the two gratings forming the interferometer and present the
procedure, based on the phase-stepping technique, usually adopted to collect and analyze
data. The three image signals obtained from the analysis of the raw interferograms, i.e.
attenuation, differential phase and dark-field signals, are presented in Sec. 4.1.4. Section
4.3 discusses the aspects which should be considered for a practical implementation of an
X-ray grating interferometer, such as the inter-grating distance and the grating parameters,
and outlines their effect on the final image quality. The last section (Sec. 4.4) is dedicated
to moiré imaging, which is an alternative to the phase-stepping technique to obtain image
signals when spatial resolution is not an issue and single-shot imaging is required.

4.1 Principles

4.1.1 The phase grating

In an X-ray grating interferometer, the fractional Talbot effect from a phase grating (G1
with period p1) is used to generate a high-contrast periodic interference pattern at several
centimeters downstream the grating. The fractional Talbot effect from a phase grating
has been described, under different illumination conditions, in the previous chapter. For
convenience, we restate the fundamental aspects here.
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Phase gratings are used because of their higher photon efficiency compared to absorption
gratings. Gratings giving a phase shift of π{2 or π are preferred because they generate
high-contrast interference patterns with period p1 and p1{2 respectively (Sec. 3.2.3.2). The
position of the fractional Talbot distances along the optical axis depends on the phase shift
φ induced by the grating lines. If the grating is illuminated by a monochromatic plane wave,
the fractional Talbot distances fn can be written as:

fn “ n
p21

2η2λ
with η “

#
1 if φ “ π{2
2 if φ “ π ,

(4.1)

where λ is the wavelength of the radiation and n is an odd number and p1 is the period of
G1. At the distances fn, the period of the interference pattern is p1{η.

If the incoming wavefront is a spherical wave and if the X-ray source is situated at a
distance R from G1, the fractional Talbot distances become:

dn “ fn
R

R ´ fn
. (4.2)

At the distances dn the period of the interference pattern is magnified by a factor M “
pR ` dnq{R.

For large radii of curvature (e.g., several meters), the interference pattern produced
by fully coherent radiation has a rectangular profile. Partial transverse and longitudinal
coherence of the X-ray beam affect the shape of the interference pattern which, in a typical
experiment, has a sinusoidal profile as described in Sec. 3.3.

The interference pattern observed when a sample is in the X-ray path, situated either
downstream or upstream of G1, is different than the reference interference pattern obtained
without the sample in the beam. The distortions of the interference pattern caused by the
sample carry information on the optical properties of the investigated object (Fig. 4.1). In
particular:

1. the average intensity is reduced due to attenuation;

2. the interference pattern is laterally shifted due to refraction;

3. the visibility is reduced due to scattering.

The goal of the method is to analyze the interference pattern observed when the sample
is in the beam path and compare it to the interference pattern obtained from the reference
beam. In this way, attenuation, refraction and scattering (or dark-field) images of the sample
can be retrieved.

4.1.2 The analyzer grating

Usually, the interference pattern generated by G1 cannot be analyzed with a suitable X-ray
detector. This is because a very high resolution detector (in general with a correspondingly
small field of view) would be needed to resolve an interference pattern with period of a
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Figure 4.1: Principles of X-ray grating interferometry. The sample is positioned either upstream

or downstream of the phase grating G1 which produces a periodic interference pattern at the

fractional Talbot distance dn. Attenuation decreases the average intensity, refraction displaces the

interference pattern and scattering decreases its visibility. The absorption grating G2 is situated

at a distance dn from G1 in order to analyze the interference pattern produced by G1.

couple of micrometers. Increasing the period of G1, causes a decrease of the sensitivity
of the device and a deterioration of the spatial resolution in the final images. Moreover,
requirements on spatial coherence are harder to satisfy at large grating periods. One should
also consider mechanical limitations of using large grating periods; the first fractional Talbot
distance for a π{2´shifting phase grating with a period of 20 µm illuminated by 30-keV X
rays is approximately 5 m which would be very difficult to implement.

For these reasons, an analyzer element is often used to measure fringe position and
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amplitude at the observation plane. The analyzer is a second grating with opaque lines
which is positioned directly upstream the detector at a fractional Talbot distance from G1,
see Fig. 4.1. This absorption grating, which in the following will be indicated as G2, is used
as a mask and not as a diffractive element.

The analysis of the interference pattern can be performed with the phase-stepping tech-
nique or by direct processing of the moiré pattern generated by the grating pair. During
this PhD thesis, the grating interferometer has always been used in phase-stepping mode.
The next sections are devoted to the description of the phase-stepping technique in grating
interferometry. Moiré imaging will be discussed in the last section of this chapter.

4.1.3 The phase-stepping scan

The phase-stepping (or phase-shifting) technique is widely used in visible light interferome-
try, see for example Ref. [Creath 1988]. As mentioned in Sec. 2.3.1, it is also used in X-ray
crystal interferometry.

In grating interferometry, the phase-stepping technique consists in recording a series of
images for different transverse positions of one of the two gratings: either the phase or the
absorption grating is scanned perpendicularly to the grating lines over at least one period
of the interference pattern in more than two steps per period. In order to avoid moiré
fringes which may disturb the final images, the absorption grating has the same period
of the interference pattern. Mathematically, the intensity recorded in each pixel during a
phase-stepping scan is given by the convolution of the interference pattern impinging on
that pixel with the local transmission function of the grating, see Fig. 4.2. In the ideal
case of fully coherent radiation and binary gratings without imperfections, the intensity
curve observed in each pixel is a triangular function (given by the convolution of two square
profiles). In most of the cases, however, the interference pattern can be approximated by
a sinusoidal function, which, convolved with the rectangular transmission function of the
absorption grating, gives a sinusoidal intensity oscillation as represented in Fig. 4.2.

Since the distortion of the interference pattern caused by the sample is measured with
respect to the reference beam, a phase-stepping scan without the sample in the beam is
recorded under the same conditions (same number of steps, same grating positions and
same exposure time) as the phase-stepping scan with the sample.

Figure 4.3 shows a selection of raw interferograms from the phase-stepping scans recorded
for the measurement of an ant - a demonstrator sample. These images show that the intensity
in each pixel changes with the grating position xg. Contrast curves in two detector pixels
extracted from the phase stepping scans, taken with and without the sample in the beam,
are shown in Fig. 4.4.

4.1.4 The three image signals

Attenuation, differential phase and scattering signals are obtained from the average av, phase
ϕ and amplitude am of the contrast curves (Fig. 4.4). These quantities are extracted with
a pixel-wise analysis of the raw interferograms taken during the phase-stepping scan. In
the following, the superscript ‘s’ will indicate quantities extracted from the scan recorded
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Figure 4.2: Schematic representation of a phase-stepping scan performed over one period in four

steps. The lines of G2 are represented by blue rectangles. The intensity pattern produced by G1

impinging on G2 has a sinusoidal profile (red line). At the G2 position xg “ 0 (panel (a)), the

absorbing lines are aligned with the regions of maximum intensity of the interference pattern. In

this case, the intensity recorded by the pixel positioned downstream G2 takes the minimum value.

The opposite occurs when the absorbing lines are aligned with the regions of minimum intensity

of the interference pattern and the maximum intensity is recorded by the pixel (panel (c)). Panels

(b) and (d) show an intermediate situation. Panel (e) shows a plot of the relative intensity values

recorded by the pixel during the phase-stepping scan.

with the sample in the beam path; the quantities extracted from the reference scan will be
indicated with the superscript ‘r’. For example, arm denotes the amplitude of the contrast
curve in a pixel of the reference phase-stepping scan.

The three image signals are described in the following.

The attenuation image The attenuation is given by:

A “ 1 ´ asv
arv

. (4.3)

The quantity often displayed in the so-called ‘attenuation image’ is the transmission B “
1 ´ A “ asv{arv, cf. Eq. (2.4) (page 9). The attenuation image of the ant is shown in
Fig. 4.5 (a); it is very similar to the image that would have been obtained, for otherwise
identical conditions, without the interferometer in the beam. The attenuation signal can be
mixed with the edge-enhancement (or in-line phase-contrast) effect which has its origin in
the propagation of the X-ray beam from the sample to the detector. The edge-enhancement
appears in panel (a) as bright and dark stripes at the edges of the object.

The attenuation image provided by the grating interferometer may suffer from a blurring
in x with respect to the image obtained without any optical element between the sample
and the detector. This blurring arises from the separation of the two beams diffracted from
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Figure 4.3: Top: selection of images of an ant recorded in a phase-stepping scan performed in 7

steps over one grating period. Bottom: corresponding images recorded during the flat-field phase-

stepping scan without the sample in the beam path. The measurements were made at the 9th

fractional Talbot distance at 23 keV with a π´shifting grating. The exposure time per raw image

was 1 s. The pixel size was 7.5 µm. The line at the top of the images indicates a length of 2 mm.
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Figure 4.4: Contrast curves extracted from the ant measurements. Red lines and downward-

pointing triangles show the contrast curves measured with the sample in the beam; blue lines and

upward-pointing triangles are the reference measurements. The presence of the sample strongly

modifies the interference pattern produced by G1. In particular, the amplitude is reduced due to

scattering and the curve is shifted due to refraction. The intensity modulation can be completely

washed out by strong scattering from the sample as shown in panel (b). The phase-stepping scans

have been performed over one period. The two-period representation has been obtained by tiling

the data.
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Figure 4.5: Attenuation, refraction angle and dark-field images of an ant extracted from the raw

data shown in Fig. 4.3.
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G1 (Sec. 3.2.3.3) and can be revealed when the resolution of the detector is better than the
separation of the two beams.

The differential phase image The differential phase Bφ{Bx of the incoming wavefront
(which is proportional to the refraction angle αx, cf. Eq. (8.3)) is related to the displacement
of the contrast curve ∆ϕ “ ϕs ´ ϕr:

αx “ 2π

λ

Bφ
Bx “ ∆ϕ

p2

2π

1

d
. (4.4)

The refraction angle image of the ant is shown in Fig. 4.5 (b). While the attenuation
signal is isotropic (except for the blurring in x mentioned above), the one-dimensional grating
interferometer yields the component perpendicular to the grating lines of the differential
phase and dark-field signals. In the measurements of the ant, the grating lines were vertically
oriented. For this reason, the horizontal features, which refract X rays mostly in the vertical
direction, give much less contrast than the vertical ones. In the refraction angle image, some
details, faintly visible in attenuation contrast, can be clearly revealed, such as the segments
of the antennas. Note that in some parts of the body of the animal the differential phase
signal is corrupted. Three effects can cause the corruption of the differential phase signal:

(i) High attenuation in the sample. In this case, very few photons reach the observation
plane, the phase-stepping curve is dominated by noise and its phase is not well defined.

(ii) Strong scattering in the sample. In this case, the visibility of the phase-stepping curve
goes to zero (this is shown in Fig. 4.4 (b)) and, as in case (i), the phase of the curve
is not well defined.

(iii) Phase-wrapping phenomenon. This phenomenon occurs when the displacement of
the interference pattern caused by the sample exceeds one period of the interfer-
ence pattern. Phase wrapping is a frequent problem in several fields, from medical
to military, when the information is extracted from a phase image and several algo-
rithms have been developed for removing the phase ambiguity, see for example Ref.
[Ghiglia & Pritt 1998]. A more detailed discussion on the phase-wrapping phenomenon
in grating interferometry and on its consequences on the phase tomographies is reported
in Sec. 8.2.6.

The dark-field (scattering) image The dark-field signal Dx is calculated as:

Dx “ vs

vr
“ asm

asv

arv
arm

, (4.5)

where v is the visibility of the intensity oscillation.
The dark-field image of the ant is shown in Fig. 4.5 (c). The dark-field signal obtained

with the grating interferometer gives access to features smaller than the spatial resolution
of the detector even if these features are not resolved and gives complementary information
than the attenuation and differential phase signals, see Ref. [Pfeiffer et al. 2008a] and Sec.
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2.4 (page 19). In Fig. 4.5 (c), scattering parts in the object, in this case corresponding mainly
to the edges of the sample, are represented by dark pixels. Just as the differential phase
signal, the scattering signal is directional and horizontal structures show little contrast.

Among recent formalisms developed to describe the scattering signal obtained with the
grating interferometer, we point out Refs. [Wang et al. 2009, Bech et al. 2010, Yashiro et al. 2010b,
Lynch et al. 2011]. In these works, the authors define a scatter coefficient in analogy to the
linear attenuation coefficient µ and/or relate the loss in visibility with the geometrical pa-
rameters of the microstructures in the investigated objects.

4.2 Data analysis

Since the contrast curve can very often be approximated by a sinusoidal function, it is
particularly convenient to obtain average, amplitude and phase of the intensity oscillation
by Fourier analysis.

In order to perform this analysis, images are recorded at three or more evenly spaced
positions of the scanned grating per period over an integer number of G2 periods. If the
phase stepping is performed over P periods in S steps, the intensity measured in the j´th
step can be written as:

Ij “ av ` am cos

ˆ
2π

p2
xgj ` ϕ

˙
, (4.6)

where xgj “ jp2P {S with j “ 0, 1, ..., S ´ 1 is the transverse position of the grating. The
vector of recorded intensities can be written as:

Ī “ pI0, I1, ..., IS´1q (4.7)

and its Fourier transform Ȳ “ pY0, Y1, ...., YS´1q has the k´th component:

Yk “
S´1ÿ

j“0

Ij expp´i2πkj{Sq . (4.8)

While the attenuation signal is given by the 0´th order component, the scattering and the
differential phase signals are related to the absolute value and phase of the P´th components
respectively. Thus, the transmission B, the refraction angle αx and the dark-field Dx image
signals are given by:

B “ Y s
0

Y r
0

, (4.9)

αx “ p2

2π

1

d
rargpY s

P q ´ argpY r
P qs , (4.10)

Dx “ |Y s
P |

Y s
0

Y r
0

|Y r
P | , (4.11)
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where “arg” indicates the argument of the complex number.1

When higher harmonics are present in the phase-stepping curve, a number of steps
greater than three is needed to separate the fundamental from the higher harmonics. The
higher harmonics can be present, for example, at small fractional Talbot distances for highly
coherent radiation when the intensity profile produced by G1 cannot be approximated by a
sinusoidal function.

Stetson et al. calculated the harmonics that cause errors in retrieving the phase of a
phase-stepping curve depending on the number of steps [Stetson & Brohinsky 1985]. He
showed that, with P “ 5, the lowest odd order creating errors is the ninth order which is
generally very low.2 The study by Stetson et al. was performed for visible light interfer-
ometry and applied by Momose et al. to grating interferometry [Momose et al. 2009c]. The
author is not aware of any experimental study reported in literature showing the effect of
the number of steps on the retrieved image signals. In a standard experiment performed at
ID19, phase-stepping scans are performed over one period in three, four or five steps.

4.2.0.1 Alternatives to Fourier analysis

A different way of analyzing phase-stepping data is fitting, pixel by pixel, the intensity curve
measured during the scan. The fitting methods are in general computationally expensive and
therefore less adapted to process a large amount of data than Fourier analysis. Their main
advantage, on the other hand, is that they can be applied to non-sinusoidal contrast curves
and/or non-evenly stepped curves. Besides fitting routines and Fourier methods, phase and
amplitude of the contrast curve can be extracted with analytical formulas. Several formulas
have been introduced with this purpose in phase-stepping visible light interferometry as
discussed in Ref. [Hack & Burke 2011]. It should be noticed that one of the most commonly
used formulas in visible interferometry, the Bruning’s algorithm [Bruning et al. 1974], is
equivalent to Fourier analysis when phase-stepping scans are performed over one period.

4.2.1 Image noise

Noise in the final images is related to noise in the raw interferograms. Various models describ-
ing noise in the radiographs and tomograms obtained with the X-ray grating interferometer
have been recently reported in literature, with special focus on the noise in the differential
phase signal [Yashiro et al. 2008, Engel et al. 2011, Revol et al. 2010, Raupach & Flohr 2011].
Among these, we report here the main result obtained by Engel et al. [Engel et al. 2011].
The authors express the variance σ2

d of the differential phase signal measured in a pixel as
a function of the total number Np of photons recorded in the same pixel during the entire
phase-stepping scan and of the visibility v of contrast curve [Engel et al. 2011]:

1Note that every detector frame, i.e. flat-field interferograms and interferograms of the sample, is cor-

rected, before undergoing any further processing, for the dark-signal image which is recorded without the

X-ray beam and with the same exposure time than the other images.
2Even orders should not be present in the contrast curve since it is given by a convolution of a rectangular

profile with a sinusoidal profile.
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σ2
d9 1

v2Np

. (4.12)

The equation above has been obtained by assuming that higher orders are not present in the
phase-stepping curve, that the noise for each exposure is described by photon shot noise and
that there is no error in the grating positioning. Equation (4.12) clearly shows the strong
influence of the visibility on the quality of the differential phase image.

4.3 Practical implementation

The visibility of the contrast curve, and therefore the quality of the final images, is influenced
by a big variety of factors such as partial coherence, grating imperfections, inter-grating
distance and detector response. This section discusses the interferometer parameters which
should be carefully chosen for the practical implementation of a grating interferometer in
order to optimize the performance of this instrument.

4.3.1 Choice of the fractional Talbot distance

The inter-grating distance dn which satisfies Eq. (4.2) is chosen considering several aspects,
such as mechanical limitations (very short or very large fractional Talbot distances may
be difficult to realize) and more importantly, it is tuned to optimize spatial resolution and
sensitivity.

The spatial resolution in the final images is affected by the shearing distance s of the
beams diffracted by G1. This distance, given by Eq. (3.26) (page 30), increases linearly
with the inter-grating distance. Therefore, the spatial resolution can be improved by
working at small fractional Talbot distances.

The sensitivity here defined as the resolution in the measured refraction angle, is affected
by the inter-grating distance dn in two opposite ways. By decreasing the distance dn:

1. The displacement of the interference pattern caused by refraction becomes smaller.
This decreases the sensitivity of the system.

2. The projected source size becomes smaller and the visibility of the interference
pattern becomes larger. This increases the sensitivity of the system.

In the choice of the fractional Talbot distance, one should also consider the phase-wrapping
phenomenon which is more likely to occur at large inter-grating distances.

At ID19, inter-grating distances from 150 mm to up to 600 mm have been implemented
up to now.
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4.3.2 Grating design

The design of the optical elements is another important aspect for the implementation of
a grating interferometer. For each grating, the material and three parameters should be
defined: the duty cycle γ, the period p and the height h of the grating lines. In the following
the subscripts 1 and 2 will indicate which grating these parameters refer to, e.g. γ1 is the
duty cycle of the phase grating G1.

4.3.2.1 The materials

The phase grating must be fabricated in a material with a high δ{β ratio at the working
energy in order to have nearly ideal (non absorbing) phase gratings. Among the materials
which are used for fabricating phase gratings are silicon and nickel.

The absorption grating must be made of a material with high β. The material most
commonly used for fabricating absorption gratings is gold.

4.3.2.2 The duty cycles

The duty cycle of the phase grating must be γ1 “ 0.5. In this way a π´shifting phase
grating generates an interference pattern with half of the period of the grating and both π´
and π{2´shifting phase gratings generate interference patterns with the desired duty cycle
of 0.5, see Sec. 3.2.3.

The duty cycle γ2 of the absorption grating affects the intensity transmitted onto the
detector and the visibility of the contrast curve. By increasing the width of the absorbing
lines (i.e. by increasing γ2), the visibility increases whereas the intensity transmitted onto
the detector decreases. By considering these two aspects, a numerical study shows that 0.6 is
a suitable value for γ2 [Modregger et al. 2011]. In practice, the duty cycle of the absorption
grating is often chosen to be γ2 “0.5.

4.3.2.3 Period and height of the absorption grating

The lines of G2 should be high enough to absorb most of the incoming radiation because
transmission by G2 lines reduces the visibility of the contrast curve and therefore degrades
the image quality. Figure 4.6 shows results of a simulation which quantifies the effect of
unwanted transmission by the G2 lines on the visibility of the contrast curve. The visibility
of the contrast curve has been calculated for different transmission of the grating lines, from
0% to 80% (x axis of the image), and for different visibilities, from 0% to 100%, of the
sinusoidal interference pattern produced by G1. Figure 4.6 shows, for example, that if the
transmission of the grating lines is 10%, the visibility of the contrast curve is almost half of
the visibility of the interference pattern.

The absorption gratings should not only have high absorbing lines, but also a very
small line width in order to match the period of the interference pattern. The absorption
gratings used at ID19 are produced with the LIGA process3 at the Karlsruhe Insitute of

3LIGA is a German acronym which means LIthographie, Galvanoformung, Abformung, i.e. lithography,

electroplating, and molding.
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Technology (KIT, Karlsruhe, Germany) with a period p2 “ 2.4 µm [Reznikova et al. 2008,
Kenntner et al. 2010]. Gratings with aspect ratio (the aspect ratio is defined here as line
height h2 divided by line width p2{2) of more than 80 (h2 « 100 µm) can be currently
produced at KIT and are used at ID19.
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Figure 4.6: Simulated visibility of the contrast curve for different transmission by the G2 lines.

The intensity pattern generated by G1 is a sinusoid with visibility from 0% to 100% as reported in

the y axis.

4.3.2.4 Period and height of the phase grating

When designing an interferometer for different working energies and/or inter-grating dis-
tances, it is convenient to use a single absorption grating with an height sufficient to ensure
good absorption at all working energies, and use different phase gratings, one for each con-
figuration, whose period and height are adapted to the distance and photon energy. This is
because a phase grating with a given height h1 produces the desired phase shift only at a
particular X-ray photon energy.

Since the material of the grating is known and its refractive index decrement δ at the
working energy can be looked up, h1 can be easily calculated with Eq. (2.8) (page 10). For
example, a π´shifting Si grating at 23 keV should have h1 “ 29.5 µm.

In phase-stepping interferometry, the period p1,n of the phase grating should be designed
so that its magnified image at the distance dn has the same period as G2:

p2 “ p1,n

η

R ` dn

R
. (4.13)

By combining the above equation with Eq. (4.2), which, for convenience, is rewritten here:

dn “ n
p21,n

2η2λ

R ` dn

R
, (4.14)
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the quantities p1,n and dn can be derived as a function of p2, the source-to-G1 distance R

and the wavelength of radiation λ:

p1,n “ ηλR

np2

˜c
1 ` 2np22

λR
´ 1

¸
(4.15)

dn “
np21,nR

2η2λR ´ np21,n
. (4.16)

Using Eqs.(4.15) and (4.16) and for n “ 9, an X-ray photon energy of 23 keV, R “ 150 m
and p2 “ 2.4 µm, the period p1,9 of the π´shifting phase grating results p1,9 “ 4.785 µm
and the inter-grating distance is d9 “ 479 mm.

Figure 4.7 shows intensity profiles produced, under otherwise identical conditions by
π´shifting phase gratings with two types of imperfections: (i) wrong thickness of the grating
lines (dotted line in Fig. 4.7) and (ii) wrong duty cycle (dashed line in Fig. 4.7). These
profiles should be compared to the one obtained under ideal conditions and plotted with a
solid line. Both defects cause the loss of the frequency doubling effect which reduces the
visibility of the fundamental harmonic.
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Figure 4.7: Simulated profiles of the interference pattern from phase gratings with different types

of imperfections.

Most of the phase gratings used at ID19 are produced at the Paul Scherrer Institute
(PSI, Villigen, Switzerland) and made in silicon [David et al. 2007]. The fabrication pro-
cess consists in a sequence of photolithography, anisotropic wet etching and electroplating
[David et al. 2007]. Some of the phase gratings used at ID19 are produced at KIT in silicon
or nickel; their fabrication process is similar to the process used for absorption gratings.

At ID19, several setups for different energies and fractional Talbot distances have been
implemented during this PhD project. The list of currently available configurations is re-
ported in Sec. 7.3.

The grating substrate Grating lines are not free standing structures. They are fabri-
cated on a support wafer with thickness of hundreds of micrometers. The typical material of
the wafer is silicon. If the substrate is polished on both sides, the presence of the substrate
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does not have any effect on the visibility of the phase-stepping curve and, in this sense, does
not influence the image quality. However, absorption in the silicon wafer should be taken
into account especially at low X-ray energies. Absorption in the wafers increases exposure
time and dose delivered to the sample. At ID19, gratings fabricated on Si wafers with thick-
ness from «200 to «500 µm are used. The absorption in these wafers, calculated from Eq.
(2.6) for energies from 15 keV to 50 keV (the absorption is negligible for energies larger than
50 keV), is shown in Fig. 4.8.
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Figure 4.8: Absorption in Si a single wafers, as a function of the photon energy. In different colors

are plotted curves calculated for different thickness of the substrates.

4.4 Moiré imaging

In the previous sections we have described the principles of grating interferometry based
on the phase-stepping technique. An alternative way to retrieve the differential phase and
scattering signals using the same instrument is to directly analyze the single-shot moiré
patterns distorted by the sample. Moiré patterns in the raw interferogram are generated by
rotating one grating with respect to the other around the optical axis.

The main advantage of moiré imaging is that it is a single-shot technique: as opposed to
phase stepping it does not require multiple exposures to retrieve the image signals. However,
the spatial resolution is lower than the one obtained with phase stepping.

In moiré imaging, the spatial resolution in the direction orthogonal to that of the moiré
fringes is limited by the period of the fringes. For this reason, raw interferograms with a
large number of fringes are collected in moiré mode.

The effect of the sample on the moiré pattern is analogous to the effect of the sample
on the contrast curve recorded in phase stepping. The phase shift caused by the sample
displaces the moiré fringes and scattering scattering causes a blurring of the pattern. Al-
gorithms based on Fourier analysis can be used to extract differential phase and scattering
signals from the moiré pattern [Takeda et al. 1982].

The moiré technique was used in the first implementations of the two-grating interfero-
meter [David et al. 2002, Momose et al. 2003] and is currently mainly used for wavefront and
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optics characterization [Pfeiffer et al. 2005, Weitkamp et al. 2005b, Diaz et al. 2010] and high-
speed tomography [Momose et al. 2009b, Momose et al. 2011b].

Since moiré imaging requires only one exposure per differential phase and scattering pro-
jection, very fast tomography scans can be realized with the grating interferometer operating
in moiré mode especially when high photon flux, such as the white beam at a synchrotron
beamline, is available. As an example, Momose et al. report on tomography scans performed
in 0.5 s [Momose et al. 2011b].
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X-ray computerized tomography, or simply tomography, is a non-destructive technique
to visualize internal structures in objects. It consists in recording a series of projection
images of the sample, taken from different directions. These projections are combined with
appropriate algorithms so that the three-dimensional distribution of an optical property of
the investigated object can be retrieved. The reconstructed quantity depends on the signal
recorded in the projections. Attenuation, phase and dark-field tomographies can be obtained
with an X-ray grating interferometer as described in this chapter.

5.1 Principles of tomography

The development of computerized tomography is attributed to Allan McLeod Cormack
[Cormack 1963] and Godfrey Hounsfield [Hounsfield 1973] who both received the Nobel prize
in Medicine in 1979 for the development of computer-assisted tomography. An exhaustive
description of the principles of tomography can be found in several books, see for example
Refs. [Natterer 1986, Kak & Slaney 1987, Hsieh 2003].

Several algorithms can be used for reconstructing volumes from projections: e.g. alge-
braic reconstruction techniques, iterative methods, direct Fourier transform methods and
the filtered-back projection algorithm. When data are recorded with sufficient and regular
angular sampling over at least 180˝ the reconstruction is often performed with the filtered-
back projection (FBP) algorithm because it provides accurate reconstructions much faster
than the iterative methods. The principles of the FBP algorithm, which has been used to
reconstruct the data in this thesis, are outlined in the following.
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Figure 5.1: Geometry used to explained the principles of the filtered back-projection algorithm.

The region shaded in blue represents the support of f . In this representation, the coordinate system

px, zq is fixed with respect to the sample and the coordinate system px1, z1q is fixed with respect to

the source and detector.

5.1.1 The filtered-back projection algorithm

Let fpx, y, zq be the three-dimensional distribution of an optical property of the investigated
object and let y be the rotation axis, as represented in Fig. 5.1. The function fpx, y, zq can be
reconstructed with the FBP algorithm, as a stack of slices fpx, zq orthogonal to the rotation
axis y, provided that the angular projections of fpx, y, zq are measured for an angular range
over at least 180˝ and assuming sufficient angular and spatial sampling. 1

In the following, we fix y and we concentrate on a single slice fpx, zq (Fig. 5.1). The
projection Ppx1, ωq of the slice fpx, zq at the angle ω can be written as:

Ppx1, ωq “
ż
fpx1 cosω ´ z1 sinω, x1 sinω ` z1 cosωqdz1 , (5.1)

where px1, z1q is a coordinate system rotated by an angle ω with respect to the coordinate
system px, zq. The central theorem for tomographic reconstructions is the Fourier slice
theorem which states that the one-dimensional Fourier transform of the function Ppx1, ωq
represents a section of the two-dimensional Fourier transform of the function fpx, zq tilted
by and angle ω with respect to the origin.

Using this property, fpx, zq can be reconstructed from the projections Ppx1, ωq with the
convolution back-projection integral:

fpx, zq “
ż π

0

Pfpx cosω ´ z sinω, ωq dω . (5.2)

Here, Pf is a filtered projection

Pfpx1, ωq “
ż 8

´8

kpvq rPpv, ωqei2πvx1

dv , (5.3)

1It can be shown that the sufficient number of angular projections Nproj is proportional to the width in

pixels of a projection Npix with the relation: Nproj « πNpix{2.
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where kpvq is the filter function in Fourier space, v is the reciprocal space coordinate and
rPpv, ωq is the one-dimensional Fourier transform of Ppx1, ωq.

In grating interferometry, three image signals (i.e. attenuation, refraction angle and
dark-field) are measured for each tomography angle ω (Fig. 5.2). Each set of projections
yields a different tomographic volume. The reconstruction of the attenuation, phase and
dark-field volumes with the filtered back-projection algorithm is described in the following.

Figure 5.2: Schematic representation of a grating-based tomography setup. In order to retrieve

the phase tomograms, the grating lines are parallel to the tomography rotation axis.

Figure 5.3: Filters used in the back-projection algorithm. The ramp filter (a) is used in the

attenuation and dark-field reconstructions. The imaginary sign filter (b) is used in the phase

reconstruction from differential phase projections [Pfeiffer et al. 2007b]. The sampling of the image

detector is not continuous, for this reason, if ∆y1 is the sampling resolution, the filters are defined

in the interval r´1{2∆y1,`1{2∆y1s.

5.2 The attenuation tomogram

The signal measured in the attenuation image is the one reported in Eq. (2.4) (page 9):

Bpx1, ωq “ e´
ş
µpx,zqdz1

. (5.4)
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The projection Ppx1, ωq of the linear attenuation coefficient µpx, zq of the object is obtained
by taking the logarithm of Bpx1, ωq: Ppx1, ωq “ ´ log rBpx1, ωqs. The quantity reconstructed
in the tomogram is the linear attenuation coefficient which, for monochromatic radiation,
is proportional to the imaginary part of the refractive index of the sample βpx, zq, cf. Eq.
(2.5) (page 9).

The filter kpvq commonly used to retrieve the attenuation volume is a linear ramp filter,
rkpvq “ |v| (Fig. 5.3 (a)). As thoroughly explained in Ref. [Kak & Slaney 1987], this filter
is chosen to compensate for the fact that the sampling density decreases from the regions
close to the rotation axis to the regions close to the sample edge.2

By substituting the shape of the ramp filter into Eq. (5.3), the filtered projection be-
comes:

Pfpx1, ωq “
ż 8

´8

|v| rPpv, ωqei2πvx1

dv , (5.5)

5.3 The phase tomogram

In the phase tomogram, the three-dimensional distribution of δ is retrieved from refraction
angle projections Dpx1, ωq “ αpx1, ωq which, according to Eq. (8.3) (page 88), are given by

Dpx1, ωq “ αpx1, ωq “ B
Bx1

ż
δpx, zqdz1 . (5.6)

The quantity from which the tomographic volume δpx, y, zq is reconstructed is thus not
a projection of δ but a projection of its first derivative in the direction perpendicular to the
grating lines. The reconstruction of the phase tomogram thus involves an integration step
which can be performed in real space or in Fourier space:

1. Integration in real space. Numerically this can be done by integrating the projections,
for example with a cumulative sum. Once the projections are integrated, the phase
can be reconstructed with the same procedure used for the attenuation data, Eqs.
(5.2) and (5.5).

2. Integration in Fourier space [Pfeiffer et al. 2007b]. It is based on the Fourier theorem
for derivatives which states that:

FT

„
dfpxq
dx


“ 2πiv

”
rfpvq

ı
. (5.7)

Using Eq. (5.7), Eq. (5.3) can be written as

Pfpx1, ωq “
ż 8

´8

hpvq rDpv, ωqei2πvx1

dv , (5.8)

2Note that filters different than the ramp filter can be used in the back-projection algorithm in order, for

example, to suppress high-frequency noise or reconstruct correctly the low-frequency components. Other

filters and their properties are described in Ref. [Kak & Slaney 1987].
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where hpvq is the imaginary sign filter:

hpvq “ |v|
2πiv

“ 1

2πisignpvq . (5.9)

The imaginary filter is shown in Fig. 5.3 (b) and it corresponds to Hilbert filtering
in the real space [Pfeiffer et al. 2007b]. The advantage of this reconstruction method
over integration in real space is that no additional steps, such as integration of the
differential phase projections, are required in the reconstruction procedure. Moreover,
it reduces artifacts in the reconstruction caused by the unknown integration constant
as an integration in real space. The latter aspect is particularly important in local
tomography. Integration in Fourier space can be performed only if the grating lines
are parallel to the rotation axis as shown in Fig. 5.2.

Measurement of the refractive index Sections 5.2 and 5.3 showed that, when the
sample is illuminated by monochromatic radiation, the full refractive index of the sample
can be measured with grating-based tomography: the real and the imaginary part of the re-
fractive index are reconstructed, respectively, in the phase and the attenuation tomograms.
However, several factors can affect the quantitative accuracy of the tomographic measure-
ments, such as the presence of propagation-based phase contrast or the phase-wrapping
phenomenon. The effect of phase wrapping in the phase tomogram is discussed in Chap. 8
and Ref. [Zanette et al. 2011d].

When polychromatic radiation is used, it is convenient to interpret the measured poly-
chromatic data with an effective refractive index which corresponds to the weighted sum of
the values of refractive index obtained with the monochromatic X rays of the photon energy
spectrum [Herzen et al. 2009]. The refractive index resolution obtained with a polychro-
matic beam is in general inferior to that obtained with monochromatic radiation and arti-
facts such as beam-hardening effects may disturb the phase tomogram [Chabior et al. 2011].

5.4 The dark-field tomogram

Dark-field projections are usually treated in analogy to attenuation projections. The dark-
field volume is obtained by applying the filtered back-projection algorithm with a ramp filter
to the logarithm of Dx (Eq. (4.5)). Formalism developed to relate the reconstructed dark-
field signal to known physical quantities are under way, see for example Refs. [Wang et al. 2009,
Bech et al. 2010, Lynch et al. 2011] in which dark-field tomograms of phantom samples are
reported.

5.5 Example: fossilized insect in amber

Figure 5.5 shows attenuation, phase and dark-field tomograms of an insect in opaque amber.
Amber is a low-density material, mainly composed of carbon, hydrogen and oxygen with
average density around 1.1 g/cm3 similar to the density of plastic materials. The tomograms
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shown in Fig. 5.5 have been reconstructed from 3000 projections recorded over 360˝. Each
attenuation, differential phase and dark-field projection (see Fig. 5.4) was retrieved from a
phase-stepping scan taken over one period in four steps.

Figure 5.4: (a) Attenuation, (b) differential phase and (c) dark-field (c) projections of the insect

in amber obtained during the tomography scan which gave the results shown in Fig. 5.5.

The reconstruction algorithm provides slices orthogonal to the rotation axis, these axial
slices are shown in the left column of Fig. 5.5 (panels (a), (d) and (g)). When the full
volume is reconstructed, it is possible to visualize slices on any arbitrary plane. Sagittal
slices extracted in planes orthogonal to the axial slices are shown in the central and right
columns of the figure.

The signal produced by the fossilized insect is much stronger in the phase than in the
attenuation tomogram. In the attenuation images, the edge-enhancement effect is present
as a couple of bright and dark stripes along the borders of the insect. The edges of the
insect are the parts which give the strongest contrast in the dark-field tomogram. Note that
the wings of the animal can be more easily detected with the dark-field and phase signals
than with the attenuation signal, see circle in Fig. 5.5 (c), (f) and (i). The dark-field signal
is also sensitive to the presence of cracks in the amber. For example, the crack indicated
with arrows in Fig. 5.5 (h) can only be seen with the dark-field signal.
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Figure 5.5: Attenuation (a)-(c), phase (d)-(f) and dark-field (g)-(i) tomograms of an insect in

opaque amber. The first column shows axial slices. The center and right columns display sagittal

slices in planes orthogonal to each other and orthogonal to the axial slices at the left. Positions

at which these sagittal slices are extracted from the volume are indicated in the axial slices with

dashed lines. This measurement has been performed at beamline ID19 with the interferometer

described in the next chapters at an X-ray photon energy of 35 keV. The distance between the

π´shifting G1 and G2 was 404 mm corresponding to the 5th fractional Talbot order. The pixel

size was 5 µm and the exposure time per interferogram was 2 s.
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X-ray grating interferometers as the one described in Chap. 4 have been been imple-
mented at third-generation synchrotrons such as the ESRF (the interferometer at ESRF-
ID19 was implemented during this thesis project, see Chap. 7), the Swiss Light Source in
Switzerland [McDonald et al. 2009] and Spring-8 in Japan.

In the past years, variations to the standard device described in the previous chapter
have been proposed to adapt the interferometer to low-brilliance sources, improve image
quality and reduce the dose delivered to the sample. The purpose of this chapter is to
describe the state of the art of grating interferometry by presenting recent contributions in
this field.

This chapter consists of two sections:

(i) Section 6.1 gives a review of developments which have been implemented outside of
this thesis project, mostly by other groups;

(ii) Section 6.2 presents recent works to which the author has significantly contributed
during her thesis project.

The achievements of the author’s work in which she had a leading role are not listed here
because they are extensively presented in Chapters 10 and 11.
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6.1 Developments by other groups

6.1.1 X-ray Talbot-Lau grating interferometer

Chapter 4 describes the principles of a two-grating interferometer which works at a third-
generation synchrotron beamline where the transverse coherence of the radiation is enough
to observe good fringe visibility up to large inter-grating distances of tens of centimeters.
As explained in Sec. 3.3.2.1, an interferometer like this would not work on laboratory X-ray
tubes and on second-generation synchrotrons because of the limited transverse coherence
of the radiation provided by these sources. Moreover, at these facilities, it would not be
practically feasible to simply slit down the source to increase the visibility because this
would also decrease the photon flux to unacceptably low values.

Figure 6.1: Schematic representation of a Talbot-Lau interferometer.

A solution to this problem was found by Pfeiffer et al. [Pfeiffer et al. 2006] who imple-
mented the so-called Talbot-Lau1 interferometer, see Fig. 6.1. This interferometer is very
similar to the standard grating interferometer except that an additional line grating G0 is
inserted in the beam path. G0 is an absorption grating placed between the source and the
phase grating in order to create an array of line sources. The period p0 of G0 is chosen so
that the intensity pattern originated by each of these apertures adds constructively on the
observation plane. The period p0 is given by:

p0 “ p2
L

d
, (6.1)

where L is the G0-to-G1 distance, p2 is the period of G2 and d is the G1-to-G2 distance.
The different possible geometrical configurations satisfying Eq. (6.1), e.g. L ă d, L “ d or
L ą d, have been studied and their effect on the image quality has been discussed in Ref.
[Donath et al. 2009].

As the grating G2, the grating G0 is usually made of gold. The duty cycle is chosen
as a compromise between visibility (gratings with larger duty cycles give higher visibility)

1The Lau effect is the generation of a fringe pattern by a pair of gratings under incoherent illumination

[Lau 1948].
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and photon flux on the observation plane (gratings with larger duty cycles transmit less
photons).

The radiation produced by a conventional X-ray generator is polychromatic. The phase
grating and the inter-grating distance d are designed for the mean energy of the polychro-
matic beam. The quality of phase and absorption tomographies obtained with a Talbot-Lau
interferometer have been studied by Herzen et al. [Herzen et al. 2009] using a laboratory
source without a monochromator at the Paul Scherrer Institute (Villigen, Switzerland).
With the same set up, the potential of the Talbot-Lau interferometer for future clinical
applications has recently been investigated on human ex-vivo samples [Donath et al. 2010,
Stampanoni et al. 2011].

Another aspect to consider in the implementation of a grating interferometer at conven-
tional X-ray sources is that, at these sources, the wavefront is strongly spherical. X rays
impinge on the grating lines with different angles depending on the distance from the optical
axis. With increasing incidence obliquity the projected profiles of the gratings first become
trapezoidal, then triangular and eventually more and more washed out. For this reason,
at conventional X-ray generators, the visibility decreases with the distance from the optical
axis. A way to reduce this problem is to adapt the gratings to the shape of the wavefront
by curving them [David et al. 2005, Revol et al. 2011].

Other developments in three-grating interferometry go in the direction of minimizing the
number of optical elements in the beam path. Momose et al. proposed to substitute the
source grating G0 with a grooved rotation anode [Momose et al. 2009a]. In a more recent
work, Momose et al. suggested the implementation of a Lau interferometer by completely
removing the absorption grating G2 [Momose et al. 2011a].

The Talbot-Lau interferometer was developed at X-ray laboratory sources and has sub-
sequently been implemented at the second-generation synchrotron DORIS, Hamburg, Ger-
many see Ref. [Herzen et al. 2010] A first implementation of a three-grating interferometer
at the Brazilian Synchrotron, Laboratório Nacional de Luz Síncrotron in Campinas, Brazil
has been performed during this PhD project.

6.1.2 Grating interferometry without phase stepping

In Sec. 4.4 we have seen that a grating interferometer operating in moiré mode can be used
for single-shot (without phase stepping) differential phase and scattering imaging. We have
also seen that the main disadvantage of moiré imaging is that the spatial resolution is limited
by the period of the moiré fringes.

Recently, two different methods have been proposed for single-shot grating interferome-
try which does not consist in recording a moiré pattern and thus do not degrade the spatial
resolution of the imaging system [Zhu et al. 2010, Diemoz et al. 2011]. Although the meth-
ods proposed by Zhu et al. and Diemoz et al. differ in the acquisition procedure and the
retrieved signal, they have some aspects in common:

(1) they require a perfect alignment of the gratings: all over the field of view the relative
position of the two gratings should be adjusted so that the signal recorded in each pixel
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is at the same position on the flank (point at which the derivative is maximum) of the
contrast curve;

(2) the signal retrieval is based on a linearization of the curve around its flank;

(3) dark-field signal is not accessed.

Zhu et al. propose to combine the projection taken for a viewing angle of ω degrees (where
ω P r0, πr) with the projection taken for the viewing angle of π`ω degrees [Zhu et al. 2010].
They demonstrate that a linear combination of these two projections allows to separate the
differential phase signal from the absorption signal.

Diemoz et al. exploit the fact that raw interferograms contain both absorption and
differential phase information [Diemoz et al. 2011]. If images are taken at the flank of the
contrast curve, the quantity reconstructed in the tomogram can be approximated by a linear
combination of the attenuation coefficient and the gradient of the decrement of the refractive
index provided that the rotation axis is orthogonal to the grating lines (thus perpendicular
to the direction in the standard implementation).

The main limitation of the methods proposed by Diemoz et al. and Zhu et al. is that,
for being in the flank of the contrast curve over all the field of view, the gratings must be
extremely carefully aligned which is a difficult task already at synchrotron beamlines where
the radius of curvature of the wavefront is very large. At conventional X-ray tubes, where
the wavefront is much more divergent, this alignment would be more difficult.

6.1.3 Single or double grating set-up in magnified geometry

Magnified geometry is used in order to increase the spatial resolution at the object plane.
In Ref. [Engelhardt et al. 2007a], the authors report on the implementation of a grating

interferometer with a laboratory microfocus X-ray source. Since the source size is of few
micrometers, the source grating is not needed in such a setup.

In Ref. [Takeda et al. 2008], a two-grating interferometer is implemented with a Fresnel
zone plate X-ray microscope at a synchrotron facility. Yashiro et al. used a similar setup
with a single phase grating [Yashiro et al. 2009] and measured a spatial resolution at the
object plane of 480 nm. In this microscope, the large grating-to-detector distance allows to
obtain what the authors call twin phase images generated by the two beams departing from
the grating. Further theory on this subject can be found in Ref. [Yashiro et al. 2010a].

It should be noted that, although magnified geometry allows to increase the spatial
resolution at the object plane, it also decreases the sensitivity of the imaging system which
is inversely proportional to the magnification.

6.1.4 Fourier imaging with a transmission grating

Fourier imaging with gratings is in many ways similar to grating interferometry although it
does not exploit the interference effect for generating the image contrast [Wen et al. 2009,
Bennett et al. 2010, Wen et al. 2010]. This method was implemented at a laboratory X-ray
generator and uses a commercially available grid mask which induces a periodic modulation
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in the incoming wavefront. The modulation produced by the mask, after the X rays prop-
agate through the sample, is directly resolved by the image sensor. An algorithm based on
the Fourier transform [Takeda et al. 1982] applied to the raw images allows to obtain, as in
grating interferometry, the component perpendicular to the grating lines of the differential
phase and the scattering signal, plus the conventional absorption image.

6.1.5 Phase-contrast imaging with coded apertures

The method based on coded apertures, as the technique presented in the previous section, has
been developed at a laboratory source and does not rely on the interference effect to obtain
the phase signal. The so-called “coded apertures” are a pair of absorbing gratings placed in
the X-ray beam path. These gratings are arranged so that only photons deviated by the
sample at certain angles are effectively detected by the image sensor [Olivo & Speller 2007]
and the image signal is related to the refraction angle caused by the object.

The first implementations of this technique were performed with line apertures which
give access to the refraction in the direction perpendicular to the lines. A more recent work
reports on the implementation of this technique with two-dimensional apertures which yield
sensitivity in two orthogonal directions [Olivo et al. 2009].

6.2 Developments within this PhD project

6.2.1 Grating interferometer with a structured scintillator

In Sec. 4.3.2.3 we have seen that transmission by the grating lines of G2 reduces visibility of
the contrast curve and therefore degrades image quality. Unfortunately, grating lines high
enough to absorb 100% of the incoming radiation at high X-ray photon energies are very
challenging to fabricate.

A method to circumvent this problem has been recently proposed which consists in a
structured scintillator, used instead of the conventional absorption grating, as analyzer ele-
ment [Rutishauser et al. 2011a]. The structured scintillator replaces the absorption grating
and the continuous scintillator used in the standard setup, see Fig. 6.2. As in the standard
setup, the visible light produced in the structured scintillator is guided to a lens system into
the CCD camera. The structured scintillator acts as an analyzer element as described in
the following.

The lines with scintillator material correspond to the clear areas of the conventional
absorbing grating while the non-scintillating lines are totally opaque parts because no visible
photons are produced in them, see Fig. 6.2. Since visible photons can not be produced in the
non-scintillating lines, the visibility of the contrast curve can be much higher with respect
to the one obtained, for otherwise identical conditions, with a standard absorption grating.

In the experiment reported in Ref. [Rutishauser et al. 2011a] which was carried out at
60 keV, a visibility of 22% was measured with the structured scintillator while, for the same
number of detector counts, a visibility of only 5% was obtained with a continuous scintillator
and a conventional absorption grating.
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Figure 6.2: A structured scintillator (b) can be used as the analyzer element in a grating interfe-

rometer. It substitutes the standard absorption grating G2 and the continuous scintillator usually

coupled to the image detector (a). It increases the visibility of the contrast curve if this is limited

by transmission from absorption grating lines.

While the proof of principle measurements reported in Ref. [Rutishauser et al. 2011a]
have been performed at an X-ray tube, the same principle can be applied to interferometers
installed at other X-ray sources such as synchrotrons.

6.2.2 Directional dark-field imaging

The anisotropic nature of scattering information obtained with a grating interferometer is
at the basis of a new imaging technique called “directional dark-field imaging”.

In directional dark-field imaging, the directional dark-field signal produced by an object
is recorded at different angular positions of the sample which rotates around the optical axis
as shown in Fig. 6.3 (a) [Jensen et al. 2010a, Jensen et al. 2010b]. These images are com-
bined together to obtain a map of the preferential scattering direction of the features in the
object and their scattering strength. In Ref. [Jensen et al. 2010b] a theory for describing the
directional dark-field signal produced by strongly oriented objects has been developed. In
this model, the scattering from a single point on the sample results in a 2D Gaussian scatter-
ing intensity profile at the observation plane. With the directional dark-field measurements
it is possible to calculate the parameters of the 2D Gaussian and retrieve information on
the scattering preferential direction, scattering strength and the degree of orientation of the
sample features. A directional dark-field image of a slice of a human tooth measured for
validating the theory reported in Ref. [Jensen et al. 2010b] is shown in Fig. 6.3 (b).
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Figure 6.3: (a) Principles of directional dark-field imaging: dark-field images of the sample are

obtained for different sample angular positions ω of the sample which rotates around the optical

axis. (b) Directional dark-field map of a human tooth. The scattering comes prevalently from the

tubuli in the dentin whose diameter of tenth of micrometers decreases from the regions close to the

pulp to the regions close to the enamel. The orientation of the scattering features is indicated by

the color wheel displayed in the bottom left corner of the image and the brightness is related to

the strength of the scattering signal: dark parts are non scattering parts. The pixel size was 8 µm

and the X-ray energy 17.6 keV. Images adapted from Ref. [Jensen et al. 2010b].
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The first task of the experimental part of this thesis was to design, implement and char-
acterize an X-ray grating interferometer for radiography and tomography at the beamline
ID19 of the European Synchrotron Radiation Facility in Grenoble, France. This chapter
is dedicated to the description of the instrument which is now available to external users.
The description includes details on the data acquisition and analysis methods currently
in use. Since X-ray source and detector are important parts of the imaging system, their
characteristics are reported in the first part of the chapter.

7.1 Synchrotron radiation

Synchrotron radiation is the electromagnetic radiation produced by an accelerated relativis-
tic charged particle [Raoux 1983]. It was observed for the first time in 1947 in a particle
accelerator (called synchrotron) and was used at the beginning as parasitic radiation, i.e.,
the purpose of the accelerator operation was not the generation of synchrotron radiation
but the particle beam itself (first-generation synchrotrons). The first dedicated machines
entirely devoted to the production of synchrotron radiation and its use for the investigation
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of matter started to appear in the 1970s. They are now classified as second-generation syn-
chrotrons. Third-generation synchrotrons are sources with improved trajectory and stability
control which make optimum use of insertion devices (IDs) to produce more brilliant radi-
ation than the previous sources. The most powerful third generation sources in the world
are the European Synchrotron Radiation Facility (ESRF) in Grenoble (France), PETRA III
in Hamburg (Germany), the Advanced Photon Source in Argonne (U.S.) and SPRING-8 in
Hyogo (Japan).

An introduction to the physics of synchrotron radiation and storage rings can be found,
for example, in Refs. [Raoux 1983, Als-Nielsen & McMorrow 2010]. This section gives a
brief review of the important aspects of synchrotron radiation relevant for this PhD project.

The radiation produced by relativistic charged particles is collimated and tangential to
the particle trajectory. The opening angle of the radiation cone is γ´1, where:

γ “ 1a
1 ´ v2{c2

(7.1)

and v is the speed of the electrons and c the speed of light. It is due to this high collimation
that synchrotron radiation has a very high brilliance. The brilliance of the beam produced by
an insertion device can go up to 1020 photons s´1 / (mrad2 mm2 source area 0.1% bandwidth)
which is about ten orders of magnitude higher than the brilliance of a laboratory X-ray source
[Als-Nielsen & McMorrow 2010].

The brilliance of the synchrotron X-ray beam is related to the product of the emittance,
i.e. the extent in phase space of the electron beam, in the horizontal (εx) and vertical (εy)
directions, perpendicular to the average electron velocity. In accordance with Liouville’s
theorem, the emittance is constant over the length of the orbit and is a global parameter of
the machine. A small emittance gives an X-ray beam with high brilliance.

The emittance εx in the horizontal plane of the orbit is given by the product of the
beam size Σx and its divergence Σ1

x. An analogous relation holds for the emittance in the
vertical direction. Since εx and εy are constant along the storage ring, a smaller beam
size corresponds to a larger distribution of the transverse momentum of the electrons. The
emittance in the vertical direction is much smaller than in the horizontal direction since
there are no vertical bending magnets in the storage ring. At ESRF, the ratio εy{εx is of
the order of 1%. The ratio Σx{Σ1

x depends on the position in the orbit and is the so-called
βx function. At ESRF, straight sections with a low-beta value are alternated with straight
sections with high-beta values.

Insertion devices (IDs) are inserted in the straight sections to produce X rays. The IDs
are formed by an array of magnets that produce magnetic fields of alternate sign and force
the electrons to oscillate perpendicularly to their principal direction of motion. Since IDs
induce multiple oscillations on the electron beam, they are much more brilliant sources than
the bending magnets where electrons travel in a circular arc. Depending on the size of the
oscillation of the particles, the insertion devices are called wigglers or undulators. The IDs
are described in more detail below.

Wiggler The oscillations of the particles in a wiggler are larger than the opening angle of
the radiation cone γ´1 and the radiation pattern produced by a wiggler is given by
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the incoherent sum of the radiation produced by each individual wiggle. This leads to
a continuous energy spectrum.

Undulator In an undulator, the electrons execute oscillations smaller than γ´1. In this way,
the radiation emitted by an electron at one oscillation is in phase with the radiation
emitted at the next oscillation. The resulting radiation is a coherent sum of the
radiation produced by each individual magnet at one wavelength and its harmonic.
Thus, the undulator can produce a quasi-monochromatic beam at a particular energy
which can be tuned by changing the strength of the magnetic field. Additionally, the
beam from an undulator is more collimated than that of a wiggler, i.e. the emission
angle is substantially smaller.

Figure 7.1: Aerial view of the ESRF; the satellite building of ID19 is at the bottom left of the

image.

7.1.1 The beamline ID19

This section is dedicated to the description of the beamline ID19 of the European Syn-
chrotron Radiation Facility (ESRF) where an X-ray grating interferometer has been installed
during this PhD project. ESRF was the first third generation synchrotron which started
operation in 1992.1 The storage ring of the ESRF has a circumference 844 m and is com-
posed of 32 bending magnets with 32 straight sections (Fig. 7.1). The maximum electron
beam current is of 200 mA and the energy of the electrons is 6 GeV.

ID19 was the first long ESRF beamline. It went into operation in June 1996 and is
today mainly dedicated to phase- and absorption-contrast parallel-beam full-field imaging
with spatial resolution in the micrometer range.

ID19 is located in a low-βx section of the storage ring where the nominal size of the
electron beam is 150ˆ25 µm2 (horizontal ˆ vertical, FWHM). The beamline layout is shown

1www.esrf.eu.

www.esrf.eu
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Figure 7.2: Layout of ID19. The beamline has two optics hutches and one experimental hutch.

The first optics hutch (OH1) is in the experimental hall and the second optics hutch (OH2), together

with the experimental hutch (EH), is situated in satellite building. Bottom: detailed representation

of the elements of ID19 and their distance from the center of the straight section. In the EH, a

custom space for additional instruments such as a laminograph is available between the high-

resolution (HR) tomograph and the medium resolution (MR) tomograph. For more information

see main text. These images are adapted from Ref. [Weitkamp et al. 2010a].

in Fig. 7.2. In the straight section there are four insertion devices: three undulators (two
of them are mounted on a revolver) and one wiggler. The wiggler is situated at the center
of the straight section. The beamline has two optics hutches (OH). The first optics hutch
OH1, which is located in the main ESRF experimental hall, is not separated by any window
from the storage ring vacuum. At ID19, the number of windows in the X-ray beam has
been minimized in order to keep the coherence of the X-ray beam as high as possible: any
element in the beam can act as a secondary source of much larger angular size than the
primary source. This effectively degrades the spatial coherence 2 [Espeso et al. 1998]. 3 In
OH1 there are attenuators, diaphragms and a set of primary slits.

The second optics hutch OH2 is situated at approximately 140 meters from the center

2If the optical element in question is static, the phase correlations in the light field at the sample positions

will not be reduced in strength. In this sense, scattering by the optical element will, in principle, not reduce

the coherence of the beam as long as the scatterers are constant in time and position. However, they will

produce a speckle pattern around each image feature. The characteristic size of the speckles is ac{b, where a

is the characteristic modulation period in the scattering object, b is the distance between the scatterer and

the sample, and c the distance between sample and detector plane. Since a is often already smaller than

the resolution of the imaging system, and, in addition, c ! b in most cases at synchrotron beamlines, the

speckle pattern is usually not resolved. Instead, it takes the form of a halo, and the effect of the scattering

filter is therefore equivalent to that of an ideal diffuser screen. The spatial coherence is effectively decreased.
3This aspect, which is generally important for X-ray phase-contrast imaging, is fundamental for X-ray

grating interferometry. During this PhD project, a grating interferometer was tested at ID17, a beamline of

the ESRF very similar to ID19. They are both located in low-βx sections of the storage ring, the experimental

hutches of both beamlines are located 150 m from the source and they use the same type of wiggler. However,

at ID17 there are more windows than at ID19, partly because ID17 has another experimental hutch close to

the storage ring. In addition, ID17 uses a Laue monochromator. The visibility observed at ID17 was much

lower than the visibility observed at ID19, for otherwise very similar experimental conditions.
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of the straight section and accomodates a double crystal monochromator (DCM) with two
Si (111) crystals in Bragg geometry, as well as a chopper and secondary slits.

A second monochomator, a single bounce multilayer (ML), is situated in the first part of
the experimental hutch (EH). Downstream of the ML, there are two tomography stations,
called the “high-resolution tomograph” and the “medium-resolution tomograph”. As the
names suggest, the high-resolution tomograph is optimized for studies with high resolution
on light samples and the medium-resolution tomograph is used for studies on samples which
require a larger field of view and/or are heavy or bulky.

The beam width in the EH (with DCM or pink/white beams) is limited to 45 mm by
apertures. The beam size in the vertical direction can go up to 15 mm. With the DCM
the maximum beam height is available up to an energy of approximately 23 keV. At higher
energies the beam height decreases (due to the limited dimensions of the monochromator
crystals) and reduces to a value of only 3 mm at 80 keV. The maximum beam size obtained
with the ML is much smaller and around 15(hor)ˆ4(ver) mm2.

The beamline operates in white or pink beam modes (i.e., without the use of any
monochromator device) or in monochromatic mode by using the DCM or the ML. The
energy range is between 7 keV and more than 150 keV. Note that, since the ML is vertically
deflecting, the single-bounce monochromator can not be used for the medium-resolution
tomograph because of a prohibitively large vertical offset of the ML-reflected beam at the
position of the tomograph. The ML provides a monochomatic beam with larger spectral
bandwidth and larger photon flux than the DCM: the energy resolution provided by the ML
is ∆λ{λ « 10´2 while that of the DCM is of approximately 10´4.

7.2 The detector

Several types of digital image sensors are currently available for X-ray imaging and all of
them can be used for grating interferometry. Among them are photographic films, amor-
phous silicon flat panels, direct conversion pixel detectors [Bech et al. 2008] and scintillator
lens-coupled CCD cameras. The image sensors used at ID19, in standard tomography as
well as in grating interferometry experiments, are scintillator lens-coupled CCD cameras
because this scheme combines high spatial resolution with good resistance to highly-intense
radiation.

The basic concepts of the detection mechanism are described in the following. X rays
impinge on a scintillator material which converts them into visible light photons. Most of
the X rays which are not absorbed in the converter screen are stopped by the substrate of
the screen or by a lead glass. The visible-light image in the scintillator plane is projected
onto a CCD by a system of lenses. In the detectors used at ID19, a mirror in the visible-light
beam path avoids exposure of the CCD and electronics to high-energy X rays in the direct
beam path.

The thickness and the material of the scintillator have strong effects on both spatial res-
olution and detection efficiency. Thicker scintillators degrade spatial resolution but provide
higher detection efficiency [Koch et al. 1998]. At ID19, different types of scintillators includ-
ing powder scintillators (gadolinium oxysulfide [Gadox] Gd2O2S) and crystal scintillators
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(yttrium aluminum garnet [YAG] Y3Al5O12, lutetium aluminum garnet [LAG] Lu3Al5O12

and gadolinium gallium garnet [GGG] Gd3Ga5O12), doped with different rare earth elements,
are available. All the interferometer results presented in this thesis have been obtained with
the Gadox scintillator. In powder scintillators, the resolution expressed in terms of the
FWHM of the line spread function (LSF), which is one of the quantities used to described
the response of a detector, is approximately given by the thickness of the scintillator itself
[Swank 1973]. The LSF is the response of the system to illumination by an infinitely narrow
line focus. If the detector is linear and spatially invariant, this function can be easily re-
lated to the point spread function (PSF) which is the response of the system to a point-like
illumination. When the PSF is known, it can be used to correct the recorded image by
deconvolution with the detector response. For more information on image detectors and
their characterization, see textbooks as Ref. [Knoll 1979].

The CCD detectors used in this PhD project are cameras from the FReLoN (Fast Read-
out Low Noise) model developed at the ESRF [Labiche et al. 1996, Labiche et al. 2007].
In these cameras, the background of the images due to dark current is kept low down
to approximately 1 electron/pixel/s by cooling the CCD down to -20 ˝C with a water-
cooled Peltier element. Two different models have been used during this thesis project, the
“FReLoN 2K” and the “FReLoN E2V”. The chips of these cameras have 2048ˆ2048 pixels;
both cameras can work in speed or precision mode. The FReLoN E2V is more efficient but
slower than the FReLoN 2K; parameters for the two cameras and for the two configurations
(precision or speed) are given in Table 7.1. During the grating interferometry experiments,
the cameras have been used in precision mode.

FReLoN 2K FReLoN E2V

Official name F A 7899 F E 230-42

Pixel size 14 µm 15 µm

Quantum efficiency for Gadox 40% 90%

precision speed precision speed

Dynamic range unbinned 14000:1 8000:1 14000:1 8000:1

Dynamic range binned 14000:1 8000:1 34000:1 21000:1

Effective throughput (Mpixels/s) 40 80 10 20

Table 7.1: Parameters of the two FReLoN cameras used during this PhD project. The quantum

efficiency is defined as the number of electron´hole pairs created per visible-light photon. The

values reported in this table have been provided by J.-L. Labiche, ESRF.

The effective pixel sizes and scintillators used in this thesis are listed below:

(i) 5 µm with 10 µm Gadox thickness;

(ii) 7.5 µm with 10 µm Gadox thickness;

(iii) 30 µm with 30 µm Gadox thickness.
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The values of the effective pixel size above are given for the FReLoN 2K. These values
should be multiplied by 15/14 to obtain effective pixel sizes for the FReLoN E2V.

An X-ray exposure shutter is located upstream of the sample position. It has the twofold
purpose of (1) limiting the exposure of the sample to the X-ray beam to the periods in which
the detector collects photons and (2) avoiding image artifacts that would be caused by X
rays hitting the detector during readout.

7.3 The instrument

At ID19, the grating interferometer is a removable add-on of the MR tomography station.
Due to the limitations on the spatial resolution imposed by the period of the gratings, the
interferometer performs best with moderate resolution detectors with a large field of view.
The interferometer has been designed, installed and commissioned during this thesis project
in collaboration with partners from Paul Scherrer Institut.

The interferometer is based on the “Macrobech” series of optical mounts by the company
Qioptiq Photonics GmbH & Co. KG, Göttingen, Germany (formely: LINOS). The system
is based on four parallel rods which hold mounts on which the gratings are fixed, see Fig. 7.3
(a) and (b). The rods ensure stability, rigidity and parallelism of the gratings with respect
to each other. The distance between the gratings can be varied manually and different sets
of rods are available for implementing different inter-grating distances.

The interferometer gives access to the full beam size at ID19. Phase and absorption
gratings are fabricated on wafers with a diameter of 100 mm. The maximum active area of
the phase gratings made at PSI is a square of 65ˆ 65 mm2 and the maximum active area of
the phase and absorption gratings fabricated at KIT is 60ˆ20 mm2. Photographs of phase
and absorption gratings are shown in Fig. 7.4 (a) and Fig. 7.5 (a).

The phase-stepping scan is usually realized by moving the phase grating. This grating
is mounted on a commercial piezo translation stage (HERA model series, by Physik Instru-
mente PI, Karlsruhe, Germany) with 100 µm travel range and 0.4 nm nominal resolution.
The adapter plate shown in Fig. 7.4 (b) was designed in-house and is used as interface for
mounting the phase grating on the piezo. Grating and piezo can be mounted on a goniome-
ter used to tilt the grating around the axis parallel to the grating lines in order to reduce
the period of the phase grating projected on the plane orthogonal to the optical axis. The
goniometer is a MOGO 40 from OWIS GmbH, Staufen, Germany with ˘15˝ travel range.

The gratings can be aligned by rotating the absorption grating around the optical axis
over a range of a few degrees with a system of flexure hinges that acts as a reduction gear.
This mechanism was originally developed at Paul Scherrer Insitut and can be actuated by
a micrometer screw. The ESRF version, shown in Fig. 7.4 (b), is made of aluminim and
driven by an MMS 19-25-HSM by Owis GmbH, Satufen, Germany. The magnetic grating
holder, which allows an easy mounting of the grating on the rotation stage, was designed
in-house at ESRF.

A photograph of the sample stage is shown in Fig. 7.3 (c). In a tomography experiment,
the sample is fixed on a suspended rotation stage (PRS-110 from miCos GmbH, Eschbach,
Germany) which allows to immerse the specimen in a water tank. This configuration is used
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Figure 7.3: Pictures of the grating interferometer installed at ID19. (a) Interferometer with a

large inter-grating distance of approximately 500 mm. (b) Interferometer with a short inter-grating

distance of approximately 200 mm. (c) Detailed view of the sample stage.

in order to reduce artifacts in the phase tomogram coming from refraction at the sample-air
interface. Water tanks of different sizes have been designed inhouse. They are made by
kapton foils fixed by screws on an aluminum structure, see Fig. 7.3 (c). The sample can
move in both transverse directions for alignment and for acquiring images of the reference
beam during a tomography scan.

Up to now, the interferometer has been used with monochromatic radiation from the
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Figure 7.4: (a) Picture of a phase grating. (b) Scheme of the phase grating mounted on the piezo

and goniometer.

DCM. The wiggler has been chosen as source of radiation instead of the undulator for two
reasons: (i) the size of the beam produced by the wiggler is larger (ii) the visibility, for
otherwise identical conditions, is higher with the wiggler than with the undulator. We
believe that this is due to the fact that the wiggler is situated at the center of the straight
section where the size of the electron beam is smaller. The horizontal transverse coherence
length of the X-ray beam at the sample is therefore larger.

Tests for using the pink beam produced by the undulator are planned for the near future.
The grating interferometer described above has been extended for the use of two-dimensional

gratings instead of line structures [Zanette et al. 2010a, Zanette et al. 2010b, Zanette et al. 2011c].
The two-dimensional interferometer is described in Chap. 11.

7.3.1 List of available configurations

The gratings currently available at ID19 are listed in Table 7.2.

7.3.1.1 Small interferometer for the high-resolution tomograph

A smaller interferometer for the high-resolution tomograph has recently been implemented in
collaboration with partners from Paul Scherrer Institut and from Universität Basel. Gratings
for this interferometer belong to the Paul Scherrer Institute, the wafer and the active area
of these gratings is smaller than the gratings used in the MR tomograph and the period
of the absorption grating is of 2.0 µm. Gratings and some of the mechanical parts of the
interferometer are not permanently available at ID19. This “small interferometer” is based
on a mounting system similar to that of the large-field interferometer. However, the rods
(“Microbench” series by the company Qioptiq Photonics GmbH & Co. KG, Göttingen,
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Figure 7.5: (a) Picture of an absorption grating. (b) Rotation stage for the absorption grating.

Designed Nominal

# Type Material Energy (keV) FTD (mm) FTO Period (µm) Height (µm)

1 G1 (π) Si 17.6 keV 451 11th 4.78 21

2 G1 (π) Si 23 keV 482 9th 4.785 29.5

3 G1 (π{2) Ni 28 keV – – 2.4 5.1

4 G1 (π) Si 35 keV 244 3rd 4.792 44.8

5 G1 (π) Si 35 keV 408 5th 4.787 44

6 G1 (3π{2 & π{2) Ni 17.6 & 52 keV – – 2.4 9.2

7 G1 (3π{2 & π{2) Au 17.6 & 52 keV – – 2.4 5.3

8 G1 (π{2) Ni 140 keV – – 4.8 25

9 G2 Au – – – 2.4 50

10 G2 Au – – – 2.4 74

11 G2 Au – – – 2.4 100

12 G2 Au – – – 4.8 180

Table 7.2: List of gratings available at ID19. FTD is the fractional Talbot distance (inter-grating

distance). FTO is the fractional Talbot order (i.e. n in Eq. (4.1) (page 38)). Gratings number

1 through 8 are used as phase gratings (G1), gratings number 9 through 12 as analyzers (G2).

Gratings with period 2.4 or 4.8 µm are produced at KIT; the other gratings are produced at PSI.

Gratings number 6 and 7 were designed to be used at two energies at which their lines give a

phase shift of π{2 and 3π{2. It can be shown, in fact, that the intensity pattern generated by a

3π{2´shifting phase grating is analogous to the pattern generated by a π{2´shifting phase grating

at the same fractional Talbot distances. Gratings number 8 and 12, designed for being used at 140

keV, have not yet been tested. Successful tests at 82 keV, immediately above the Au absorption

edge have been performed. The phase grating used at 82 keV is not listed here because it does not

belong to ID19.

Germany) have smaller diameter and length. The piezo used for the phase-stepping scan
is the same as the one used in the large-field interferometer. The absorption grating is
tilted around the optical axis with a principle very similar to the one adopted in the large-



7.3. The instrument 79

field interferometer. A picture of the small interferometer installed on the high-resolution
tomograph is shown in Fig. 7.6.

This instrument has been used with the monochromatic beam from the multilayer at an
energy of the 17.6 keV.

Figure 7.6: Small interferometer installed at the high-resolution tomograph.

7.3.2 Positioning and alignment

In a tomography experiment, the gratings are usually positioned in their respective holders
with the lines oriented along the vertical direction (parallel to the rotation axis) for the
reasons described in Chap. 5. When the interferometer is used for other applications than
tomography, those constraints do not apply. Since the shape of the X-ray source is a flat
ellipse, the highest value of visibility is generally reached when the grating lines are horizon-
tal. However, an interferometer with horizontal grating lines is sensitive to vibrations and
deformations of vertically deflecting beamline optics. For this reason, gratings at ID19 are
usually mounted with their lines vertical. During the mounting, the gratings are manually
pre-aligned and the distance between the gratings is set to the value calculated with Eq.
(4.14) (page 49).

When the gratings are misaligned, moiré fringes are present in the raw interferograms.
The alignment procedure consists in rotating the absorption grating around the optical axis
until any horizontal component of the moiré fringes disappears (see Appendix B). If vertical
moiré fringes remain in the interferogram, as shown in Fig. 7.7, the period of the interference
pattern produced by G1 should be changed so that also vertical fringes are eliminated. This
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can be done by adjusting the inter-grating distance or, if the phase grating is mounted on
a goniometer, by slightly tilting the phase grating around the axis parallel to the grating
lines. Note that the tilt of the phase grating not only reduces the period of the interference
pattern but also decreases its visibility because the projected shape of the grating lines on
the plane orthogonal to the optical axis is not rectangular. For this reason, having ‘ad-hoc’
fabricated phase gratings with the correct period is the ideal solution.

Figure 7.7: Left: raw interferogram with moiré fringes originating from the difference in period

between the interference pattern produced by the lines of G1 and the lines of G2. The grating lines

were oriented vertically as shown in the schematic representation at the right. The curved dark

stripe at the bottom of the interferogram comes from reflection in the silicon substrate.

Another aspect to consider when mounting an interferometer, is the alignment of the
surface normal to the grating plane parallel to the optical axis; this is crucial for high aspect
ratio G2. This alignment can be done, for example, with the help of the diffraction spots
produced by G2 illuminated by a laser aligned parallel to the X-ray beam: the 0th order
diffraction spot of the laser should overlap with the incident laser beam.

After the alignment of the instrument and before starting the data acquisition, the period
of the piezo motor is calibrated. This calibration is necessary to step the grating over an
integer number of interference pattern periods. If the motor is miscalibrated, the Fourier
analysis of the phase-stepping curve does not yield correct results and artifacts are observed
in the final images.

The calibration procedure consists in taking a phase-stepping scan over approximately
four/five periods in many steps. The intensity values recorded during the scan are averaged
over small regions of interests in different parts of the field of view. These curves are fitted
with a sinusoidal function and in this way the correct stepping period can be calculated. The
calibration is performed in different regions of the field of view in order to detect incident
variations in period in the image; so far, we have never observed significant period variations.

7.4 The visibility map

The visibility image obtained without the sample in the beam, the so called visibility map,
is used to evaluate the performance of the interferometer. The visibility is considered as a
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figure of merit of the performance of the instrument because the final image quality strongly
depends on the visibility of the contrast curve.

Ideally, the visibility map should be homogeneous over the entire field of view. In prac-
tice, non uniformities in the wavefront and and defects in the gratings may affect the local
visibility. The visibility map can therefore be used either for analyzing the quality of the
X-ray beam or for characterizing the gratings. Measurements of the visibility map provide
crucial information to the grating producers to understand properties and defects of the
optical elements and give information complementary to that obtained through inspection
with the scanning electron microscope or the light microscope.

Figures 7.8 (a) and (b) show two visibility maps taken at the same experimental condi-
tions (fifth fractional Talbot distance at 35 keV measured with a detector pixel size of 30 µm)
and with the same phase grating but with different absorption gratings. Both absorption
gratings were fabricated with a duty cycle of 0.5, a period of 2.4 µm and a line thickness of
50 µm. From the images in Fig. 7.8, features caused by defects in the absorption gratings
can be separated from features originating from the other elements in the beam such as the
beamline optics, the scintillator or the phase grating. For example, a scratch in the phase
grating is visible at the left of panels (a) and (b).

The vertical bright lines present in both images of Fig. 7.8 come from the absorption
gratings and have their origin in the electron beam lithography process; the electron beam
writes in squares of 1.2ˆ1.2 mm2. The higher visibility in these regions might be a result of a
better electroplating in the stitched areas. The visibility map of panel (a) shows a horizontal
gradient (the visibility increases from left to right of the image) which is not present in Fig.
7.8 (b) and is probably due to variation in thickness of the absorption grating lines. Although
the visibility map in panel (b) is more homogeneous than the one in panel (a), it shows a
lower average visibility (22%) than the one of 26% measured in panel (a) (see colorbars at
the bottom of the images).

Figure 7.8 (c) shows a visibility map taken with the same pixel size and photon energy
of 35 keV as the maps (a) and (b). However, this visibility map was measured at a different
(shorter) fractional Talbot distance than the other maps and with a different phase grating.
The absorption grating for the measurement in (c) was the one used for the measurement
in (a). The visibility map in (c) presents strong inhomogeneities due to defects in the phase
grating.

A visibility map measured with a pixel size of 5 µm is shown in Fig. 7.9 (a). The
experimental parameters used in this measurement are reported in caption of Fig. 7.9. This
visibility map has been obtained at a lower energy (23 keV) than those shown in Fig. 7.8 but
at approximately the same inter-grating distance. Since it was measured at a lower energy,
the average visibility in Fig. 7.9 is higher than the visibility obtained at 35 keV and equal
to, approximately, 44%. The higher spatial resolution in Fig. 7.9 allows to see with more
detail the high-frequency texture which could already be seen in Fig. 7.8. This texture is
made of vertical wiggling structures parallel to the grating lines which come from trenches
within the resist matrix of the absorption grating. Moreover, horizontal finely spaced lines
can be seen in this image, see enlarged detail in Fig. 7.8. These lines are caused by bridges
which are inserted between the absorption grating lines to prevent them to collapse. While
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Figure 7.8: Visibility maps measured with a pixel size of 30 µm. Panels (a) and (b): visibility

maps measured at the fifth fractional Talbot distance at 35 keV with the same phase grating and a

different absorption grating. Panel (c): visibility map taken at the third fractional Talbot distance

at 35 keV with the same absorption grating than in (a) and with a phase grating different than

the one used in the measurements show in (a) and (b). All phase-stepping scans were performed

over two G2 periods in eight steps. The exposure time was 0.3 s per raw image. The gratings were

positioned with vertical lines. For more discussion, see main text.

in Fig. 7.8 mainly the vertical lines of the stitching field of the electron beam are visible, in
Fig. 7.9 also the horizontal lines can be seen. Note that most of these defects, which can be
revealed with the visibility map, are cancelled out with the reference beam correction.
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Figure 7.9: Visibility map measured at the 9th fractional Talbot distance at 23 keV with a pixel

size of 5 µm. The gratings were positioned with vertical lines. The phase-stepping scans were

performed in 4 steps, the exposure time was 1.5 s per image. At the left of the image is shown an

enlarged detail of size 1 ˆ 1 mm2 in which different grating defects, described in the main text,

can be revealed.

7.5 Grating-based tomography

A phase-stepping tomography scan consists in recording images for different grating positions
and different viewing angles of the sample: grating scan and sample rotation are most
often nested scans (but see Chap. 10 for more advanced acquisition schemes) and can be
implemented in several ways.

At ID19, an entire phase-stepping scan is acquired for each angular position of the
sample. In order to correct for beam fluctuations, a series of approximately 10 flat field
phase-stepping scans is acquired every 100-150 phase-stepping scans of the sample. With
this acquisition scheme, the typical acquisition time for collecting 1500 angular views of the
sample is of around two hours assuming an acquisition time per raw image of 1 sec and
between 3 and 5 steps per phase-stepping scan.

An alternative to this method, less time consuming but less efficient in correcting for
beam instabilities, is to use the sample rotation as the fast axis. In this acquisition scheme,
a full sample rotation is performed for each grating position. This can reduce the acquisi-
tion time because it requires much fewer movements of the phase grating. However, this
advantage may come at the cost of artifacts in the reconstructed volumes originating from
inadequate flat-field corrections. The presence of these artifacts can be reduced with fast
scans which can be obtained, for example, by using the high photon flux of a pink beam.
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This possibility will be investigated in the near future.
A significant improvement in the acquisition of phase-stepping tomography scans has

been achieved, during this thesis, with the introduction of interlaced phase stepping as
discussed in Chap. 10.

7.6 Data analysis

7.6.1 Processing of phase-stepping scans

Raw data acquired during a phase-stepping tomography scan are processed with a software
written by T. Weitkamp in IDL, the Interactive Data Language (ITT Visual Information
Solution, Boulder, Colorado, U.S.).

This program processes the phase-stepping scans accordingly with a Fourier-based pixel-
wise analysis and gives as output the set of absorption, differential phase and dark-field
projections and, if desired, the corresponding sets of sinograms.

7.6.2 Tomographic reconstructions with PyHST

PyHST is the standard program used at ESRF for reconstructing tomographies from projec-
tions or sinograms. The acronym HST stays for “High Speed Tomography” and the program
is currently implemented in Python. It uses the filtered back-projection algorithm described
in Chap. 5. More information on the program can be found on the on-line manual.4 During
this thesis project, in collaboration with the PyHST developers, the program was extended
in order to reconstruct phase tomographies from differential phase projections measured
with the grating interferometer.

In particular, the imaginary sign filter of Eq. (5.9) (page 57) has been implemented in
PyHST and the option of inserting some parameters, such as the interferometer geometry,
which is needed to retrieve the quantitative δ values, has been included.

4HST manual: http://www.esrf.eu/computing/scientific/HST/HST_REF/hst.html.

http://www.esrf.eu/computing/scientific/HST/HST_REF/hst.html
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8.1 Introductory remarks

The grating interferometer described in the previous chapter has been characterized with
the measurement of the refractive index of a phantom sample made of known materials
arranged in a systematic geometry. The results of this characterization are published in
the special issue of Physica Status Solidi A containing the proceedings of the 10-th bien-
nial conference on high resolution X-ray diffraction and imaging (XTOP2010) which took
place from Monday September 20th to Thursday September 23rd 2010 at the University of
Warwick, UK [Zanette et al. 2011d]. This chapter contains a reprint of this paper.

8.2 Paper I

This section contains a reprint of the paper published as: I. Zanette, T. Weitkamp, S.
Lang, M. Langer, J. Mohr, C. David and J. Baruchel. Quantitative phase and absorption

tomography with an X-ray grating interferometer and synchrotron radiation. Physica Status
Solidi A 208, 2526-2532 (2011).
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8.2.1 Abstract

We report on a study on the accuracy and precision of X-ray phase and absorption tomo-
grams obtained with a grating interferometer using monochromatic synchrotron radiation.
The quantitative assessment of the performances of the X-ray grating interferometer is a
fundamental aspect in the interpretation of the results obtained with this device. The work
presented in this paper consists in the comparison of experimental with calculated three-
dimensional distributions of the X-ray refractive index in a phantom sample made of known
materials. The quality of phase and absorption tomograms has been determined with re-
spect to their sensitivity and contrast-to-noise ratios. Moreover, the effect of image artifacts
typical in phase-contrast imaging based on the phase-stepping technique, especially stripe
features generated by the phase-wrapping phenomenon, has been investigated by comparison
with numerical simulations. The results show that the artifacts can not only be qualitatively
explained by the calculations, but they can even be quantitatively reproduced.

8.2.2 Introduction

Conventional X-ray radiography, in which contrast is obtained from the absorption of the
X rays in the specimen under study, finds its limitation when details with similar densities
need to be discriminated. For example, inner structures in soft-tissue biological specimens
are imaged with poor contrast in conventional absorption X-ray imaging.

Phase-contrast X-ray imaging overcomes this limitation by using the phase shift rather
than the absorption as the image signal [Fitzgerald 2000]. In the hard X-ray range, this ap-
proach can be several orders of magnitude more sensitive than absorption contrast [Momose 2005].
Among the different phase-contrast imaging techniques, a method based on an X-ray grat-
ing interferometer [David et al. 2002, Momose et al. 2003] provides high-sensitivity phase-
contrast images with high resolution. This method has been developed at synchrotron
facilities and can be adapted to laboratory X-ray sources [Pfeiffer et al. 2006].

The phase and absorption tomographies obtained with the grating interferometer yield
the three-dimensional (3D) distribution of the refractive index n “ 1 ´ δ ` iβ of the object
under study. In particular, δ is retrieved in the phase tomogram and β is reconstructed in
the absorption tomogram. The correctness of the quantitative information retrieved in the
phase and absorption tomograms is a fundamental aspect in the interpretation of the results
given by the X-ray grating interferometer.

The aim of the work reported in this paper is to assess, through comparison of experimen-
tal results with calculated data, the quantitativeness of the refractive index measurements
obtained with a grating interferometer and monochromatic synchrotron radiation.

A phantom made of known materials was built for this study and was measured with
the grating interferometer installed at the beamline ID19 of the European Synchrotron
Radiation Facility (ESRF, France) [Weitkamp et al. 2010b, Weitkamp et al. 2010a].

This work, performed with monochromatic synchrotron radiation, complements previous
studies performed with Talbot-Lau interferometers on low-brilliance sources [Herzen et al. 2009,
Zambelli et al. 2010].
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8.2.3 The X-ray grating interferometer

An X-ray grating interferometer consists of two line gratings placed in the X-ray path
between the sample and the detector (see Fig. 8.1).
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Figure 8.1: Top: schematic representation of an X-ray grating interferometer. The two gratings

(G1 and G2) are usually placed between the sample and the detector, the distance D between the

gratings corresponds to a fractional Talbot order. During the phase-stepping scan, the grating G1

is moved parallel to the x axis. In a tomography scan, this procedure is repeated for hundreds of

different viewing angles of the sample, which rotates around the y axis. Below: detail showing the

displacement d of the interference pattern, caused by the refraction in the sample. The refraction

angle is indicated with α and p is the period of the interference pattern. The detector pixel size is

usually larger than p and the analyzer grating is needed to analyze the interference pattern.

The first grating G1, the ‘beam-splitter’, is a phase shifting grating which produces
an interference pattern of quasi-periodic lines at particular distances D corresponding to
fractional Talbot orders [Weitkamp et al. 2005a]. The interference pattern, whose period p

is typically smaller than the pixel size of the detector, contains information on the optical
properties of the sample. The absorbing grating G2, the ‘analyzer grating’, is positioned
directly before the detector to analyze the interference pattern. The period p of the absorbing
grating is the same as the period of the interference pattern.

In order to maintain the full spatial resolution of the imaging system, the analysis of
the interference pattern is performed with the phase-stepping technique. One of the two
gratings is scanned perpendicular to the grating lines and the optical axis over at least one
grating period and a series of images is recorded during the scan. The analysis of these
images yields pseudo-absorption and refraction angle radiographs [Weitkamp et al. 2005a].

The ‘pseudo-absorption’ radiographs are obtained by averaging all images recorded in
the phase-stepping scan. They exhibit absorption contrast and, possibly, edge-enhancing
in-line phase contrast. The presence of the in-line phase contrast in the pseudo-absorption
images depends on the coherence properties of the radiation and on the sample-to-detector
distance. The pseudo-absorption images are very similar to the conventional images that



88 Chapter 8. Refractive index measurement

would be obtained if the interferometer were not in the beam, especially when the shearing
distance between the two beams diffracted by G1 is small compared to the detector pixel
size.

Where the edge-enhancement effect is not present, the quantity T px, yq measured in the
absorption radiographs is a function of the line integral of the linear attenuation coefficient
µpx, y, zq of the sample:

T px, yq “ exp

„
´

ż
µpx, y, zqdz


, (8.1)

where µpx, y, zq “ 4πβpx, y, zq{λ and λ is the wavelength of the radiation.
The signal recorded in the differential phase radiographs is related to the refraction angle

α in the direction perpendicular to the grating lines. The refraction angle is proportional to
the differential phase of the wave front BΦpx, yq{Bx along x and is related to the integral of
the real part of the refractive index [Weitkamp et al. 2005a]:

αpx, yq “ λ

2π

BΦpx, yq
Bx “

ż Bδpx, y, zq
Bx dz . (8.2)

The refraction of the X rays from the sample causes a lateral displacement d of the inter-
ference pattern produced by G1, see Fig. 8.1. For small refraction angles, the displacement
d is

d » αD . (8.3)

The displacement d is measured by extracting, for each pixel, the phase φ of the intensity
oscillation measured during the phase-stepping scan. (The oscillation phase φ should not
be confused with the phase Φ of the wavefront.) The phase φs measured when the sample
is in the beam is corrected for the reference phase φr measured without the sample in the
beam by subtraction. If p is the period of the interference pattern, d is given by:

d “ p
∆φ

2π
, (8.4)

where ∆φ “ φs ´ φr. The phase φ is measured in the interval r´π, πq. When the phase is
outside this interval, the measurement of the phase difference ∆φ and therefore the mea-
surement of α are subject to errors. We discuss in detail the effect of the phase-wrapping
phenomenon in Section 8.2.6.

The combination of phase stepping with tomography yields the 3D distribution of the full
complex-valued index of refraction npx, y, zq of the specimen. Tomographic reconstruction of
the pseudo-absorption images yields the 3D distribution of the linear attenuation coefficient
µpx, y, zq which is proportional to the imaginary part of the refractive index βpx, y, zq (plus,
possibly, some propagation-based edge enhancement). The absorption tomogram is usually
obtained with the filtered backprojection (FBP) algorithm and a ramp filter. The FBP
with an imaginary sign filter [Pfeiffer et al. 2007a] applied to the refraction angle projections
yields the 3D distribution of the decrement of the refractive index δpx, y, zq, henceforward
referred to as “phase reconstruction”.
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8.2.4 Experimental parameters

A grating interferometer [Weitkamp et al. 2010b] of the type described in the previous sec-
tion and installed at beamline ID19 [Weitkamp et al. 2010a] of the ESRF has been used to
measure the refractive index of a reference sample made of known materials arranged in a
systematic geometry.

The measurements were made with 35-keV X rays from a Si (111) double crystal monochro-
mator. The sample was positioned at 150 m from the wiggler source. The grating G1 was
situated 100 mm downstream of the sample, which was immersed in a tank filled with water
in order to avoid artifacts from the refraction at the interface sample/air. The interferometer
was operating at the 5th fractional Talbot order, the distance between G1 and G2 was 405
mm. The detector, a scintillator/lens-coupled Frelon CCD camera with 2048 ˆ 2048 pixels
and an effective pixel size of 8.12 µm, was positioned 50 mm downstream of G2. The beam-
splitter with π´shifting Si lines had a period of 4.787 µm [David et al. 2007]. The gold lines
of G2 had a period of 2.4 µm and a height of approximately 50 µm [Reznikova et al. 2008].
Phase-stepping scans were performed at 1500 evenly-spaced angles over 360˝. Each phase-
stepping scan was performed in 4 steps over one period of G2. The exposure time per image
was 1.5 s.

The phantom was a polymethyl methacrylate (PMMA) cylinder of 8 mm diameter with
seven cylindrical cavities of 0.8 mm diameter. The cavities were filled with different ma-
terials: five cavities contained solutions of dipotassium hydrogen phosphate (K2HPO4) in
different concentrations, one contained pure water and one was left empty. A wire of Al
99.99% of 125 µm diameter was added at the outer wall of the PMMA cylinder.

Table 8.1 shows the expected values µc and δc of, respectively, linear attenuation coeffi-
cient and decrement of the refractive index of the materials of the phantom. They have been
calculated with the software XOP [Sanchez del Rio & Dejus 2004]. The XCOM database
was used for the calculation of the linear attenuation coefficient and the Windt database was
used for the calculation of decrement of refractive index. The linear attenuation coefficient
µc takes into account both absorption and scattering effects.

8.2.5 Results and discussion

The pseudo-absorption and phase reconstructions of a slice of the phantom are shown in
Fig. 8.2 (a) and (b) respectively.

The numbers in the phase slice indicate the different materials reported in Tab. 8.1. The
gray levels of the images in Fig. 8.2 (a) and (b) are the difference of the linear attenuation
coefficient ∆µ “ µ´µH2O and of the decrement of refractive index ∆δ “ δ´ δH2O respective
to water. They have been obtained by subtracting the average value of the gray levels
measured in the capillary occupied by demineralized water.

In the phase slice (Fig. 8.2 (b)), the PMMA cylinder can be distinguished from the
surrounding water and all the discs can be discerned from the PMMA cylinder. The two
materials that show the weakest contrast are solutions 6 and 7. On the other hand, these
liquids can be clearly seen in the pseudo-absorption slice, Fig. 8.2 (a). Here, however, ma-
terials 2, 3 and 4 cannot be distinguished. Furthermore, in the absorption slice, the PMMA
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# Material µc (cm´1) δc (10´7) Density (g/cm3)
1 air 0.00 0.000 0.002
2 PMMA 1.19 0.310 2.155
3 H2O 1.00 0.307 1.881
4 K2HPO4 (50 mg/ml) 1.045˘0.004 0.369˘0.001 1.945˘0.008
5 K2HPO4 (100 mg/ml) 1.086˘0.004 0.429˘0.002 2.006˘0.008
6 K2HPO4 (200 mg/ml) 1.161˘0.005 0.550˘0.002 2.143˘0.009
7 K2HPO4 (300 mg/ml) 1.232˘0.005 0.662˘0.003 2.253˘0.009
8 K2HPO4 (700 mg/ml) 1.504˘0.006 1.081˘0.004 2.698˘0.011
9 Al 2.70 2.079 4.413

Table 8.1: Densities, linear attenuation coefficient and real part of the refractive index of the

materials in the phantom. The solutions of K2HPO4 are described with the concentration of the

salt in water. The densities of the solutions have been determined by weighing a known volume (25

ml in a calibrated flask) with a high-precision scale. The error associated to the densities measured

in this way is 0.4%. Since both the linear attenuation coefficient and the decrement of refractive

index are proportional to the mass density of the material, the same error of 0.4% is associated to

the µc and δc values of the solutions. The other densities reported in the table are tabulated values

in XOP.

cylinder and materials 3 and 4 are only visible through edge enhancement. This phenomenon
helps to identify interfaces but, in the general case of an inhomogeneous specimen, does not
give quantitative information and its detectability will generally depend critically on the
spatial resolution of the detector.

More information on the image signals can be obtained with histogram analysis. Figures
8.2 (d) and (e) show, respectively, pseudo-absorption and phase histograms of the region-
of-interest (ROI) of 715ˆ460 pixels delimited by a white dashed rectangle in Fig. 8.2 (a).
The selected ROI is also shown in the background of the histogram plots. The y´axis of
the histograms represents the frequency of appearance of the gray levels in the ROI.

In the histogram of the absorption-contrast data, Fig. 8.2 (d), only four peaks are present
while in that of the phase tomogram (Fig. 8.2 (e)) each of the six materials of the ROI forms
a distinct peak. This shows the higher sensitivity of phase contrast compared to absorption
contrast in discerning the materials in the ROI. As already discussed, materials 2, 3 and 4,
whose gray levels are part of the same peak, cannot be separated in the absorption slice.

Note that all the peaks of the phase histogram except the peak corresponding to the
PMMA are asymmetric: they have a tail towards the PMMA peak. We believe that the
asymmetry in the histogram peaks is mainly due to the stripe artifacts generated around
the capillary containing air (see also detail in Fig. 8.2 (c)). We explain the origin of these
artifacts in the next section.

8.2.6 Phase wrapping

In the phase slice of Fig. 8.2 (b), stripe artifacts departing tangentially from the capillary
containing air spread throughout the entire slice. A zoom of this capillary is shown in Fig.
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Figure 8.2: Absorption plus edge-enhancement (a) and phase (b) tomographic reconstructions

of the phantom sample used in this study. (c) Detail of (b) showing the image artifacts coming

from the phase-wrapping effect. (d) Absorption and (e) phase histograms of the ROI indicated by

a white dashed rectangle in panel (a). The y´axis of the phase histogram has been cut to one

eleventh of the height of the peak of PMMA.

8.2 (c) where the contrast has been adjusted in order to highlight these artifacts. The same
type of artifacts can be observed around the Al wire. In the following, we show that these
artifacts are caused by the phase-wrapping effect introduced in Sec. 8.2.3.

Figure 8.3 shows the sinogram of ∆φ values (Eq. (8.4)) from which the phase slice of
Fig. 8.2 (b) has been reconstructed. The zoomed insets in Fig. 8.3 are examples of wrapped
parts of the sinogram causing the stripe artifacts of Fig. 8.2 (b).

Simple one-dimensional phase unwrapping algorithms and path-following two-dimensional
phase unwrapping algorithms [Ghiglia & Pritt 1998] have been tested on our dataset but
failed to unwrap it. Here, we prove, by comparison of numerical simulation with the ex-
perimental data, that the stripe artifacts of Fig. 8.2 (b) are actually caused by the phase
wrapping effect and not by anything else.

By segmenting the phase slice of Fig. 8.2 (b), we obtained the ideal (noise free) phase
slice of the phantom and we generated from it the corresponding ∆φ sinogram. In order
to calculate the ∆φ sinogram from the δ values, we used the relations reported in Eqs.
(8.2), (8.3) and (8.4). The sinogram computed in this way is a non-wrapped ideal sinogram
whose reconstruction gives a phase tomogram free of artifacts, as shown in Fig. 8.3 (b).
If, however, we wrap the ideal sinogram into the interval [-π,π), the resulting tomographic
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Figure 8.3: (a) Experimental sinogram of ∆φ values; the insets show examples of wrapped parts.

(b) Phase slice from ideal, noise-free sinogram of ∆φ, not wrapped. (c) Phase slice from ideal,

noise-free sinogram in which ∆φ is wrapped.
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phase reconstruction (Fig. 8.3 (c)) shows artifacts that are, not only of the same type as
those observed in the experimental data (Fig. 8.2), but also show a very similar geometric
structure. This geometry is given by the positions in the sinogram at which phase wrapping
occurs. In the following quantitative analysis we will see how these errors affect the precision
and accuracy of the reconstructed values of the real part of the refractive index.

8.2.7 Quantitative comparison of δ and µ values, sensitivity and

contrast-to-noise ratio measurements

Material Calculated Experim. Std. dev. Calculated Experim. Std. dev.

# description ∆µc (cm´1) ∆µ (cm´1) σ∆µ (cm´1) ∆δc (10´7) ∆δ (10´7) σ∆δ (10´7)

1 air -0.307 -0.297 0.046 -1.879 -1.666 0.037

2 PMMA 0.002 -0.007 0.046 0.268 0.269 0.007

3 H2O 0.000 0.000 0.046 0.000 0.000 0.005

4 K2HPO4 (50 mg/ml) 0.062˘0.001 0.058 0.045 0.064˘0.008 0.067 0.004

5 K2HPO4 (100 mg/ml) 0.122˘0.002 0.116 0.047 0.124˘0.008 0.128 0.004

6 K2HPO4 (200 mg/ml) 0.243˘0.002 0.241 0.046 0.262˘0.009 0.257 0.005

7 K2HPO4 (300 mg/ml) 0.354˘0.003 0.362 0.047 0.372˘0.009 0.380 0.008

8 K2HPO4 (700 mg/ml) 0.774˘0.004 0.795 0.067 0.816˘0.011 0.775 0.007

9 Al 1.771 1.727 0.172 2.532 2.268 0.086

Table 8.2: Comparison between calculated (subscript c) and experimental values of the linear

attenuation coefficient and decrement of refractive index. The standard deviations (std. dev.)

associated to the measured values are also reported in the table.

The measured values of ∆µ and ∆δ extracted from the slices of Fig. 8.2 have been
compared with the quantities ∆µc “ µc ´ µH2O

c and ∆δc “ δc ´ δH2O
c calculated from the

numbers in Tab. 8.1 and reported in Tab. 8.2.
The measured values have been obtained by averaging the gray levels in circular ROIs

each corresponding to one material in the tomographic slice. The area of the ROIs was
of 3848 pixels, with the exception of the Al (314 pixels). The mean values ∆µ and ∆δ

calculated in this way are reported in Tab. 8.2. The standard deviation of the gray values
in the ROIs are displayed with error bars in Fig. 8.4 (a) and (b) and listed in Tab. 8.2.

The measured linear attenuation coefficients match with the calculated data. The decre-
ments of refractive index are, in general, in good agreement with the calculated data. The
biggest discrepancies between calculated and measured values are observed for air and Al
(materials 1 and 9). They can, at least partly, be attributed to the phase wrapping phe-
nomenon, as can be deduced from inspection of the simulated data. For example, the ∆δ

value measured in the air disc of the simulated slice shown in Fig. 8.3 (c) is also underesti-
mated with respect to the theoretical value and equal to -1.805ˆ10´7. While the discrepancy
to the expected value is inferior than in the experimental data, it is clearly significant.

Another, smaller discrepancy is observed for the highest concentration of K2HPO4 (ma-
terial number 8) probably due to the fact that the solution was saturated. This discrepancy
can be detected in the phase slice due to the high sensitivity of the phase signal.
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Figure 8.4: Measurements of ∆µ (a) and ∆δ (b) extracted from slices in Fig. 8.2 and compared

with the calculated values reported in Tab. 8.1.

A figure of merit commonly used to assess the sensitivity of phase measurements is
the standard deviation of the gray level values in a uniform region in the background of
the phase reconstruction [Herzen et al. 2009, Pfeiffer et al. 2007a, Schulz et al. 2010b]. In
the data presented here, the standard deviation of a ROI with an area of 3848 pixels ex-
tracted from a region of the phase slice occupied by water outside of the PMMA cylinder is
3.4ˆ10´10. This value, which is affected by several factors such as photon statistics, visibility
of the interference pattern, presence of image artifacts and size of the ROI, is slightly larger
than other sensitivity measurements performed at ID19: Pfeiffer et al. [Pfeiffer et al. 2007a]
measured a sensitivity of 2.0ˆ10´10 at the 9th fractional Talbot distance at 24.9 keV. More
recently, Schulz et al. [Schulz et al. 2010b] measured a sensitivity of 2.3ˆ10´10 at the 9th
fractional Talbot distance at 23 keV. Note that the photon energies used for these studies
were substantially lower than in the present case.

Herzen et al. [Herzen et al. 2009] using a polychromatic beam produced by a labora-
tory X-ray generator, obtained a higher value for the standard deviation of the background,
corresponding to 4.9ˆ10´10. The experiment reported in Ref. [Herzen et al. 2009] was per-
formed at 28 keV mean energy, with the interferometer operating at the fifth fractional
Talbot distance.

The standard deviation σb measured in a ROI of the image background together with
the mean value of the ROI, Sb “2.8ˆ10´10, enters in the calculation of the contrast-to-noise
ratio (CNR) of the different materials in the phase and absorption tomographies:
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CNRx “ |Sx ´ Sb|a
pσ2

x ` σ2
b q

, (8.5)

where the subscripts x and b refer to the material and the background respectively. The
values Sx and σx are the ones reported in Tab. 8.2.

Material CNR CNR
# description µ δ

1 air 4.5 338.0
2 PMMA 0.1 58.8
3 H2O 0.2 3.5
4 K2HPO4 (50 mg/ml) 1.1 17.7
5 K2HPO4 (100 mg/ml) 2.0 30.4
6 K2HPO4 (200 mg/ml) 4.0 57.9
7 K2HPO4 (300 mg/ml) 5.9 82.4
8 K2HPO4 (700 mg/ml) 12.9 165.3
9 Al 27.5 460.1

Table 8.3: Absorption and phase contrast-to-noise ratios calculated with the formula in Eq. (8.5).

Table 8.3 gives a list of the CNR values for δ and µ. Contrary to the results reported in
Ref. [Herzen et al. 2009], obtained with a polychromatic source, we have observed that the
CNR in the phase slice is always substantially better than the CNR of the linear attenuation
coefficient
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Figure 8.5: (a) Profile extracted from the pseudo-absorption tomogram. (b) Profile extracted

from the phase tomogram. The letter ‘b’ indicates the background: the immersion liquid.

The higher CNR in the phase image compared to the CNR obtained in the absorption
tomogram becomes evident in the section profiles of tomographic slices, shown in Fig. 8.5.
The position at which the profiles have been extracted is indicated with dashed lines in Fig.
8.2 (a). In the absorption profile, the edge-enhancement peaks are clearly visible.
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8.2.8 Conclusions

The present study demonstrates the quantitative correctness of the refractive index values
retrieved by interferometric phase tomography. It also shows the superior contrast-to-noise
ratio of the phase tomograms with respect to absorption images. Nonetheless, the absorption
signal contained in the interferometric data remains a valuable source of complementary
information.

We have demonstrated, through simulations based on segmented experimental data, that
in the phase tomograms, stripe artifacts tangential to interfaces showing strong contrast
are entirely caused by the phase-wrapping phenomenon. The fact that these artifacts can
be completely reproduced by simulations indicates that algorithms may be developed to
eliminate these artifacts from interferometric tomography data.

In the configuration used in this experiment, with the two-grating setup operated at
35 keV in the 5th fractional Talbot order on a third-generation synchrotron, the refractive
index resolution, with a detector pixel size of 8 µm, was 3.4 ˆ 10´10, expressed in terms of
the standard deviation of the real part of refractive index measured in a region of constant
phase. The fact that this value is not quite as good as values reported in other studies is
most likely influenced by the higher photon energy used here and by the presence of phase-
wrapping artifacts generated by sample features showing strong contrast. These artifacts
extend into other regions of the image.

These results confirm that grating interferometry with monochromatic synchrotron ra-
diation can be a useful tool for high-accuracy measurements of the refractive index with
applications in biological science, materials science and also fundamental physics.
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9.1 Introductory remarks

Grating interferometry was conceived as an X-ray phase-contrast imaging technique and X-
ray phase-contrast imaging of soft-tissue biological specimens is one of its main application
areas, see for example Refs. [Pfeiffer et al. 2007a, McDonald et al. 2009, Schulz et al. 2010b].
The high-sensitivity phase tomograms obtained with grating interferometry allow to visu-
alize inner structures in biological specimens which cannot be revealed with any other non-
destructive technique. This is because the contrast produced by conventional absorption
tomography is in general too weak and the spatial resolution provided by magnetic reso-
nance imaging is currently too low to resolve structures smaller than approximately 50 µm.
One of the most commonly used techniques today to obtain microscopic images of soft tissue
consists in histological sectioning and in imaging the stained slices of the specimen with a
light or electron microscope.

This chapter contains results of two studies, performed during this PhD thesis, which
highlight the potential of grating interferometry in giving high-sensitivity phase tomograms
of soft-tissue samples.

Reference [Schulz et al. 2010b] reports on the comparison between synchrotron-radiation
absorption-contrast and phase-contrast tomography of a human cerebellum. Parts of this
paper are reported in Sec. 9.2.

The aim of the second study, presented in Sec. 9.3, is to compare the information provided
by grating-based phase tomography with histology images of the same specimen. The sample
used for this study is a rat testis. The results presented in this section are not yet published
elsewhere.
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Comparison of grating-based phase tomograms of soft-tissue samples with magnetic reso-
nance images of the same specimen are reported in two co-authored publications [Schulz et al. 2010a,
Noël et al. 2011].

9.2 Absorption vs. phase tomography of a human cere-

bellum

The aim of the study published in Ref. [Schulz et al. 2010b] was to compare absorption-
contrast with phase-contrast synchrotron-radiation tomography on a soft-tissue biological
specimen. The sample chosen for this comparison was a human cerebellum. For the mea-
surements it was immersed in formalin 4% solution.

Absorption-contrast tomography was recorded at the beamline BW2 at the DORIS stor-
age ring (HASYLAB at DESY, Hamburg, Germany) without the grating interferometer in
the beam path and with an X-ray photon energy of 14 keV. This optimal energy was calcu-
lated based on the results published in Ref. [Grodzins 1983] in which the author shows that
the optimum energy for synchrotron-radiation absorption tomography of a specimen with
diameter D is the energy at which the attenuation coefficient µ of the specimen is equal to
µ “ 2{D. The value of 14 keV was obtained for an aqueous specimen with D “ 1 cm, i.e.
the size of the human cerebellum specimen used in this study.

A slice extracted from the absorption tomogram is shown in Fig. 9.1. The signal in this
slice is very poor and hardly allows to visualize features in the sample.

Figure 9.1: Slice of the absorption tomogram of the human cerebellum recorded at beamline BW2

at the DORIS storage ring (HASYLAB at DESY, Hamburg, Germany). Figure adapted from Ref.

[Schulz et al. 2010b].

As opposed to the poor contrast obtained in the absorption tomogram, the phase signal
provided by the grating interferometer allows to clearly distinguish the different tissues
which constitute the cerebellum, see Fig. 9.2.
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Figure 9.2: Three-dimensional rendering of a human cerebellum measured with the grating inter-

ferometer at ID19. The false-color representation has been obtained by simply applying a suitable

colormap to the otherwise unsegmented data. The stratum granulosum (blue) separates the white

matter (inside) from the stratum moleculare (yellow outside). The diameter of the specimen is

1 cm. Figure adapted from Ref. [Schulz et al. 2010b].

Grating-based tomography was performed at ID19 with an energy of 23 keV. The G1-to-
G2 distance was 479.4 mm corresponding to the 9th fractional Talbot distance at this energy.
The period of the π´shifting G1 was 4.78 µm; G1 was made in silicon. The analyzer grating
G2 was a gold structure with a period of 2.4 µm. The detector pixel size was 5 µm, the
exposure time per raw interferogram was 1 s. Four phase steps were scanned for each of the
1500 projection angles. For other experimental parameters, see Ref. [Schulz et al. 2010b].
The high sensitivity provided by the instrument at ID19 allowed not only to distinguish
between grey and white matter (see false color 3D rendering in Fig. 9.2 and caption), but
also to detect the presence of Purkinje cells (Fig. 9.3). These are among the largest neuron
cells and have a diameter of around 40 µm. This is the first time that individual cells in the
brain are visualized with X rays without any staining agent.

The density resolution (in terms of X-ray refractive index δ) of σδ “ 2.3 ˆ 10´10 in the
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phase tomogram has been obtained by calculating the standard deviation of a homogeneous
region in a slice of the tomogram. This corresponds to an electron density resolution of 0.15
electrons/nm3 and a mass density sensitivity for aqueous specimens of 0.5 mg/cm3.1

Figure 9.3: Top: three-dimensional rendering of the stratum granulosum and, bottom, enlarged

view of the Purkinje cells. The diameter of the specimen is of 1 cm. Figure taken from Ref.

[Schulz et al. 2010b].

9.3 Histology vs. phase tomography of rat testes

9.3.1 Introduction

As mentioned at the beginning of this section, one of the most commonly used techniques
today to obtain microscopic images of soft tissues is histological sectioning and staining,
often simply referred to as histology. Many advances, for example, in the investigation
of diseases and health disorders rely on accurate histopathological analysis of healthy vs.
diseased tissue. However, histology is a time-consuming technique which gives distorted
images of stained slices. Since histological images are obtained with light or electron mi-
croscopes, the spatial resolution can be very high in the cut plane but lower, and limited

1The values of the electron density resolution and mass density sensitivity have been obtained, from δ,

with the following formulas [Weitkamp 2002]. Far from the absorption edges the electron density ρe is given

by: ρe “ p2πδq{pλr2e q, where re is the classical electron radius. The mass density ρ is related to the electron

density by: ρ “ pρeAq{pNAZq where A is the atomic weight, Z is the atomic number and NA is the Avogadro

number. For aqueous specimens, we can assume that A{Z “ 2.
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to the thickness of the slice (a few micrometers), in the orthogonal plane. Obtaining a
three-dimensional dataset with histology through serial sectioning is possible, but extremely
laborious. In addition, dimensional accuracy is not certain because distortions are induced
in the preparation process of the sections (important when building anatomical atlases, e.g.
used for surgical interventions).

This section presents results that show how X-ray phase contrast tomography based on
grating interferometry can yield images with similar information content as stained histo-
logical cuts but in three dimensions, and without the use of any contrast agent. Moreover,
the specimen preparation protocol comprises substantially fewer steps and is drastically less
time-consuming since it does not imply dehydration, freezing, embedding into a hard matrix
or staining.

The performance of grating-based tomography for histopathology is demonstrated on
testes of a rat which were imaged with a grating interferometer and, subsequently, with
histological sectioning.

9.3.2 Methods

Orchidectomy (testis ablation) was practised at the ESRF BioMedical Facility on male
Fischer rats. After extraction the organs were placed into formalin 10% solution for preser-
vation. All procedures related to animal care conformed to the Guidelines of the French
Government under licenses B38 185 10002 and 380825.

9.3.2.1 Grating-based tomography

During the grating-based tomography measurement, the sample was placed in a cylindrical
polypropylene tube with 15 mm diameter filled with formalin 10% solution. The sample
container, suspended on the tomography axis, was immersed in a water tank with plane-
parallel kapton walls and a thickness of 20 mm in the direction of X-ray beam propagation,
to avoid artifacts from refraction of X rays on the walls of the cylindrical container.

The X-ray grating interferometer was used with a monochromatic X-ray beam; the X-
ray photon energy was 19 keV. The distance between the π´shifting grating G1 and the
absorption grating G2 was 485 mm, corresponding to the 11th fractional Talbot distance at
this energy. The grating G1 was made of Si and had a period of p1 “ 4.78 µm, the grating
G2 was made of Au and had a period of p2 “ 2.4 µm. The grating lines and the tomography
rotation axis were vertical. The detector was a scintillator-lens coupled CCD Frelon camera
(Sec. 7.2) with an effective pixel size of 8 µm.

The tomographic dataset was recorded by phase stepping over one grating period in four
steps. A phase-stepping scan was recorded for each of the 1500 equidistant angular positions
of the tomography rotation axis over a range of 360 degrees. The exposure time per raw
interferogram was 1 s.

The raw interferograms were processed as described in Sec. 4.2 with the software pre-
sented in Sec. 7.6.1 and the tomographic reconstructions were obtained as discussed in Chap.
5 and Sec. 7.6.2.
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9.3.2.2 Histological slicing and staining

The histological slice shown here was obtained from a different testis than the one imaged
with grating-based tomography because the latter was damaged during the slicing procedure.
However, the specimen imaged with histology was extracted from the same type of rat of
the same age as the one measured with the grating interferometer.

For obtaining the histology image, the testis was embedded in paraffin and cut by using
a microtome in longitudinal slices with a thickness of 8 µm. The slices were stained with a
HE (Hematoxyllin Erythrosin) stain and imaged with a light microscope.

Histological slicing and imaging was performed at Laboratoire d’Anatomie Pathologique,
Centre Hospitalier Universitaire de St. Étienne - 42000 St Étienne, France.

9.3.3 Results

Axial slices in attenuation and phase contrast, obtained from the same grating-based to-
mography data, are shown, respectively, in Fig. 9.4 (a) and (b). The structures in the testis,
which can clearly be seen in the phase slice, are seminiferous tubules, in which the spermato-
genesis takes place. As already shown in the previous section for the human cerebellum,
almost no structures in the sample can be revealed with attenuation contrast (panel (a)).
The dark structure visible at the top and at the bottom right of Fig. 9.4 (a) is the cylindrical
container in which the testis was placed during the measurement.

The δ´sensitivity of the phase tomogram was measured as described in section 9.2. The
standard deviation σδ in a region of constant phase was 2.0 ˆ 10´10, which corresponds to
a mass density sensitivity of around 0.5 mg{cm3.

A longitudinal slice extracted from the phase tomogram is displayed in Fig. 9.5. Panels
(a) and (b) of this figure show the same slice with two different grey scalings as reported in
the caption of the figure. In this way, all the features in the image, which has a very high
dynamic range, can be visualized.

The phase slice shown in Fig. 9.5 (a) and (b) should be compared with the histology
image displayed in Fig. 9.5 (c). In the images of Fig. 9.5, three different parts can be
visualized: the testis (indicated with the letter “T”), the epydidimidis (indicated with the
letter “E”) and adipose tissue (indicated with the letter “A”). The features indicated with
the letter “V” are vessels. Enlarged regions of the testis with transversal cuts through the
seminiferous tubules are shown in the insets of Fig. 9.5. Both histology and grating-based
phase tomography highlight the concentric structure of the tubules which is due to the
different stadia of spermatozoa maturation; mature spermatozoa are at the periphery of the
tubules.

The immediate access to three-dimensional information provided by grating-based to-
mography enables three-dimensional visual and quantitative analysis. Figure 9.6 panels
(b)-(d) show axial cuts in the phase tomogram taken at three different positions in the vol-
ume and panels (a) and (e) show longitudinal cuts in the same tomogram. The false-color
representation has been obtained by simply applying a suitable colormap to the otherwise
unsegmented data. Figure 9.7 (a) shows a detailed view of the epydidimis and the adipose
tissue. The ultra-high sensitivity of the phase tomogram allows the visualization of the
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Figure 9.4: (a) Attenuation and phase (b) axial slices of a rat testis obtained with the grating

interferometer at ID19. µr and δr values in the slices are relative to the immersion liquid (water).

The circular structures clearly visible in the phase slice are seminiferous tubules. The high-density

features (e.g. the one indicated with an arrow at the bottom of the phase slice) are blood vessels.

vascular network inside the testis as shown in Figure 9.7 (b). Note that this image has been
obtained without the use of any staining agent and without the application of any particular
segmentation algorithm other than global intensity thresholding.

We can conclude that grating-based phase tomography gives information similar to that
obtained with histology and provides drastically enhanced image contrast compared to stan-
dard X-ray absorption tomography. Moreover, it gives genuine three-dimensional and non-
distorted images of the specimen and require less time-consuming sample preparation pro-
cedures than serial sectioning in histology.
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Figure 9.5: (a) and (b): Phase slice of the rat testis displayed with different intensity ranges:

δr P r´2 ˆ 10´84 ˆ 10´8s in panel (a) and δr P r2 ˆ 10´85 ˆ 10´8s in panel (b). (c) Histology of

the rat testis. In these images, “A” indicates the adipose tissue, “E” indicates the epydidimis, “T”

indicates the testicles and “V” indicates the vessels. Enlarged insets show details of the seminiferous

tubules in the testis.
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Figure 9.6: (a) and (e): Longitudinal cuts in the phase volume of the rat testis measured with

the grating interferometer at ID19. (b)-(d): Axial cuts in the same volume. In these images the

testis is colored in violet, the epydidimis in blue and the adipose tissue in yellow. The vessels (in

red) are clearly visible at the periphery of the testis. The head of the epydidimis is indicated with

the letter “H”.
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Figure 9.7: (a) Three-dimensional rendering of the epydidimis (light blue) and adipose tissue

(yellow). (b) Visualization of the vascular network of the testicle with a simple intensity-based

segmentation of the phase volume.
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10.1 Introductory remarks

In the previous chapter we have seen the tremendous potential of X-ray grating interferome-
try for high-sensitivity imaging of biological soft-tissue samples. The measurements reported
in Chap. 9 were performed ex vivo on samples extracted from the body of the animal or the
person and placed in proper containers for tomography. In vivo measurements are in general
performed in much less favorable conditions: the investigated organ can be deep inside the
body of the patient, breathing and blood circulation can cause motion artifacts and the
radiation dose becomes an important issue. Thus, especially for in vivo measurements, the
following aspects are essential:
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(a) the dose delivered to the sample must be kept as low as possible;

(b) the acquisition time must be kept as low as possible to reduce motion artifacts;

(c) features outside of the region of interest may disturb the signal in the internal region.

During this PhD thesis, new phase-stepping tomography methods have developed with
the goal of reducing the dose delivered to the sample during a tomography scan and, at the
same time, increasing the quality of the region-of-interest reconstruction.

These methods are based on the acquisition of interlaced phase-stepping scans in which
each raw interferogram is recorded at a slightly different viewing angle of the sample, rather
than at a fixed position of the sample as in the standard method. The following sections
contains reprints of the two publications Ref. [Zanette et al. 2011a, Zanette et al. 2011b].

10.2 Paper II

This section is a reprint of the paper published as: I. Zanette, M. Bech, F. Pfeiffer and
T. Weitkamp Interlaced phase stepping in phase-contrast x-ray tomography Applied Physics
Letters, 98, 094101 (2011).

10.2.1 Abstract

We report on an interlaced acquisition scheme in grating-based X-ray phase-contrast to-
mography in which different viewing angles are used to retrieve a single differential phase
projection. The interlaced acquisition scheme is particularly beneficial for region-of-interest
tomography since it substantially reduces the artifacts caused by the external region and
can eliminate the need for stop-and-go motion of the tomography rotation axis. In this
Letter, the higher accuracy of the region-of-interest phase reconstructions obtained with the
interlaced approach is demonstrated by numerical simulation and experimental results.

10.2.2 Introduction

Conventional computed tomography (CT) is an invaluable tool for the non-destructive in-
vestigation of objects belonging to life sciences, environmental sciences and in materials
science. However, in conventional absorption contrast CT, weakly absorbing subjects show
poor contrast of internal details. This limits its applicability to biological samples and other
low-density materials.

Phase-contrast X-ray imaging uses the phase shift rather than the absorption to generate
contrast. Since in the hard X-ray range the elastic scattering cross section is much larger
than the absorption cross section, increased contrast from low density details can be obtained
with phase-contrast imaging [Fitzgerald 2000, Momose 2005].

One of the most recent X-ray phase-contrast imaging techniques is grating-based inter-
ferometry [David et al. 2002, Momose et al. 2003, Weitkamp et al. 2005a]. Its outstanding
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properties are high sensitivity and, compared to other techniques, good tolerance of poly-
chromaticity and curved wavefronts. Grating interferometry was originally developed at syn-
chrotron radiation facilities and can be adapted to standard X-ray generators [Pfeiffer et al. 2006].

In both absorption- and phase-contrast CT, when details deep inside the sample need to
be visualized with high resolution and the field of view of the image detector is substantially
smaller than the sample itself, high-frequency artifacts in the region of interest (ROI) are
generated by the presence of features in the external region. This problem is also known as
local tomography or truncated-projection tomography. In ROI absorption CT, tangential
averaging of the data far from the rotation center reduces the high-frequency artifacts by
blurring the projection of features outside of the ROI [Ramm & Katsevich 1996]. This
tangential averaging is usually obtained with continuous tomographic scans, i.e., scans in
which the sample rotates at constant speed while images are acquired.

Here we demonstrate, with numerical simulations and experimental results, that a similar
principle can be applied to phase-contrast CT based on grating interferometry. In X-ray
grating interferometry, differential phase projections are usually retrieved with a procedure
known as a “phase-stepping scan” which consists in recording a series of frames for different
transverse positions of one of the two gratings [Momose et al. 2003, Weitkamp et al. 2005a].

While the standard acquisition procedure consists in recording all the frames of the same
phase-stepping scan at the same viewing angle, we here propose to perform the sample
rotation simultaneously with the phase-stepping scan. In this interlaced approach multiple
viewing angles of the sample can be used, as part of the same phase-stepping scan, in order
to retrieve a single differential phase image.

It is not obvious that interlaced phase-stepping scans give stable result. In this Letter
we not only show that they actually yield accurate phase reconstructions, but that they
even significantly reduce high-frequency artifacts in phase-contrast ROI tomography while
preserving the sample features.

10.2.3 Interlaced phase stepping

A schematic representation of an X-ray grating-based tomography set-up is shown in Fig.
10.1 (a). The working principles of an X-ray grating interferometer are described elsewhere
[Weitkamp et al. 2005a]. The phase-stepping scan, in combination with the absorption grat-
ing G2, is used to analyze the interference fringes formed by the beam-splitter G1 and
distorted by the presence of the sample. In Fig. 10.1 (a), G1 is the stepped grating, its
transversal position is indicated with xg. The sample, which can be described by the 3D
distribution of its complex-valued refractive index 1´ δpx, y, zq ` iβpx, y, zq, rotates around
the y axis. Its angular position is denoted with ω.

In phase-contrast tomography, the 3D reconstruction of δpx, y, zq is obtained from the dif-
ferential phase projections resulting from the phase-stepping scans [Momose 2005, Weitkamp et al. 2005a
Pfeiffer et al. 2007b].

In standard phase-stepping CT, all the frames of the same phase-stepping scan are
recorded at a given viewing angle of the sample ω. Standard phase-stepping scans thus form
vertical lines in the ω ´ xg plane of the diagram of Fig. 10.1 (b) where each dot represents
an image recorded by the detector. In the interlaced approach, frames of the same phase-
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Figure 10.1: (a) X-ray grating-based tomography set-up. (b) Representation of standard and

interlaced acquisition schemes in the ω ´ xg plane where each dot represents a frame recorded

by the detector. Dots representing standard phase-stepping scans are surrounded by a dashed

blue rectangle and form vertical lines. Interlaced phase-stepping scans form diagonal lines and are

surrounded by a red solid line.

stepping scan are recorded at slightly different viewing angles: during an interlaced phase-
stepping scan, not only the grating is stepped but, at the same time, also the sample is
rotated. Interlaced phase-stepping scans form diagonal lines in Fig. 10.1.

Using multiple viewing angles to retrieve the same differential phase projection smears
the sample features in the external region while keeping sharp the internal features. This
reduces speckle-like noise artifacts in the ROI and increases the accuracy of the ROI phase
reconstructions.

10.2.4 Simulation

We validated the interlaced approach and assessed the expected quality of the data with a
numerical simulation study on a simple phantom. This simulated object, shown in Fig. 10.2
(a), is a slice of 1500ˆ1500 pixels with discs of different diameter and refractive index. The
pixel size is 10 µm. The discs are phase objects with δ P r0.3ˆ10´8, 5ˆ10´8s. The refractive
index of the background is unity.

The Radon transform (sinogram) of this slice has been computed for 375 evenly spaced
angular steps in the interval r0, πq by simulating both the standard and the interlaced
acquisition schemes. Phase-stepping scans of four steps were simulated for a π-shifting G1
with period 4.8 µm. The period of G2 was 2.4 µm and the G1-to-G2 distance was 481 mm.
The X-ray energy was 23 keV.
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The sinograms were then truncated to a detector field of view of 330 pixels. The corre-
sponding ROI is shown in Fig. 10.2 (b) where each number indicates a different grey level
and a white rectangle surrounds a cluster of 9 small discs of 40 µm diameter.

The ROI phase reconstructions obtained with the standard and interlaced acquisition
schemes are shown in Fig. 10.2 (c) and (d) respectively where high-frequency noise typical of
local tomography is present. These artifacts are much weaker in the interlaced slice. While
some details of the cluster of small discs are lost in noise in the standard reconstruction,
all the features are preserved in the interlaced reconstruction. The increased accuracy is
confirmed by the histogram analysis (Fig. 10.2 (e)).

The low-frequency artifacts in the ROIs, also generated by the non-locality of the Radon
transform, are not influenced by the acquisition schemes. However, these artifacts, which
severely deteriorate conventional ROI reconstructions, are of substantially minor importance
in phase CT based on differential phase projections [Pfeiffer et al. 2008b].

10.2.5 Experiments

The results of the numerical study have been validated with ROI phase reconstructions of
experimental data. The experiment was performed at the beamline ID19 of the European
Synchrotron Radiation Facility with 23.0-keV X rays from a Si (111) monochromator. The
interferometer, whose geometry was the same as in the simulation, was positioned at 150 m
from the wiggler source. The images were recorded with a scintillator / lens coupled CCD
camera with 2048ˆ2048 pixels and an effective pixel size of 15 µm.

A dataset of 700 phase-stepping scans of 4 steps each was acquired with the standard
scheme for evenly spaced viewing angles in the interval r0, 2πq. The exposure time per frame
was 1 s. In this demonstrator experiment, the sample - a rat kidney - fit entirely in the field
of view of the detector. It was fixed in formalin 4% solution and held in a cylindrical plastic
container, placed in a water bath to avoid artifacts from the refraction between container
walls and air.

A tomogram reconstructed using the full, non truncated dataset is shown in Fig. 10.3
(a). A central ROI of this tomogram with 200 pixels diameter is shown in Fig. 10.3 (b) and
was used as a reference when comparing the ROIs obtained with the different acquisition
schemes. It should be noted that global reference data of this type will not be available in
a typical application experiment.

In order to perform this comparison, two subsets of the raw data with an equal number
of frames (1/4 of that of the full dataset) were extracted from the full dataset and were
truncated correspondingly to the ROI shown in Fig. 10.3 (b). The first subset, represented
in Fig. 10.1 (b) by dots surrounded by a solid line, consists of interlaced phase-stepping scans
and the second subset, represented in Fig. 10.1 (b) by dots surrounded by a dashed rectangle,
consists of standard phase-stepping scans. In Fig. 10.1 (b), all the dots, surrounded and not,
represent the full dataset. Thus, the acquisition schemes are compared for the same dose
delivered to the sample corresponding to 1/4 of the dose used for Fig. 10.1 (a) and (b). The
standard and interlaced ROI reconstructions are displayed in Fig. 10.3 (c) and Fig. 10.3 (d)
respectively.
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Figure 10.2: (a) Simulated phantom. (b) Zoom of the ROI used for the numerical tests. (c) and

(d) Standard and interlaced ROI reconstructions respectively. (e) Histogram analysis.

As in the simulations, high-frequency artifacts are significantly reduced with the inter-
laced approach without affecting the sharpness of the features. The preservation of the
sharpness is confirmed by the profile plots of Fig. 10.3 (e). Squares in Fig. 10.3 (b) indicate
detail features visible in local tomography conditions with the interlaced approach that are
severely deteriorated when using the standard approach.

Note that all the phase reconstructions have been obtained with exactly the same pro-
cedure: the filtered-back projection algorithm with an imaginary sign filter was applied to
the differential phase sinograms [Pfeiffer et al. 2007b] and no further filtering or processing
has been performed on the data.
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Figure 10.3: (a) Phase slice of a rat kidney obtained with the standard acquisition scheme. (b)

Detail selected for the comparison of the acquisition schemes. (c)-(d) ROI reconstructions obtained

with the standard and interlaced schemes respectively. (e) Profiles extracted from the central line

of the ROIs, δ0 is the refractive index of the immersion liquid (water).

10.2.6 Conclusions

Compared to other recently proposed schemes for the optimization of data acquisition in
grating-based phase CT, which can go as far as abandon the need for phase stepping al-
together [Zhu et al. 2010], the phase-stepping approach presents less strict requirements on
the exact divergence matching of the periods of G1 and G2 - an aspect that makes the
interlaced scheme easier to realize, especially for large fields of view. With respect to ap-
proaches based on moiré fringe imaging [Momose et al. 2009b], the interlaced acquisition
scheme retains the full spatial resolution of the detector in the tomograms.

The interlaced approach has the further advantage that it can be implemented in scans
with continuous rotation of the sample, as it is common practice in most clinical CT scanners.
Moreover, due to the improvement in the image quality provided by the interlaced acquisition
scheme, the dose to the sample in phase-stepping CT can be reduced.
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In summary, the numerical tests and the experimental data demonstrate that, for the
same dose to the sample, interlaced CT provides phase reconstructions of better quality
than standard phase-stepping CT. This development is of particular interest for applications
where details with small density differences deep inside the object need to be visualized in
ROI tomography conditions with high resolution and high sensitivity.
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10.3 Paper III

This section contains a reprint of a paper submitted for publication as: I. Zanette, M. Bech,
A. Rack, G. Le Duc, P. Tafforeau, C. David, J. Mohr, F. Pfeiffer and T. Weitkamp Trimodal

low-dose X-ray tomography (2011).

10.3.1 Abstract

X-ray grating interferometry is a coherent imaging technique that bears tremendous poten-
tial for three-dimensional tomographic imaging of soft biological tissue and other specimens
whose details exhibit very weak absorption contrast. It is intrinsically trimodal, deliver-
ing phase contrast, absorption contrast, and scattering (“dark-field”) contrast. Recently-
reported acquisition strategies for grating-interferometric phase tomography constitute a
major improvement of dose efficiency and speed. In particular, some of these techniques
eliminate the need for scanning of one of the gratings (“phase stepping”). This advantage,
however, comes at the cost of other limitations. These can be a loss in spatial resolution, or
the inability to fully separate the three imaging modalities. In the present paper we report
a data acquisition and processing method that optimizes dose efficiency but does not share
the main limitations of other recently-reported methods. While our method still relies on
phase stepping, it effectively uses only down to a single detector frame per projection angle
and can extract images corresponding to all three contrast modalities. In particular, this
means that dark-field imaging remains accessible. The method is also compliant with data
acquisition over an angular range of only 180 degrees, and with a continuous rotation of the
specimen relative to the detector.

10.3.2 Introduction

In X-ray phase contrast imaging, contrast is generated by the refraction of X rays as they
pass the object under study, and not, as in conventional radiography, by the differences in
absorption between the constituents of the object.

Since the real part of the refractive index of hard X rays for light materials is several
orders of magnitude higher than its imaginary part (which describes absorption), X-ray
phase contrast methods can reveal structures that usually remain invisible in conventional
absorption contrast, for example different types of soft biological tissue. However, the angles
by which X rays are refracted when passing through macroscopically-sized objects remain
so small that sophisticated apparatus is needed to exploit phase contrast.

For these reasons, while some X-ray phase contrast methods had, in principle, already
been developed decades ago [Bonse & Hart 1965, Förster et al. 1980], the full potential of
these methods was recognized only with the availability of modern synchrotron radiation
sources and microfocus X-ray generators for the laboratory. A variety of X-ray phase
contrast methods based on these sources was developed in the second half of the 1990s
[Fitzgerald 2000]. In addition to providing the high contrast of a phase-sensitive method,
some of them have the additional advantage of providing yet another complementary con-
trast modality, i.e., scattering contrast. This is notably the case of analyzer-based imaging
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[Davis et al. 1995, Chapman et al. 1997].
Starting in the early 2000s, X-ray grating interferometry (GIFM) [David et al. 2002,

Momose et al. 2003] emerged as an additional multimodal X-ray imaging technique with par-
ticular benefits. It gives access to differential phase contrast (DPC) at ultrahigh sensitivity
(density differences down to 0.5 mg/cm3 can be routinely achieved) [McDonald et al. 2009,
Schulz et al. 2010b]. GIFM also provides dark-field (or scattering) images of the sample
which allow to reveal the presence of scattering structures on the nanoscale [Pfeiffer et al. 2008a].

A grating interferometer is largely achromatic and can thus be efficiently used with X rays
that have a broad spectral distribution [Weitkamp et al. 2005a, Rizzi et al. 2011]. Another
important property of GIFM, which further distinguishes it from many other X-ray phase
contrast methods, is that radiation from a low-brilliance X-ray source can be efficiently used
[Pfeiffer et al. 2006]. This feature and the achromaticity are unique properties that make
this method compatible with laboratory X-ray imaging systems and increase its efficiency
on synchrotron imaging stations.

The key element of a GIFM setup (Fig. 10.4) is a diffraction grating G1 in transmission
geometry. It induces a periodic modulation into the X-ray wavefront. The period p1 of this
grating is much larger than the X-ray wavelength. Its diffraction orders therefore overlap
almost completely and form regular interference patterns in planes downstream of G1. An
object placed in the beam will cause local modifications of these patterns. A second grating
G2, placed before the detector, can be used to encode these modifications into intensity
variations on the detector pixels.

Figure 10.4: Schematic representation of an X-ray grating interferometer setup (not to scale).

The phase grating (G1) and the absorption grating (G2) are positioned between the sample and

the detector. G2 is placed at the distance d from G1 at which the interference pattern produced

by G1 exhibits the maximum contrast.

The DPC and dark-field signals (usually also the absorption image is obtained from
the same dataset) can be extracted from the raw interferograms with different approaches.
Among these methods, the “phase-stepping” technique, which consists in recording and
analyzing a series of interferograms (three or more) for different relative transverse positions
of the two gratings [Momose et al. 2003, Weitkamp et al. 2005a, Zanette et al. 2011a], has
several advantages. It does not affect the spatial resolution of the imaging system as in the
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single-shot approaches [Wen et al. 2009, Momose et al. 2011b] and it does not have stringent
requirements on the period matching of the gratings which is a limitation in the reverse
projections (RP) method [Zhu et al. 2010]. It should also be noted that, with the RP
method, which uses a linear combination of two interferograms taken at sample positions
180˝ apart, the dark-field signal can not be accessed. On the other hand, since at least three
exposures are needed per final projection, the phase stepping method may be slower and
may deliver more dose to the sample than other methods.

In this paper we present and demonstrate, through simulated and real data, advanced
phase stepping methods, here called oversampled methods, which provide phase and scat-
tering tomographies of quality comparable to the existing phase stepping methods while
significantly decreasing (up to a factor of 5) the acquisition time and hence also the dose
delivered to the sample.

10.3.3 Oversampled phase stepping

A schematic representation of an X-ray grating interferometer is shown in Fig. 10.4. In a
phase-stepping tomography measurement, the scan of one of the gratings is combined with
the rotation of the sample as nested scan of two axes. Each raw interferogram recorded
during a tomographic scan of this kind is taken at a different transverse position xg of the
grating and/or a different position ω of the sample. Thus, raw images recorded during
a tomography scan based on phase stepping can be represented by points in the ω ´ xg

coordinate system.
Fig. 10.5 (a) illustrates the standard phase-stepping tomography acquisition scheme. All

images belonging to one phase-stepping scan are recorded at a fixed angular position ω of the
sample. The sample is rotated only between subsequent phase stepping scans. A first im-
provement over this scheme was the interlaced phase-stepping method [Zanette et al. 2011a]
(Fig. 10.5 (c)), in which the sample is also rotated between images belonging to the same
phase stepping scan. This acquisition method was developed to improve local tomography
reconstructions. In local tomography, the sample is larger than the width of the field of
view and only a central region of interested (ROI) is reconstructed. Recording raw images
at slightly different positions of the sample, as in interlaced phase stepping, introduces a
tangential averaging of the features far from the rotation center. This improves the quality
of the ROI reconstruction and makes phase stepping compatible with a continuous rotation
of the tomography axis [Zanette et al. 2011a].

Although interlaced phase stepping is a significant improvement over the standard method,
especially in view of clinical applications of grating interferometry, it shares with the stan-
dard method an important limitation: at least three raw images are required to retrieve a
differential phase and scattering projection of the sample. This means that if the phase-
stepping scans are performed over P steps and if N is the desired number of final projections,
N ˆ P raw images are acquired with the standard and interlaced methods.

Oversampled phase stepping methods, as presented in this paper, allow to significantly
reduce this number. The idea at the basis of oversampled phase stepping is that a single
raw image, instead of being used in the processing of only one phase stepping scan, can be
used in multiple scans. In this way, even if each phase stepping scan still contains P images,
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Figure 10.5: Phase stepping methods represented in the ω ´ xg plane. Each colored dot or

star represents an image frame recorded by the detector. Frames represented by stars are used in

more than one phase stepping scan. (a) Standard phase stepping. (b) Interlaced phase stepping

[Zanette et al. 2011a]. (c) Oversampled zigzag (OZ) phase stepping: one point of each scan is re-

used in the next scan. (d) Oversampled interlaced (OI) phase stepping: all but one point in each

scan are re-used in the next scan.

the actual number of images recorded during the full tomography can be much less than
N ˆ P .

We propose two ways of implementing oversampled phase stepping scans: one is over-
sampled zigzag (OZ) phase stepping and the other is oversampled interlaced (OI) phase
stepping. While the first method is an advanced way of recording the data, the second ap-
proach consists in an efficient way of analyzing the phase stepping scans. The two methods
are discussed in the following.

In zigzag phase stepping, images are recorded not only when the grating moves in the
forward direction, but also when the grating goes back to its initial position as illustrated in
Fig. 10.5 (c). In the zigzag method, one in each P raw images is used for the processing of
two phase stepping scans, thus reducing the effective number of images recorded per phase
stepping scan to P ´ 1. The raw images contributing to two consecutive phase stepping
scans (represented by stars in Fig. 10.5 (c)) are at the vertices of the zigzag line in the
xg ´ ω diagram. In this way, the number of raw images actually collected is reduced to
Roz “ pP ´ 1q ˆ N ` 1. Since the number of projections N is usually large, this can be
approximated by pP ´ 1q ˆ N . For example, if P “ 3, Roz “ 2 ˆ N , i.e., the same number
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of raw images needed in the RP method.
With the second method presented in this paper, the oversampled interlaced method

(Fig. 10.5 (d)), the number of raw images recorded in the tomography scan can be further
reduced. The OI method consists in an efficient analysis of the interlaced phase stepping
scans. In fact, if images are recorded with the interlaced scheme, each group of P consecutive
raw images is recorded at P different positions of the grating and therefore can form a phase
stepping scan. In this way, P ´ 1 images of each phase stepping scan can be re-used in the
processing of the next phase stepping scan and the number of raw images needed to obtain
N final projections goes down to the minimum value of Roi “ N , independent of the number
of steps P .

Thus, compared to existing phase stepping methods, oversampled phase stepping yields
the same number of final projections but with significantly fewer raw images recorded during
the scan, and consequently a lower dose to the sample. Equivalently, for the same dose
delivered to the sample, oversampled methods provide a finer angular sampling of the final
projections, which increases the quality of the reconstructions.

Note that, in the oversampled methods, the image signals (including the scattering signal
not accessible with the RP method) are extracted with a simple algorithm based on Fourier
analysis described for example in Ref. [Pfeiffer et al. 2008a] which does not require any
linearization of the sinusoidal phase stepping curve.

Since OZ and OI are based on interlaced phase stepping, they can be implemented with
continuous movement of the sample and they reduce artifacts caused by the presence of
features outside of the field of view.

In the following, the performance of the oversampled methods is demonstrated with
numerical simulations and experimental results. The latter have been obtained in both
local and global tomography on biological and paleontological samples.

10.3.4 Simulations

We first demonstrate the potential of the oversampled phase stepping methods with simu-
lations. The simulated slice is a pure phase (non absorbing) modified version of the Shepp-
Logan phantom with a distribution of real-valued refractive index n “ 1 ´ δ and zero
absorption (see supplementary information). The size of the simulated noise-free slice is
2048ˆ2048 pixels and the pixel size is 5 µm. Four refraction angle sinograms,1 correspond-
ing to the acquisition methods shown in Fig. 10.5, have been generated from this slice with
the same number of 1700 raw images. The parameters used in the simulation are listed in
Table 10.1, more details on the simulation can be found in the supplementary material Sec.
10.3.8.

In order to compare the different acquisition schemes in local tomography, the sinograms
were truncated and a region of interest (ROI) of 800 pixels diameter was reconstructed. The
reconstruction of the ROI obtained with the oversampled interlaced method is shown in Fig.
10.6 (a). The complete set of reconstructions with the different schemes can be found in

1The phase tomography is obtained from refraction angle projections. The phase tomographies

shown in this paper have been obtained with the filtered back-projection algorithm and a Hilbert filter

[Pfeiffer et al. 2007b].
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Figure 10.6: (a) ROI of the simulated slice reconstructed with the oversampled interlaced method.

The simulated slice and the ROI reconstructions obtained with the other acquisition schemes are

shown in supplementary material. (b) Histograms of the two regions R1 and R2 indicated by

rectangles in panel (a). The y-axis of the histogram is the frequency of appearance of the grey

levels in the ROI. The scale of the y-axis is the same for all the histograms. The histogram analysis

shows the potential of the oversampled methods in reducing image noise. In fact, the width of

the histogram peaks, which is broadened by the presence of image noise, is much smaller in the

histograms extracted from the ROIs obtained with the oversampled methods.

the supplementary material. The histogram analysis on the ROI reconstructions is shown in
Fig. 10.6 (b). For each ROI reconstruction, we calculated the histograms of the two regions
R1 and R2 of 50ˆ50 pixels indicated by squares in Fig. 10.6 (a).

Angular undersampling in the standard acquisition scheme generates image noise. The
strength and position of the undersampling artifacts depend on the features in the sample
(inside and outside the ROI) and on the angular sampling. As already discussed in Ref.
[Zanette et al. 2011a], these artifacts are reduced with the interlaced acquisition scheme.
This can be seen with the histograms analysis: the width of the histogram peak, which
should ideally be infinitely narrow, is narrower in the histogram extracted from the slice
obtained with the interlaced method than in the histogram extracted from the slice obtained
with the standard acquisition scheme. By effectively increasing the angular sampling density,
oversampled methods further improve the reconstructions and significantly reduce the image
noise, as can be seen in Fig. 10.6 (b). The best performance (the narrowest peak) is given
by the OI method, which increases the angular sampling density by a factor of P (here,
P “ 4) with respect to the standard and interlaced acquisition schemes.

While this particular study has been performed on a phase object, similar results, showing
the superiority of the oversampled phase stepping on the other schemes, can be obtained by
simulating the scattering and absorption signals.
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10.3.5 Experimental results

We validated the results of the simulations with experimental data. The experiments were
performed at the beamline ID19 of the European Synchrotron Radiation Facility (Grenoble,
France) [Weitkamp et al. 2010b]. We used a monochromatic beam obtained via a Si (111)
double crystal monochromator. The interferometer was located 150 m from the source. Its
characteristics and the other experimental parameters are reported in Table 10.1.

The detector was a scintillator/lens-coupled CCD camera with 2048 ˆ 2048 pixels. The
effective pixel size and the field of view depended on the measurement (see Table 10.1).

energy (keV) p1 (µm) h1 (µm) d (mm) e (µm) w (pixels) t (s)
simulation 23.0 4.80 29.5 480 5 800 -
rat heart 23.0 4.78 29.5 481 7.5 700 1.5
rat eye 23.0 4.78 29.5 481 5 2048 1
amber 35.0 4.78 45 404 5 2048 2

Table 10.1: Parameters of simulation and experiment. p1 and h1 indicate, respectively, the period

and the height of the phase grating G1, made of Si. The period of absorbing Au structures on

the absorption Au grating G2 was p2 “2.4 µm and their height was h2 “50 µm. d is the distance

between G1 and G2, e the effective pixel size, w the width of the detector field of view, and t the

exposure time per step.

We measured three samples: two soft tissue biological specimens (a heart and an eye of
a rat) and a fossil (an insect in opaque amber). The samples were placed approximately
100 mm upstream of G1. The rat organs were placed in cylindrical containers filled with
formalin 10% solution. They had been extracted from a male Fischer rat (Charles River
Laboratories, France) after sacrifice of the animal for another experiment.2 The containers
with the rat organs were immersed in a water tank in order to avoid strong refraction at the
sample-air interface. The amber was measured in air.

All the tomography scans were performed over 180˝. The exposure time per raw im-
age depended on the sample, but was for each sample kept constant for the two stepping
methods. The values of the exposure times are reported in Table 10.1.

10.3.5.1 Phase tomography on soft-tissue biological specimens

A rat heart and a rat eye were chosen to validate the oversampled interlaced method in phase
contrast tomography. The internal anatomical structures of these samples, which exhibit
very little absorption and scattering contrast, can be visualized with high sensitivity in the
phase tomographies obtained with the grating interferometer.

The rat heart was measured in local tomography. The phase tomographies were recon-
structed from 750 refraction angle projections. In tomography performed with the standard
acquisition scheme, these projections were retrieved from 750ˆ5=3750 raw images and in
the oversampled interlaced tomography they were retrieved from only 750 raw images. The

2All operative procedures related to animal care strictly conformed to the Guidelines of the French

Government with licenses 380825 and B3818510002.
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dose delivered to the sample with the oversampled interlaced method was thus only 20% of
the dose delivered to the sample with the standard method.
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Figure 10.7: Sagittal (top) and axial (bottom) views of phase tomograms of a rat heart. Panels

(a) and (c) show images obtained with the standard method and panels (b) and (d) show images

obtained with the oversampled interlaced method. Profiles extracted from the standard and over-

sampled interlaced axial slices along the lines shown in panel (c) are displayed in panels (e) and

(f). Despite the high difference in dose delivered in the two tomography scans (the oversampled

interlaced scan was obtained by delivering to the sample only 20 % of the dose given to the sample

during the standard phase stepping scan), the two reconstructions show very similar quality.

Sagittal views of the phase tomograms obtained with the standard and oversampled in-
terlaced methods are displayed in Fig. 10.7 (a) and (b), respectively. In the sagittal slices the
root of the aorta artery is indicated with the letter ‘R’. Axial slices at the position indicated
by the dashed line in Fig. 10.7 (a) are shown in panels (c) (standard) and (d) (oversampled
interlaced). These slices highlight the anatomy of the aortic valve, and especially its tricus-
pid structure. Profiles have been extracted from the axial slices along the solid lines shown
in Fig. 10.7 (c). These profiles are plotted in Fig. 10.7 (e) and (f). The results show that,
despite the huge difference in dose delivered to the sample during the tomography scan,
standard and oversampled interlaced methods provide phase reconstructions of very similar
quality.

The second example is a global tomography of a rat eye. The organ was extracted with
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the optic nerve and the extraocular muscles. In this case, the sample was smaller than the
field of view of the detector, which had an effective pixel size of 5 µm and a width of 2048
pixels. The volumes were reconstructed from 750 refraction angle projections. The phase
stepping scans were performed in 4 steps and the exposure time per raw image was 1 s.
The dose delivered to the sample during the tomography acquired with the OI method was
four times less than the dose delivered to the sample with the standard acquisition scheme.
Figure 10.8 shows the phase reconstructions obtained with the two acquisition schemes. The
lens is indicated with the letter ‘L’ and is the feature with the highest density. The presence
of a gradient in the refractive index of the lens (the density decreases far from the center of
the lens as shown in the profile plots displayed in panels (c) and (e)), is a known property
of the eye lens which has an influence on both the refractive power and the aberrations of
the lens [Smith 2003]. The optic nerve and the extraocular muscles (labeled with the letters
‘N’ and ‘M’ respectively) can be clearly distinguished in the tomograms. The retina (‘R’)
was probably damaged during the extraction.

As observed in the previous example, the reconstructions obtained with the two acqui-
sition schemes show very similar quality despite the great difference in deposited dose and
number of raw images taken. This is also confirmed by the histogram analysis displayed in
Fig. 10.8 (d) and (f) where no significant difference can be seen in the grey level distribution
provided by the two acquisition methods.

10.3.6 Dark-field tomography of a fossil

So far the potentials of grating interferometry have been mainly exploited for imaging of
biological soft tissue samples. Another class of samples which can benefit from the high
sensitivity of the phase and dark-field signals obtained with the grating interferometer is
the class of paleontological specimens. The tremendous potential of X-ray phase-contrast
imaging is already widely used to visualize inner structures in fossils, mostly in the form
of propagation-based phase contrast [Tafforeau et al. 2006, Lak et al. 2008]. However, there
are still features which can not be revealed in phase contrast. Some of these can be made visi-
ble with the dark-field signal from the grating interferometer. This is demonstrated here with
dark-field tomograms of a fossilized insect in opaque amber. The specimen, a Cretaceous
maimetshid wasp from opaque amber of the Charentes region (France), was measured in local
tomography. This specimen was recently described as a female of Guyotemaimetsha enig-
matica, using propagation-based phase contrast microtomography [Perrichot et al. 2011]. In
the previous examples we compared standard and oversampled interlaced tomography for
the same number of projection angles and a different dose delivered to the sample. Here,
tomographic scans performed with the two phase stepping methods are compared for the
same dose delivered to the sample. A total of 1500 raw images were collected in each tomo-
graphic scan with phase stepping scans performed in 4 steps. From the 1500 raw images,
1500/4=375 projections were retrieved with the standard method and 1500 projections were
retrieved with the oversampled interlaced method. The two panels on the left of Fig. 10.9
show tomographic sagittal slices of the fossil in “absorption” mode. Due to the low density
of amber, the high degree of transverse coherence of the X-ray beam and the long distance
of approximately 500 mm between the sample and the detector, these images are actually
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Figure 10.8: Sagittal views of phase tomogramphies of a rat eye obtained with the standard

(a) and oversampled interlaced (b) acquisition schemes and the same number of refraction angle

projections. The dose delivered to the sample during the tomography performed with standard

stepping was 4 times larger than the dose given to the sample during the oversampled interlaced

scan. Some of the anatomical features visible in the images are labeled with capital letters, see

main text. The profile plots (panels (c) and (e)) show the refractive index gradient present in the

lens. The histograms of the whole sagittal slices are shown in panels (d) and (f). The y´axis of

the histograms is the frequency of appearance of the grey levels in the slices.

dominated by propagation-based phase contrast. The panels on the right of the figure show
tomographic slices at the same position and from the same data set, but in dark-field con-
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trast. 3 The insect is clearly visible in both imaging modalities. However, the signal in the
dark-field images is higher (brighter pixels) at boundaries and interfaces, where there are
strong inhomogeneities. Despite the presence of edge enhancement, the wing of the insect
is not fully revealed in the absorption/phase-contrast data. On the other hand, with the
dark-field signal, which allows to reveal the presence of details smaller than the spatial res-
olution of the detector [Yashiro et al. 2011], the wing of the insect can be clearly revealed
in all its length, see arrows in Fig. 10.9 (d). Phase tomograms of the fossil, calculated from
the same dataset, are shown in the supplementary material.

Figure 10.9: Grating interferometry tomograms in absorption and propagation-based phase con-

trast (left) and dark-field contrast (right) of an insect in opaque amber. Dark-field contrast images

show details which are not be fully revealed in the absorption/phase-contrast data, such as the

wing of the insect, indicated by arrows in panel (d). The tomograms in the two panels at the top

were obtained with the standard phase-stepping method, those in the bottom panels with the over-

sampled interlaced method, by applying two different reconstruction schemes to the same dataset,

one based on the classical system, and the second mimicking the new acquisition scheme presented

in this paper. For both absorption and dark-field signals, the image noise is significantly reduced

using the oversampled interlaced method as shown by the standard deviation (std) of the grey levels

in the uniform region at the bottom right of the images.

The advantages of the oversampled interlaced method over the standard acquisition

3The dark-field tomography data were reconstructed using the filtered back projection algorithm and the

same ramp filter as in conventional absorption tomography [Bech et al. 2010].
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scheme are evident in Fig. 10.9. The images at the top, obtained with the standard acquisi-
tion scheme, show artifacts from angular undersampling (for example, see region at the right
of the absorption image of panel (a) marked by an oval) which are not present in the images
obtained with the oversampled interlaced method. The image noise has been evaluated in a
uniform region of 370ˆ200 pixels at the bottom right of the images. This region is marked
by a solid rectangle in the images of Fig. 10.9. At the center of this rectangle are reported the
standard deviation of the grey levels in the regions. As already shown with the simulations,
for the same dose delivered to the sample, the oversampled interlaced method significantly
reduces the image noise in the tomographic reconstructions. This noise reduction provided
by the oversampled interlaced method allows the visualization of features which cannot be
detected in the images obtained with the standard method such as details of the head of
the insect in the dark-field images.

These results, besides confirming the advantages of the oversampled interlaced method
over the standard acquisition scheme in dark-field contrast tomography, also demonstrate
the potentials of X-ray interferometry in imaging of fossils.

10.3.7 Conclusions

By increasing the effective angular sampling density, the oversampled phase stepping meth-
ods presented in this paper give a substantially improved contrast-to-noise ratio in grating-
based tomography over the standard phase-stepping approach commonly used today. The
results demonstrate this improvement both for differential phase contrast and for scatter-
contrast (“dark-field”) tomography.

Moreover, because of the efficient acquisition and processing scheme represented by the
oversampled methods, phase and dark-field contrast tomographies of the investigated sample
can now be obtained by effectively recording only one raw interferogram per final projection
image using the oversampled interlaced OI method.

In addition to demonstrating the improvement in image quality that oversampled phase
stepping brings to dark-field tomography, the study on the fossilized insect highlights the
potential of grating interferometry for applications in paleontology. The high scatter contrast
from the wing of the insect also suggests the exploitation of the dark-field signal in the
investigation of sharply-localized features in other application areas, e.g., cracks in biological
or man-made materials.

We would like to point out that, while the results shown in this paper have been obtained
with synchrotron radiation, oversampled phase stepping can be implemented at any phase-
stepping interferometer, including at laboratory X-ray systems or neutron sources.

Oversampled phase stepping is easy to implement, implies no additional requirements on
the alignment of the gratings, is compatible with continuous tomography scans, performs well
in local tomography and allows to access, with a simple algorithm, three image modalities.
These advantages, together with the dose reduction, make it a substantial improvement for
low-dose, fast phase-contrast and scatter tomography based on grating interferometry.
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10.3.8 Supplementary information

The slice shown in Fig. 10.10 (a) has been used to compare local phase reconstructions
provided by the different phase stepping methods. As explained in the main text, slice of
Fig. 10.10 (a) is a modified version of the Shepp-Logan phantom with real refractive index
n “ 1 ´ δ. The δ values in the phantom are similar to the δ values of the soft tissues
measured, with hard X rays, in the experiments reported in the main text.

Figure 10.10: (a) Phantom on which the simulations are based. (b) Refraction angle sinogram

produced from the phantom by simulating the oversampled interlaced phase stepping method.

Dashed lines indicate the region were the sinogram has been truncated. (c) - (f) Regions of interest

reconstructed by simulating the different phase stepping methods.

A total of 1700 raw interferograms per phase stepping method have been generated from
the phantom exploiting the fact that the quantity directly measured with the phase stepping
technique, the refraction angle, is proportional to the differential phase of the wavefront at
the object plane. Moreover, the phase shift X rays undergo while passing through the sample
is proportional to the line integral along the beam path of the real part of its refractive index
[Weitkamp et al. 2005a, Pfeiffer et al. 2007b].

In each pixel, the intensity oscillation recorded during a phase stepping scan can be
written as a sinusoidal function of the grating position xg and depends also on the sample
orientation ω:

Ipxg, ωq “ sin

„
2π

p2

ˆ
xg ` d

ż Bδpx1, z1q
Bx dz

˙
, (10.1)

where p2 is the period of the absorption grating, d is the inter-grating distance and px1, z1q is
a coordinate system rotated by ω with respect to the coordinate system px, zq, see Fig. 10.4
of main text. In Eq. (10.1), the average of the intensity oscillation has been set to zero and
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its amplitude has been set to one since absorption and scattering effects, which are related,
respectively to these quantities, are neglected in the simulation.

Using the relation of Eq. (10.1), raw interferograms have been generated, from the start-
ing slice, for different pairs xg and ω in order to simulate the different phase stepping methods
according to the scheme presented in Fig. 10.5 of the main text. For example, a standard
phase stepping scan is formed by values Ipxg, ωq where ω is fixed and xg assumes values
in the interval r0, p2r. In this study, phase stepping scan were simulated over four steps.
The four evenly spaced grating positions during a phase stepping scan can be written as
xg “ 0, p2{4, p2{2, 3p2{4.

Phase stepping scans generated as outlined above, have been processed with the Fourier
analysis (as it is commonly done with real data [Pfeiffer et al. 2008a]) and refraction angle
projections have been retrieved. The number of refraction angle projections obtained in this
way was different for the different phase stepping methods. In particular 1700/4=425 refrac-
tion angle projections were obtained with the standard and interlaced methods, 1700/3=566
refraction angle projections were retrieved by simulating oversampled zigzag phase stepping
and 1700 projections were obtained with the oversampled interlaced method.

The refraction angle sinogram obtained with the oversampled interlaced method is shown
in Fig. 10.10 (b), the dashed lines in the sinogram indicate the positions at which the sino-
grams were truncated. Sinograms like the one shown in Fig. 10.10 (b) (with less projections)
have been generated for the standard, interlaced and oversampled zigzag acquisition schemes.
Phase reconstructions of the region of interest of 800 pixels width have been obtained from
these sinograms with the filtered back-projection algorithm and an imaginary sign filter
[Pfeiffer et al. 2007b].

The phase reconstructions are shown in Fig. 10.10 (c)-(f) and the results on the histogram
analysis is presented in Fig. 10.6 of the main text. Note that the starting slice was noise free,
thus, all noise present in the reconstructed tomograms is generated in the reconstruction
process.
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Figure 10.11: Phase tomography of the insect in amber obtained with the oversampled inter-

laced method. The general contrast in the phase tomography is much higher than the contrast in

absorption tomography (Fig. 10.9 (a) of the main paper, allowing easier segmentation process of

the data. This makes grating interferometry a promising technique for revealing features in fossils

which can not visualized in absorption contrast.
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11.1 Introductory remarks

The standard one-dimensional (1D) grating interferometer yields the component of the dif-
ferential phase and dark-field signals orthogonal to the grating lines. Applied to the scatter
signal, this property is at the basis of a new imaging technique called “directional dark-field
imaging”, see Ref. [Jensen et al. 2010a, Jensen et al. 2010b] and Sec. 6.2.2. However, the
existence of a blind direction is in most of the cases a limitation, especially when the sample
cannot be rotated around the optical axis [Kottler et al. 2007].

An example which shows the dependency of image contrast on the orientation of the
features in the sample is displayed in Fig. 11.1. The object shown in this figure is a wafer
box, used for the storage of silicon wafers such as those used as substrates for gratings. These
images were recorded by the author of this thesis at the laboratory setup at PSI. The lines
of the gratings in this experiment were oriented in the vertical direction. The differential
phase and dark-field contrast produced by the ribs of the wafer box strongly depends on their
orientation: the horizontal ribs are almost invisible in the differential phase and dark-field
images. These ribs are clearly visible only in the attenuation radiograph, whose signal is
isotropic. Horizontal structures with insufficient absorption contrast will remain undetected
in this setup.
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Figure 11.1: Wafer box on a wax support measured with the standard 1D grating interferometer

installed at the laboratory source at PSI. This interferometer is described in Sec. 6.1.1. The mean

X-ray energy was 28 keV, the periods of the gratings were: p0 “ 14 µm, p1 “ 3.5 µm and p2 “ 2.0

µm. The G0-to-G1 distance was L = 1.383 m and the G1-to-G2 distance, corresponding to the

fifth fractional Talbot order was d = 198 mm. The grating lines were vertically orientated.

To overcome the limitations imposed by the existence of the blind direction, a two-
dimensional (2D) grating interferometer has been conceived, designed, implemented and
characterized during this PhD project. With this instrument, through the use of 2D grat-
ings instead of line gratings, it is possible to measure differential phase and scattering signals
simultaneously along different directions, without the need to move the sample. This ad-
vanced version of the grating interferometer is described in this chapter.

The next section (Sec. 11.2) is a reprint of a journal article that reports on the first
implementation of the 2D grating interferometer [Zanette et al. 2010b].

The following sections report results, so far largely unpublished, on the practical imple-
mentation (Sec. 11.3) and application of the 2D interferometer for optics characterization
(Sec. 11.4) and wavefront sensing (Sec. 11.5).

11.2 Paper IV

This section is a reprint of the paper published as: I. Zanette, T. Weitkamp, T. Donath,
S. Rutishauser and C. David. Two-dimensional grating interferometer. Physical Review
Letters 105, 248102 (2010).

11.2.1 Abstract

We report on the design and experimental realization of a two-dimensional (2D) X-ray
grating interferometer. We describe how this 2D grating interferometer has been practically
implemented, discuss its performance and present multi-directional scattering (dark-field)
maps and quantitative phase images that have been retrieved using this device.
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11.2.2 Introduction

X-ray grating interferometry is a method for hard X-ray wavefront sensing and phase-
contrast imaging that has been developed over the past few years [David et al. 2002, Momose et al. 2003,
Weitkamp et al. 2005b, Weitkamp et al. 2005a, Pfeiffer et al. 2008a]. It is highly sensitive
to subtle deviations of the local wavefront propagation direction (differential phase contrast)
and to scatter in the sample (dark-field contrast), can be used with large fields of view and
does not need a high degree of X-ray monochromaticity [Weitkamp et al. 2005a]. A grating
interferometer implemented on a synchrotron source typically consists of two line gratings,
used in an in-line transmission geometry and placed one behind the other. The first grating,
termed the “beam splitter”, acts as a diffractive element. The second one is used as an ab-
sorption mask [Momose et al. 2003, Weitkamp et al. 2005b] and is often referred to as the
“analyzer” grating.

An interferometer of this kind, using specifically developed line gratings [David et al. 2007,
Reznikova et al. 2008], gives contrast for wavefront deviations or scattering in the direction
perpendicular to the grating lines. However, structures in the sample that are oriented per-
pendicular to the lines are not visible. In addition, retrieval of the wavefront phase not only
requires exact knowledge of the boundary values, but also induces substantial artifacts due
to the lack of information on the “blind” direction.

To overcome these limitations, grating-based imaging systems that use two-dimensional
(2D) structures, rather than line gratings, have already been proposed. Some of them are
single-grating setups, i.e., without an analyzer grating [Baker 2009, Wen et al. 2010]. The
grating used in these systems has a period large enough so that the intensity modulations
it induces can be directly resolved by the detector.

Other proposed systems [Momose & Kawamoto 2006, Olivo et al. 2009] do have an ana-
lyzer element in front of the detector or incorporated with the detector itself. However, no ex-
perimental scattering images or integrated phase maps are reported in [Momose & Kawamoto 2006,
Olivo et al. 2009].

In this Letter, we present the design and realization of a device, measurement strategy,
and data analysis algorithm that yield high-quality reconstructed phase images and multi-
directional dark-field images using a 2D interferometer that includes an analyzer grating.

11.2.3 Design and setup

The device presented here is conceptually similar to the one-dimensional (1D) interferometer
we have reported in the past [Weitkamp et al. 2005b] except that the gratings are structured
in both transverse dimensions. Thus, the beam splitter is a 2D diffraction grating (G1); its
active areas are preferably pure phase structures. The diffraction pattern created by G1 is
an array of intensity spots. A second absorbing grating G2, the analyzer, encodes the spot
positions into intensity values on the detector (Fig. 11.2). The difference to a standard 1D
grating interferometer is that diffraction on G1 occurs not only along x or y, but in both
dimensions, and G2 allows analysis of the signals in both dimensions.

In the 1D case (i.e., the case of line gratings), the variable parameters for a binary grating
are only the material, structure thickness t, lateral period p, and duty cycle γ “ w{p (where
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Figure 11.2: Schematic representation of a 2D X-ray grating interferometer setup. The gratings

G1 and G2 are placed in series in the X-ray path, separated by a distance D. ϕpx, yq denotes the

phase-shift profile of G1, T px, yq the intensity transmission of G2.

w is the line width). Usually a duty cycle of γ “ 0.5 is preferred for the beam-splitter
grating, to eliminate its non-zero even diffraction orders.

The design of a 2D grating, however, allows a variety of different unit cells. In this paper
we consider only the case of cells with fourfold symmetry, equal periods px “ py “ P and
duty cycles γx “ γy “ 0.5. Two of the simplest unit cells are what we shall henceforward
refer to as “checkerboard” (CB) and “mesh” (M) type patterns; they are shown in Fig. 11.2.
The intensity distribution produced by G1, and the distances at which maximum contrast is
observed, will depend on the pattern chosen and on the phase shift induced by the structures.
A detailed study [Zanette et al. 2010a] shows that a CB-type, π-shifting grating produces
a distribution of square intensity spots forming an M-type pattern with half the period of
G1. This phenomenon is observed at distances :

Dn “ nP 2
1

8λ
, (11.1)

with P1 the period of G1, n “ 1, 3, 5, . . ., and λ the wavelength of the radiation. These
distances may be different for other designs of a 2D diffraction grating [Zanette et al. 2010a].

The analyzer grating G2 has opaque structures [Weitkamp et al. 2005a, Zanette et al. 2010a].
In our device, it is an M-type grating with period P2 “ P1{2. As in the 1D case, G2 has the
same pattern as the (unperturbed) intensity distribution impinging on it.

The gratings forming the 2D grating interferometer can be implemented by using genuine
2D structures. However, for particular G1 and G2 patterns, it is also possible to combine
two 1D gratings to create the equivalent of a 2D grating structure. A CB-type, π-shifting
grating can be obtained as a superposition of two crossed linear π-shifting gratings; similarly,
2D mesh-type analyzer gratings can be obtained by the combination of two perpendicular
linear absorption gratings [Zanette et al. 2010a].

The phase-stepping technique [Weitkamp et al. 2005a] can be used to separate absorp-
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Figure 11.3: Theoretical and experimental results of a 2D raster phase-stepping scan performed

over one grating period. The two-period representation used in this figure has been chosen for

clarity. It is obtained by tiling the data. Panels a) and b) show the detector signal in a single pixel

as a function of the grating coordinates xg and yg. Panel a) displays the calculated detector signal

for ideal conditions (perfect gratings, fully coherent flat beam). Panel b) shows the experimentally

measured signal. The signal integrated along the x and y coordinates is shown in c); the contrast

curves along the diagonals d1 and d2 are shown in d).

tion, phase, and scattering information. In the 2D case, a raster scan of one of the two
gratings is performed along the transverse coordinates, xg and yg. In order to be able
to retrieve the three image signals, the phase-stepping scan should be performed over at
least one absorption grating period with a number of steps per period greater than two.
The phase-stepping scan produces, in each detector pixel, a 2D intensity distribution which
is the convolution of the interference pattern incident on this pixel with the transmission
function of the analyzer grating. The simulated 2D convolution in the ideal case of fully
coherent flat beam and perfect structures is shown in Fig. 11.3 (a). The experimentally
observed convolution resembles a 2D sinusoidal function (Fig. 11.3 (b)).

For data analysis, it is useful to project the 2D signal recorded during a phase-stepping
scan along four axes: the x and y coordinates and the diagonals d1 and d2 that form,
respectively, 45˝ and 135˝ with the x axis. The resulting contrast curves are shown in Fig.
11.3 (c) and (d); the amplitude of each curve is related to the visibility of the intensity pattern
along the respective direction. The visibility V , defined as V “ pImax ´ Iminq{pImax ` Iminq,
where Imax and Imin are the maximum and minimum intensity values observed in the contrast
curve, can be considered a figure of merit of the performances of the grating interferometer
[Weitkamp et al. 2005a]. In an ideal 2D grating interferometer of the type presented here,
the visibility along the main axes is 100%, along the diagonals it is 36%; see solid lines in
Fig. 11.3 (c) and (d). The limited spatial coherence of the X-ray beam, grating imperfections
and limited absorption from G2 structures reduce the visibility to measured values of 37%
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along x and y and 10% along the diagonals. The measured visibility value of 37% along
the main axes is comparable to the amplitude of the contrast curves obtained in the past
with 1D grating interferometers [Weitkamp et al. 2005a, Pfeiffer et al. 2008a]. The visibility
value of 10% measured along the diagonals results in noisier images than along the main
axes; however, as we will show in the following, scattering images along these directions give
helpful information on the scattering orientation of the sample features.

The 2D intensity pattern in each pixel pX, Y q can be expanded in a 2D Fourier series
and, if the phase-stepping scan is performed over one period in each direction, it can be
written as

IpX, Y, xg, ygq “ Ipxg, ygq »
1ÿ

k“´1

1ÿ

l“´1

ak,l exp

„
i

ˆ
k
2π

P2

xg ` l
2π

P2

yg ` φk,l

˙
, (11.2)

with the Fourier coefficients ak,l and their corresponding phases φk,l (note the analogy
of Eq. (11.2) and the following treatment with the ones used for the 1D interferometer
[Pfeiffer et al. 2008a]). From the Fourier analysis of the signal Ipxg, ygq in each pixel, the
differential phase images, the scattering properties of the object and the conventional ab-
sorption map can be simultaneously retrieved.

The differential phase shift along one transverse direction is related to the refraction
angle in that direction by BΦ{Bx “ 2παx{λ (analogous for y) [Weitkamp et al. 2005a]. The
values of αx and αy can be calculated from the experimental data by

αx “ 1

2πS
pφsam

0,1 ´ φref
0,1q, αy “ 1

2πS
pφsam

1,0 ´ φref
1,0q. (11.3)

In the formulas above, D is the distance between the two gratings and S “ D{P2 “ 2D{P1

is the sensitivity of the interferometer [Donath et al. 2009]. The superscripts of Eq. (11.3)
indicate values measured when the sample is in the beam path (“sam”) and for reference
phase-stepping scans (“ref”).

Besides the two components x and y of the differential phase shift, a measure of the
scattering power of the sample is obtained by calculating the reduction in amplitude of the
interference pattern caused by the sample. The scattering maps are usually called dark-field
images [Pfeiffer et al. 2008a]; we will indicate them with the letter v. With the 2D grating
interferometer the scattering signal along four directions can be retrieved 1:

vx “ A´1asam0,1 {aref0,1 vy “ A´1asam1,0 {aref1,0

vd1 “ A´1asam´1,1{aref´1,1 vd2 “ A´1asam1,1 {aref1,1 .
(11.4)

The term A´1 in the above equations corrects for the absorption of the sample: A “ asam0,0 {aref0,0

is the conventional absorption signal.
The experimental data presented here were taken with a setup mounted at the beamline

ID19 [Weitkamp et al. 2010a] of the European Synchrotron Radiation Facility. The first
grating was placed at approximately 150 m from the wiggler source. An X-ray energy

1Following the same principle, phase gradient images along the d1 and d2 directions can also been

calculated. They are not presented here because the x and y components of the phase gradient are sufficient

to retrieve the phase map.
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of 23 keV was selected by a Si-111 double crystal Bragg monochromator. The detector
was a lens-coupled CCD system with a magnification of 1.87 and an effective pixel size of
7.5ˆ7.5 µm2, using a FReLoN CCD with 2048 ˆ 2048 pixels [Labiche et al. 2007] and a
powder scintillator.
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Figure 11.4: Horizontal (a) and vertical (b) components of the refraction angle signal of a leaf

recorded with a 2D grating interferometer. Note the superior quality of the 2D phase map retrieved

with the 2D interferometer ((d) and detail (f)) over the one that would have been obtained with

a 1D interferometer giving signal only along x (c). The section profile across a linear feature in

the phase map (plot in (e), profile position indicated by an arrow in (f)) has a full width at half

maximum of 3.9 pixels (29.25 µm).

We constructed the interferometer by using two orthogonal linear phase gratings and
two orthogonal linear absorption gratings. The phase gratings G1 with a period of P1 “
4.785µm and a Si structure thickness of 29 µm were made at the Paul Scherrer Institut
[David et al. 2007]. The two analyzer gratings G2 with a period of P2 “ 2.4µm and a
Au structure thickness of 50 µm were fabricated at the Karlsruhe Institute of Technology
[Reznikova et al. 2008]. The grating periods were matched in order to compensate for beam
divergence at the 9th fractional Talbot order with a distance of 479 mm between the G1 and
G2 gratings. The sample was placed immediately upstream of the phase grating pair; the
detector was positioned as close as possible to the absorption grating pair.
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Figure 11.5: Scattering (dark-field) images of the central part of the leaf along the four directions

(x, y, d1 and d2) as indicated in the bottom right of each image. Strong scattering details in the

object are represented by dark regions in the images. Images vx and vy have a better signal-to-noise

ratio than vd1 and vd2 because the visibility is higher along the main axes than along the diagonals

(Fig. 11.3). Details highlighted with circles and squares are examples of features for which the

diagonal information helps to determine with more accuracy their preferential scattering direction.

Raster phase-stepping scans were performed over one period and in 4 steps in each
direction (16 frames in total) and an exposure time of 1 s per frame.

The two components αx and αy of the refraction angle for a leaf are shown in Fig. 11.4
(a) and (b). The phase wrapping phenomenon shows up as a noise-like artifact in areas with
a strong X-ray phase gradient; this effect is visible in the petiole and in the veins of the
leaf. Together with unknown boundary values, and/or low-frequency errors due to statistical
propagation of errors induced by noise, this phenomenon causes the phase map obtained
with a 1D interferometer to contain strong stripe artifacts (Fig. 11.4 c). These artifacts are
so strong that the phase projection maps are usually unusable as end results and therefore
not shown in many publications on 1D interferometers. A substantial advantage of the
2D grating interferometer is the possibility of retrieving quantitative phase maps without
these artifacts (Fig. 11.4 (d) and (f)). To obtain the phase map shown in Fig. 11.4 (c) we
adopted the Frankot´Chellappa method [Frankot & Chellappa 1988], a widely used method
in optical microscopy. From this map, a lower limit of the spatial resolution in the phase
image has been estimated by analyzing a section profile of the image (Fig. 11.4 (e)) across a
hair on the leaf surface (the smallest structure discernible in the phase image indicated by
an arrow in Fig. 11.4 (f)). The full width at half maximum (FWHM) of the curve generated
by the hair has been taken as a measure of the spatial resolution: the FWHM is 29.25 µm.

Fig. 11.5 shows the central region of interest of the dark-field images of the leaf. The
information in the diagonal directions helps to determine with more accuracy the preferential
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scattering direction of the sample features (e.g. details indicated by rectangles and circles in
Fig. 11.5). Since the dark-field images obtained with the grating interferometer are sensitive
to scattering features smaller than the detector pixel size, the multi-directional scattering
images from a 2D X-ray grating interferometer can be used to determine the orientation of
structures in the sample with characteristic sizes well beyond the spatial resolution of the
device.

11.2.4 Conclusions

With the 2D interferometer presented here, it is possible to retrieve the phase and amplitude
profiles of X-ray wavefronts and the scattering in the sample. The results presented show
the substantial advantages of the 2D interferometer over a 1D design: higher quality of the
retrieved phase images, and directional scattering information in the dark-field signal.

Considerations concerning performance aspects of 1D grating interferometers (e. g.,
[Weitkamp et al. 2005a]), such as chromaticity, effects of imperfect spatial and temporal
coherence, and spatial resolution, can also be applied to the 2D grating interferometer pre-
sented here.

Compared to other recently-proposed schemes of 2D grating-based imaging [Baker 2009,
Wen et al. 2010], the effort of using a second grating is rewarded by higher sensitivity and
spatial resolution. This is because, when an analyzer G2 is used, the intensity modulation
created by G1 need not be resolved by the detector and therefore gratings G1 with period
P1 much smaller than the detector resolution can be used. Moreover, if the instrument is
used in phase-stepping mode, the full spatial resolution of the imaging system is retained
in the final images. This is not what happens in the single-grating setups where the spatial
resolution is limited by the period of the intensity pattern produced by the grating on the
observation plane [Wen et al. 2010].

While we have demonstrated operation of the instrument in phase-stepping mode, it is
also possible to use this device for moiré interferometry. In this mode, the phase profile
can be retrieved from a single shot [Weitkamp et al. 2005b], albeit at inferior spatial reso-
lution than in phase-stepping. This mode may be interesting for various wavefront-sensing
applications, particularly in the photon diagnostics for future X-ray free electron lasers.

11.3 Implementation

The 2D grating interferometer implemented at ID19 is based on the same system of rods,
holding plates and motors that is used for the 1D device (Sec. 7.3). The main differences
between the 2D grating interferometer and the standard 1D device are:

(i) the 2D phase grating must be scanned along two orthogonal axes in a raster scan;

(ii) the alignment procedure consists in removing 2D moiré fringes which, as shown in Sec.
11.5, form an array of intensity spots rather than lines.

In the first implementations of the 2D grating interferometer, two crossed π´shifting line
gratings and two crossed absorption line gratings were used. Each of the phase gratings was
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mounted on a piezo of the type described in Sec. 7.3. The two piezo stages gave access to
linear motion along the two transverse axes x and y. The absorption gratings were mounted
on two identical rotation stages (the rotation system is described in Sec. 7.3) for independent
alignment of each grating to the respective phase grating. The distances between the two
phase gratings and the distance between the two absorption gratings were approximately 1
mm.

Figure 11.6: (a) Picture of the 2D phase grating (the active area has been coloured in yellow)

fixed on two linear piezos mounted on top of each other. (b) Scanning electron microscope image

of a 2D phase grating (courtesy S. Rutishauser, PSI).

After the first proof-of-principle implementation, genuine 2D phase gratings were fabri-
cated at PSI and used instead of the two crossed line gratings. These 2D phase gratings were
fabricated by deep reactive ion etching (DRIE), using a pulsed etching technique known as
“Bosch process”. The 2D phase grating was mounted on two piezos placed on top of each
other as shown in Fig. 11.6 (a). Panel (b) of the same figure shows a scanning electron
micrograph of the 2D phase grating. One immediately notices that void parts in the silicon
have a circular shape rather than a square shape as shown in Fig. 11.2. The simulated
interference pattern generated by a 2D phase grating with circular holes is shown in Fig.
11.7 (d). This interference pattern is compared to the one generated by the ideal ckecker-
board grating, see Fig. 11.7 (b). The interference pattern produced by the two types of
gratings is similar and in both cases the period of the intensity spots is half of the period
of the structures in the phase grating. However, while all the spots in Fig. 11.7 (b) have
the same intensity, the spots in Fig. 11.7 (d) have different intensities. This, together with
the fact that the intensity pattern is not binary and presents intensity modulations in the
background as well as in the spots, affects the visibility measured with 2D gratings with
circular holes.

The visibility values measured in the horizontal and vertical directions with the 2D phase
grating shown in Fig. 11.6 were, respectively, 32% and 35%. In both directions, the visibility
was thus slightly smaller than the value of 37% obtained under the same conditions with two
crossed line phase gratings [Zanette et al. 2010b]. The visibility in the vertical direction is
larger because the angular source size in this direction is smaller. Images of a glass-carbon
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Figure 11.7: (a) Ideal checkerboard phase grating and (b) interference pattern produced at the

fractional Talbot distance when it is illuminated by a plane monochromatic wavefront. (c) 2D phase

grating used in the 2D grating grating interferometer at ID19 and (d) its interference pattern at

the fractional Talbot distance. In the intensity patterns at the right, dark parts are region of less

intensity.

mesh taken with a 2D phase grating of the type shown in Fig. 11.6 are shown in Fig. 11.8.
The implementation of the 2D device was further improved with the use of a de facto

2D absorption grating, made at KIT, in combination with the 2D phase grating described
above. The 2D absorption grating was made by fabricating orthogonal line gratings on both
sides of the same wafer. In order for the alignment procedure to yield good results, and
particularly to avoid residual moiré fringes, the main axes of the grid structures on both
2D gratings need to be perfectly orthogonal. An image of an ant obtained with the 2D
interferometer using two 2D gratings is shown in Fig. 11.9. It is a false color combination
of the dark-field signals in two orthogonal directions.

11.4 Application to refractive lens characterization

Since the 2D grating interferometer yields, with high angular sensitivity, the full phase gra-
dient vector downstream of the sample and thus, via suitable reconstruction methods, the
phase of the incoming wavefront, this device is particularly interesting for optics character-
ization and wavefront measurements.

During this PhD project, the potential of the 2D grating interferometer has been ex-
ploited for characterizing parabolic refractive X-ray lenses. Stacks of this type of lenses
are used at several synchrotron beamlines for microfocusing, collimation and as broad-band
monochromators. These lenses are widely described in the literature, see for example Ref-
erences [Lengeler et al. 1999, Lengeler et al. 2002, Vaughan et al. 2011], and have already
been inspected with the standard 1D interferometer and polychromatic radiation produced
by a microfocus X-ray tube [Engelhardt et al. 2007b].



142 Chapter 11. Two-dimensional grating interferometry

Figure 11.8: (a) Photography of the carbon-glass mesh measured with the 2D grating interferome-

ter. In this picture and in the radiographs, horizontal fibers are made of carbon and vertical fibers

are made of glass. (b)-(c) Differential phase images along x and y respectively. (d) Attenuation

image. (e)-(f) Dark-field images along x and y respectively. The raster phase-stepping scan was

performed over one period in 4ˆ4 points. The exposure time per raw interferogram was 1 s, the

pixel size was 7.5 µm.

Figure 11.9: Dark-field image of an ant taken with the 2D interferometer consisting of a 2D

phase grating and a 2D absorption grating. The green and red channels represent, respectively, the

dark-field contrast in the horizontal and vertical directions.
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Preliminary results on the characterization of parabolic refractive lenses with a 2D grat-
ing interferometer and monochromatic synchrotron radiation within the present PhD work
are reported in a co-authored paper [Rutishauser et al. 2011b]. The published results are
complemented in this section.

In this experiment, single Be refractive lenses with a radius of curvature ρ in the apex
from 50 to 1500 µm were inspected with the 2D grating interferometer operating at 23 keV.
The focal length as a function of the decrement δ of refractive index of the lens material at
the working energy is given by [Lengeler et al. 1999]:

f “ ρ

2δ
, (11.5)

and δ=6.437ˆ10´7 for Be at 23 keV .
During the measurements, the lens was placed directly upstream the 2D phase grating

G1. The 2D grating interferometer was built with two crossed line phase gratings and
two crossed line absorption gratings as described in Ref. [Zanette et al. 2010b]. The raster
phase-stepping scan was performed by moving the phase gratings over 2ˆ 2 periods in 8ˆ 8

steps. The exposure time per image was 1 s. The detector had an effective pixel size of 7.5
µm.

11.4.1 Measurement of a lens with large radius of curvature

The refraction angle images αx and αy of the lens with ρ “ 1.5 mm are shown in Fig. 11.10.
The projected material thickness retrieved from these images with the Frankot-Chellappa
algorithm [Frankot & Chellappa 1988] is displayed, as contour plot (concentric circles), in
Fig. 11.11. The plot with black arrows of the refraction angle vector in Fig. 11.11 shows
that X rays are refracted towards the center of the lens and that refraction is much stronger
at the periphery of the lens than in the center.

In order to evaluate the astigmatism of the lens, refraction angle values in the active
area of the lens have been fitted with a first-order polynomial. The values αxpx, yq have
been fitted with the function gxpx, yq “ Axx ` Bx and the values αypx, yq have been fitted
with the function gypx, yq “ Ayy ` By.

The slopes Ax and Ay of the fit planes directly give the focal lengths fx and fy in the
two orthogonal directions:

fx “
ˆBαx

Bx

˙´1

“ 1

Ax

and fy “
ˆBαy

By

˙´1

“ 1

Ay

. (11.6)

The focal lengths measured in this way were fx “ 1195˘2 m and fy “ 1145˘2 m. These
values should be compared with the nominal focal length at this energy which, according
to Eq. (11.5), is 1165 m. This means that, in this lens, as in the results published in Ref.
[Rutishauser et al. 2011b], a slight astigmatism has been detected, in this case of 4%.

Residual aberrations are evaluated by subtracting the linear fits from the original refrac-
tion angle images. The resulting images ∆αx “ αx ´ gx and ∆αy “ αy ´ gy are plotted in
Fig. 11.12. As in Ref. [Rutishauser et al. 2011b], a circular shape generated in the fabrica-
tion process can be seen at the center of the lenses. Moreover, low-frequency oscillations in
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Figure 11.10: (a) and (b): Refraction angle images of a single Be refractive lens with radius

of curvature of 1.5 mm measured with the 2D grating interferometer. (c) and (d): Profile plots

extracted from the dashed white lines in panels (a) and (b).

∆αy are visible in Fig. 11.12 (b). These oscillations are most probably not lens aberrations
but rather artifacts caused by imprecisions in phase stepping. The vertical phase-stepping
motor showed some instabilities during the measurements and low-frequency artifacts in this
direction have been observed, not only for this particular lens, but for all the lenses mea-
sured during the experiment. Despite the presence of such artifacts, the standard deviation
of ∆αx and ∆αy values calculated in a region of interest of 50ˆ50 pixels is as small as 13
nrad.

11.4.2 Measurement of a lens with small radius of curvature

In the previous section and in Ref. [Rutishauser et al. 2011b], measurements on single re-
fractive lenses with a large radius of curvature and a focal length on the order of 1 km are
reported. This section presents results on characterization of a lens with a shorter focal
length and discusses artifacts introduced by the strong focusing of the optical element under
test.
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∆α
x

horizontal position (mm)

v
e

rt
ic

a
l 
p

o
s
it
io

n
 (

m
m

)

1 2 3

0.5

1

1.5

2

2.5

3

horizontal position (mm)

∆α
y

1 2 3

(n
ra

d
)

−40

−20

0

20

40

Figure 11.12: Measured refraction angle values minus values obtained with the linear fit. The

very small values in the colorbars highlight the high precision of the measurement and the high

quality of the lens.

A lens with a radius of curvature of ρ “ 50 µm was measured at the same experimental
conditions than the other lenses, see previous section and Ref. [Rutishauser et al. 2011b].
Since this lens is more strongly focusing than the other lenses (the nominal value of the
focal length is 38.84 m), the displacement of the 2D interference pattern caused by the lens
on the observation plane is larger than the period of the interference pattern. This causes
the phase-wrapping phenomenon.

Fig. 11.13 (a) and (b) show the (wrapped) phase obtained from the analysis of the raster
phase-stepping scan. A quality-guided phase-unwrapping algorithm known as “Goldstein
algorithm” was used to unwrap these images [Ghiglia & Pritt 1998]. The unwrapped images,
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scaled to refraction angle values, are shown in Fig. 11.13 (c) and (d).
As in the measurements reported in the previous sections, the refraction angle values

have been fitted with a first-degree polynomial. The focal lengths measured in this way
were fx “ 39.1 ˘ 0.1 m and fy “ 39.0 ˘ 0.1 m which are both slightly larger than but
very similar to the nominal value. In this case, unlike for the lenses with a larger radius of
curvature, the lens does not show substantial astigmatism. This measurement, however, is
affected by the presence of low-frequency intensity oscillations which can be seen when the
fitted planes are subtracted from the refraction angle images. The images of ∆αx and ∆αy,
obtained with the procedure described in the previous section, are shown in Fig. 11.13 (e)
and (f).

These low-frequency artifacts have the same period as the moiré fringes which are present
in the active area of the lens of the raw interferogram, see Fig. 11.14. These moiré fringes
are caused by the convergent beam behind the lens. With geometrical considerations, it can
be shown that, when a lens with focal length f is placed in the X-ray beam path, the period
pi of the interference pattern produced by G1 is given by:

pi “ p1

2

f ´ d

f
. (11.7)

where p1 is the period of the phase-shifting grating and d is the inter-grating distance. In
this case, p1 « 4.8 µm, d « 0.5 m and f « 39 m which, according to Eq. (11.7), yield
pi « 2.37 µm. Since the period p2 of the absorption grating is 2.4 µm, the period of the
moiré fringes should be, using Eq. (B.1), of 2.372{p2.4´2.37q « 190 µm in the two transverse
directions. This is approximately the period of the low-frequency oscillations in Fig. 11.14
and Fig. 11.13 (e) and (f). Since the moiré fringes present in the raw interferograms do
not cancel out with the flat-field correction, other methods, such as moiré imaging or direct
fringe detection (i.e. without G2 and a high-resolution detector), might be better adapted
to characterize these optical elements.

11.5 Two-dimensional moiré imaging

All the results presented in this thesis have been obtained in phase-stepping mode. However,
as discussed in Sec. 4.4, there are certain conditions, e.g. when single-shot imaging is the
only way to obtain information on the investigated object or the dose delivered to the sample
has to be kept low and the spatial resolution is not an issue, in which moiré imaging is more
suitable than phase stepping to retrieve the image signals.

In this section demonstrative images taken at ID19 are presented which show how the
2D grating interferometer developed during this PhD project can be used in moiré mode for
wavefront sensing, optics characterization and imaging.

Moiré imaging with a 2D grating interferometer has recently been implemented at a
synchrotron facility [Itoh et al. 2011] and at a laboratory X-ray source, the latter also with
three 2D gratings [Sato et al. 2011]. Algorithms which can be used for the analysis of 2D
periodic patterns are essentially an extension of Takeda’s algorithm [Takeda et al. 1982] to
the 2D case.
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Figure 11.13: (a) and (b): wrapped images of a focusing lens with r “ 50 µm obtained from the

analysis of the 2D raster phase-stepping scan. (c) and (d): refraction angle images obtained by

unwrapping images (a) and (b). (e) and (f): measured refraction angle values minus values fitted

with a first-order polynomial.

A 2D moiré image of the empty beam is shown in Fig. 11.15 (a). The moiré intensity
spots do not form a regular grid but are distorted, especially in the horizontal direction.
These distortions are most probably caused by the thermal load on the double crystal
monochromator which modifies the shape of the first crystal and thus of the vertical profile
of the reflected wavefront. This is confirmed by the fact that when the photon flux on the
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Figure 11.14: Raw image acquired during the raster phase-stepping scan.

double crystal monochromator is increased - in this case by closing the wiggler gap -, the
distortion revealed by the 2D moiré image is much stronger, see Fig. 11.15 (b). With the
analysis of the 2D moiré pattern, the shape of the surface of the crystal can be retrieved in
two directions.

Figures 11.15 (a) and (b) show wavefront distortions mainly in the vertical direction. In
Fig. 11.15 (c), a 2D moiré image of a Be refractive lens with radius of curvature ρ “ 50 µm
is displayed. Phase-stepping measurements on this lens are reported in Sec. 11.4. Since in
the active area of the lens both horizontal and vertical moiré fringes are shifted, the moiré
pattern inside an ideal lens appears rotated with respect to the moiré pattern outside. By
measuring the tilt angle with respect to the empty beam, the radius of curvature of the
wavefront can be retrieved in the two directions.

As a final example of moiré imaging, Fig. 11.15 (d) shows an image of a leaf on a 2D
moiré pattern. The leaf is not only refracting the X rays, and thus shifting the position of
the intensity spots, but it also scatters the X-ray photons causing a decrease of the spot
visibility.
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Figure 11.15: Two-dimensional moiré pattern images. (a) and (b): Flat-field images taken without

any sample in the beam. These images were recorded at different wiggler gap openings as indicated

in the title of the figures. (c) 2D moiré pattern distorted by a refractive beryllium lens. (d) Leaf

on a 2D moiré pattern. All these images have been recorded with the 2D interferometer described

in Chap. 11 at an X-ray photon energy of 23 keV.





Chapter 12

Conclusions and Perspectives

X-ray grating interferometry is a recently-developed multimodal X-ray imaging technique
which yields attenuation, differential phase and dark-field images of the sample. The stan-
dard one-dimensional grating interferometer consists of two line gratings placed one behind
the other in the X-ray path. The first grating acts as a diffractive element that induces a
periodic modulation in the wavefront; the second grating transforms modifications in posi-
tion or strength of the interference pattern into intensity differences on the detector. Phase
and dark-field images provided by the X-ray grating interferometer allow the visualization
of object features which can not be accessed with conventional attenuation contrast. While
phase contrast is sensitive to variations in the projected electron density, scatter contrast
(or “dark-field imaging”) detects features that cause small-angle X-ray scattering, i.e., struc-
tures with density fluctuations on length scales smaller than the resolution of the imaging
system. X-ray grating interferometry bears tremendous potential for medical imaging, non-
destructive testing, security screening and many other fields. Moreover, since it allows very
accurate and precise refraction angle measurements, it is widely exploited also for optics
characterization and wavefront analysis.

The first chapters of this thesis, Chapters 2-6, describe the principles of grating interfer-
ometry and give a review of the recent contributions in this field. The author of this PhD
thesis has contributed to the two developments listed below.

• We have demonstrated that a structured scintillator, used as analyzer element at the
place of the conventional absorption grating and the continuous scintillator, helps to
circumvent the limitations caused by unwanted transmission by the absorbing grating
lines. The structured scintillator has been tested at a laboratory setup with a mean
X-ray photon energy of 60 keV. The visibility of the contrast curve obtained with the
structured scintillator was 22% while the one measured with the standard setup was
only 5%, see Sec. 6.2.1 and Ref. [Rutishauser et al. 2011a].

• We have developed a new formalism for describing the directional dark-field signal

generated by strongly oriented systems. This formalism has been applied to data
recorded with the grating interferometer built during this PhD project at the beamline
ID19 of the European Synchrotron Radiation Facility in Grenoble, France. See Sec.
6.2.2 and Ref. [Jensen et al. 2010b].

The main results of the author’s work (Chapters 7 to 11), in which she had a leading
role, are summarized in the following. Some general research perspectives are discussed at
the end of this chapter.
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Main contributions of this PhD project

Implementation of an X-ray grating interferometer at ID19 The first achievement
of this PhD project was the design and installation of an X-ray grating interferometer
for radiography and tomography at the beamline ID19 of the European Synchrotron
Radiation Facility in Grenoble, France. The instrument, which is now available to
external users, is described in Chap. 7. The availability of different sets of gratings
gives access to a wide energy range, from «17 keV to more than 100 keV. Inter-
grating distances from 150 to 600 mm can be realized with the current setup. The
best spatial resolution achieved in the final differential phase and dark-field images
is approximately 10 µm and the precision in the refraction angle measurement is of
10 nrad. This interferometer has been used mainly in phase-stepping mode.

Phase-stepping tomography is performed with a step-and-go motion of the tomogra-
phy rotation axis, the standard implementation consists in recording an entire phase-
stepping scan for each angular position of the sample. Advanced acquisition schemes
developed during this PhD project are discussed further below.

A largely automated software, relying on the standard ESRF tomographic reconstruc-
tion routines, allows to reconstruct attenuation, phase and dark-field tomograms from
raw interferograms collected during the phase-stepping tomography scans (Sec. 7.6).

Characterization of the instrument The grating interferometer has been characterized
through measurements with monochromatic beam of the refractive index of a phan-
tom sample made of known materials arranged in a systematic geometry. The results,
reported in Chap. 8 and in Ref. [Zanette et al. 2011d], show the high precision and

accuracy of the phase measurements provided by this device. This work also discusses
the limitations imposed by the phase-wrapping phenomenon which reduces the quality
of the phase measurement. Numerical simulations show that the stripe features gener-
ated by the phase-wrapping phenomenon in the phase tomogram can be qualitatively
and quantitatively reproduced by calculations.

Phase tomographies of soft-tissue biological samples The potential of grating inter-
ferometry in providing high-sensitivity phase tomograms of soft-tissue biological spec-
imens has been confirmed by measurements of a human cerebellum and a rat testis
(Chap. 9).

The results show that grating-based phase tomography gives access to features which
cannot be revealed by any other non-destructive technique and that the information
obtained with this device is similar to that provided by conventional histological sec-
tioning and staining, but in three dimensions and without the distortions commonly
caused by sectioning. Without making use of any staining agent, different strata in
the white and grey matter of the cerebellum could be separated and Purkinje cells
can be visualized at the periphery of the stratum granulosum (grey matter). In the
testis, seminiferous tubules and different stadia of the spermatozoa maturation could
be clearly imaged.
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The δ (decrement of refractive index) resolution in these phase tomograms was around
2.5ˆ 10´10 which corresponds to a mass density resolution of 0.5 mg/cm3 for aqueous
specimens.

Preliminary results on the comparison between phase tomograms of soft-tissue samples
provided by different phase-contrast imaging techniques (e.g. grating-based phase
tomography vs. holotomography) are also presented in this thesis.

New acquisition schemes New phase-stepping tomography methods have been devel-
oped in order to reduce the dose delivered to the sample and to increase the quality
of the phase reconstructions. These methods are based on interlaced phase stepping

which consists in recording each raw interferogram of a phase-stepping scan at a slightly
different viewing angle of the sample, see Chap. 10 and Ref. [Zanette et al. 2011a]. As
explained in Sec. 10.2, interlaced phase stepping is beneficial especially in local (or
region-of-interest) tomography when the sample is larger than the detector field of
view and the imaged region may suffer from artifacts caused by the presence of exter-
nal features. These artifacts are drastically reduced in interlaced phase stepping.

As shown in Sec. 10.3 and in Ref. [Zanette et al. 2011b], interlaced phase stepping
has the further advantage that, for the same dose delivered to the sample and with
suitable analysis of the raw interferograms (oversampled interlaced phase stepping),
the effective angular sampling density can be increased with respect to the standard
phase-stepping method. With oversampled interlaced phase stepping, the net mini-
mum number of raw interferograms needed per tomographic projection angle is only
one, as opposed to three in standard phase stepping. Moreover, interlaced phase-
stepping acquisition schemes give a substantially improved signal-to-noise ratio in
phase and dark-field tomography with respect to the standard method, as has been
demonstrated with numerical simulations and experimental data recorded at ID19
[Zanette et al. 2011a, Zanette et al. 2011b].

Two-dimensional grating interferometry A two-dimensional (2D) grating interferome-
ter has been conceived, designed, implemented and characterized during this PhD
project (Chap. 11). This interferometer uses 2D gratings instead of line gratings used
in the standard device and yields differential phase and dark-field signals in multiple
directions [Zanette et al. 2010a, Zanette et al. 2010b]. In the first proof-of-principle
implementation of the device, two crossed line phase gratings and two crossed line
absorption gratings were used. In more recent implementations, genuine 2D gratings
have been employed (Sec. 11.3). The two-dimensional device has been used in phase-
stepping mode and in moiré mode. The phase stepping is, in the 2D case, a 2D raster
scan. The moiré pattern is a series of spots (instead of the lines observed in the 1D
case).

From the orthogonal differential phase images provided by the 2D grating interferome-
ter, the phase of the incoming wavefront can be retrieved with suitable reconstruction
methods. This makes the two-dimensional grating interferometer interesting for optics
characterization and wavefront sensing. Application examples of characterization of
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Be refractive lenses with a 2D grating interferometer are reported in Sec. 11.4 and in
Ref. [Rutishauser et al. 2011b]. Limitations imposed by the strong focusing of lenses
with small radius of curvature are discussed in Sec. 11.4.

Perspectives

The results obtained during this PhD project open up new research perspectives and indicate
new directions to further improve the technique; some of them are discussed below.

• Phase wrapping, strong scattering and strong absorption corrupt the differential phase
signal. This reduces the accuracy and precision of the phase measurements, see Chap.
8. A situation similar to that observed for the phantom sample reported in Chap. 8
can occur, for example, when different parts of soft tissue need to be distinguished in a
sample region in which bones (which are strongly refracting) are also present. In these
cases, a significant improvement could come from the development of algorithms which
correct the corrupted signal in differential phase projections and/or phase tomograms.
Algorithms of this kind could exploit, for example, the information given by the dark-
field and attenuation signals.

The fact that artifacts from the phase-wrapping phenomenon can be completely re-
produced by simulations [Zanette et al. 2011d] indicates that even the phase-contrast
signal alone may possibly be used to eliminate these artifacts, for example, by iterative
algorithms.

Using the absorption or dark-field information to correct for the phase-wrapping effect
even when phase jumps can not be unambiguously unwrapped (e.g. when phase jumps
are on a scale smaller than the spatial resolution), would also eliminate the need to
immerse the sample in a phase-matching liquid during the tomography measurement.

• We believe that a systematic study on the effects of number of steps per phase-stepping
scan, angular phase-stepping range and number of desired differential phase projec-
tions would be beneficial to further improve the phase reconstruction provided by the
interlaced phase-stepping methods. Moreover, fast tomography scans could be imple-
mented based on the interlaced schemes, thus combining high data acquisition speed
with the high spatial resolution of the phase-stepping technique.

• The four dark-field images obtained with the 2D grating interferometer could be com-
bined to yield a directional dark-field map similar to the one obtained with the tech-
nique developed by Jensen et al. [Jensen et al. 2010a, Jensen et al. 2010b]. This will
allow to visualize preferential orientation of scattering features in the sample without
the need to rotate the specimen or the interferometer with promising applications in
the medical field and in materials science.

• Benefits could come from combining 2D grating interferometry, either in moiré or
phase-stepping mode, with tomography. Tomography reconstructions obtained from
phase maps and from directional dark-field images may show features which can not
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be revealed with the standard 1D grating interferometer. Ultra-fast tomography
scans in moiré mode, with speed comparable to the one reached with the 1D de-
vice [Momose et al. 2011b], could be performed with a 2D grating interferometer and
white-beam synchrotron radiation.

Final remarks

As a result of this thesis project, an X-ray grating interferometer is now available to users at
ID19. This X-ray grating interferometer is one of only a few fully-operational instruments
in the world so far and is second to none in the world in terms of sensitivity and data quality
in general.

Grating interferometry is an ideal complement to existing synchrotron-based X-ray phase-
contrast imaging methods, at ID19 and other imaging beamlines, in two main ways:

1. By giving high-sensitivity phase-contrast images in cases where propagation-based
techniques are limited by the technically feasible propagation distances (i.e. for high
energies and relatively large pixel sizes/fields of view).

2. Through the dark-field imaging modality, grating interferometry makes it possible
to detect and obtain contrast from the presence of sub-resolution structures. This
will allow to visualize features such as very small fissures, fibres and regions with
nanoporosity.

Beyond its value for the user program at beamline ID19 or the ESRF in general, this
instrument and the developments made in this thesis project demonstrate the high perfor-
mance and versatility of X-ray grating interferometry. They pave the way for similar, or
improved, instruments on future beamlines at facilities around the globe, in the fields of
X-ray imaging and X-ray metrology.





Appendix A

Intensity pattern from a π´shifting

phase grating

In this appendix we show that the intensity pattern generated at the distance F1,16 by a
π´shifting phase grating has a rectangular profile with half of the period of the grating. All
the quantities used in this appendix are defined in Sec. 3.2.3.2.

When m1 “ 1 and m2 “ 16, Eq. (3.15) (page 26) becomes

Epx, F1,16q “ 2?
32

#
e

iπ

8

„
T

ˆ
x ` 1

8
p

˙
´ T

ˆ
x ` 3

8
p

˙
´ T

ˆ
x ` 5

8
p

˙
` T

ˆ
x ` 7

8
p

˙
`¨ ¨ ¨

¨ ¨ ¨ ` i

„
T

´
x ` p

4

¯
` T

ˆ
x ` 3

4
p

˙
` T

´
x ` p

2

¯
` T px ` pq

+
. (A.1)

According to Eq. (3.20) (page 27), a binary phase grating with φ “ π-shifting lines and duty
cycle 0.5, has a transmission function T pxq (Fig. A.1):

T pxq “
#
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so that, Eq. (A.1) can be rewritten as
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If we now divide the period p in eight intervals of the same width, we can evaluate Eq. (A.3)
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in each of these, obtaining the following values.
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Since the intensity is given by the square modulus of the wavefield E, the intensity profile

is Imaxpx, F1,16q “ 2 in the intervals B , C , H and G and 0 in the others.
With the above results we have shown that the intensity pattern produced by the

π´shifting grating at the distance F1,16 is a square profile with half of the period of the
grating as shown in Fig. A.1 bottom and in the Talbot carpet of Fig. 3.3 (c). Moreover,
since the minimum of the intensity pattern is zero, its visibility as defined in Eq. (3.22)
(page 27) is 1.
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Figure A.1: Top: transmission function of a π´shifting grating. Bottom: intensity pattern

produced by this grating at the fractional Talbot distance F1,16.





Appendix B

The moiré effect

The moiré effect (the term moiré originates from a type of textile which has a rippled
appearance) is a phenomenon observed when two patterns with different periods, different
angle or simply laterally shifted one respect to the other, are superimposed. The patterns
can have any shape (they can be, for example, mesh grids or concentric circles); the moiré
image that the patterns generate depends on the shape of the patterns and on the origin
of the effect. The moiré effect is used in many applications, such as metrology, topography
and strain analysis [Patorski & Kujawinska 1993].

In grating interferometry the moiré effect has an important role. In moiré imaging, a
large number of moiré fringes are created by a deliberate misalignment of the two gratings.
Analysis of the fringe pattern yields the differential phase and scattering signals, see Sec.
4.4. On the other hand, when the grating interferometer is used in phase-stepping mode
(Sec. 4.1), the moiré effect may disturb the signal in the final images. In this case, the
gratings should be carefully aligned in order to minimize the number of moiré fringes.

In the standard one-dimensional grating interferometer, the moiré image, which is a
pattern of lines, is generated by superposition of two line patterns. These are:

1. the self image of G1;

2. the lines of G2.

In this appendix we give the basic equations to calculate the period of the moiré lines
when the period of the gratings and the interferometer geometry are known. More formulas
describing the (one-dimensional) moiré effect in an X-ray grating interferometer with appli-
cations in wavefront sensing are presented in Refs. [Weitkamp et al. 2004, Wang et al. 2011].

In the following we indicate with pi the period of the self image of G1 (as discussed in
Sec. 3.3.1, pi depends on the period of G1 and on the magnification factor). Moreover, we
assume that the lines of G2 (with period p2) are vertical as shown in Fig. B.1. The quantity
ξ in Fig. B.1 (b) indicates the rotation angle between the self image of G1 and G2; when
ξ “ 0 the gratings are parallel.

The moiré fringes generated in this configuration can be:

(a) vertical with period pv if pi ‰ p2 and ξ “ 0 (see Fig. B.1 (a));

(b) quasi horizontal with period pd if pi “ p2 and ξ ‰ 0 (see Fig. B.1 (b));

(c) diagonal pi ‰ p2 and ξ ‰ 0, i.e. cases (a) and (b) occur at the same time.

Here, for simplicity, we will consider only cases (a) and (b) separately.
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Figure B.1: Schematic representation of the moiré effect in standard one-dimensional grating

interferometry. pi is the period of the interference pattern and p2 is the period of G2. Vertical

fringes with period pv are observed if pi ‰ p2; quasi-horizontal fringes with period pd are formed

when one of the two gratings is rotated respect to the other.

Period of moiré fringes in case (a) The period pv of the vertical moiré lines is given
by [Patorski & Kujawinska 1993]:

pv “ pip2

|pi ´ p2|
. (B.1)

As an example, let us calculate the period of the moiré lines caused by an absorption
grating with period p2 “ 2.4 µm and an interference pattern with period pi “ 2.408 µm.
An interference pattern with this particular period is generated, at ID19, by, for example,
a π{2´shifting grating with period p1 “ 2.4 µm at a distance of d “ 0.5 m (the distance R

from the source to the phase grating is 150 m, the magnification factor M is M “ pd`Rq{R
and pi “ Mp1). According to Eq. (B.1), the period of the moiré lines is pv « 0.7 mm. This
means that 28 fringes are observed in a field of view of 2 cm width.

Period of moiré fringes in case (b) The period pd of the moiré fringes which are formed
if one of the two grating is rotated by an angle ξ respect to the other (case 2.) is given by
[Patorski & Kujawinska 1993]:

pd “ p2

2 sin ξ
« p2

2ξ
, (B.2)

In moiré imaging, the rotation of one of the gratings is adjusted so that a suitable number
of fringes are present on the observation plane. For example, if p2 “ 2.4 µm, the pixel size
is 10 µm and fringes with a period that cover 3-5 pixels are desired, the angle ξ should be
around 2 degrees.

Further considerations Note that both pv and pd are inversely dependent on the quantity
causing the moiré images, i.e. the difference in period δp and the rotation angle ξ. This
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means the number of fringes in the field of view, which is inversely proportional to the
period of the fringes, is linearly dependent on δp and ξ.

When two-dimensional gratings, such as the ones presented in Chap. 11, are used instead
of one line structures, the moiré pattern is a superposition of vertical and horizontal fringes,
see Chap. 11.





Appendix C

Design of two-dimensional gratings

The first step for the realization of the 2D grating interferometer was the design of 2D
gratings. Different possible configurations were investigated with numerical simulations.
The results of this study are published in Ref. [Zanette et al. 2010a]; the main findings are
reported in the following paragraphs.

While in the 1D case the variable parameters for the design of a grating are its duty
cycle and the period of the lines, the design of 2D gratings allows for a variety of unit cells.
To restrict the number of possible configurations, we considered only 2D gratings with the
same period along x and y (Fig. C.1). Furthermore, in analogy to the 1D case, binary
gratings with a duty cycle of 0.5 along both axes have been considered. Taking these two
constraints into account, two types of unit cells are possible: mesh-type (Fig. C.1 (a)) and
checkerboard-type (Fig. C.1 (b)).

Figure C.1: Checkerboard-type (a) and mesh-type (b) gratings.

Design of the 2D phase grating To further reduce the number of possible candidates,
and still in analogy to the 1D case, phase gratings with π and π{2-shifting pillars have been
considered. The four different 2D phase gratings are shown in Fig. C.2 (left column). The
simulation code discussed in Sec. 3.1.1 has been extended to two dimensions, and successively
been used to simulate the images generated by these gratings. In the simulation, we assumed
that the gratings are illuminated by a plane monochromatic wavefront. The binary images
produced by these gratings are shown in Fig. C.2 (right column).



166 Appendix C. Design of two-dimensional gratings

Among the four gratings considered in this study, the checkerboard-type π-shifting phase
grating generates mesh intensity patterns with half of the period of the grating itself. More-
over, the π-shifting checkerboard can be obtained as superposition of two crossed line π-
shifting 1D gratings; in fact, the phase shift caused by the regions in which the two π-shifting
lines overlap is π ` π “ 2π “ 0. Because of these properties, we have taken the π-shifting
checkerboard-type grating as a good candidate for the phase grating of the 2D interferome-
ter.

Design of the absorption grating In analogy to the 1D case, an absorption grating
with the the same shape of the interference pattern produced by G1 has been chosen. The
2D absorption grating has the mesh pattern shown in Fig. C.3 (a), where the black parts are
the absorbing areas. This grating, analogously the checkerboard π´shifting phase grating,
can be obtained by superposition of two crossed line absorption grating.

The convolution of the 2D mesh interference pattern with the 2D mesh absorption grating
gives the image shown in Fig. C.3 (b). This image corresponds to the intensity modulation
recorded during a 2D raster phase-stepping scan (see measured 2D intensity pattern in Fig.
11.3). This pattern of intensity spots can be conveniently analyzed by a 2D Fourier analysis
as described in Chap. 11. Moreover, the visibility of the contrast curve along x and y,
obtained by integrating the convolution image along these axes, is, ideally, 100%. Lower
visibilities would be obtained if one of the two patterns, i.e. the interference pattern or the
transmission function of the absorption grating, had a checkerboard profile.

With this numerical study, we have designed an appropriate combination of phase and
absorption gratings for realizing a 2D interferometer which, as explained in Chap. 11, gives
the differential phase and scattering signals along multiple directions without the need of
moving the sample or the gratings.
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Figure C.2: Left column: phase profiles of four types of 2D phase gratings. Right: binary intensity

pattern generated by these gratings.



168 Appendix C. Design of two-dimensional gratings

Figure C.3: (a) 2D absorption grating; the opaque parts are represented in black. (b) Image

resulting from the convolution of the mesh interference pattern generated by the 2D phase grating

with the mesh transmission function of the absorption grating.
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